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1.1: The Process of Science

Like geology, physics, and chemistry, biology is a science that gathers knowledge about the natural world. Specifically, biology is
the study of life. The discoveries of biology are made by a community of researchers who work individually and together using
agreed-on methods. In this sense, biology, like all sciences is a social enterprise like politics or the arts.

(@) (b)
Figure 1.1.1: Formerly called blue-green algae, the (a) cyanobacteria seen through a light microscope are some of Earth’s oldest life forms.
These (b) stromatolites along the shores of Lake Thetis in Western Australia are ancient structures formed by the layering of cyanobacteria in
shallow waters. (credit a: modification of work by NASA; scale-bar data from Matt Russell; credit b: modification of work by Ruth Ellison)

The methods of science include careful observation, record keeping, logical and mathematical reasoning, experimentation, and
submitting conclusions to the scrutiny of others. Science also requires considerable imagination and creativity; a well-designed
experiment is commonly described as elegant, or beautiful. Like politics, science has considerable practical implications and
some science is dedicated to practical applications, such as the prevention of disease (Figure 1.1.2). Other science proceeds
largely motivated by curiosity. Whatever its goal, there is no doubt that science, including biology, has transformed human
existence and will continue to do so.

©@® 2 (1.1.1)



LibreTexts"

B2 o : e e NS
Figure 1.1.2: Biologists may choose to study Escherichia coli (E. coli), a bacterium that is a normal resident of our digestive tracts but which is
also sometimes responsible for disease outbreaks. In this micrograph, the bacterium is visualized using a scanning electron microscope and
digital colorization. (credit: Eric Erbe; digital colorization by Christopher Pooley, USDA-ARS)

The Nature of Science

Biology is a science, but what exactly is science? What does the study of biology share with other scientific disciplines? Science
(from the Latin scientia, meaning "knowledge") can be defined as knowledge about the natural world.

Science is a very specific way of learning, or knowing, about the world. The history of the past 500 years demonstrates that
science is a very powerful way of knowing about the world; it is largely responsible for the technological revolutions that have
taken place during this time. There are however, areas of knowledge and human experience that the methods of science cannot
be applied to. These include such things as answering purely moral questions, aesthetic questions, or what can be generally
categorized as spiritual questions. Science has cannot investigate these areas because they are outside the realm of material
phenomena, the phenomena of matter and energy, and cannot be observed and measured.

The scientific method is a method of research with defined steps that include experiments and careful observation. The steps
of the scientific method will be examined in detail later, but one of the most important aspects of this method is the testing of
hypotheses. A hypothesis is a suggested explanation for an event, which can be tested. Hypotheses, or tentative explanations,
are generally produced within the context of a scientific theory. A scientific theory is a generally accepted, thoroughly tested and
confirmed explanation for a set of observations or phenomena. Scientific theory is the foundation of scientific knowledge. In
addition, in many scientific disciplines (less so in biology) there are scientific laws, often expressed in mathematical formulas,
which describe how elements of nature will behave under certain specific conditions. There is not an evolution of hypotheses
through theories to laws as if they represented some increase in certainty about the world. Hypotheses are the day-to-day material
that scientists work with and they are developed within the context of theories. Laws are concise descriptions of parts of the world
that are amenable to formulaic or mathematical description.

Natural Sciences

What would you expect to see in a museum of natural sciences? Frogs? Plants? Dinosaur skeletons? Exhibits about how the brain
functions? A planetarium? Gems and minerals? Or maybe all of the above? Science includes such diverse fields as astronomy,
biology, computer sciences, geology, logic, physics, chemistry, and mathematics (Figure 1.1.3). However, those fields of science
related to the physical world and its phenomena and processes are considered natural sciences. Thus, a museum of natural
sciences might contain any of the items listed above.
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Figure 1.1.3: Some fields of science include astronomy, biology, computer science, geology, logic, physics, chemistry, and mathematics.
(credit: "Image Editor"/Flickr)

There is no complete agreement when it comes to defining what the natural sciences include. For some experts, the natural
sciences are astronomy, biology, chemistry, earth science, and physics. Other scholars choose to divide natural sciences into
life sciences, which study living things and include biology, and physical sciences, which study nonliving matter and include
astronomy, physics, and chemistry. Some disciplines such as biophysics and biochemistry build on two sciences and are
interdisciplinary.

Scientific Inquiry

One thing is common to all forms of science: an ultimate goal “to know.” Curiosity and inquiry are the driving forces for the
development of science. Scientists seek to understand the world and the way it operates. Two methods of logical thinking are
used: inductive reasoning and deductive reasoning.

Inductive reasoning is a form of logical thinking that uses related observations to arrive at a general conclusion. This type of
reasoning is common in descriptive science. A life scientist such as a biologist makes observations and records them. These data
can be qualitative (descriptive) or quantitative (consisting of numbers), and the raw data can be supplemented with drawings,
pictures, photos, or videos. From many observations, the scientist can infer conclusions (inductions) based on evidence. Inductive
reasoning involves formulating generalizations inferred from careful observation and the analysis of a large amount of data. Brain
studies often work this way. Many brains are observed while people are doing a task. The part of the brain that lights up, indicating
activity, is then demonstrated to be the part controlling the response to that task.

Deductive reasoning or deduction is the type of logic used in hypothesis-based science. In deductive reasoning, the pattern of
thinking moves in the opposite direction as compared to inductive reasoning. Deductive reasoning is a form of logical thinking
that uses a general principle or law to forecast specific results. From those general principles, a scientist can extrapolate and
predict the specific results that would be valid as long as the general principles are valid. For example, a prediction would be
that if the climate is becoming warmer in a region, the distribution of plants and animals should change. Comparisons have
been made between distributions in the past and the present, and the many changes that have been found are consistent with a
warming climate. Finding the change in distribution is evidence that the climate change conclusion is a valid one.

Both types of logical thinking are related to the two main pathways of scientific study: descriptive science and hypothesis-based
science. Descriptive (or discovery) science aims to observe, explore, and discover, while hypothesis-based science begins with
a specific question or problem and a potential answer or solution that can be tested. The boundary between these two forms of
study is often blurred, because most scientific endeavors combine both approaches. Observations lead to questions, questions
lead to forming a hypothesis as a possible answer to those questions, and then the hypothesis is tested. Thus, descriptive science
and hypothesis-based science are in continuous dialogue.
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Hypothesis Testing

Biologists study the living world by posing questions about it and seeking science-based responses. This approach is common
to other sciences as well and is often referred to as the scientific method. The scientific method was used even in ancient times,
but it was first documented by England’s Sir Francis Bacon (1561-1626) (Figure 1.1.4), who set up inductive methods for scientific
inquiry. The scientific method is not exclusively used by biologists but can be applied to almost anything as a logical problem-
solving method.

Figure 1.1.4: Sir Francis Bacon is credited with being the first to document the scientific method.

The scientific process typically starts with an observation (often a problem to be solved) that leads to a question. Let’s think about
a simple problem that starts with an observation and apply the scientific method to solve the problem. One Monday morning,
a student arrives at class and quickly discovers that the classroom is too warm. That is an observation that also describes a
problem: the classroom is too warm. The student then asks a question: “Why is the classroom so warm?”

Recall that a hypothesis is a suggested explanation that can be tested. To solve a problem, several hypotheses may be proposed.
For example, one hypothesis might be, “The classroom is warm because no one turned on the air conditioning.” But there could be
other responses to the question, and therefore other hypotheses may be proposed. A second hypothesis might be, “The classroom
is warm because there is a power failure, and so the air conditioning doesn’t work.”

Once a hypothesis has been selected, a prediction may be made. A prediction is similar to a hypothesis but it typically has the
format “If ... then....” For example, the prediction for the first hypothesis might be, “If the student turns on the air conditioning,
then the classroom will no longer be too warm.”

A hypothesis must be testable to ensure that it is valid. For example, a hypothesis that depends on what a bear thinks is not
testable, because it can never be known what a bear thinks. It should also be falsifiable, meaning that it can be disproven by
experimental results. An example of an unfalsifiable hypothesis is “Botticelli’s Birth of Venus is beautiful.” There is no experiment
that might show this statement to be false. To test a hypothesis, a researcher will conduct one or more experiments designed
to eliminate one or more of the hypotheses. This is important. A hypothesis can be disproven, or eliminated, but it can never be
proven. Science does not deal in proofs like mathematics. If an experiment fails to disprove a hypothesis, then we find support
for that explanation, but this is not to say that down the road a better explanation will not be found, or a more carefully designed
experiment will be found to falsify the hypothesis.

Each experiment will have one or more variables and one or more controls. A variable is any part of the experiment that can vary
or change during the experiment. A control is a part of the experiment that does not change. Look for the variables and controls
in the example that follows. As a simple example, an experiment might be conducted to test the hypothesis that phosphate limits
the growth of algae in freshwater ponds. A series of artificial ponds are filled with water and half of them are treated by adding
phosphate each week, while the other half are treated by adding a salt that is known not to be used by algae. The variable here is
the phosphate (or lack of phosphate), the experimental or treatment cases are the ponds with added phosphate and the control
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ponds are those with something inert added, such as the salt. Just adding something is also a control against the possibility that
adding extra matter to the pond has an effect. If the treated ponds show lesser growth of algae, then we have found support
for our hypothesis. If they do not, then we reject our hypothesis. Be aware that rejecting one hypothesis does not determine
whether or not the other hypotheses can be accepted; it simply eliminates one hypothesis that is not valid (Figure 1.1.5). Using
the scientific method, the hypotheses that are inconsistent with experimental data are rejected.

Make an observation

]

Ask a question

]

Form a hypothesis that ¢
answers the question

Y A

Make a prediction based
on the hypothesis

Y

Do an experiment
to test the prediction

\/

r Analyze the results 1

Hypothesis is Hypothesisis | _ |
SUPPORTED NOT SUPPORTED

L Report results <J

Figure 1.1.5: The scientific method is a series of defined steps that include experiments and careful observation. If a hypothesis is not

supported by data, a new hypothesis can be proposed.
Example 1.1.1

In the example below, the scientific method is used to solve an everyday problem. Which part in the example below is
the hypothesis? Which is the prediction? Based on the results of the experiment, is the hypothesis supported? If it is not
supported, propose some alternative hypotheses.

Try again...

My toaster doesn’t toast my bread.

Why doesn’t my toaster work?

There is something wrong with the electrical outlet.

If something is wrong with the outlet, my coffeemaker also won’t work when plugged into it.
I plug my coffeemaker into the outlet.

My coffeemaker works.

S

Solution

The hypothesis is #3 (there is something wrong with the electrical outlet), and the prediction is #4 (if something is wrong
with the outlet, then the coffeemaker also won’t work when plugged into the outlet). The original hypothesis is not supported,
as the coffee maker works when plugged into the outlet. Alternative hypotheses may include (1) the toaster might be broken
or (2) the toaster wasn't turned on.

In practice, the scientific method is not as rigid and structured as it might at first appear. Sometimes an experiment leads to
conclusions that favor a change in approach; often, an experiment brings entirely new scientific questions to the puzzle. Many
times, science does not operate in a linear fashion; instead, scientists continually draw inferences and make generalizations,
finding patterns as their research proceeds. Scientific reasoning is more complex than the scientific method alone suggests.

Basic and Applied Science

The scientific community has been debating for the last few decades about the value of different types of science. Is it valuable
to pursue science for the sake of simply gaining knowledge, or does scientific knowledge only have worth if we can apply it to
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solving a specific problem or bettering our lives? This question focuses on the differences between two types of science: basic
science and applied science.

Basic science or “pure” science seeks to expand knowledge regardless of the short-term application of that knowledge. It is not
focused on developing a product or a service of immediate public or commercial value. The immediate goal of basic science is
knowledge for knowledge’s sake, though this does not mean that in the end it may not result in an application.

In contrast, applied science or “technology,” aims to use science to solve real-world problems, making it possible, for example, to
improve a crop yield, find a cure for a particular disease, or save animals threatened by a natural disaster. In applied science, the
problem is usually defined for the researcher.

Some individuals may perceive applied science as “useful” and basic science as “useless.” A question these people might pose to
a scientist advocating knowledge acquisition would be, “What for?” A careful look at the history of science, however, reveals that
basic knowledge has resulted in many remarkable applications of great value. Many scientists think that a basic understanding of
science is necessary before an application is developed; therefore, applied science relies on the results generated through basic
science. Other scientists think that it is time to move on from basic science and instead to find solutions to actual problems. Both
approaches are valid. It is true that there are problems that demand immediate attention; however, few solutions would be found
without the help of the knowledge generated through basic science.

One example of how basic and applied science can work together to solve practical problems occurred after the discovery of
DNA structure led to an understanding of the molecular mechanisms governing DNA replication. Strands of DNA, unique in every
human, are found in our cells, where they provide the instructions necessary for life. During DNA replication, new copies of DNA
are made, shortly before a cell divides to form new cells. Understanding the mechanisms of DNA replication enabled scientists
to develop laboratory techniques that are now used to identify genetic diseases, pinpoint individuals who were at a crime scene,
and determine paternity. Without basic science, it is unlikely that applied science would exist.

Another example of the link between basic and applied research is the Human Genome Project, a study in which each human
chromosome was analyzed and mapped to determine the precise sequence of DNA subunits and the exact location of each gene.
(The gene is the basic unit of heredity; an individual’'s complete collection of genes is his or her genome.) Other organisms have
also been studied as part of this project to gain a better understanding of human chromosomes. The Human Genome Project
(Figure 1.1.6) relied on basic research carried out with non-human organisms and, later, with the human genome. An important
end goal eventually became using the data for applied research seeking cures for genetically related diseases.

Figure 1.1.6: The Human Genome Project was a 13-year collaborative effort among researchers working in several different fields of science.
The project was completed in 2003. (credit: the U.S. Department of Energy Genome Programs)

While research efforts in both basic science and applied science are usually carefully planned, it is important to note that some
discoveries are made by serendipity, that is, by means of a fortunate accident or a lucky surprise. Penicillin was discovered when
biologist Alexander Fleming accidentally left a petri dish of Staphylococcus bacteria open. An unwanted mold grew, killing the
bacteria. The mold turned out to be Penicillium, and a new antibiotic was discovered. Even in the highly organized world of
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science, luck—when combined with an observant, curious mind—can lead to unexpected breakthroughs.

Reporting Scientific Work

Whether scientific research is basic science or applied science, scientists must share their findings for other researchers to
expand and build upon their discoveries. Communication and collaboration within and between sub disciplines of science are key
to the advancement of knowledge in science. For this reason, an important aspect of a scientist’s work is disseminating results
and communicating with peers. Scientists can share results by presenting them at a scientific meeting or conference, but this
approach can reach only the limited few who are present. Instead, most scientists present their results in peer-reviewed articles
that are published in scientific journals. Peer-reviewed articles are scientific papers that are reviewed, usually anonymously by a
scientist’s colleagues, or peers. These colleagues are qualified individuals, often experts in the same research area, who judge
whether or not the scientist’'s work is suitable for publication. The process of peer review helps to ensure that the research
described in a scientific paper or grant proposal is original, significant, logical, and thorough. Grant proposals, which are requests
for research funding, are also subject to peer review. Scientists publish their work so other scientists can reproduce their
experiments under similar or different conditions to expand on the findings. The experimental results must be consistent with the
findings of other scientists.

There are many journals and the popular press that do not use a peer-review system. A large number of online open-access
journals, journals with articles available without cost, are now available many of which use rigorous peer-review systems, but some
of which do not. Results of any studies published in these forums without peer review are not reliable and should not form the
basis for other scientific work. In one exception, journals may allow a researcher to cite a personal communication from another
researcher about unpublished results with the cited author’s permission.

Summary

Biology is the science that studies living organisms and their interactions with one another and their environments. Science
attempts to describe and understand the nature of the universe in whole or in part. Science has many fields; those fields related
to the physical world and its phenomena are considered natural sciences.

A hypothesis is a tentative explanation for an observation. A scientific theory is a well-tested and consistently verified explanation
for a set of observations or phenomena. A scientific law is a description, often in the form of a mathematical formula, of the
behavior of an aspect of nature under certain circumstances. Two types of logical reasoning are used in science. Inductive
reasoning uses results to produce general scientific principles. Deductive reasoning is a form of logical thinking that predicts
results by applying general principles. The common thread throughout scientific research is the use of the scientific method.
Scientists present their results in peer-reviewed scientific papers published in scientific journals.

Science can be basic or applied. The main goal of basic science is to expand knowledge without any expectation of short-term

practical application of that knowledge. The primary goal of applied research, however, is to solve practical problems.

Glossary

applied science
a form of science that solves real-world problems

basic science
science that seeks to expand knowledge regardless of the short-term application of that knowledge

control
a part of an experiment that does not change during the experiment

deductive reasoning
a form of logical thinking that uses a general statement to forecast specific results

descriptive science
a form of science that aims to observe, explore, and find things out

falsifiable
able to be disproven by experimental results
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hypothesis
a suggested explanation for an event, which can be tested

hypothesis-based science
a form of science that begins with a specific explanation that is then tested

inductive reasoning
a form of logical thinking that uses related observations to arrive at a general conclusion

life science
a field of science, such as biology, that studies living things

natural science
a field of science that studies the physical world, its phenomena, and processes

peer-reviewed article
a scientific report that is reviewed by a scientist’s colleagues before publication

physical science
a field of science, such as astronomy, physics, and chemistry, that studies nonliving matter

science
knowledge that covers general truths or the operation of general laws, especially when acquired and tested by the
scientific method

scientific law
a description, often in the form of a mathematical formula, for the behavior of some aspect of nature under certain
specific conditions

scientific method
a method of research with defined steps that include experiments and careful observation

scientific theory
a thoroughly tested and confirmed explanation for observations or phenomena

variable
a part of an experiment that can vary or change
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1.2: Themes and Concepts of Biology

Biology is the science that studies life. What exactly is life? This may sound like a silly question with an obvious answer, but it is
not easy to define life. For example, a branch of biology called virology studies viruses, which exhibit some of the characteristics of
living entities but lack others. It turns out that although viruses can attack living organisms, cause diseases, and even reproduce,
they do not meet the criteria that biologists use to define life.

From its earliest beginnings, biology has wrestled with four questions: What are the shared properties that make something
“alive”? How do those various living things function? When faced with the remarkable diversity of life, how do we organize
the different kinds of organisms so that we can better understand them? And, finally—what biologists ultimately seek to
understand—how did this diversity arise and how is it continuing? As new organisms are discovered every day, biologists continue
to seek answers to these and other questions.

Properties of Life

All groups of living organisms share several key characteristics or functions: order, sensitivity or response to stimuli, reproduction,
adaptation, growth and development, regulation, homeostasis, and energy processing. When viewed together, these eight
characteristics serve to define life.

Order

Organisms are highly organized structures that consist of one or more cells. Even very simple, single-celled organisms are
remarkably complex. Inside each cell, atoms make up molecules. These in turn make up cell components or organelles.
Multicellular organisms, which may consist of millions of individual cells, have an advantage over single-celled organisms in that
their cells can be specialized to perform specific functions, and even sacrificed in certain situations for the good of the organism
as a whole. How these specialized cells come together to form organs such as the heart, lung, or skin in organisms like the toad
shown in Figure 1.2.1 will be discussed later.

A (R S SRR VR SR i S
Figure 1.2.1: A toad represents a highly organized structure consisting of cells, tissues, organs, and organ systems. (credit:
"Ivengo(RUS)"/Wikimedia Commons)

Sensitivity or Response to Stimuli

Organisms respond to diverse stimuli. For example, plants can bend toward a source of light or respond to touch (Figure 1.2.2).
Even tiny bacteria can move toward or away from chemicals (a process called chemotaxis) or light (phototaxis). Movement toward
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a stimulus is considered a positive response, while movement away from a stimulus is considered a negative response.

Figure 1.2.2: The leaves of this sensitive plant (Mimosa pudica) will instantly droop and fold when touched. After a few minutes, the plant
returns to its normal state. (credit: Alex Lomas)

CONCEPT IN ACTION

Watch this video to see how the sensitive plant responds to a touch stimulus.

Reproduction

Single-celled organisms reproduce by first duplicating their DNA, which is the genetic material, and then dividing it equally
as the cell prepares to divide to form two new cells. Many multicellular organisms (those made up of more than one cell)
produce specialized reproductive cells that will form new individuals. When reproduction occurs, DNA containing genes is passed
along to an organism’s offspring. These genes are the reason that the offspring will belong to the same species and will have
characteristics similar to the parent, such as fur color and blood type.

Adaptation

All living organisms exhibit a “fit” to their environment. Biologists refer to this fit as adaptation and it is a consequence of
evolution by natural selection, which operates in every lineage of reproducing organisms. Examples of adaptations are diverse and
unique, from heat-resistant Archaea that live in boiling hot springs to the tongue length of a nectar-feeding moth that matches
the size of the flower from which it feeds. All adaptations enhance the reproductive potential of the individual exhibiting them,
including their ability to survive to reproduce. Adaptations are not constant. As an environment changes, natural selection causes
the characteristics of the individuals in a population to track those changes.

Growth and Development
Organisms grow and develop according to specific instructions coded for by their genes. These genes provide instructions that

will direct cellular growth and development, ensuring that a species’ young (Figure 1.2.3) will grow up to exhibit many of the same
characteristics as its parents.
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(credit: Pieter & Renée Lanser)

Regulation

Even the smallest organisms are complex and require multiple regulatory mechanisms to coordinate internal functions, such as
the transport of nutrients, response to stimuli, and coping with environmental stresses. For example, organ systems such as the
digestive or circulatory systems perform specific functions like carrying oxygen throughout the body, removing wastes, delivering
nutrients to every cell, and cooling the body.

Homeostasis

To function properly, cells require appropriate conditions such as proper temperature, pH, and concentrations of diverse
chemicals. These conditions may, however, change from one moment to the next. Organisms are able to maintain internal
conditions within a narrow range almost constantly, despite environmental changes, through a process called homeostasis or
“steady state”—the ability of an organism to maintain constant internal conditions. For example, many organisms regulate their
body temperature in a process known as thermoregulation. Organisms that live in cold climates, such as the polar bear (Figure
1.2.4), have body structures that help them withstand low temperatures and conserve body heat. In hot climates, organisms have
methods (such as perspiration in humans or panting in dogs) that help them to shed excess body heat.
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Figure 1.2.4: Polar bears and other mammals living in ice-covered regions maintain their body temperature by generating heat and reducing
heat loss through thick fur and a dense layer of fat under their skin. (credit: "longhorndave"/Flickr)

Energy Processing

All organisms (such as the California condor shown in Figure 1.2.5) use a source of energy for their metabolic activities. Some
organisms capture energy from the Sun and convert it into chemical energy in food; others use chemical energy from molecules

they take in.

v, .E'ﬂ:_ (0 AN |
Figure 1.2.5: A lot of energy is required for a California condor to fly. Chemical energy derived from food is used to power flight. California

condors are an endangered species; scientists have strived to place a wing tag on each bird to help them identify and locate each individual
bird. (credit: Pacific Southwest Region U.S. Fish and Wildlife)

Levels of Organization of Living Things

Living things are highly organized and structured, following a hierarchy on a scale from small to large. The atom is the smallest
and most fundamental unit of matter. It consists of a nucleus surrounded by electrons. Atoms form molecules. A molecule is
a chemical structure consisting of at least two atoms held together by a chemical bond. Many molecules that are biologically
important are macromolecules, large molecules that are typically formed by combining smaller units called monomers. An
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example of a macromolecule is deoxyribonucleic acid (DNA) (Figure 1.2.6), which contains the instructions for the functioning of
the organism that contains it.

Figure 1.2.6: A molecule, like this large DNA molecule, is composed of atoms. (credit: "Brian®918"/Wikimedia Commons)

CONCEPT IN ACTION

's 2

m—— Openstax COLLEGE"

To see an animation of this DNA molecule, click here.

Some cells contain aggregates of macromolecules surrounded by membranes; these are called organelles. Organelles are small
structures that exist within cells and perform specialized functions. All living things are made of cells; the cellitself is the smallest
fundamental unit of structure and function in living organisms. (This requirement is why viruses are not considered living: they
are not made of cells. To make new viruses, they have to invade and hijack a living cell; only then can they obtain the materials
they need to reproduce.) Some organisms consist of a single cell and others are multicellular. Cells are classified as prokaryotic
or eukaryotic. Prokaryotes are single-celled organisms that lack organelles surrounded by a membrane and do not have nuclei
surrounded by nuclear membranes; in contrast, the cells of eukaryotes do have membrane-bound organelles and nuclei.

In most multicellular organisms, cells combine to make tissues, which are groups of similar cells carrying out the same function.
Organs are collections of tissues grouped together based on a common function. Organs are present not only in animals but also
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in plants. An organ system is a higher level of organization that consists of functionally related organs. For example vertebrate
animals have many organ systems, such as the circulatory system that transports blood throughout the body and to and from the
lungs; it includes organs such as the heart and blood vessels. Organisms are individual living entities. For example, each tree in
a forest is an organism. Single-celled prokaryotes and single-celled eukaryotes are also considered organisms and are typically
referred to as microorganisms.

ART CONNECTION
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Figure 1.2.7: From an atom to the entire Earth, biology examines all aspects of life. (credit "molecule": modification of work by Jane
Whitney; credit "organelles": modification of work by Louisa Howard; credit "cells": modification of work by Bruce Wetzel, Harry Schaefer,
National Cancer Institute; credit "tissue": modification of work by "Kilbad"/Wikimedia Commons; credit "organs": modification of work by
Mariana Ruiz Villareal, Joaquim Alves Gaspar; credit "organisms": modification of work by Peter Dutton; credit "ecosystem": modification

of work by "gigi4791"/Flickr; credit "biosphere": modification of work by NASA)

Which of the following statements is false?

Tissues exist within organs which exist within organ systems.
Communities exist within populations which exist within ecosystems.
Organelles exist within cells which exist within tissues.

Communities exist within ecosystems which exist in the biosphere.

cowy

Answer available at the end of this section.

All the individuals of a species living within a specific area are collectively called a population. For example, a forest may include
many white pine trees. All of these pine trees represent the population of white pine trees in this forest. Different populations may
live in the same specific area. For example, the forest with the pine trees includes populations of flowering plants and also insects
and microbial populations. A community is the set of populations inhabiting a particular area. For instance, all of the trees, flowers,
insects, and other populations in a forest form the forest’'s community. The forest itself is an ecosystem. An ecosystem consists
of all the living things in a particular area together with the abiotic, or non-living, parts of that environment such as nitrogen in
the soil or rainwater. At the highest level of organization (Figure 1.2.7), the biosphere is the collection of all ecosystems, and it
represents the zones of life on Earth. It includes land, water, and portions of the atmosphere.

The Diversity of Life

The science of biology is very broad in scope because there is a tremendous diversity of life on Earth. The source of this diversity
is evolution, the process of gradual change during which new species arise from older species. Evolutionary biologists study the
evolution of living things in everything from the microscopic world to ecosystems.
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In the 18th century, a scientist named Carl Linnaeus first proposed organizing the known species of organisms into a hierarchical
taxonomy. In this system, species that are most similar to each other are put together within a grouping known as a genus.
Furthermore, similar genera (the plural of genus) are put together within a family. This grouping continues until all organisms
are collected together into groups at the highest level. The current taxonomic system now has eight levels in its hierarchy, from
lowest to highest, they are: species, genus, family, order, class, phylum, kingdom, domain. Thus species are grouped within genera,
genera are grouped within families, families are grouped within orders, and so on (Figure 1.2.8).

gl?lg?;g Dog Wolf: Coyme Fox I_imSeaI Mouljﬁmanwmleéat Fisgnake Earthwonh}lgm Paramegrirjen;
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Figure 1.2.8: This diagram shows the levels of taxonomic hierarchy for a dog, from the broadest category—domain—to the most
specific—species.

The highest level, domain, is a relatively new addition to the system since the 1990s. Scientists now recognize three domains of
life, the Eukarya, the Archaea, and the Bacteria. The domain Eukarya contains organisms that have cells with nuclei. It includes
the kingdoms of fungi, plants, animals, and several kingdoms of protists. The Archaea, are single-celled organisms without nuclei
and include many extremophiles that live in harsh environments like hot springs. The Bacteria are another quite different group
of single-celled organisms without nuclei (Figure 1.2.9). Both the Archaea and the Bacteria are prokaryotes, an informal name for
cells without nuclei. The recognition in the 1990s that certain “bacteria,” now known as the Archaea, were as different genetically
and biochemically from other bacterial cells as they were from eukaryotes, motivated the recommendation to divide life into three
domains. This dramatic change in our knowledge of the tree of life demonstrates that classifications are not permanent and will
change when new information becomes available.

In addition to the hierarchical taxonomic system, Linnaeus was the first to name organisms using two unique names, now called
the binomial naming system. Before Linnaeus, the use of common names to refer to organisms caused confusion because there
were regional differences in these common names. Binomial names consist of the genus name (which is capitalized) and the
species name (all lower-case). Both names are set in italics when they are printed. Every species is given a unique binomial which
is recognized the world over, so that a scientist in any location can know which organism is being referred to. For example, the
North American blue jay is known uniquely as Cyanocitta cristata. Our own species is Homo sapiens.
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Figure 1.2.9: These images represent different domains. The scanning electron micrograph shows (a) bacterial cells belong to the domain
Bacteria, while the (b) extremophiles, seen all together as colored mats in this hot spring, belong to domain Archaea. Both the (c) sunflower
and (d) lion are part of domain Eukarya. (credit a: modification of work by Rocky Mountain Laboratories, NIAID, NIH; credit b: modification of
work by Steve Jurvetson; credit c: modification of work by Michael Arrighi; credit d: modification of work by Frank Vassen)

EVOLUTION IN ACTION: Carl Woese and the Phylogenetic Tree

The evolutionary relationships of various life forms on Earth can be summarized in a phylogenetic tree. A phylogenetic tree is
a diagram showing the evolutionary relationships among biological species based on similarities and differences in genetic
or physical traits or both. A phylogenetic tree is composed of branch points, or nodes, and branches. The internal nodes
represent ancestors and are points in evolution when, based on scientific evidence, an ancestor is thought to have diverged
to form two new species. The length of each branch can be considered as estimates of relative time.

In the past, biologists grouped living organisms into five kingdoms: animals, plants, fungi, protists, and bacteria. The
pioneering work of American microbiologist Carl Woese in the early 1970s has shown, however, that life on Earth has evolved
along three lineages, now called domains—Bacteria, Archaea, and Eukarya. Woese proposed the domain as a new taxonomic
level and Archaea as a new domain, to reflect the new phylogenetic tree (Figure 1.2.10). Many organisms belonging to the
Archaea domain live under extreme conditions and are called extremophiles. To construct his tree, Woese used genetic
relationships rather than similarities based on morphology (shape). Various genes were used in phylogenetic studies. Woese’s
tree was constructed from comparative sequencing of the genes that are universally distributed, found in some slightly
altered form in every organism, conserved (meaning that these genes have remained only slightly changed throughout
evolution), and of an appropriate length.

Phylogenetic Tree of Life
w

Bacteria Archaea Eukarya
Green
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Spirochetes bacteria Entamoebae ri![';;;es Animals

Gram Fungi

positives

Methanosarcina
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Cyanobacteria Ciliates

Planctomyces Thermoproteus Flagellates
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Cytophaga

Microsporidia
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Figure 1.2.10: This phylogenetic tree was constructed by microbiologist Carl Woese using genetic relationships. The tree shows the
separation of living organisms into three domains: Bacteria, Archaea, and Eukarya. Bacteria and Archaea are organisms without a nucleus
or other organelles surrounded by a membrane and, therefore, are prokaryotes. (credit: modification of work by Eric Gaba)
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Branches of Biological Study

The scope of biology is broad and therefore contains many branches and sub disciplines. Biologists may pursue one of those sub
disciplines and work in a more focused field. For instance, molecular biology studies biological processes at the molecular level,
including interactions among molecules such as DNA, RNA, and proteins, as well as the way they are regulated. Microbiology is
the study of the structure and function of microorganisms. It is quite a broad branch itself, and depending on the subject of study,
there are also microbial physiologists, ecologists, and geneticists, among others.

Another field of biological study, neurobiology, studies the biology of the nervous system, and although it is considered a branch
of biology, it is also recognized as an interdisciplinary field of study known as neuroscience. Because of its interdisciplinary
nature, this sub discipline studies different functions of the nervous system using molecular, cellular, developmental, medical, and
computational approaches.

Figure 1.2.11: Researchers work on excavating dinosaur fossils at a site in Castelldn, Spain. (credit: Mario Modesto)

Paleontology, another branch of biology, uses fossils to study life’s history (Figure 1.2.11). Zoology and botany are the study of
animals and plants, respectively. Biologists can also specialize as biotechnologists, ecologists, or physiologists, to name just a few
areas. Biotechnologists apply the knowledge of biology to create useful products. Ecologists study the interactions of organisms
in their environments. Physiologists study the workings of cells, tissues and organs. This is just a small sample of the many fields
that biologists can pursue. From our own bodies to the world we live in, discoveries in biology can affect us in very direct and
important ways. We depend on these discoveries for our health, our food sources, and the benefits provided by our ecosystem.
Because of this, knowledge of biology can benefit us in making decisions in our day-to-day lives.

The development of technology in the twentieth century that continues today, particularly the technology to describe and
manipulate the genetic material, DNA, has transformed biology. This transformation will allow biologists to continue to understand
the history of life in greater detail, how the human body works, our human origins, and how humans can survive as a species
on this planet despite the stresses caused by our increasing numbers. Biologists continue to decipher huge mysteries about life
suggesting that we have only begun to understand life on the planet, its history, and our relationship to it. For this and other
reasons, the knowledge of biology gained through this textbook and other printed and electronic media should be a benefit in
whichever field you enter.

CAREERS IN ACTION: Forensic Scientist

Forensic science is the application of science to answer questions related to the law. Biologists as well as chemists and
biochemists can be forensic scientists. Forensic scientists provide scientific evidence for use in courts, and their job involves
examining trace material associated with crimes. Interest in forensic science has increased in the last few years, possibly
because of popular television shows that feature forensic scientists on the job. Also, the development of molecular techniques
and the establishment of DNA databases have updated the types of work that forensic scientists can do. Their job activities
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are primarily related to crimes against people such as murder, rape, and assault. Their work involves analyzing samples
such as hair, blood, and other body fluids and also processing DNA (Figure 1.2.12) found in many different environments
and materials. Forensic scientists also analyze other biological evidence left at crime scenes, such as insect parts or pollen
grains. Students who want to pursue careers in forensic science will most likely be required to take chemistry and biology
courses as well as some intensive math courses.

Figure 1.2.12: This forensic scientist works in a DNA extraction room at the U.S. Army Criminal Investigation Laboratory. (credit: U.S. Army
CID Command Public Affairs)

Summary

Biology is the science of life. All living organisms share several key properties such as order, sensitivity or response to stimuli,
reproduction, adaptation, growth and development, regulation, homeostasis, and energy processing. Living things are highly
organized following a hierarchy that includes atoms, molecules, organelles, cells, tissues, organs, and organ systems. Organisms,
in turn, are grouped as populations, communities, ecosystems, and the biosphere. Evolution is the source of the tremendous
biological diversity on Earth today. A diagram called a phylogenetic tree can be used to show evolutionary relationships
among organisms. Biology is very broad and includes many branches and sub disciplines. Examples include molecular biology,
microbiology, neurobiology, zoology, and botany, among others.

Glossary

atom
a basic unit of matter that cannot be broken down by normal chemical reactions

biology
the study of living organisms and their interactions with one another and their environments
biosphere
a collection of all ecosystems on Earth
cell
the smallest fundamental unit of structure and function in living things
community
a set of populations inhabiting a particular area
ecosystem

all living things in a particular area together with the abiotic, nonliving parts of that environment
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eukaryote
an organism with cells that have nuclei and membrane-bound organelles

evolution
the process of gradual change in a population that can also lead to new species arising from older species

homeostasis
the ability of an organism to maintain constant internal conditions

macromolecule
a large molecule typically formed by the joining of smaller molecules

molecule
a chemical structure consisting of at least two atoms held together by a chemical bond

organ
a structure formed of tissues operating together to perform a common function

organ system
the higher level of organization that consists of functionally related organs

organelle
a membrane-bound compartment or sac within a cell

organism
an individual living entity

phylogenetic tree
a diagram showing the evolutionary relationships among biological species based on similarities and differences
in genetic or physical traits or both

population
all individuals within a species living within a specific area

prokaryote
a unicellular organism that lacks a nucleus or any other membrane-bound organelle

tissue
a group of similar cells carrying out the same function
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2: METRIC SYSTEM AND MEASUREMENT

2.1: Measurements

2.2: Mathematical Treatment of Measurement Results

This page titled 2: Metric System and Measurement is shared under a license and was authored, remixed, and/or curated by LibreTexts.
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2.1: Measurements

Learning Objectives

By the end of this section, you will be able to:

Explain the process of measurement

Identify the three basic parts of a quantity

Describe the properties and units of length, mass, volume, density, temperature, and time
Perform basic unit calculations and conversions in the metric and other unit systems

Measurements provide much of the information that informs the hypotheses, theories, and laws describing the behavior of
matter and energy in both the macroscopic and microscopic domains of chemistry. Every measurement provides three kinds of
information: the size or magnitude of the measurement (a number); a standard of comparison for the measurement (a unit); and
an indication of the uncertainty of the measurement. While the number and unit are explicitly represented when a quantity is
written, the uncertainty is an aspect of the measurement result that is more implicitly represented and will be discussed later.

The number in the measurement can be represented in different ways, including decimal form and scientific notation. (Scientific
notation is also known as exponential notation; a review of this topic can be found in Appendix B.) For example, the maximum

takeoff weight of a Boeing 777-200ER airliner is 298,000 kilograms, which can also be written as 2.98 19° kg. The mass of the
average mosquito is about 8.0000025 kilograms, which can be written as 2.5 1976 kg.

Units, such as liters, pounds, and centimeters, are standards of comparison for measurements. A 2-liter bottle of a soft drink
contains a volume of beverage that is twice that of the accepted volume of 1 liter. The meat used to prepare a 0.25-pound
hamburger weighs one-fourth as much as the accepted weight of 1 pound. Without units, a number can be meaningless, confusing,
or possibly life threatening. Suppose a doctor prescribes phenobarbital to control a patient’s seizures and states a dosage of
“100” without specifying units. Not only will this be confusing to the medical professional giving the dose, but the consequences
can be dire: 180 mg given three times per day can be effective as an anticonvulsant, but a single dose of 190 g is more than 10
times the lethal amount.

The measurement units for seven fundamental properties (“base units”) are listed in Table 2.1.1. The standards for these units
are fixed by international agreement, and they are called the International System of Units or SI Units (from the French, Le
Systéme International d’Unités). SI units have been used by the United States National Institute of Standards and Technology
(NIST) since 1964. Units for other properties may be derived from these seven base units.

Table 2.1.1: Base Units of the SI System

Property Measured Name of Unit Symbol of Unit

length meter m

mass kilogram kg
time second s

temperature kelvin

electric current ampere A

amount of substance mole mol
luminous intensity candela cd

Everyday measurement units are often defined as fractions or multiples of other units. Milk is commonly packaged in containers
of 1 gallon (4 quarts), 1 quart (8.25 gallon), and one pint (8.5 quart). This same approach is used with SI units, but these fractions
or multiples are always powers of 10. Fractional or multiple SI units are named using a prefix and the name of the base unit. For
example, a length of 1900 meters is also called a kilometer because the prefix kilo means “one thousand,” which in scientific
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notation is 18° (1 kilometer = 1000 m = 193 m). The prefixes used and the powers to which 10 are raised are listed in Table 2.1.2.

Table 2.1.2: Common Unit Prefixes

Prefix Symbol Factor Example
femto f 19715 1 femtosecond (fs) = 1x 107" s (.000000000000861 s)
pico p 19712 1 picometer (pm) = 1x 1072 m (9.000000080081 m)
nano n 1077 4 nanograms (ng) = 4 X 1977 g (0.000000004 g)
micro H 1976 1 microliter (uL) = 1x 187° L (8.008081 L)
milli m 1973 2 millimoles (mmol) = 2 x 18~ mol (8.882 mol)
centi c 1072 7 centimeters (cm) = 7 x 1972 m (0.07 m)
deci d 19~ 1 deciliter (dL) = 1x 107 L (8.1L)
kilo k 103 1 kilometer (km) = 1 x 18% m (1000 m)
mega M 168 3 megahertz (MHz) = 3 x 18° Hz (3,000,800 Hz)
giga G 107 8 gigayears (Gyr) = 8 x 187 yr (8,000,000,000 yr)
tera T 18" 5 terawatts (TW) = 5 x 18'2 W (5,000,000,000,000 W)

Link to Learning

Need a refresher or more practice with scientific notation? Visit this site to go over the basics of scientific notation.

SI Base Units

The initial units of the metric system, which eventually evolved into the SI system, were established in France during the French
Revolution. The original standards for the meter and the kilogram were adopted there in 1799 and eventually by other countries.
This section introduces four of the SI base units commonly used in chemistry. Other SI units will be introduced in subsequent
chapters.

Length

The standard unit of length in both the SI and original metric systems is the meter (m). A meter was originally specified as 1/
10,000,000 of the distance from the North Pole to the equator. It is now defined as the distance light in a vacuum travels in 1/
299,792,458 of a second. A meter is about 3 inches longer than a yard (Figure 2.1.1); one meter is about 39.37 inches or 1.094

yards. Longer distances are often reported in kilometers (1 km = 1000 m = 103 m), whereas shorter distances can be reported in
centimeters (1cm =0.01m = 1972 m) or millimeters (1 mm = 0.001m = 1973 m).
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relative lengths of 1 m, 1yd, 1 cm, and 1 in. are shown (not actual size), as well as comparisons of 2.54 cm and 1in., and of 1Tm and
1.094 yd.

Mass

The standard unit of mass in the SI system is the kilogram (kg). The kilogram was previously defined by the International Union
of Pure and Applied Chemistry (IUPAC) as the mass of a specific reference object. This object was originally one liter of pure
water, and more recently it was a metal cylinder made from a platinum-iridium alloy with a height and diameter of 39 mm (Figure
2.1.2). In May 2019, this definition was changed to one that is based instead on precisely measured values of several fundamental

physical constants.”. One kilogram is about 2.2 pounds. The gram (g) is exactly equal to /1000 of the mass of the kilogram (‘I@‘3
kg).

Figure 2.1.2: This replica prototype kilogram as previously defined is housed at the National
Institute of Standards and Technology (NIST) in Maryland. (credit: National Institutes of Standards and Technology)

Temperature
Temperature is an intensive property. The SI unit of temperature is the kelvin (K). The IUPAC convention is to use kelvin (all

lowercase) for the word, K (uppercase) for the unit symbol, and neither the word “degree” nor the degree symbol (°). The degree
Celsius (°C) is also allowed in the SI system, with both the word “degree” and the degree symbol used for Celsius measurements.
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Celsius degrees are the same magnitude as those of kelvin, but the two scales place their zeros in different places. Water freezes
at 273.15 K (0@ °C) and boils at 373.15 K (180 °C) by definition, and normal human body temperature is approximately 310 K (37
°C). The conversion between these two units and the Fahrenheit scale will be discussed later in this chapter.

Time

The SI base unit of time is the second (s). Small and large time intervals can be expressed with the appropriate prefixes; for

example, 3 microseconds = 0.000003 s = 3 x 190 % and 5 megaseconds = 5,000,000 s = 5 x 10° s. Alternatively, hours, days,
and years can be used.

Derived SI Units

We can derive many units from the seven SI base units. For example, we can use the base unit of length to define a unit of
volume, and the base units of mass and length to define a unit of density.

Volume

Volume is the measure of the amount of space occupied by an object. The standard SI unit of volume is defined by the base unit

of length (Figure 2.1.3). The standard volume is a cubic meter (m3), a cube with an edge length of exactly one meter. To dispense
a cubic meter of water, we could build a cubic box with edge lengths of exactly one meter. This box would hold a cubic meter of
water or any other substance.

A more commonly used unit of volume is derived from the decimeter (8.1 m, or 1® cm). A cube with edge lengths of exactly one

decimeter contains a volume of one cubic decimeter (dm3). A liter (L) is the more common name for the cubic decimeter. One
liter is about 1.86 quarts.
A cubic centimeter (cm3) is the volume of a cube with an edge length of exactly one centimeter. The abbreviation cc (for cubic
centimeter) is often used by health professionals. A cubic centimeter is equivalent to a milliliter (mL) and is /1000 of a liter.

lem3=1mL
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1 cubic centimeter 1.8cm
=1 milliliter Dime
@ () Figure 2.1.3: (a) The relative

volumes are shown for cubes of 1 m3, 1dm3 (1L),and 1 cm?® (1 mL) (not to scale). (b) The diameter of a dime is compared relative
to the edge length of a 1-cm® (1-mL) cube.

Density

We use the mass and volume of a substance to determine its density. Thus, the units of density are defined by the base units of
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mass and length.

The density of a substance is the ratio of the mass of a sample of the substance to its volume. The SI unit for density is the
kilogram per cubic meter (kg/m3). For many situations, however, this is an inconvenient unit, and we often use grams per cubic
centimeter (g/cm3) for the densities of solids and liquids, and grams per liter (g/L) for gases. Although there are exceptions, most

liquids and solids have densities that range from about 0.7 g/cm3 (the density of gasoline) to 19 g/(:m3 (the density of gold). The
density of air is about 1.2 g/L. Table 2.1.3 shows the densities of some common substances.

Table 2.1.3: Densities of Common Substances

Solids Liquids Gases (at 25 °C and 1 atm)
ice (at ® °C) 8.92 g/cm> water 1.8 g/cm® dry air 1.20 g/L
oak (wood) 8.68-8.98 g/cm> ethanol 8.79 g/cm® oxygen 1.31g/L
iron 7.9 g/cm? acetone 8.79 g/cm® nitrogen 1.14 g/L
copper 9.0 g/cm3 glycerin 1.26 g/cm3 carbon dioxide 1.80 g/L
lead 11.3 g/cm® olive oil 8.92 g/cm> helium 0.16 g/L
silver 18.5 g/cm® gasoline 8.76-8.77 g/cm® neon 8.83 g/L
gold 19.3 g/cm® mercury 13.6 g/cm’ radon 9.1 g/L

While there are many ways to determine the density of an object, perhaps the most straightforward method involves separately
finding the mass and volume of the object, and then dividing the mass of the sample by its volume. In the following example, the
mass is found directly by weighing, but the volume is found indirectly through length measurements.

density = % (2.1.1)

Example 2.1.1: Calculation of Density

Gold—in bricks, bars, and coins—has been a form of currency for centuries. In order to swindle people into paying for a brick
of gold without actually investing in a brick of gold, people have considered filling the centers of hollow gold bricks with lead
to fool buyers into thinking that the entire brick is gold. It does not work: Lead is a dense substance, but its density is not as

great as that of gold, 19.3 g/cm3. What is the density of lead if a cube of lead has an edge length of 2.800 cm and a mass of
90.7 g?

Solution

The density of a substance can be calculated by dividing its mass by its volume. The volume of a cube is calculated by cubing
the edge length.

volume of lead cube = 2.00 cm x 2.00 cm x 2.00 cm = 8.00 cm®

mass  90.7g

density = =11.3 g/cm?

volume  8.00 cm?®

(We will discuss the reason for rounding to the first decimal place in the next section.)

Exercise 2.1.1

a. To three decimal places, what is the volume of a cube (cm3) with an edge length of 8.843 cm?
b. If the cube in part (a) is copper and has a mass of 5.34 g, what is the density of copper to two decimal places?
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Answer available at the end of this section.

Link to Learning

To learn more about the relationship between mass, volume, and density, use this interactive simulator to explore the density
of different materials.

Example 2.1.2: Using Displacement of Water to Determine Density

This exercise uses a simulation to illustrate an alternative approach to the determination of density that involves measuring
the object’s volume via displacement of water. Use the simulator to determine the densities iron and wood.

Solution

Click the “turn fluid into water” button in the simulator to adjust the density of liquid in the beaker to 1.80 g/mL. Remove the
red block from the beaker and note the volume of water is 25.5 mL. Select the iron sample by clicking “iron” in the table of
materials at the bottom of the screen, place the iron block on the balance pan, and observe its mass is 31.48 g. Transfer the
iron block to the beaker and notice that it sinks, displacing a volume of water equal to its own volume and causing the water
level to rise to 29.5 mL. The volume of the iron block is therefore:

Viron = 29.5mL — 25.5mL = 4.0mL
The density of the iron is then calculated to be:

mass  31.48g

density = =79g/mL

volume = 4.0mL
Remove the iron block from the beaker, change the block material to wood, and then repeat the mass and volume
measurements. Unlike iron, the wood block does not sink in the water but instead floats on the water’s surface. To measure
its volume, drag it beneath the water’s surface so that it is fully submerged.

1.95
density = 1mass E

volume _ 3.0mL = L5/t

Note: The sink versus float behavior illustrated in this example demonstrates the property of “buoyancy”.

Exercise 2.1.2

Following the water displacement approach, use the simulator to measure the density of the foam sample.

Answer available at the end of this section.

Footnotes

e 1For details see https://www.nist.gov/pml/weights-and.../si-units-mass

Answers
Exercise 2.1.1

a. 9599 cm®
b. 8.91 g/cm3

Exercise 2.1.2
0.230 g/mL
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This page titled 2.1: Measurements is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by OpenStax via source
content that was edited to the style and standards of the LibreTexts platform.
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2.2: Mathematical Treatment of Measurement Results

Learning Objectives

By the end of this section, you will be able to:

e Explain the dimensional analysis (factor label) approach to mathematical calculations involving quantities
¢ Use dimensional analysis to carry out unit conversions for a given property and computations involving two or more
properties

It is often the case that a quantity of interest may not be easy (or even possible) to measure directly but instead must be
calculated from other directly measured properties and appropriate mathematical relationships. For example, consider measuring
the average speed of an athlete running sprints. This is typically accomplished by measuring the time required for the athlete
to run from the starting line to the finish line, and the distance between these two lines, and then computing speed from the
equation that relates these three properties:

distance
speed = ——
time

An Olympic-quality sprinter can run 18® m in approximately 10 s, corresponding to an average speed of

100 m
10s

=10m/s

(For this and the next calculation, assume the trailing zeros are significant digits.) Note that this simple arithmetic involves
dividing the numbers of each measured quantity to yield the number of the computed quantity (180/10 = 10) and likewise dividing
the units of each measured quantity to yield the unit of the computed quantity (m/s = m/s). Now, consider using this same relation
to predict the time required for a person running at this speed to travel a distance of 25 m. The same relation among the three
properties is used, but in this case, the two quantities provided are a speed (18 m/s) and a distance (25 m). To yield the sought
property, time, the equation must be rearranged appropriately:

. distance
time = ———
speed
The time can then be computed as:
25
oM o5y
10m/s

Again, arithmetic on the numbers (25/10 = 2.5) was accompanied by the same arithmetic on the units (m/(m/s) = s) to yield the
number and unit of the result, 2.5 s. Note that, just as for numbers, when a unit is divided by an identical unit (in this case, m/m),
the result is “1"—or, as commonly phrased, the units “cancel.”

These calculations are examples of a versatile mathematical approach known as dimensional analysis (or the factor-label
method). Dimensional analysis is based on this premise: the units of quantities must be subjected to the same mathematical
operations as their associated numbers. This method can be applied to computations ranging from simple unit conversions to
more complex, multi-step calculations involving several different quantities.

Conversion Factors and Dimensional Analysis

A ratio of two equivalent quantities expressed with different measurement units can be used as a unit conversion factor. For
example, the lengths of 2.54 cm and 1 in. are equivalent (by definition), and so a unit conversion factor may be derived from the
ratio,

2.54cm

0 (2.54c¢m = lin.) or 2.54——
lin. in.
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Several other commonly used conversion factors are given in Example 2.2.1.

Example 2.2.1: Common Conversion Factors

Length Volume Mass
1Tm=10936 yd 1L =1.0567 qt 1kg = 2.2046 Ib
1in. = 2.54 cm (exact) 1qt=0.94635L 1lb =45359¢g
1km = 0.62137 mi 113 228317 L 1 (avoirdupois) oz = 28.349 g
1mi=1609.3 m 1tbsp = 14.787 mL 1 (troy) oz = 31.183 g

When a quantity (such as distance in inches) is multiplied by an appropriate unit conversion factor, the quantity is converted to
an equivalent value with different units (such as distance in centimeters). For example, a basketball player’s vertical jump of 34
inches can be converted to centimeters by:

Since this simple arithmetic involves quantities, the premise of dimensional analysis requires that we multiply both numbers and
units. The numbers of these two quantities are multiplied to yield the number of the product quantity, 86, whereas the units are
multiplied to yield . Just as for numbers, a ratio of identical units is also numerically equal to one, and the unit product thus
simplifies to cm. (When identical units divide to yield a factor of 1, they are said to “cancel.”) Dimensional analysis may be used
to confirm the proper application of unit conversion factors as demonstrated in the following example.

Example 2.2.1: Using a Unit Conversion Factor

The mass of a competition frisbee is 125 g. Convert its mass to ounces using the unit conversion factor derived from the
relationship 1 0z = 28.349 g (Example 2.2.1).

Solution

Given the conversion factor, the mass in ounces may be derived using an equation similar to the one used for converting
length from inches to centimeters.

roz = 125g X unit conversion factor

The unit conversion factor may be represented as:

loz an 28.349¢g
28.349¢ loz

The correct unit conversion factor is the ratio that cancels the units of grams and leaves ounces.

loz
28.349¢g

( 125 ) o
= 7
28.349

= 4.41 oz (three significant figures)

roz =125g X

Exercise 2.2.1

Convert a volume of 9.345 qt to liters.

Answer available at the end of this section.

Beyond simple unit conversions, the factor-label method can be used to solve more complex problems involving computations.
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Regardless of the details, the basic approach is the same—all the factors involved in the calculation must be appropriately
oriented to ensure that their labels (units) will appropriately cancel and/or combine to yield the desired unit in the result. As your
study of chemistry continues, you will encounter many opportunities to apply this approach.

Example 2.2.2: Computing Quantities from Measurement Results and Known Mathematical Relations

What is the density of common antifreeze in units of g/mL? A 4.00-qt sample of the antifreeze weighs 9.26 lb.

Solution

Since density = 225 we need to divide the mass in grams by the volume in milliliters. In general: the number of units of B =

volume *

the number of units of A x unit conversion factor. The necessary conversion factors are given in Example 2.2.1: 1lb = 453.59
g; 1L =10567 qt; 1L = 1,000 mL. Mass may be converted from pounds to grams as follows:

9.26 J x <%> —420x10°g

1L

Volume may be converted from quarts to milliliters via two steps:

Step 1: Convert quarts to liters.

1L
4.00 ——— | =3.18L
A (1.0567;(()

Step 2: Convert liters to milliliters.

1000 mL
3.78 ¥ x <M> — 3.78 x 10°mL

1Y
Then,

4.20 x 103 g

densit =
Y T 378 x10°mL

=1.11g/mL

Alternatively, the calculation could be set up in a way that uses three unit conversion factors sequentially as follows:

026 ) 45359g 1.0567 ¢ ¥
4.00 ¢ 194 1Y 1000 mL

=1.11g/mL

Exercise 2.2.2

What is the volume in liters of 1.800 oz, given that 1L = 1.0567 qt and 1 qt = 32 oz (exactly)?

Answer available at the end of this section.

Example 2.2.3: Computing Quantities from Measurement Results and Known Mathematical Relations

While being driven from Philadelphia to Atlanta, a distance of about 1250 km, a 2014 Lamborghini Aventador Roadster uses
213 L gasoline.

a. What (average) fuel economy, in miles per gallon, did the Roadster get during this trip?
b. If gasoline costs $3.80 per gallon, what was the fuel cost for this trip?

Solution
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(a) First convert distance from kilometers to miles:

62137 mi
1250 Jertt x 20288Tm_ oo s

1 i

and then convert volume from liters to gallons:

1.0567
213 ¥ x " L « Leal

= 56.3 gal
¥t ot
Finally,
777 mi
(average) mileage = 56.32;11 = 13.8 miles / gallon = 13.8, mpg

Alternatively, the calculation could be set up in a way that uses all the conversion factors sequentially, as follows:

1250 Jarfi  0.62137mi 1'% y 4 of
213 'K 1 Jufi 1.0567 gt”  lgal

(b) Using the previously calculated volume in gallons, we find:

= 13.8 mpg

$3.80

Exercise 2.2.3

A Toyota Prius Hybrid uses 59.7 L gasoline to drive from San Francisco to Seattle, a distance of 1300 km (two significant
digits).

a. What (average) fuel economy, in miles per gallon, did the Prius get during this trip?
b. If gasoline costs $3.90 per gallon, what was the fuel cost for this trip?

Answer available at the end of this section.

Conversion of Temperature Units

We use the word temperature to refer to the hotness or coldness of a substance. One way we measure a change in temperature
is to use the fact that most substances expand when their temperature increases and contract when their temperature decreases.
The liquid in a common glass thermometer changes its volume as the temperature changes, and the position of the trapped
liquid's surface along a printed scale may be used as a measure of temperature.

Temperature scales are defined relative to selected reference temperatures: Two of the most commonly used are the freezing
and boiling temperatures of water at a specified atmospheric pressure. On the Celsius scale, ® °C is defined as the freezing
temperature of water and 180 °C as the boiling temperature of water. The space between the two temperatures is divided into
100 equal intervals, which we call degrees. On the Fahrenheit scale, the freezing point of water is defined as 32 °F and the
boiling temperature as 212 °F. The space between these two points on a Fahrenheit thermometer is divided into 1809 equal parts
(degrees).

Defining the Celsius and Fahrenheit temperature scales as described in the previous paragraph results in a slightly more complex
relationship between temperature values on these two scales than for different units of measure for other properties. Most
measurement units for a given property are directly proportional to one another (y = mx). Using familiar length units as one
example:

1ft

length in feet =
ength in fee (121,”_

) x length in inches
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where y = length in feet, x = length in inches, and the proportionality constant, m, is the conversion factor. The Celsius and
Fahrenheit temperature scales, however, do not share a common zero point, and so the relationship between these two scales is
a linear one rather than a proportional one (y = mx + b). Consequently, converting a temperature from one of these scales into the
other requires more than simple multiplication by a conversion factor, m; it also must take into account differences in the scales’
zero points (b).

The linear equation relating Celsius and Fahrenheit temperatures is easily derived from the two temperatures used to define each
scale. Representing the Celsius temperature as x and the Fahrenheit temperature as y, the slope, m, is computed to be:
Ay 212°F — 32°F 180°F 9°F
m=— = = =
Az 100°C — 0°C 100°C 5°C

The y-intercept of the equation, b, is then calculated using either of the equivalent temperature pairs, (180 °C, 212 °F) or (® °C, 32
°F), as:

9°F

b=y—mz=32"F —
Yy mx 500

x 0°C =32°F

The equation relating the temperature (T) scales is then:

9°F
5°C

T°F = ( X T°C’) +32°F

An abbreviated form of this equation that omits the measurement units is:
o 9 o
T°F = (EXT0>+32
Rearrangement of this equation yields the form useful for converting from Fahrenheit to Celsius:
. 9 .
T°F = <g><TC>+32

As mentioned earlier in this chapter, the SI unit of temperature is the kelvin (K). Unlike the Celsius and Fahrenheit scales, the
kelvin scale is an absolute temperature scale in which © (zero) K corresponds to the lowest temperature that can theoretically be
achieved. Since the kelvin temperature scale is absolute, a degree symbol is not included in the unit abbreviation, K. The early
19th-century discovery of the relationship between a gas’s volume and temperature suggested that the volume of a gas would be
zero at —273.15 °C. In 1848, British physicist William Thompson, who later adopted the title of Lord Kelvin, proposed an absolute
temperature scale based on this concept (further treatment of this topic is provided in this text's chapter on gases).

The freezing temperature of water on this scale is 273.15 K and its boiling temperature is 373.15 K. Notice the numerical
difference in these two reference temperatures is 100, the same as for the Celsius scale, and so the linear relation between these
two temperature scales will exhibit a slope of . Following the same approach, the equations for converting between the kelvin and
Celsius temperature scales are derived to be:

Ty =T C +273.15
T°C¢ = Ty —273.15

The 273.15 in these equations has been determined experimentally, so it is not exact. Figure 2.2.1: shows the relationship among
the three temperature scales.

©® 33 (2.2.5)



LibreTextsw

Fahrenheit Celsius Kelvin
(\ @) %)
Boiling
point
of water H 212 °F - 100 °C - 373.15K
180 Fahrenheit _| 100 Celsius _| 100 kelvins —
degrees degrees
Freezing
point
of water 1 32 °F H0°C H 273.15K
= —40 °F L —40 °C H 233.15 K

Figure 2.2.1: The Fahrenheit, Celsius, and kelvin temperature scales are compared.

Although the kelvin (absolute) temperature scale is the official SI temperature scale, Celsius is commonly used in many scientific
contexts and is the scale of choice for nonscience contexts in almost all areas of the world. Very few countries (the U.S. and its
territories, the Bahamas, Belize, Cayman Islands, and Palau) still use Fahrenheit for weather, medicine, and cooking.

Example 2.2.4: Conversion from Celsius

Normal body temperature has been commonly accepted as 37.0 °C (although it varies depending on time of day and method
of measurement, as well as among individuals). What is this temperature on the kelvin scale and on the Fahrenheit scale?

Solution

K =°C+273.15 =37.0 4+ 273.2 = 310.2K

°F = %"C +32.0 = (% X 37.0) +32.0 =66.6 4 32.0 = 98.6°F

Exercise 2.2.1

Convert 80.92 °C to K and °F.

Answer available at the end of this section.

Example 2.2.5: Conversion from Fahrenheit

Baking a ready-made pizza calls for an oven temperature of 450 °F. If you are in Europe, and your oven thermometer uses
the Celsius scale, what is the setting? What is the kelvin temperature?

Solution

5 5 5
°C= 9 (CF—32) = 5(450 —32) = 9 X 418 = 232°C' — set oven to 230°C"  (two significant figures

5 5
K ="C+21315= ¢ (*F —32) = 4 (450 — 32) +273.15 = 505.4K — 5.1 x 10°K

©@® 34 (2.2.6)



LibreTextS“'

Convert 50 °F to °C and K.

Answer available at the end of this section.

Footnotes

e 2 Strictly speaking, the ounce and pound are units of weight, W (a force equal to the product of mass and gravitational
acceleration, W = mg). The conversion relations in this table are commonly used to equate masses and weight assuming a
nominal value for g at the surface of the earth.

Answers
Exercise 2.2.1
8.844 L
Exercise 2.2.2
2,956 x 1072 L
Exercise 2.2.3

a. 51mpg
b. $62

Exercise 2.2.1
354.07 K, 177.7 °F

Exercise 2.2.1
10 °C, 280 K

This page titled 2.2: Mathematical Treatment of Measurement Results is shared under a CC BY 4.0 license and was authored, remixed, and/or
curated by OpenStax via source content that was edited to the style and standards of the LibreTexts platform.
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3: CHEMISTRY MAKES LIFE POSSIBLE

3.1: Basic Definitions

3.2: The Elements

3.3: The Building Blocks of Molecules
3.4: Chemical reaction

3.5: Oxidation-reduction reactions

This page titled 3: Chemistry Makes Life Possible is shared under a license and was authored, remixed, and/or curated by LibreTexts.
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3.1: Basic Definitions

Learning Objective

e Learn the basic terms used to describe matter

The definition of chemistry—the study of the interactions of matter with other matter and with energy—uses some terms that
should also be defined. We start the study of chemistry by defining basic terms.

Matter

Matter is anything that has mass and takes up space. A book is matter, a computer is matter, food is matter, and dirt in the ground
is matter. Sometimes matter may be difficult to identify. For example, air is matter, but because it is so thin compared to other
matter (e.g., a book, a computer, food, and dirt), we sometimes forget that air has mass and takes up space. Things that are not
matter include thoughts, ideas, emotions, and hopes.

Example 3.1.1

Which of the following is matter and not matter?

a. ahot dog

b. love

c. atree
Solution

a. A hot dog has mass and takes up space, so it is matter.
b. Love is an emotion, and emotions are not matter.
c. A tree has mass and takes up space, so it is matter.

Exercise 3.1.1

Which of the following is matter and not matter?

a. the moon
b. an idea for a new invention

Answer a available at the end of this section.

To understand matter and how it changes, we need to be able to describe matter. There are two basic ways to describe matter:
physical properties and chemical properties.

Physical properties

Physical properties are characteristics that describe matter as it exists. Some physical characteristics of matter are shape, color,
size, and temperature. An important physical property is the phase (or state) of matter. The three fundamental phases of matter
are solid, liquid, and gas (Figure 3.1.1).
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- e e - o’ '
Figure 3.1.1: The Phases of Matter. Chemistry recognizes three fundamental phases of matter: solid (left), liquid (middle), and gas
(right). (CC BY-SA 3.9; Spirit469). The solid state depicted is an ice sculpture of an angel, the liquid state is a drop of water, and

the gas is clouds made of water vapor.

Chemical Properties

Chemical properties are characteristics of matter that describe how matter changes form in the presence of other matter. Does
a sample of matter burn? Burning is a chemical property. Does it behave violently when put in water? This reaction is a chemical
property as well (Figure 3.1.2). In the following chapters, we will see how descriptions of physical and chemical properties are
important aspects of chemistry.

Figure 3.1.2: Chemical Properties. The fact that
this match burns is a chemical property of the match. (Sebastian Ritter (Rise®011)).

Physical Change

A physical change occurs when a sample of matter changes one or more of its physical properties. For example, a solid may melt
(Figure 3.1.3), or alcohol in a thermometer may change volume as the temperature changes. A physical change does not affect
the chemical composition of matter.
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g Figure 3.1.2: Physical Changes: The solid ice melts into liquid water—a physical change. A time-
lapse ammatlon of ice cubes melting in a glass over 50 minutes. (Public Domain; Moussa).

Chemical Change

Chemical change is the process of demonstrating a chemical property, such as the burning match in Figure 3.1.2 "Chemical
Properties". As the matter in the match burns, its chemical composition changes, and new forms of matter with new physical
properties are created. Note that chemical changes are frequently accompanied by physical changes, as the new matter will likely
have different physical properties from the original matter.

Example 3.1.2

Describe each process as a physical change or a chemical change.

a. Water in the air turns into snow.

b. A person's hair is cut.

c. Bread dough becomes fresh bread in an oven.
Solution

a. Because the water is going from a gas phase to a solid phase, this is a physical change.
Your long hair is being shortened. This is a physical change.

c. Because of the oven's temperature, chemical changes are occurring in the bread dough to make fresh bread. These are
chemical changes. (In fact, a lot of cooking involves chemical changes.)

Exercise 3.1.2

Identify each process as a physical change or a chemical change.

=

a. A fireis raging in a fireplace.
b. Water is warmed to make a cup of coffee.

Answer a available at the end of this section.
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Substance

A sample of matter that has the same physical and chemical properties throughout is called a substance. Sometimes the phrase
pure substance is used, but the word pure isn't needed. The definition of the term substance is an example of how chemistry has
a specific definition for a word that is used in everyday language with a different, vaguer definition. Here, we will use the term
substance with its strict chemical definition.

Chemistry recognizes two different types of substances: elements and compounds.

Element

An element is the simplest type of chemical substance; it cannot be broken down into simpler chemical substances by ordinary
chemical means. There are 118 elements known to science, of which 80 are stable. (The other elements are radioactive, a
condition we will consider in Chapter 15.) Each element has its own unique set of physical and chemical properties. Examples of
elements include iron, carbon, and gold.

Compound

A compound is a combination of more than one element. The physical and chemical properties of a compound are different from
the physical and chemical properties of its constituent elements; that is, it behaves as a completely different substance. There
are over 50 million compounds known, and more are being discovered daily. Examples of compounds include water, penicillin,
and sodium chloride (the chemical name for common table salt).

Mixtures

Physical combinations of more than one substance are called mixtures. Elements and compounds are not the only ways in
which matter can be present. We frequently encounter objects that are physical combinations of more than one element or
compound—mixtures. There are two types of mixtures.

Heterogeneous Mixture

A heterogeneous mixture is a mixture composed of two or more substances. It is easy to tell, sometimes by the naked eye, that
more than one substance is present.

Homogeneous Mixture/ Solution

A homogeneous mixture is a combination of two or more substances that is so intimately mixed, that the mixture behaves as
a single substance. Another word for a homogeneous mixture is a solution. Thus, a combination of salt and steel wool is a
heterogeneous mixture because it is easy to see which particles of the matter are salt crystals and which are steel wool. On the
other hand, if you take salt crystals and dissolve them in water, it is very difficult to tell that you have more than one substance
present just by looking—even if you use a powerful microscope. The salt dissolved in water is a homogeneous mixture, or a
solution (Figure 3.1.3).
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Figure 3.1.3: Types of Mixtures © Thinkstock. On the left,
the combination of two substances is a heterogeneous mixture because the particles of the two components look different. On
the right, the salt crystals have dissolved in the water so finely that you cannot tell that salt is present. The homogeneous mixture
appears like a single substance.

Example 3.1.3

Identify the following combinations as heterogeneous mixtures or homogenous mixtures.

a. soda water (carbon dioxide is dissolved in water)
b. a mixture of iron metal filings and sulfur powder (both iron and sulfur are elements)

Solution

a. Because carbon dioxide is dissolved in water, we can infer from the behavior of salt crystals dissolved in water that
carbon dioxide dissolved in water is (also) a homogeneous mixture.

b. Assuming that the iron and sulfur are simply mixed together, it should be easy to see what is iron and what is sulfur, so
this is a heterogeneous mixture.

a. the human body
b. an amalgam, a combination of some other metals dissolved in a small amount of mercury

Answer a available at the end of this section.

There are other descriptors that we can use to describe matter, especially elements. We can usually divide elements into metals
and nonmetals, and each set shares certain (but not always all) properties.

Metal

A metal is an element that conducts electricity and heat well and is shiny, silvery, solid, ductile, and malleable. At room
temperature, metals are solid (although mercury is a well-known exception). A metal is ductile because it can be drawn into thin
wires (a property called ductility); and malleable because it can be pounded into thin sheets (a property called malleability).
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Nonmetal

A non-metal is an element that is brittle when solid, and does not conduct electricity or heat very well. Non-metals cannot be
made into thin sheets or wires (Figure 3.1.4). Nonmetals also exist in a variety of phases and colors at room temperature.

Semi-metals

Some elements have properties of both metals and nonmetals and are called semi-metals (or metalloids). We will see later how
these descriptions can be assigned rather easily to various elements.

: Figure 3.1.4: Semimetals ©
Thinkstock. On the left is some elemental mercury, the only metal that exists as a liquid at room temperature. It has all the other
expected properties of a metal. On the right, elemental sulfur is a yellow nonmetal that usually is found as a powder.

Describing Matter Flowchart

"Describing Matter" is a flowchart of the relationships among the different ways of describing matter.

| Matter ’
————
R S—
—_——

P ——
—_——

e _—_— ——
mixture mixture
Figure 3.1.5: Describing Matter. This flowchart shows how matter can be

described. Matter forks into element & compound which fork into 1 substance & more than 1 substance. More than 1 substance is
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homogenous or heterogenous.

Example 3.1.1: Chemistry is Everywhere: In the Morning

Most people have a morning ritual, a process that they go through every morning to get ready for the day. Chemistry appears
in many of these activities.

o If you take a shower or bath in the morning, you probably use soap, shampoo, or both. These items contain chemicals
that interact with the oil and dirt on your body and hair to remove them and wash them away. Many of these products
also contain chemicals that make you smell good; they are called fragrances.

e When you brush your teeth in the morning, you usually use toothpaste, a form of soap, to clean your teeth. Toothpastes
typically contain tiny, hard particles called abrasives that physically scrub your teeth. Many toothpastes also contain
fluoride, a substance that chemically interacts with the surface of the teeth to help prevent cavities.

e Perhaps you take vitamins, supplements, or medicines every morning. Vitamins and other supplements contain
chemicals your body needs in small amounts to function properly. Medicines are chemicals that help combat diseases
and promote health.

e Perhaps you make some fried eggs for breakfast. Frying eggs involves heating them enough so that a chemical reaction
occurs to cook the eggs.

o After you eat, the food in your stomach is chemically reacted so that the body (mostly the intestines) can absorb food,
water, and other nutrients.

o If you drive or take the bus to school or work, you are using a vehicle that probably burns gasoline, a material that burns
fairly easily and provides energy to power the vehicle. Recall that burning is a chemical change.

These are just a few examples of how chemistry impacts your everyday life. And we haven't even made it to lunch yet!

-

Figure 3.1.6:
Chemistry in Real Life © Thinkstock. Examples of chemistry can be found everywhere—in personal hygiene products, food,
and motor vehicles. Personal hygiene products (left), food (middle), and motor vehicles (right) images next to one another.

Key Takeaways

e Chemistry is the study of matter and its interactions with other matter and energy.
e Matter is anything that has mass and takes up space.

e Matter can be described in terms of physical properties and chemical properties.
e Physical properties and chemical properties of matter can change.

e Matter is composed of elements and compounds.

¢ Combinations of different substances are called mixtures.

e Elements can be described as metals, nonmetals, and semi-metals.
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Answers

Exercise 3.1.1

The moon is matter.

The invention itself may be matter, but the idea for it is not.
Exercise 3.1.2

chemical change

physical change
Exercise 3.1.3

heterogeneous mixture

homogeneous mixture

This page titled 3.1: Basic Definitions is shared under a CC BY-NC-SA 3.0 license and was authored, remixed, and/or curated by Anonymous via
source content that was edited to the style and standards of the LibreTexts platform.

e Homework 1: DNA and chromosomes has no license indicated.
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3.2: The Elements

Learning Objectives

¢ Define a chemical element and give examples of the abundance of different elements.
e Represent a chemical element with a chemical symbol.

An element is a substance that cannot be broken down into simpler chemical substances. There are about 90 naturally occurring
elements known on Earth. Using technology, scientists have been able to create nearly 3® additional elements that do not occur
in nature. Today, chemistry recognizes 118 elements—some of which were created an atom at a time. Figure 3.2.1 shows some of
the chemical elements.

=

— .
.

; Figure 3.2.1: Samples
of Elements. Gold is a yellowish solid, iron is a silvery solid, while mercury is a silvery liquid at room temperature. © Thinkstock

Abundance

The elements vary widely in abundance. In the universe as a whole, the most common element is hydrogen (about 98% of atoms),
followed by helium (most of the remaining 10%). All other elements are present in relatively minuscule amounts, as far as we can
detect.

Table 3.2.1: Elemental Composition of Earth

Earth’s Crust Earth (overall)

Element Percentage Element Percentage
oxygen 46.1 iron 34.6
silicon 28.2 oxygen 29.5

aluminum 8.23 silicon 15.2
iron 5.53 magnesium 12.7
calcium 415 nickel 24
sodium 2.36 sulfur 1.9
magnesium 2.33 all others 3.7
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Earth’s Crust Earth (overall)
Element Percentage Element Percentage
potassium 2.09
titanium 0.565
hydrogen 0.14
phosphorus 0.105
all others 0.174

On the planet Earth, however, the situation is rather different. Oxygen makes up 46.1% of the mass of Earth’s crust (the relatively
thin layer of rock forming Earth’s surface), mostly in combination with other elements, while silicon makes up 28.2%. Hydrogen,
the most abundant element in the universe, makes up only 0.14% of Earth’s crust. Table 3.2.1 lists the relative abundances of
elements on Earth as a whole and in Earth’s crust. Table 3.2.2 lists the relative abundances of elements in the human body. If you
compare Table 3.2.1 and Table 3.2.2, you will find disparities between the percentage of each element in the human body and on
Earth. Oxygen has the highest percentage in both cases, but carbon, the element with the second highest percentage in the body,
is relatively rare on Earth and does not even appear as a separate entry in Table 3.2.1; carbon is part of the 8.174% representing
“other” elements. How does the human body concentrate so many apparently rare elements?

Table 3.2.2: Elemental Composition of a Human Body

Element Percentage by Mass

oxygen 61
carbon 23
hydrogen 10
nitrogen 2.6
calcium 1.4
phosphorus 1.1
sulfur 0.20
potassium 0.20
sodium 0.14
chlorine 0.12
magnesium 0.027
silicon 0.026
iron 0.006
fluorine 0.0037
zinc 0.0033
all others 0.174

Source: D. R. Lide, ed. CRC Handbook of Chemistry and Physics, 89th ed. (Boca Raton, FL: CRC Press, 2008-9), 7-24.

The relative amounts of elements in the body have less to do with their abundances on Earth than with their availability in a form
we can assimilate. We obtain oxygen from the air we breathe and the water we drink. We also obtain hydrogen from water. On the
other hand, although carbon is present in the atmosphere as carbon dioxide, and about 809% of the atmosphere is nitrogen, we
obtain those two elements from the food we eat, not the air we breathe.
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LOOKING CLOSER: PHOSPHOROUS, THE CHEMICAL BOTTLENECK

There is an element that we need more of in our bodies than is proportionately present in Earth’s crust, and this element is
not easily accessible. Phosphorus makes up 1.1% of the human body but only 8.185% of Earth’s crust. We need phosphorus
for our bones and teeth, and it is a crucial component of all living cells. Unlike carbon, which can be obtained from
carbon dioxide through photosynthesis, there is no phosphorus compound present in our surroundings that can serve as a
convenient source. Phosphorus, then, is nature’s bottleneck. Its availability limits the amount of life our planet can sustain.

Higher forms of life, such as humans, can obtain phosphorus by selecting a proper diet (plenty of protein); but lower forms
of life, such as algae, must absorb it from the environment. When phosphorus-containing detergents were introduced in
the 1950s, wastewater from normal household activities greatly increased the amount of phosphorus available to algae and
other plant life. Lakes receiving this wastewater experienced sudden increases in growth of algae. When the algae died,
concentrations of bacteria that ate the dead algae increased. Because of the large bacterial concentrations, the oxygen
content of the water dropped, causing fish to die in large numbers. This process, called eutrophication, is considered a
negative environmental impact.

Today, many detergents are made without phosphorus so the detrimental effects of eutrophication are minimized. You may
even see statements to that effect on detergent boxes. It can be sobering to realize how much impact a single element can
have on life—or the ease with which human activity can affect the environment.

Names and Symbols

Each element has a name. Some of these names date from antiquity, while others are quite new. Today, the names for new
elements are proposed by their discoverers but must be approved by the International Union of Pure and Applied Chemistry, an
international organization that makes recommendations concerning all kinds of chemical terminology.

Today, new elements are usually named after famous scientists.

The names of the elements can be cumbersome to write in full, especially when combined to form the names of compounds.
Therefore, each element name is abbreviated as a one- or two-letter chemical symbol. By convention, the first letter of a chemical
symbol is a capital letter, while the second letter (if there is one) is a lowercase letter. The first letter of the symbol is usually the
first letter of the element’s name, while the second letter is some other letter from the name. Some elements have symbols that
derive from earlier, mostly Latin names, so the symbols may not contain any letters from the English name. Table 3.2.3 lists the
names and symbols of some of the most familiar elements.

Table 3.2.3: Element Names and Symbols

aluminum Al magnesium Mg
argon Ar manganese Mn
arsenic As mercury Hg*
barium Ba neon Ne
bismuth Bi nickel Ni
boron B nitrogen
bromine Br oxygen (0]
calcium Ca phosphorus
carbon C platinum Pt
chlorine Cl potassium K*
chromium Cr silicon Si

*The symbol comes from the Latin name of element.

TThe symbol for tungsten comes from its German name—wolfram.
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copper Cu* silver Ag*
fluorine F sodium Na*
gold Au* strontium Sr
helium He sulfur S
hydrogen H tin Sn*
iron Fe tungsten wt
iodine I uranium u
lead Pb* zinc Zn
lithium Li zirconium Zr

*The symbol comes from the Latin name of element.

TThe symbol for tungsten comes from its German name—wolfram.

Element names in languages other than English are often close to their Latin names. For example, gold is oro in Spanish and
or in French (close to the Latin aurum), tin is estafio in Spanish (compare to stannum), lead is plomo in Spanish and plomb
in French (compare to plumbum), silver is argent in French (compare to argentum), and iron is fer in French and hierro in
Spanish (compare to ferrum). The closeness is even more apparent in pronunciation than in spelling.

Example 3.2.1

Write the chemical symbol for each element without consulting Table 3.2.3 "Element Names and Symbols".

a. bromine
b. boron

c. carbon
d. calcium
e. gold

Answer a available at the end of this section.

Exercise 3.2.1

Write the chemical symbol for each element without consulting Table 3.2.3.

a. manganese
b. magnesium
C. neon

d. nitrogen

e. silver

Answer a available at the end of this section.

Example 3.2.2

What element is represented by each chemical symbol?

a. Na
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Hg
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Answer a available at the end of this section.

Exercise 3.2.2

What element is represented by each chemical symbol?

®aoow
M (V2]
OC:SC'

Answer a available at the end of this section.

Concept Review Exercises

1. What is an element?
2. Give some examples of how the abundance of elements varies.
3. Why are chemical symbols so useful? What is the source of the letter(s) for a chemical symbol?

Answers
1. An element is the basic chemical building block of matter; it is the simplest chemical substance.
2. Elements vary from being a small percentage to more than 30% of the atoms around us.

3. Chemical symbols are useful to concisely represent the elements present in a substance. The letters usually come from the
name of the element.

Key Takeaways

e All matter is composed of elements.
e Chemical elements are represented by a one- or two-letter symbol.

Answers

Example 3.2.1
Br
B
C
Ca
Au
Exercise 3.2.1
Mn
Mg
Ne
N
Ag

Example 3.2.2
sodium
mercury
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phosphorus

potassium

iodine
Exercise 3.2.2

lead

tin

uranium

oxygen

fluorine

This page titled 3.2: The Elements is shared under a CC BY-NC-SA 3.0 license and was authored, remixed, and/or curated by Anonymous via
source content that was edited to the style and standards of the LibreTexts platform.

9.1: Prokaryotic Transcriptional Regulation by E. V. Wong is licensed CC BY-NC-SA 3.0. Original source: https://www.axopub.com/wp®1/
2012/02/26/download-cells-molecules-and-mechanisms/.
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3.3: The Building Blocks of Molecules

At its most fundamental level, life is made up of matter. Matter occupies space and has mass. All matter is composed of elements,
substances that cannot be broken down or transformed chemically into other substances. Each element is made of atoms, each
with a constant number of protons and unique properties. A total of 118 elements have been defined; however, only 92 occur
naturally, and fewer than 30 are found in living cells. The remaining 26 elements are unstable and, therefore, do not exist for very
long or are theoretical and have yet to be detected.

Each element is designated by its chemical symbol (such as H, N, O, C, and Na), and possesses unique properties. These unique
properties allow elements to combine and to bond with each other in specific ways.

Atoms

An atom is the smallest component of an element that retains all of the chemical properties of that element. For example, one
hydrogen atom has all of the properties of the element hydrogen, such as it exists as a gas at room temperature, and it bonds
with oxygen to create a water molecule. Hydrogen atoms cannot be broken down into anything smaller while still retaining the
properties of hydrogen. If a hydrogen atom were broken down into subatomic particles, it would no longer have the properties of
hydrogen.

At the most basic level, all organisms are made of a combination of elements. They contain atoms that combine together to form
molecules. In multicellular organisms, such as animals, molecules can interact to form cells that combine to form tissues, which
make up organs. These combinations continue until entire multicellular organisms are formed.

All atoms contain protons, electrons, and neutrons (Figure 3.3.1). The only exception is hydrogen (H), which is made of one proton
and one electron. A proton is a positively charged particle that resides in the nucleus (the core of the atom) of an atom and has
a mass of 1 and a charge of +1. An electron is a negatively charged particle that travels in the space around the nucleus. In other
words, it resides outside of the nucleus. It has a negligible mass and has a charge of -1.

Neutrons Q

Electrons = Nucleus

|
—@ Protons

Figure 3.3.1: Atoms are made up of protons and neutrons located within the nucleus, and electrons surrounding the nucleus.

Neutrons, like protons, reside in the nucleus of an atom. They have a mass of 1 and no charge. The positive (protons) and negative
(electrons) charges balance each other in a neutral atom, which has a net zero charge.

Because protons and neutrons each have a mass of 1, the mass of an atom is equal to the number of protons and neutrons of
that atom. The number of electrons does not factor into the overall mass, because their mass is so small.
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As stated earlier, each element has its own unique properties. Each contains a different number of protons and neutrons, giving
it its own atomic number and mass number. The atomic number of an element is equal to the number of protons that element
contains. The mass number, or atomic mass, is the number of protons plus the number of neutrons of that element. Therefore, it
is possible to determine the number of neutrons by subtracting the atomic number from the mass number.

These numbers provide information about the elements and how they will react when combined. Different elements have different
melting and boiling points, and are in different states (liquid, solid, or gas) at room temperature. They also combine in different
ways. Some form specific types of bonds, whereas others do not. How they combine is based on the number of electrons present.
Because of these characteristics, the elements are arranged into the periodic table of elements, a chart of the elements that
includes the atomic number and relative atomic mass of each element. The periodic table also provides key information about the
properties of elements (Figure 3.3.2)—often indicated by color-coding. The arrangement of the table also shows how the electrons
in each element are organized and provides important details about how atoms will react with each other to form molecules.

Isotopes are different forms of the same element that have the same number of protons, but a different number of neutrons.
Some elements, such as carbon, potassium, and uranium, have naturally occurring isotopes. Carbon-12, the most common isotope
of carbon, contains six protons and six neutrons. Therefore, it has a mass number of 12 (six protons and six neutrons) and an
atomic number of 6 (which makes it carbon). Carbon-14 contains six protons and eight neutrons. Therefore, it has a mass number
of 14 (six protons and eight neutrons) and an atomic number of 6, meaning it is still the element carbon. These two alternate
forms of carbon are isotopes. Some isotopes are unstable and will lose protons, other subatomic particles, or energy to form more
stable elements. These are called radioactive isotopes or radioisotopes.
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Figure 3.3.2: Arranged in columns and rows based on the characteristics of the elements, the periodic table provides key information
about the elements and how they might interact with each other to form molecules. Most periodic tables provide a key or legend to the
information they contain.

How many neutrons do (K) potassium-39 and potassium-40 have, respectively?

EVOLUTION IN ACTION: Carbon Dating

Carbon-14 (14C) is a naturally occurring radioisotope that is created in the atmosphere by cosmic rays. This is a continuous

process, so more 4cis always being created. As a living organism develops, the relative level of Cinits body is equal to

f14

the concentration of “C in the atmosphere. When an organism dies, it is no longer ingesting 14C, so the ratio will decline.

e decays to N by a process called beta decay; it gives off energy in this slow process.
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After approximately 5,730 years, only one-half of the starting concentration of ¢ will have been converted to "N. The time
it takes for half of the original concentration of an isotope to decay to its more stable form is called its half-life. Because the

half-life of 'C is long, it is used to age formerly living objects, such as fossils. Using the ratio of the 14¢ concentration found

in an object to the amount of 4¢C detected in the atmosphere, the amount of the isotope that has not yet decayed can be
determined. Based on this amount, the age of the fossil can be calculated to about 50,000 years (Figure 3.3.3). Isotopes with
longer half-lives, such as potassium-40, are used to calculate the ages of older fossils. Through the use of carbon dating,
scientists can reconstruct the ecology and biogeography of organisms living within the past 50,000 years.

Figure 3.3.3: The age of remains that contain carbon and are less than about 50,8000 years old, such as this pygmy mammoth, can be

determined using carbon dating. (credit: Bill Faulkner/NPS)
CONCEPT IN ACTION

To learn more about atoms and isotopes, and how you can tell one isotope from another, visit this site and run the simulation.

Chemical Bonds

How elements interact with one another depends on how their electrons are arranged and how many openings for electrons exist
at the outermost region where electrons are present in an atom. Electrons exist at energy levels that form shells around the
nucleus. The closest shell can hold up to two electrons. The closest shell to the nucleus is always filled first, before any other
shell can be filled. Hydrogen has one electron; therefore, it has only one spot occupied within the lowest shell. Helium has two
electrons; therefore, it can completely fill the lowest shell with its two electrons. If you look at the periodic table, you will see
that hydrogen and helium are the only two elements in the first row. This is because they only have electrons in their first shell.
Hydrogen and helium are the only two elements that have the lowest shell and no other shells.

The second and third energy levels can hold up to eight electrons. The eight electrons are arranged in four pairs and one position
in each pair is filled with an electron before any pairs are completed.

Looking at the periodic table again (Figure 3.3.2), you will notice that there are seven rows. These rows correspond to the number
of shells that the elements within that row have. The elements within a particular row have increasing numbers of electrons as
the columns proceed from left to right. Although each element has the same number of shells, not all of the shells are completely
filled with electrons. If you look at the second row of the periodic table, you will find lithium (Li), beryllium (Be), boron (B), carbon
(C), nitrogen (N), oxygen (O), fluorine (F), and neon (Ne). These all have electrons that occupy only the first and second shells.
Lithium has only one electron in its outermost shell, beryllium has two electrons, boron has three, and so on, until the entire shell
is filled with eight electrons, as is the case with neon.

Not all elements have enough electrons to fill their outermost shells, but an atom is at its most stable when all of the electron
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positions in the outermost shell are filled. Because of these vacancies in the outermost shells, we see the formation of chemical
bonds, or interactions between two or more of the same or different elements that result in the formation of molecules. To achieve
greater stability, atoms will tend to completely fill their outer shells and will bond with other elements to accomplish this goal by
sharing electrons, accepting electrons from another atom, or donating electrons to another atom. Because the outermost shells
of the elements with low atomic numbers (up to calcium, with atomic number 20) can hold eight electrons, this is referred to as
the octet rule. An element can donate, accept, or share electrons with other elements to fill its outer shell and satisfy the octet
rule.

When an atom does not contain equal numbers of protons and electrons, it is called an ion. Because the number of electrons
does not equal the number of protons, each ion has a net charge. Positive ions are formed by losing electrons and are called
cations. Negative ions are formed by gaining electrons and are called anions.

For example, sodium only has one electron in its outermost shell. It takes less energy for sodium to donate that one electron
than it does to accept seven more electrons to fill the outer shell. If sodium loses an electron, it now has 11 protons and only 10
electrons, leaving it with an overall charge of +1. It is now called a sodium ion.

The chlorine atom has seven electrons in its outer shell. Again, it is more energy-efficient for chlorine to gain one electron than
to lose seven. Therefore, it tends to gain an electron to create an ion with 17 protons and 18 electrons, giving it a net negative
(-1) charge. It is now called a chloride ion. This movement of electrons from one element to another is referred to as electron
transfer. As Figure 3.3.4 illustrates, a sodium atom (Na) only has one electron in its outermost shell, whereas a chlorine atom (Cl)
has seven electrons in its outermost shell. A sodium atom will donate its one electron to empty its shell, and a chlorine atom will
accept that electron to fill its shell, becoming chloride. Both ions now satisfy the octet rule and have complete outermost shells.
Because the number of electrons is no longer equal to the number of protons, each is now an ion and has a +1 (sodium) or -1
(chloride) charge.

Figure 3.3.4: Elements tend to fill their outermost shells with electrons. To do this, they can either donate or accept electrons from other
elements.

Ionic Bonds

There are four types of bonds or interactions: ionic, covalent, hydrogen bonds, and van der Waals interactions. Ionic and covalent
bonds are strong interactions that require a larger energy input to break apart. When an element donates an electron from its
outer shell, as in the sodium atom example above, a positive ion is formed. The element accepting the electron is now negatively
charged. Because positive and negative charges attract, these ions stay together and form an ionic bond, or a bond between ions.

The elements bond together with the electron from one element staying predominantly with the other element. When Na* and

Cl” ions combine to produce NaCl, an electron from a sodium atom stays with the other seven from the chlorine atom, and the
sodium and chloride ions attract each other in a lattice of ions with a net zero charge.
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Covalent Bonds

Another type of strong chemical bond between two or more atoms is a covalent bond. These bonds form when an electron is
shared between two elements and are the strongest and most common form of chemical bond in living organisms. Covalent
bonds form between the elements that make up the biological molecules in our cells. Unlike ionic bonds, covalent bonds do not
dissociate in water.

The hydrogen and oxygen atoms that combine to form water molecules are bound together by covalent bonds. The electron from
the hydrogen atom divides its time between the outer shell of the hydrogen atom and the incomplete outer shell of the oxygen
atom. To completely fill the outer shell of an oxygen atom, two electrons from two hydrogen atoms are needed, hence the subscript
“2" in H20. The electrons are shared between the atoms, dividing their time between them to “fill” the outer shell of each. This
sharing is a lower energy state for all of the atoms involved than if they existed without their outer shells filled.

There are two types of covalent bonds: polar and nonpolar. Nonpolar covalent bonds form between two atoms of the same element
or between different elements that share the electrons equally. For example, an oxygen atom can bond with another oxygen atom
to fill their outer shells. This association is nonpolar because the electrons will be equally distributed between each oxygen atom.
Two covalent bonds form between the two oxygen atoms because oxygen requires two shared electrons to fill its outermost shell.
Nitrogen atoms will form three covalent bonds (also called triple covalent) between two atoms of nitrogen because each nitrogen
atom needs three electrons to fill its outermost shell. Another example of a nonpolar covalent bond is found in the methane (CHg)
molecule. The carbon atom has four electrons in its outermost shell and needs four more to fill it. It gets these four from four
hydrogen atoms, each atom providing one. These elements all share the electrons equally, creating four nonpolar covalent bonds
(Figure 3.3.5).

In a polar covalent bond, the electrons shared by the atoms spend more time closer to one nucleus than to the other nucleus.
Because of the unequal distribution of electrons between the different nuclei, a slightly positive (d+) or slightly negative (5-)
charge develops. The covalent bonds between hydrogen and oxygen atoms in water are polar covalent bonds. The shared
electrons spend more time near the oxygen nucleus, giving it a small negative charge, than they spend near the hydrogen nuclei,
giving these molecules a small positive charge.

Polar covalent bond Nonpolar covalent bond Nonpolar covalent double bond

= Single bond
== Double bond

Figure 3.3.5: The water molecule (left) depicts a polar bond with a slightly positive charge on the hydrogen atoms and a slightly negative
charge on the oxygen. Examples of nonpolar bonds include methane (middle) and oxygen (right).

Hydrogen Bonds

Ionic and covalent bonds are strong bonds that require considerable energy to break. However, not all bonds between elements
are ionic or covalent bonds. Weaker bonds can also form. These are attractions that occur between positive and negative
charges that do not require much energy to break. Two weak bonds that occur frequently are hydrogen bonds and van der Waals
interactions. These bonds give rise to the unique properties of water and the unique structures of DNA and proteins.
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When polar covalent bonds containing a hydrogen atom form, the hydrogen atom in that bond has a slightly positive charge. This
is because the shared electron is pulled more strongly toward the other element and away from the hydrogen nucleus. Because
the hydrogen atom is slightly positive (3+), it will be attracted to neighboring negative partial charges (8-). When this happens, a
weak interaction occurs between the d+ charge of the hydrogen atom of one molecule and the 8- charge of the other molecule.
This interaction is called a hydrogen bond. This type of bond is common; for example, the liquid nature of water is caused by the
hydrogen bonds between water molecules (Figure 3.3.6). Hydrogen bonds give water the unique properties that sustain life. If it
were not for hydrogen bonding, water would be a gas rather than a liquid at room temperature.

Covalent bond

Figure 3.3.6: Hydrogen bonds form between slightly positive (0+) and slightly negative (8-) charges of polar covalent molecules, such as water.

Hydrogen bonds can form between different molecules and they do not always have to include a water molecule. Hydrogen atoms
in polar bonds within any molecule can form bonds with other adjacent molecules. For example, hydrogen bonds hold together two
long strands of DNA to give the DNA molecule its characteristic double-stranded structure. Hydrogen bonds are also responsible
for some of the three-dimensional structure of proteins.

van der Waals Interactions

Like hydrogen bonds, van der Waals interactions are weak attractions or interactions between molecules. They occur between
polar, covalently bound, atoms in different molecules. Some of these weak attractions are caused by temporary partial charges
formed when electrons move around a nucleus. These weak interactions between molecules are important in biological systems.

CAREERS IN ACTION: Radiography Technician

Have you or anyone you know ever had a magnetic resonance imaging (MRI) scan, a mammogram, or an X-ray? These tests
produce images of your soft tissues and organs (as with an MRI or mammogram) or your bones (as happens in an X-ray) by
using either radiowaves or special isotopes (radiolabeled or fluorescently labeled) that are ingested or injected into the body.
These tests provide data for disease diagnoses by creating images of your organs or skeletal system.

MRI imaging works by subjecting hydrogen nuclei, which are abundant in the water in soft tissues, to fluctuating magnetic
fields, which cause them to emit their own magnetic field. This signal is then read by sensors in the machine and interpreted
by a computer to form a detailed image.

Some radiography technologists and technicians specialize in computed tomography, MRI, and mammography. They produce
films or images of the body that help medical professionals examine and diagnose. Radiologists work directly with patients,
explaining machinery, preparing them for exams, and ensuring that their body or body parts are positioned correctly to
produce the needed images. Physicians or radiologists then analyze the test results.
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Radiography technicians can work in hospitals, doctors’ offices, or specialized imaging centers. Training to become a
radiography technician happens at hospitals, colleges, and universities that offer certificates, associate’s degrees, or
bachelor's degrees in radiography.

Summary

Matter is anything that occupies space and has mass. It is made up of atoms of different elements. All of the 92 elements that
occur naturally have unique qualities that allow them to combine in various ways to create compounds or molecules. Atoms, which
consist of protons, neutrons, and electrons, are the smallest units of an element that retain all of the properties of that element.
Electrons can be donated or shared between atoms to create bonds, including ionic, covalent, and hydrogen bonds, as well as van
der Waals interactions.

Art Connections

Figure 3.3.2: How many neutrons do (K) potassium-39 and potassium-40 have, respectively?
Answer

Potassium-39 has twenty neutrons. Potassium-40 has twenty one neutrons.

Glossary

anion
a negative ion formed by gaining electrons

atomic number
the number of protons in an atom

cation
a positive ion formed by losing electrons

chemical bond
an interaction between two or more of the same or different elements that results in the formation of molecules

covalent bond
a type of strong bond between two or more of the same or different elements; forms when electrons are shared
between elements

electron
a negatively charged particle that resides outside of the nucleus in the electron orbital; lacks functional mass and
has a charge of -1

electron transfer
the movement of electrons from one element to another

element
one of 118 unique substances that cannot be broken down into smaller substances and retain the characteristic of
that substance; each element has a specified number of protons and unique properties

hydrogen bond
a weak bond between partially positively charged hydrogen atoms and partially negatively charged elements or
molecules

jon
an atom or compound that does not contain equal numbers of protons and electrons, and therefore has a net
charge
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ionic bond
a chemical bond that forms between ions of opposite charges

isotope
one or more forms of an element that have different numbers of neutrons

mass number
the number of protons plus neutrons in an atom

matter
anything that has mass and occupies space

neutron
a particle with no charge that resides in the nucleus of an atom; has a mass of 1

nonpolar covalent bond
a type of covalent bond that forms between atoms when electrons are shared equally between atoms, resulting in
no regions with partial charges as in polar covalent bonds

nucleus
(chemistry) the dense center of an atom made up of protons and (except in the case of a hydrogen atom) neutrons

octet rule
states that the outermost shell of an element with a low atomic number can hold eight electrons

periodic table of elements
an organizational chart of elements, indicating the atomic number and mass number of each element; also
provides key information about the properties of elements

polar covalent bond
a type of covalent bond in which electrons are pulled toward one atom and away from another, resulting in slightly
positive and slightly negative charged regions of the molecule

proton
a positively charged particle that resides in the nucleus of an atom; has a mass of 1 and a charge of +1

radioactive isotope
an isotope that spontaneously emits particles or energy to form a more stable element

van der Waals interaction
a weak attraction or interaction between molecules caused by slightly positively charged or slightly negatively
charged atoms
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3.4: Chemical reaction

What is a chemical reaction?

l A chemical reaction is a combination, separation, or rearrangement of atoms in a substance.

Atoms are healed together in a substance by chemical bonds. The combination makes bonds, separation breaks bonds, and
rearrangement breaks some of the old bonds and makes some new bonds in the substances during a chemical reaction. It results
in new substances with a different composition of elements than the starting substances. The starting substances are called
reactants and the new substances formed are called products.

When a chemical bond is broken energy is required and when a chemical bond is formed energy is released. The amount of
energy depended on the chemical bond, but for the same bond, the energy that needs to break is the same energy released to
make the bond. Therefore, energy is released in some chemical reactions and absorbed in others.

Examples of chemical reactions are photosynthesis which converts carbon dioxide and water into glucose in the green leaves of
plants using energy from sunlight. Digestion of food is a chemical reaction that releases the energy needed for the functioning of
living things. The burning of a candle is a chemical reaction that converts the organic compounds in the fule to carbon dioxide,
water, and heat energy. Rusting iron is another chemical reaction that converts the element iron to compound iron oxide.

Indications of a chemical reaction

A chemical reaction is usually accompanied by some physical changes that can be observed. The changes include color change,
flame, heat, light, the evolution of a gas, formation of a precipitate, etc., as illustrated in Fig. 4.3.1

T

Figure 3.4.1: Examples of indications of chemical reactions: from left a) butane burning with flame and light, b) Silver chloride
formation with precipitation, ¢) copper ammonia complex formation with a color change to greenish to dark blue, and d)
Reaction of limestone with HCl with carbon dioxide gas formation. Source: a) Renate9® / CC BY-SA (https://creativecommons.org/
licenses/by-sa/3.0) , b) Luisbrudna / CC BY-SA (https://creativecommons.org/licenses/by-sa/4.0), ¢) https://www.youtube.com/
watch?v=7TIIOj-SHkw&t=102s, d) Alessandro e Damiano / CC BY (https://creativecommons.org/licenses/by/4.9)
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Representing a chemical reaction- a chemical equation

Chemical equaitron

A chemical equation represents a chemical reaction.

1. The formulas of the reactants are written on the left side separated by a + sign.
2. Formulas of the products are written on the right-side separated by a + sign.
3. An arrow pointing in the direction of products separates the reactants from the products.

Fig. 4.3.2 illustrates the photosynthesis reaction between carbon dioxide (CO, and water (H,O producing glucose (CgH;204 and
oxygen (Oq:

6 COs +6H0 M) CeH1204 + 6 09

Writing a chemical equation

1. First correct formulas of reactants and products are written, separated by plus signs and arrows.

Then the number of species is adjusted by adding a number, called a coefficient, at the beginning of a formula. The
coefficients are needed to make atoms of each element equal on both sides of the equation because atoms are neither
created nor destroyed in a chemical reaction.

Subscripts within the formulas can not be changed as they represent the composition of the substance that is constant.
The coefficient is not written if it is one.

Apw

For example, Fig. 4.3.2 shows coefficients 6 for carbon dioxide, water, and oxygen, but no coefficient for glucosemeans the
coefficient is actually one for glucose in a balanced chemical equation for photosynthesis reaction.
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A A A Figure 3.4.2: Model and components of a balanced chemical

equation with the example of photosynthesis reaction.

Symbols in a chemical equation

Sometimes the physical state of the substances is shown by symbols in small brackets next to the formula.

1. The symbols for the physical state are: (s) for solid, (1) for liquid, (g) for gas, and (aq) for a substance dissolved in water.
The symbol (aq) stands for aqueous, i.e., water.
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| 2. If a gas evolves, it can be shown by an up-arrow (1), and if a precipitate forms, it is shown by a down-arrow (!).

For example, combustion of butane (ceC4H10 in lighter shown in Fig. 4.3.1. can be represented as:
2C4Hyg (g) + 1304 (g) — 8CO4(g) + 10 HyO (g)

, Where all the reactants and products are in the gas phase. Reaction of NaCl and AgNOs3 in the water that results in a precipitate,
as shown in Fig. 4.3.1 is:

NaCl(aq) + AgNO3 (aq) — AgCl(s) | + NaNOj (aq)

, where NaCl, AgNO3, and NaNOg3 are in the water, and AgCl precipitates out as white solid. The reaction of limestone with HCl,
shown in Fig. 4.3.1 is:

CaCOj(s) + 2HCl (aq) — CaCly (aq) + HoO (1) + CO2(g) 1
Reaction conditions, catalysts, or heat can be written above or below the arrow. Heat can also be represented by A symbol, e.g.,
CaCOs (s) + CaO (s) 25 CO4(g)
A two way arrows = or %3 represents a two ways reaction, e.g.,

2NO; (g) = N204(g)

Balancing a chemical equation

The first step is wright correct formulas of reactants and products separated by plus signs and an arrow. For example, the initial
equation for burning hydrogen burns in oxygen and producing water would be:

Hy; + Oy — HO

Note that hydrogen is written as Hz (not H) and oxygen as O3 (not O) because these reactants usually exist as molecules, not as
atoms.

The next step is to add coefficients to balance atoms of each element on the two sides of the equation. For example, in the above
equation hydrogen is balanced but oxygen is not. Balance oxygen by changing the coefficient of water from 1 to 2:

Hy + Oy — 2H50

Subscripts in the formulae can not be changed, as they are constant. For example, if O2 is changed to O in the above equation
to balance the oxygen, it is incorrect as Oz is molecular oxygen which is a different chemical than atomic oxygen O.

The coefficient is a multiplier of each subscript in the formula, i.e., in 2H20 there are 2x2 = 4 hydrogen and 2x1 =2 oxygen. Now
look for the other elements again: note that hydrogen atoms have changed to 4 on the right side. To balance hydrogen, change
the coefficient of Ho from 1to 2:

2Hy + Oy — 2H50

Check again: Now, the atoms of each element are the same on both sides, i.e., the equation is balanced, as illustrated in Fig. 4.3.3.
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Figure 3.4.3: Illustration of a balanced chemical
equation of water formation from hydrogen and oxygen. Atoms of each type are balanced. Source: Kvr.lohith / CC BY-SA
(https://creativecommons.org/licenses/by-sa/4.0)

Rules to balance a chemical equation

The method described above to balance a chemical equation is called the hit and trial method. There are no hard and fast rules
in this method. The general guidelines are:

1. if an element occurs only in one reactant and one product, balance it first,

2. if there is a free element in the reactants or products, balanced it last,

3. if there is a polyatomic ion in reactants and products, balance the number of polyatomic ions as a unit, i.e., add
coefficient to but do not change the subscripts in the polyatomic ion or of any formula.

4. in some cases, a fractional coefficient is needed to balance the equation, in that case first use the fractional coefficient
and when the equation is balanced, remove the fraction by multiplying all the coefficients with a common multiplier,

5. if the set of coefficients in the balanced equation is not in the simplest whole-number ratio, the equation is still balanced,
but it is recommended to convert the set of coefficients to the simplest whole-number ratio.

The following examples explain the guidelines.

Figure 3.4.4: Propane torch being used to solder
copper pipes for residential water mains. Source: Kevin L Neff / CC BY (https:/creativecommons.org/licenses/by/2.0)
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Example 3.4.1

Combustion of propane (C3Hg) is used in gas welding, as shown in Fig. 4.3.4. The propane reacts with oxygen and produces
carbon dioxide and water. Write and balance the chemical equation of the reaction?

Solution
Start with writing the correct formulae of reactants and products in a chemical equation form:
C3H8 + 02 — C02 + HQO

According to rule 1, look at carbon or hydrogen first. Both are not balanced. Balance the carbon by changing the coefficient
of CO2 from 1to 3:

C3Hg + Oy — 3CO4 + HyO
Balance the hydrogen by changing the coefficient of H20 from 1 to 4:
C3Hg + O3 — 3CO, + 4H,0
Now, look at oxygen (rule 2) and balance it by changing the coefficient of O, from 1to 5:
C3Hg + 509 — 3C0O2 + 4H,0

The last equation is balanced, as illustrated in Fig. 4.3.5.

C,Hg + 50, = 3CO,+4H,0

&9 9
e S ooe X
o0 o0 R, &,

W M R 8B

‘H 0.

Figure 3.4.5: Illustration of a balanced chemical
equation of propane combustion reaction. Source: Kvr.lohith / CC BY-SA (https://creativecommons.org/licenses/by-sa/4.0)

Example 3.4.2

The reaction between Aluminium metal powder and iron oxide, called thermite reaction, is highly exothermic that melts the
ion. The thermite reaction is used for railroad welding as shown in Fig. 4.3.6. Wright and balance the reaction equation.

Answer available at the end of this section.

Solution

Start with writing the correct formulae of reactants and products in a chemical equation form:
Al 4+ Fe;O3 — Fe + Al,O3

Rule 1 does not apply as all elements are in one reactant and one product. According to rule 2, look at either one of the
compounds. Balance aluminum by changing the coefficient in the eactant from 1to 2:

2 Al + FesO3 — Fe + Al,O3
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Now balance iron by change its coefficient from 1to 2 in the product:
2Al1+ Fe203 — 2Fe + A1203

All atoms are balanced at this stage and coefficients are in the simplest whole-number ratio. So the equation is balanced.

3 Figure 3.4.1: Thermite reaction proceeding. Shortly after
this, the liquid iron flows into the mold around the rail gap. Source: http://en.Wikipedia.org/wiki/Image:V...ewelding-1.jpg, Public
domaine.

Example 3.4.3

Methanol (CH40) reacts with oxygen and produces carbon dioxide and water. Write and balance the chemical reaction
equation?

Solution
The starting equation with correct formulas is:
CH4O + 0y — COy + H,0O

According to rule 1, look at carbon and hydrogen first. Carbon is already balanced. There are 4 hydrogens on the left but only
two on the right side, so balance them by changing the coefficient of water from 1 to 2:

CH40 4+ O3 — CO3 +2H50

Now, look at oxygen (rule 2). There are three oxygen atoms on the right (one in methanol and two in free element oxygen) but
four oxygen on the right, it is not balanced. Changing the coefficient of CH40 from 1to 2 balances the oxygen, but carbon and
hydrogen go out of balance. Changing the coefficient of O from 1to 2 does not balance the oxygen. A fractional coefficient
3/2 for O2 works at this stage (rule 4):

CH40 + £ 0, — CO; + 2H,0

All elements are balanced, i.e., the equation is balanced, but, according to rule 5, it is better to remove the fraction by
multiplying each coefficient in the equation with 2:

2CH40+30; — 2C02+4H,0

The set of coefficients in the balanced equation is already in the simplest whole-number ratio, so no further step is needed
in this case.
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Example 3.4.4

Aluminum reacts sulfuric acid to produce aluminum sulfate and hydrogen gas. Wright a balanced chemical equation for the
reaction.

Solution
The starting equation with correct formulas of reactants and products is:
Al +H>,SO, — AIQ(SO4)3 + H,

All elements occur in one reactant and one product, so rule 1 do not apply. According to rule 2, leave aluminum till the end
and, according to rule 3, balance the polyatomic ion (5042') as a unit by changing the coefficient of sulfuric acid from 1to 3:

Al + 3HyS0, — Aly(SOy4)s + H,
Now balance the hydrogen by changing it coefficient from 1to 3:
Al + 3H,S04 — Aly(SO4)3 + 3H,
Finally balance aluminum by changing its coefficient from 1 to 2:
2 Al + 3H,S04 — Aly(SOy)3 + 3H,

Double-check at the end -All elements are balanced, and all the coefficients are in the simplest whole-number ratio. No
further step is needed.

Answers

Example 3.4.2

This page titled 3.4: Chemical reaction is shared under a Public Domain license and was authored, remixed, and/or curated by Muhammad Arif
Malik.
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3.5: Oxidation-reduction reactions

What are Oxidation and Reduction?

The oxidation-reduction is defined in three ways:

1. Oxidation 1s the loss of electrons and reduction is the gain of electrons. The word OIL RIG helps in remembering this
definition.

2. The addition of oxygen is oxidation, and the removal of oxygen is a reduction.

3. The removal of hydrogen is oxidation, and the addition of hydrogen is a reduction.

The oxidation-reduction or in short redox reaction is one of the most common types of chemical reactions happening in and
around us. For example, rusting of metals, photosynthesis, digestion of food, and combustion of fuels are redox reactions.

- e Figure 3.5.1: Green patina on the statue of liberty is a result of the oxidation of copper. Source:
https://www. hlchpart com/free-trans...nybox/download

Oxidation-half and reduction-half reactions

The oxidation-reduction reactions happen in a pair because one thing loses electrons and is oxidized; the other thing gains the
electrons and is reduced. That is why it is commonly called redox reaction, where red- represents reduction and -ox represents
oxidation.

The green patina on the statue of liberty, shown in Fig. 4.5.1, is a result of the oxidation of copper:
2Cu(s) + Oz (g) — CuO(s)

The transfer of electrons becomes apparent when the reaction is split into the oxidation-half and reduction-half. The oxidation-
half is:

Cu— Cu®t +2e
copper lost electrtons, so copper is oxides. The reduction half is:

Oy +4e” — 207
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Oxygen gained electrons, so oxygen is reduced.

Oxidizing agent and reducing agent

e The substance that oxidizes another substance is an oxidizing agent. Oxygen is an oxidizing agent in the above
reaction, as it oxidizes copper.

e The substance that reduces another substance is a reducing agent. Copper is a reducing agent in the above reaction,
as it reduces oxygen.

The electrons lost in an oxidation-half must be equal to the electrons gained by the accompanying reduction-half. Multiplying
the oxidation-half with 2 makes the electrons lost equal to the electrons gained in the reduction half in the above reaction. Then
adding the oxidation and the reduction half gives the overall reaction:

2Cu — 2Cu?" + 4¢”

0, + 4~ — 202

Opverall reaction: 2 Cu(s) 4+ Oz (g) — CuO (s)

Manipulating a chemical equation

The chemical equations can be manipulated like algebraic equations, i.e., they can be multiplied or divided by a constant,
added, and subtracted, as demonstrated in the example of the copper redox-half reactions above. Note that electrons on one
side of the equation canceled the electrons on the other side of the equation during the addition operation.

A silver color zinc strip dipped in copper nitrate solution becomes coated with a layer of reddish color copper, as shown in Fig.
4.5.2. The molecular equation of the reaction, that shows formula units of compounds in the reactants and products, is:

Zn(s) + Cu(NO3)2 (aq) — Cu(s) + Zn(NO3)2 (aq)
The complete ionic equation for the reaction is obtained by showing the dissolved ionic compounds as ions, e.g.:
Zn (s) + Cu®* (aq) + 2NO3~ (aq) — Cu(s) + Zn** (aq) + 2NO;~ (aq)

The oxidation-half of the reaction is:

Zn(s) — Zn*" (aq) + 2e~
The reduction-half of the reaction is:

Cu*" (aq) +2e- — Cu(s)
The net ionic equation that is the addition of the oxidation-half and the reduction-half is:

Zn(s) + Cu** (aq) — Cu(s) + Zn*" (aq)

Note that NO3™ was on both sides of the complete ionic equation and has been canceled out in the net ionic equation:

Zn(s) + Cu*" (aq) + 2NO3=(aq) — Cu(s) + Zn*" (aq) + M

Ions that do not participate in the chemical reaction are called spectator ions, and they appear on both sides of the molecular
equation, like NO3™ in this case.

Biological oxidation and reduction reactions

In the redox reactions involving metal species, the transfer of electrons is usually evident through the oxidation-half and the
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reduction-half reactions, as in the above examples. In the organic and biochemical redox reactions, the transfer of electrons
is usually not so obvious, but the transfer of hydrogen or oxygen is usually apparent. For example, the metabolism of methanol
H3C—OH starts with oxidation through the loss of hydrogen:

H3;C—-OH — H,C=0 +2H
Metanol is oxidized to formaldehyde H,C=0. Formaldehyde oxidizes further by gaining oxygen:
H,C=0 — HCOOH
Finally, the formic acid (HCOOH) is oxidized by gaining oxygen and forming carbon dioxide and water:
2HCOOH — 20=C=0 + 2H,0

The increase in the C-O bond from a single bond in methanol to two double bonds (four C-O bonds) in carbon dioxide is a clear
indication of the oxidation of the carbon.

Removal of hydrogen is also oxidation, e.g., hydroxymalonate is oxidized to oxomalonate by an enzyme hydroxymalonate
dehydrogenase:

O ; ' o
\ MNAD NADH + H \\
H c= \ /( =0
/ /
HO——C - O—
AY A
/C: C—0O
0 8]

The reverse of these, i.e., removal of oxygen and addition of hydrogen is reduction.

This page titled 3.5: Oxidation-reduction reactions is shared under a Public Domain license and was authored, remixed, and/or curated by
Muhammad Arif Malik.
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4.1: Aqueous Solutions

Learning Outcomes

e Define a solution and describe the parts of a solution.

e Describe how an aqueous solution is formed from both ionic compounds and molecular compounds.
e Recognize that some compounds are insoluble in water.

e Describe the differences among strong electrolytes, weak electrolytes, and nonelectrolytes.

Forming a Solution

When one substance dissolves into another, a solution is formed. A solution is a homogenous mixture consisting of a solute
dissolved into a solvent. The solute is the substance that is being dissolved, while the solvent is the dissolving medium. Solutions
can be formed with many different types and forms of solutes and solvents. In this chapter, we will focus on solution where the
solvent is water. An aqueous solution is water that contains one or more dissolved substance. The dissolved substances in an
aqueous solution may be solids, gases, or other liquids.

In order to be a true solution, a mixture must be stable. When sugar is fully dissolved into water, it can stand for an indefinite
amount of time, and the sugar will not settle out of the solution. Further, if the sugar-water solution is passed through a filter, it
will remain with the water. This is because the dissolved particles in a solution are very small, usually less than 1 nm in diameter.
Solute particles can be atoms, ions, or molecules, depending on the type of substance that has been dissolved.

Figure 4.1.1: When a colored solution is passed through a filter, the entire solution, both solute and
solvent, pass through unchanged.

The Dissolving Process

Water typically dissolves most ionic compounds and polar molecules. Nonpolar molecules, such as those found in grease or oil, do
not dissolve in water. We will first examine the process that occurs when an ionic compound, such as table salt (sodium chloride),
dissolves in water.

Water molecules move about continuously due to their kinetic energy. When a crystal of sodium chloride is placed into water, the
water's molecules collide with the crystal lattice. Recall that the crystal lattice is composed of alternating positive and negative
ions. Water is attracted to the sodium chloride crystal because water is polar; it has both a positive and a negative end. The
positively charged sodium ions in the crystal attract the oxygen end of the water molecules because they are partially negative.
The negatively charged chloride ions in the crystal attract the hydrogen end of the water molecules because they are partially
positive. The action of the polar water molecules takes the crystal lattice apart (see figure below).
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Figure 4.1.2: The process of an ionic sodium chloride crystal being dissolved and hydrated by water.
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After coming apart from the crystal, the individual ions are then surrounded by solvent particles in a process called solvation.
Note in the figure above that the individual Na* ions are surrounded by water molecules with the oxygen atom oriented near
the positive ion. Likewise, the chloride ions are surrounded by water molecules with the opposite orientation. Hydration is the
process of solute particles being surrounded by water molecules arranged in a specific manner. Hydration helps to stabilize
aqueous solutions by preventing the positive and negative ions from coming back together and forming a precipitate.

Table sugar is made of the molecular compound sucrose (Cy2H3,041). Solid sugar consists of individual sugar molecules held
together by intermolecular attractive forces. When water dissolves sugar, it separates the individual sugar molecules by disrupting
the attractive forces, but it does not break the covalent bonds between the carbon, hydrogen, and oxygen atoms. Dissolved sugar
molecules are also hydrated. The hydration shell around a molecule of sucrose is arranged so that its partially negative oxygen
atoms are near the partially positive hydrogen atoms in the solvent, and vice versa.

Insoluble Compounds

Not all compounds dissolve well in water. Some ionic compounds, such as calcium carbonate (CaCOj3) and silver chloride (AgCl)
, are nearly insoluble. This is because the attractions between the ions in the crystal lattice are stronger than the attraction that
the water molecules have for the ions. As a result, the crystal remains intact. The solubility of ionic compounds can be predicted
using the solubility rules as shown in Table 4.1.1.

Table 4.1.1: Solubility rules for ionic compounds in water.

Soluble compounds contain : Except when paired with

Group I metal cations or NHy" None

CH;COO , NO3, ClO; - or Cl04 None

CI,Br,orl” As" Hz Pb*

S04 As” Hz: PbY". Cal®, 877, Ba®*
CD;,E_TCrD.;l_T P'CI'43_T or 5,[}31‘ Group [ cations or NH"

5 or OH™ Group [ cations or NHi . or Ba®"
Ag Hz™ and Pb™ CH;C00™, NO3~, C105~ 0r C104”

Nonpolar compounds also do not dissolve in water. The attractive forces that operate between the particles in a nonpolar
compound are weak dispersion forces. In order for a nonpolar molecule to dissolve in water, it would need to break up some of the
hydrogen bonds between adjacent water molecules. In the case of an ionic substance, these favorable interactions are replaced
by other attractive interactions between the ions and the partial charges on water. However, interactions between nonpolar
molecules and water are less favorable than the interactions that water makes with itself. When a nonpolar liquid such as oil is

K12 = 70 (4.1.2)



LibreTextS'“

mixed with water, two separate layers form, because the liquids will not dissolve into each other (see figure below). When a polar
liquid like ethanol is mixed with water, they completely blend and dissolve into one another. Liquids that dissolve in one another
in all proportions are said to be miscible. Liquids that do not dissolve in one another are called immiscible. The general rule
for deciding if one substance is capable of dissolving another is "like dissolves like", where the property being compared is the
overall polarity of the substance. For example, a nonpolar solid such as iodine will dissolve in nonpolar lighter fluid, but it will not
dissolve in polar water.

- - Figure 4.1.3: Water and oil form separate layers when they are mixed because the nonpolar oil will not
dissolve into the polar water. The oil forms the top layer because it is less dense than water.

Electrolytes and Nonelectrolytes

An electrolyte is a compound that conducts an electric current when it is dissolved in water or melted. In order to conduct
a current, a substance must contain mobile ions that can move from one electrode to the other. All ionic compounds are
electrolytes. When ionic compounds dissolve, they break apart into ions, which are then able to conduct a current. Even insoluble
ionic compounds, such as CaCQOs, are considered electrolytes because they can conduct a current in the molten (melted) state.

A conductivity apparatus is an
incomplete electrical circuit that
contains a source of electricity and a
light bulb or meter that will show when
current is flowing through the circuit.
The ends of the incomplete circuit are
prongs that can be lowered into a
solution. If the prongs are lowered into
a solution containing a sufficient
number of ions, the circuit will be
completed by the solution, current will
flow, and the light bulb will light up. If
the prongs are lowered into a solution
with no ions or an insufficient number
— — — — of ions, not enough current will flow to
Sclution of Electrolyte  Solution of Non-Electrolyte  light the bulb.

testing the conductivity of a solution.

Figure 4.1.4: An apparatus for

A nonelectrolyte is a compound that does not conduct an electric current in either aqueous solution or in the molten state.
Many molecular compounds, such a sugar or ethanol, are nonelectrolytes. When these compounds dissolve in water, they do not
produce ions. Illustrated below is the difference between an electrolyte and a nonelectrolyte.

Dissociation

Earlier, you saw how an ionic crystal lattice breaks apart when it is dissolved in water. Dissociation is the separation of ions
that occurs when a solid ionic compound dissolves. Simply undo the crisscross method that you learned when writing chemical
formulas for ionic compounds, and you are left with the components of an ionic dissociation equation. The subscripts for the ions
in the chemical formulas become the coefficients of the respective ions on the product side of the equations. Shown below are
dissociation equations for NaCl, Ca(NO3)s, and (NHy4)3POy.
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NaCl(s) — Na* (ag) + Cl™ (aq) (4.1.1)
Ca(NO3)s (s) — Ca’" (aq) + 2NO; ™ (aq) (4.1.2)
(NH,)3PO, (s) — 3NH,™ (ag) + PO4* (ag) (4.1.3)

One formula unit of sodium chloride dissociates into one sodium ion and one chloride ion. The calcium nitrate formula unit
dissociates into one calcium ion and two nitrate ions, because the 2 + charge of each calcium ion requires two nitrate ions (each
with a charge of 1 —) to form an electrically neutral compound. The ammonium phosphate formula unit dissociates into three
ammonium ions and one phosphate ion.

Do not confuse the subscripts of the atoms within the polyatomic ion for the subscripts that result from the crisscrossing of the
charges that make the original compound neutral. The 3 subscript of the ntirate ion and the 4 subscript of the ammonium ion are
part of the polyatomic ion and remain a part of the ionic formula after the compound dissociates. Notice that the compounds are
solids (s) that become ions when dissolved in water, producing an aqueous solution (ag).

Figure 4.1.5: Calcium nitrate is a
typical ionic compound. In an aqueous solution, it dissociates into calcium ions and nitrate ions.

Nonelectrolytes do not dissociate when forming an aqueous solution. An equation can still be written that simply shows the solid
going into solution. For example, the process of dissolving sucrose in water can be written as follows:

C12H22011 (5) = C12H32011 (agq) (4.1.4)

Strong and Weak Electrolytes

Some polar molecular compounds are nonelectrolytes when the are in their pure state but become electrolytes when they are
dissolved in water. Hydrogen chloride (HCI) is a gas in its pure molecular state and is a nonelectrolyte. However, when HCl is
dissolved in water, it conducts a current well because the HCI molecule ionizes into hydrogen and chloride ions.

HCl(g) — H* (ag) +C1™ (aq) (4.1.5)

When HCI is dissolved into water, it is called hydrochloric acid. Ionic compounds and some polar compounds are completely
broken apart into ions and thus conduct a current very well. A strong electrolyte is a solution in which almost all of the dissolved
solute exists as ions.

Some other polar molecular compounds become electrolytes upon being dissolved into water but do not ionize to a very great
extent. For example, nitrous acid (HNO.) only partially ionizes into hydrogen ions and nitrite ions when dissolved in water.
Aqueous nitrous acid is composed of only about 5% ions and 95% intact nitrous acid molecules A weak electrolyte is a solution
in which only a small fraction of the dissolved solute exists as ions. The equation showing the ionization of a weak electrolyte
utilizes an equilibrium arrow, indicating an equilibrium between the reactants and products.

HNO, (aq) = HT (ag) + NOy ™ (aq) (4.1.6)
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Contributors and Attributions

e Allison Soult, Ph.D. (Department of Chemistry, University of Kentucky)

This page titled 4.1: Aqueous Solutions is shared under a CK-12 license and was authored, remixed, and/or curated by CK12 via source content
that was edited to the style and standards of the LibreTexts platform.
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4.2: Colloids and Suspensions

Learning Outcomes

¢ Describe the properties of a suspension.
e Describe the properties of a colloid.
e Distinguish among suspensions. colloids, and solutions.

Suspensions

Take a glass of water and throw in a handful of sand or dirt. Stir it and stir it and stir it. Have you made a solution? Sand and dirt
do not dissolve in water, and, though it may look homogenous for a few moments, the sand or dirt gradually sinks to the bottom of
the glass (see figure below). Some medications are delivered as suspensions and must be mixed well before the doses measured
to make sure the patient is receiving the correct amount of medication.

Figure 4.2.1: A mixture of sand and water forms a
suspension.

A suspension is a heterogeneous mixture in which some of the particles settle out of the mixture upon standing. The particles
in a suspension are far larger than those of a solution, so gravity is able to pull them down out of the dispersion medium (water).
The diameter for the dispersed particles in a suspension, such as the sand in the suspension described above, is typically at
least 1000 times greater than those in a solution. Unlike a solution, the dispersed particles can be separated from the dispersion
medium by filtering. Suspensions are considered heterogeneous because the different substances in the mixture will not remain
uniformly distributed if they are not actively being mixed.

Colloids

A colloid is a heterogeneous mixture in which the dispersed particles are intermediate in size between those of a solution and a
suspension. The particles are spread evenly throughout the dispersion medium, which can be a solid, liquid, or gas. Because the
dispersed particles of a colloid are not as large as those of a suspension, they do not settle out upon standing. The table below
summarizes the properties and distinctions between solutions, colloids, and suspensions.
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Table 4.2.1: Properties of Solutions, Colloids, and Suspensions

Solution Colloids Suspensions
Homogeneous Heterogeneous Heterogeneous
Particle size: 0.01-1 nm; atoms, Particle size: 1-1000 nm, dispersed; large Particle size: over 1000 nm, suspended: large
ions or molecules molecules or aggregates particles or aggregates
Do not separate on standing Do not separate on standing Particles settle out
Cannot be separated by filtration Cannot be separated by filtration Can be separated by filtration
Do not scatter light Scatter light (Tyndall effect) May either scatter light or be opaque

Colloids are unlike solutions because their dispersed particles are much larger than those of a solution. The dispersed particles
of a colloid cannot be separated by filtration, but they scatter light, a phenomenon called the Tyndall effect.

Tyndall Effect

Colloids are often confused with true homogenous solutions because the individual dispersed particles of a colloid cannot be
seen. When light is passed through a true solution, the dissolved particles are too small to deflect the light. However, the dispersed
particles of a colloid, being larger, do deflect light (see figure below). The Tyndall effect is the scattering of visible light by
colloidal particles. You have undoubtedly "seen" a light beam as it passes through fog, smoke, or a scattering of dust particles
suspended in air. All three are examples of colloids. Suspensions may scatter light, but if the number of suspended particles is
sufficiently large, the suspension may simply be opaque, and the light scattering will not occur.

Figure 4.2.2: Light passes through a
colorless solution and is not scattered. When it passes through a diluted milk solution, the light is scattered by colloidal particles,
an observation of the Tyndall effect. The Tyndall effect allows sunlight to be seen as it passes through a fine mist.

Examples of Colloids

Listed in the table below are examples of colloidal systems, most of which are very familiar. Some of these are shown below (see
figure below). The dispersed phase describes the particles, while the dispersion medium is the material in which the particles are
distributed.

Table 4.2.2: Classes of Colloids

Class of Colloid Dispersed Phase Dispersion Medium Examples
Sol and gel solid liquid paint, jellies, blood, gelatin, mud
Solid aerosol solid gas smoke, dust in air
Solid emulsion liquid solid cheese, butter
Liquid emulsion liquid liquid milk, mayonnaise
Liquid aerosol liquid gas fog, mist, clouds, aerosol spray
Foam gas solid marshmallow
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Class of Colloid Dispersed Phase Dispersion Medium Examples

Foam gas liquid whipped cream, shaving cream

Figure 4.2.3: Some common colloids (A)
gelatin dessert, (B) smoke (solid aerosol), (C) butter (solid emulsion), (D) mayonnaise (liquid emulsion), (E) fog (liquid aerosol), (F)
marshmallows (foam), (G) whipped cream (foam)

Emulsions

Butter and mayonnaise are examples of a class of colloids called emulsions. An emulsion is a colloidal dispersion of a liquid
in either a liquid or a solid. A stable emulsion requires an emulsifying agent to be present. Mayonnaise is made in part of oil
and vinegar. Since oil is nonpolar, and vinegar is a polar aqueous solution, the two do not mix and would quickly separate into
layers. However, the addition of egg yolk causes the mixture to become stable and not separate. Egg yolk is capable of interacting
with both the polar vinegar and the nonpolar oil. The egg yolk is called the emulsifying agent. Soap acts as an emulsifying agent

because one end of a soap molecule is polar, and the other end is nonpolar. This allows the grease to be removed from your
hands or your clothing by washing with soapy water.

Supplemental Resources

e Types of Mixtures - Solutions, Suspensions, Colloids: www.edinformatics.com/math_sc.../mixtures.html

Contributors and Attributions

e Allison Soult, Ph.D. (Department of Chemistry, University of Kentucky)

This page titled 4.2: Colloids and Suspensions is shared under a CK-12 license and was authored, remixed, and/or curated by CK12 via source
content that was edited to the style and standards of the LibreTexts platform.
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Of the three basic phases of matter—solids, liquids, and gases—only one of them has predictable physical properties: gases.
In fact, the study of the properties of gases was the beginning of the development of modern chemistry from its alchemical
roots. The interesting thing about some of these properties is that they are independent of the identity of the gas. That is, it
doesn’t matter if the gas is helium gas, oxygen gas, or sulfur vapors; some of their behavior is predictable and very similar. In
this chapter, we will review some of the common behaviors of gases. Gases have no definite shape or volume; they tend to fill
whatever container they are in. They can compress and expand, sometimes to a great extent. Gases have extremely low densities,
a one-thousandth or less of the density of a liquid or solid. Combinations of gases tend to mix together spontaneously—that is,
they form solutions. Air, for example, is a solution of mostly nitrogen and oxygen. Any understanding of the properties of gases
must be able to explain these characteristics.

5.1: Extra-Long Straws

5.2: Kinetic Molecular Theory- A Model for Gases

5.3: Pressure - The Result of Constant Molecular Collisions

5.4: Boyle's Law - Pressure and Volume

5.5: Charles’s Law- Volume and Temperature

This page titled 5: Gases is shared under a CK-12 license and was authored, remixed, and/or curated by Henry Agnew & Marisa Alviar-Agnew.

e 5.2.7: Energy and Energy Flow by Melissa Ha, Maria Morrow, and Kammy Algiers is licensed CC BY-NC 4.0.
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5.1: Extra-Long Straws

A drinking straw is a tube for transferring a beverage from its container to the mouth of the drinker and is typically a thin tube
of plastic (such as polypropylene and polystyrene) or other material. Many people believe that when they drink a liquid they are
sucking the liquid up, however the liquid is really being pushed up. A straw works because when you suck the air out of the straw,
it creates a vacuum. This causes a decrease in air pressure on the inside of the straw. Since the atmospheric pressure is greater
on the outside of the straw, liquid is forced into and up the straw and into your mouth (Figure 5.1.1).

e inside )
' flower) Atmospheric
' pressure (higher)

Figure 5.1.1: As you suck the air out of the straw, it creates
a low pressure zone inside of it. With a low pressure zone, there is nothing pushing down on the juice, so it moves upward easily.
(CC BY-NC 4.9; Umit Kaya)

How Long of a Straw is Possible?

With the straw just sitting in the glass, the pressure on the surface of the tea is the same all over, including on the little
bit of surface inside the straw. When you suck the air out of the straw, you decrease the pressure inside the straw, allowing
the higher pressure on the rest of the surface to push the tea up the straw and into your mouth. Because it is really the
atmosphere that is doing the pushing, the atmospheric pressure limits how high water will go up a straw.

If you formed a perfect vacuum within the straw, the pressure outside of the straw at sea level would be enough to push water

to a total height of about 18.3 m. A 10.3-m column of water exerts the same pressure—101,325 N/m? or 14.7 lb/in® (psi)—as
do the gas molecules in our atmosphere. At sea level, the air pressure is enough to support a column of water about thirty
feet high. This means that even if you could suck all the air out of a forty-foot straw, the water would not rise more than thirty
feet.

Contributions & Attributions

e Lisa Peck's Conceptual Physics Class

This page titled 5.1: Extra-Long Straws is shared under a CC BY-SA 3.0 license and was authored, remixed, and/or curated by Henry Agnew &
Marisa Alviar-Agnew.
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5.2: Kinetic Molecular Theory- A Model for Gases

Learning Objectives

e State the major concepts behind the kinetic theory of gases.
¢ Relate the general properties of gases to the kinetic theory.

Gases were among the first substances studied in terms of the modern scientific method, which was developed in the 1600s. It
did not take long to recognize that gases all shared certain physical behaviors, suggesting that all gases could be described by
one all-encompassing theory. Today, that theory is the kinetic theory of gases. It is based on the following statements:

1. Gases consist of tiny particles of matter that are in constant motion.
Gas particles are constantly colliding with each other and the walls of a container. These collisions are elastic; that is, there
is no net loss of energy from the collisions.

3. Gas particles are separated by large distances, with the size of a gas particle tiny compared to the distances that separate
them.

4. There are no interactive forces (i.e., attraction or repulsion) between the particles of a gas.

5. The average speed of gas particles is dependent on the temperature of the gas.

Figure 5.2.1 shows a representation of how we mentally picture the gas phase.

Figure 5.2.1: The Kinetic Theory of Gases. The kinetic theory of gases describes
this state of matter as composed of tiny particles in constant motion with a lot of distance between the particles.

This model of gases explains some of the physical properties of gases. Because most of a gas is empty space, a gas has a low
density and can expand or contract under the appropriate influence. The fact that gas particles are in constant motion means that
two or more gases will always mix, as the particles from the individual gases move and collide with each other.

An ideal gas is a gas that exactly follows the statements of the kinetic theory. Unfortunately, real gases are not ideal. Many gases
deviate slightly from agreeing perfectly with the kinetic theory of gases. However, most gases adhere to the statements so well
that the kinetic theory of gases is well accepted by the scientific community.

e The physical behavior of gases is explained by the kinetic theory of gases.
e An ideal gas adheres exactly to the kinetic theory of gases.

This page titled 5.2: Kinetic Molecular Theory- A Model for Gases is shared under a CC BY-NC-SA 3.0 license and was authored, remixed, and/
or curated by Henry Agnew & Marisa Alviar-Agnew.
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5.3: Pressure - The Result of Constant Molecular Collisions

Learning Objectives

e Define pressure.
e Learn the units of pressure and how to convert between them.

The kinetic theory of gases indicates that gas particles are always in motion and are colliding with other particles and the walls
of the container holding them. Although collisions with container walls are elastic (i.e., there is no net energy gain or loss because
of the collision), a gas particle does exert a force on the wall during the collision. The accumulation of all these forces distributed
over the area of the walls of the container causes something we call pressure. Pressure (P) is defined as the force of all the gas
particle/wall collisions divided by the area of the wall:

force

pressure =
area

All gases exert pressure; it is one of the fundamental measurable quantities of this phase of matter. Even our atmosphere exerts
pressure—in this case, the gas is being “held in” by the earth’s gravity, rather than the gas being in a container. The pressure of

the atmosphere is about 14.7 pounds of force for every square inch of surface area: 14.7 lb/in2.

Pressure has a variety of units. The formal, SI-approved unit of pressure is the pascal (Pa), which is defined as 1 N/m2 (one
newton of force over an area of one square meter). However, this is usually too small in magnitude to be useful. A common unit
of pressure is the atmosphere (atm), which was originally defined as the average atmospheric pressure at sea level.

However, “average atmospheric pressure at sea level” is difficult to pinpoint because of atmospheric pressure variations. A
more reliable and common unit is millimeters of mercury (mmHg), which is the amount of pressure exerted by a column of
mercury exactly 1 mm high. An equivalent unit is the torr, which equals 1 mmHg. (The torr is named after Evangelista Torricelli,
a seventeenth-century Italian scientist who invented the mercury barometer.) With these definitions of pressure, the atmosphere
unit is redefined: 1 atm is defined as exactly 760 mmHg, or 760 torr. We thus have the following equivalents:

1 atm=760 mmHg=760 torr

We can use these equivalents as with any equivalence—to perform conversions from one unit to another. Relating these to the
formal SI unit of pressure, 1 atm = 101,325 Pa.

Example 5.3.1: Pressure Conversion

How many atmospheres are there in 595 torr?

Solution

Solutions to Example 11.3.1

Steps for Unit Conversion

Problem Solving

Identify the

"given” Given: 595 torr
information and

what the problem Find: ? atm
is asking you to

“find."
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Steps for Unit Conversion
Problem Solving

List other known 1atm = 760 torr
quantities.

Prepare a concept
map.

1 atm

760 torr

Cancelunits and | 595 gor x — L9 _ 783 4t

calculate. 760 tort
Think about your 595 torr is less than 760 torr so the final answer should be less than 1 atm.
result.

Exercise 5.3.1

How many atmospheres are there in 1,022 torr?

Answer available at the end of this section.

Example 5.3.2: Mars
The atmosphere on Mars is largely CO2 at a pressure of 6.1 mmHg. What is this pressure in atmospheres?

Solution

Solutions to Example 11.3.2

Steps for Unit Conversion
Problem Solving

Identify the
"given”
information and
what the problem
is asking you to
"find."

Given: 6.01mmHg

Find: ? atm

List other known 1atm = 760 mmHg
quantities.

CR-12 i v 81 (5.3.2)



LibreTextS“

Steps for Unit Conversion
Problem Solving

Prepare a concept
map.

1atm
760 mmHg

Cancel units and | 6,01 g x _Latm 600791 atm = 7.91 x 10-3atm
7

calculate. 60 M

Think about your 6.01 is a very small number relative to 760 mmHg, just like the value in atmospheres.
result.

Atmospheric pressure is low in the eye of a hurricane. In a 1979 hurricane in the Pacific Ocean, a pressure of 0.859 atm was
reported inside the eye. What is this pressure in torr?

Answer available at the end of this section.

Summary

e Pressure is a force exerted over an area.
e Pressure has several common units that can be converted.

Answers

Exercise 5.3.1
1.345 atm

Exercise 5.3.2
652 torr

This page titled 5.3: Pressure - The Result of Constant Molecular Collisions is shared under a CK-12 license and was authored, remixed, and/or
curated by Henry Agnew & Marisa Alviar-Agnew.
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5.4: Boyle’s Law - Pressure and Volume

Learning Objectives

e Learn what is meant by the term gas laws.
e Learn and apply Boyle's Law.

When seventeenth-century scientists began studying the physical properties of gases, they noticed some simple relationships
between some of the measurable properties of the gas. Take pressure (P) and volume (V), for example. Scientists noted that for a
given amount of a gas (usually expressed in units of moles [n]), if the temperature (T) of the gas was kept constant, pressure and
volume were related: as one increases, the other decreases. As one decreases, the other increases. This means that pressure and
volume are inversely related.

There is more to it, however: pressure and volume of a given amount of gas at constant temperature are numerically related. If
you take the pressure value and multiply it by the volume value, the product is a constant for a given amount of gas at a constant
temperature:

P x V = constant at constant n and T

If either volume or pressure changes while amount and temperature stay the same, then the other property must change so that
the product of the two properties still equals that same constant. That is, if the original conditions are labeled P, and V; and the
new conditions are labeled P, and V3, we have

P, Vi = constant = Py V5
where the properties are assumed to be multiplied together. Leaving out the middle part, we have simply
P,Vi = PV, at constant n and T

This equation is an example of a gas law. A gas law is a simple mathematical formula that allows you to model, or predict, the
behavior of a gas. This particular gas law is called Boyle's Law, after the English scientist Robert Boyle, who first announced it in
1662. Figure 5.4.1 shows two representations of how Boyle's Law works.

V= large V= small P
P= small P=large
Figure 5.4.1: Boyle's Law. A piston
having a certain pressure and volume (left piston) will have half the volume when its pressure is twice as much (right piston). One
can also plot P versus V for a given amount of gas at a certain temperature; such a plot will look like the graph on the right.

ck e 83 (5.4.1)



LibreTextS"

Boyle’s Law is an example of a second type of mathematical problem we see in chemistry—one based on a mathematical formula.
Tactics for working with mathematical formulas are different from tactics for working with conversion factors. First, most of the
questions you will have to answer using formulas are word-type questions, so the first step is to identify what quantities are known
and assign them to variables. Second, in most formulas, some mathematical rearrangements (i.e., algebra) must be performed
to solve for an unknown variable. The rule is that to find the value of the unknown variable, you must mathematically isolate the
unknown variable by itself and in the numerator of one side of the equation. Finally, units must be consistent. For example, in
Boyle's Law there are two pressure variables; they must have the same unit. There are also two volume variables; they also must
have the same unit. In most cases, it won't matter what the unit is, but the unit must be the same on both sides of the equation.

Example 5.4.1

A sample of gas has an initial pressure of 2.44 atm and an initial volume of 4.01 L. Its pressure changes to 1.93 atm. What is
the new volume if temperature and amount are kept constant?
Solution
Solutions to Example 11.8.1
Steps for
Problem
Solving
Identify the
‘given” | Given: P1 = 2.44 atm and V{ = 4.81L
information
andwhat | 5, _ 193 atm
the
bl i .
Probiem IS | cingvo = 2L
asking you
to "find."
List other
known none
quantities.
First, rearrange the equation algebraically to solve for V5.
Plan the
problem. Ve — P xV;
A Rl
P,
Cancel Now substitute the known quantities into the equation and solve.
units and
2.44 x 4.01L
calculate. Vo = el =5.07L
1.93 g¢m
Think We know that pressure and volume are inversely related; as one decreases, the other increases. Pressure is decrea:s
about your | 2.44 atm to 1.93 atm), so volume should be increasing to compensate, and it is (from 4.81 L to 5.087 L). So the answ
result. sense based on Boyle'’s Law.

Exercise 5.4.1

If P1 = 334 torr, V1 = 37.8 mL, and P2 = 102 torr, what is V2?

Answer available at the end of this section.
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As mentioned, you can use any units for pressure and volume, but both pressures must be expressed in the same units, and both
volumes must be expressed in the same units.

Example 5.4.2:

A sample of gas has an initial pressure of 722 torr and an initial volume of 88.8 mL. Its volume changes to 8.663 L. What is
the new pressure?

Solution

Solutions to Example 11.8.2

Steps for

Problem
Solving

Identify the

‘given’ Given: P1 = 722 torr and V{ = 88.8 mL
information
and what
the
problem is
asking you
to "find."

V2 =0.633 L

Find: P2 = ? torr

List other
known 1L =1000 mL to have the same units for volume.
quantities.

1. Perform the conversion of the second volume unit from L to mL.

Plan the 2. Rearrange the equation algebraically to solve for P.
problem.
_ P1 X Vi

P.
2 Va

1000 ml
0.663 7 x 2000 _ 66

Cancel 1 ¥
units and
calculate. 2. Substitute the known quantities into the equation and solve.

_ 722 torr x 88.8,m’]_4/

P, = = 96.7 torr
663 yall
Think
about your | When the volume increased, the pressure decreased, which is as expected for Boyle’s Law.
result.

Exercise 5.4.2

If V1 = 456 mL, P1 = 308 torr, and P2 = 1.55 atm, what is V2?

Answer available at the end of this section.
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Summary

e The behavior of gases can be modeled with gas laws.
e Boyle's Law relates the pressure and volume of a gas at constant temperature and amount.

Answers

Exercise 5.4.1
124 mL

Exercise 5.4.2
119 mL

This page titled 5.4: Boyle’s Law - Pressure and Volume is shared under a CK-12 license and was authored, remixed, and/or curated by Henry
Agnew & Marisa Alviar-Agnew.
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5.5: Charles’s Law- Volume and Temperature

Learning Objectives

e Learn and apply Charles's Law.

Everybody enjoys the smell and taste of freshly-baked bread. It is light and fluffy as a result of the action of yeast on sugar.
The yeast converts the sugar to carbon dioxide, which at high temperatures causes the dough to expand. The end result is an
enjoyable treat, especially when covered with melted butter.

Charles's Law

French physicist Jacques Charles (1746-1823) studied the effect of temperature on the volume of a gas at constant pressure.
Charles's Law states that the volume of a given mass of gas varies directly with the absolute temperature of the gas when
pressure is kept constant. The absolute temperature is temperature measured with the Kelvin scale. The Kelvin scale must be
used because zero on the Kelvin scale corresponds to a complete stop of molecular motion.

Figure 5.5.1: As a container of confined gas is heated, its molecules
increase in kinetic energy and push the movable piston outward, resulting in an increase in volume.

Mathematically, the direct relationship of Charles's Law can be represented by the following equation:

2 —k
T

As with Boyle's Law, k is constant only for a given gas sample. The table below shows temperature and volume data for a set
amount of gas at a constant pressure. The third column is the constant for this particular data set and is always equal to the
volume divided by the Kelvin temperature.

Table 5.5.1: Temperature-Volume Data

Temperature (K) Volume (mL)

100 40 0.40
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Temperature (K) Volume (mL)
150 60 0.40
200 80 0.40
300 120 0.40
500 200 0.40
1000 400 0.40

When this data is graphed, the result is a straight line, indicative of a direct relationship, shown in the figure below.

Charles’ Law

350

250

200

Volume (mL)

150
100

50

o 100 200 300 400 500 600 700 BOD 900 1000
Temperature (K)

Figure 5.5.2:The volume of a gas increases as the
Kelvin temperature increases.

Notice that the line goes exactly toward the origin, meaning that as the absolute temperature of the gas approaches zero,
its volume approaches zero. However, when a gas is brought to extremely cold temperatures, its molecules would eventually
condense into the liquid state before reaching absolute zero. The temperature at which this change into the liquid state occurs
varies for different gases.

Charles's Law can also be used to compare changing conditions for a gas. Now we use V; and T3 to stand for the initial volume

and temperature of a gas, while V; and T3 stand for the final volume and temperature. The mathematical relationship of Charles's
Law becomes:

A
. T

This equation can be used to calculate any one of the four quantities if the other three are known. The direct relationship will only
hold if the temperatures are expressed in Kelvin. Temperatures in Celsius will not work. Recall the relationship that K = °C + 273.

Example 5.5.1:

A balloon is filled to a volume of 2.20 L at a temperature of 22°C. The balloon is then heated to a temperature of 71°C. Find
the new volume of the balloon.

Solution
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Solutions to Example 11.5.1

Steps for

Problem
Solving

Identify the
"given" Given:
information
and what V1 =220 L and
the
problem is | T1 = 22°C = 295 K

asking you
to "find." Ty, =71°C =344 K

Find: V2 =?L

List other | The temperatures have first been converted to Kelvin.

known
quantities.
Plan the
problem. First, rearrange the equation algebraically to solve for V5.
V1 X T2
Vo= ——-
2 Tl
Cancel
units and Now substitute the known quantities into the equation and solve.
calculate.
2.20L x 344 X
=——— 2 =257L
295 K
Think The volume increases as the temperature increases. The result has three significant figures.
about your
result.

Exercise 5.5.1

If V1 =3.77 L and T1 = 255 K, what is V2 if T2 = 123 K?

Answer available at the end of this section.

Example 5.5.2:

A sample of a gas has an initial volume of 34.8 L and an initial temperature of —67°C. What must be the temperature of the
gas for its volume to be 25.0 L?

Solution
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Solutions to Example 11.5.2

Steps for

Problem
Solving

Identify the

"given" Given:

information

and what | Given:T{ = -27°C and V1 = 34.8 L
the

problem is V2 =258 L
asking you

tofind" | Fing: T2 = 2 K

List other K = -27°C + 273

known
quantities.
Plan the
problem. 1. Convert the initial temperature to Kelvin
2. Rearrange the equation algebraically to solve for T5.
Vz X T1
Ty =
2 Vl
Cancel
units and 1. -67°C + 273 = 206 K
calculate.
2. Substitute the known quantities into the equation and solve.
25.0 x 206 K
Ty = —’L/ = 148K
34.8 ¥/
Think This is also equal to —125°C. As temperature decreases, volume decreases—which it does in this example.
about your
result.

Exercise 5.5.2

If V1 =623 mL, Tq1 = 255°C, and V2 = 277 mL, what is T2?

Answer available at the end of this section.

Summary

e Charles’s Law relates the volume and temperature of a gas at constant pressure and amount.

Answers

Exercise 5.5.1
1.82 L

Exercise 5.5.2
235K, or -38°C

K12 o= 90 (5.5.4)
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This page titled 5.5: Charles’s Law- Volume and Temperature is shared under a CK-12 license and was authored, remixed, and/or curated by
Henry Agnew & Marisa Alviar-Agnew.
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6: BIOLOGICAL MACROMOLECULES

Food provides the body with the nutrients it needs to survive. Many of these critical nutrients are biological macromolecules, or
large molecules, necessary for life. These macromolecules (polymers) are built from different combinations of smaller organic
molecules (monomers). What specific types of biological macromolecules do living things require? How are these molecules
formed? What functions do they serve? In this chapter, these questions will be explored.

6.1: Synthesis of Biological Macromolecules
6.2: Carbohydrates

6.3: Lipids

6.4: Proteins

6.5: Nucleic Acids

6.E: Biological Macromolecules (Exercises)

This page titled 6: Biological Macromolecules is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by OpenStax.

e 3:Biological Macromolecules by OpenStax is licensed CC BY 4.0.
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6.1: Synthesis of Biological Macromolecules

Skills to Develop

e Understand the synthesis of macromolecules
e Explain dehydration (or condensation) and hydrolysis reactions

As you've learned, biological macromolecules are large molecules, necessary for life, that are built from smaller organic molecules.
There are four major classes of biological macromolecules (carbohydrates, lipids, proteins, and nucleic acids); each is an
important cell component and performs a wide array of functions. Combined, these molecules make up the majority of a cell’s
dry mass (recall that water makes up the majority of its complete mass). Biological macromolecules are organic, meaning they
contain carbon. In addition, they may contain hydrogen, oxygen, nitrogen, and additional minor elements.

Dehydration Synthesis

Most macromolecules are made from single subunits, or building blocks, called monomers. The monomers combine with each
other using covalent bonds to form larger molecules known as polymers. In doing so, monomers release water molecules as
byproducts. This type of reaction is known as dehydration synthesis, which means “to put together while losing water.”

CH20H CH,0OH CH,0H CH,0H
H

Figure 6.1.1: In the dehydration synthesis reaction depicted above, two molecules of glucose are linked together to form the disaccharide
maltose. In the process, a water molecule is formed.

In a dehydration synthesis reaction (Figure 6.1.1), the hydrogen of one monomer combines with the hydroxyl group of another
monomer, releasing a molecule of water. At the same time, the monomers share electrons and form covalent bonds. As
additional monomers join, this chain of repeating monomers forms a polymer. Different types of monomers can combine in many
configurations, giving rise to a diverse group of macromolecules. Even one kind of monomer can combine in a variety of ways to
form several different polymers: for example, glucose monomers are the constituents of starch, glycogen, and cellulose.

Hydrolysis

Polymers are broken down into monomers in a process known as hydrolysis, which means “to split water,” a reaction in which a
water molecule is used during the breakdown (Figure 6.1.2). During these reactions, the polymer is broken into two components:
one part gains a hydrogen atom (H+) and the other gains a hydroxyl molecule (OH-) from a split water molecule.
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CH,OH CH,OH CH,OH CH,OH

O H H 0O o H 0O
OH H
s H;‘JD —_— +
@
HO H HO on HO OH
OH OH

OH OH

Figure 6.1.2: In the hydrolysis reaction shown here, the disaccharide maltose is broken down to form two glucose monomers with the addition
of a water molecule. Note that this reaction is the reverse of the synthesis reaction shown in Figure 6.1.1.

Dehydration and hydrolysis reactions are catalyzed, or “sped up,” by specific enzymes; dehydration reactions involve the formation
of new bonds, requiring energy, while hydrolysis reactions break bonds and release energy. These reactions are similar for most
macromolecules, but each monomer and polymer reaction is specific for its class. For example, in our bodies, food is hydrolyzed,
or broken down, into smaller molecules by catalytic enzymes in the digestive system. This allows for easy absorption of nutrients
by cells in the intestine. Each macromolecule is broken down by a specific enzyme. For instance, carbohydrates are broken down
by amylase, sucrase, lactase, or maltase. Proteins are broken down by the enzymes pepsin and peptidase, and by hydrochloric
acid. Lipids are broken down by lipases. Breakdown of these macromolecules provides energy for cellular activities.

Link to Learning

This interactive element is not available in this format. Visit the link or scan the QR code to access it online. ‘g' T ;1; E
sss",'-
View this YouTube Video online "i,;-i'!:?.;j;-*

ik 0
[

Visit this site to see visual representations of dehydration synthesis and hydrolysis.

Summary

Proteins, carbohydrates, nucleic acids, and lipids are the four major classes of biological macromolecules—large molecules
necessary for life that are built from smaller organic molecules. Macromolecules are made up of single units known as monomers
that are joined by covalent bonds to form larger polymers. The polymer is more than the sum of its parts: it acquires new
characteristics, and leads to an osmotic pressure that is much lower than that formed by its ingredients; this is an important
advantage in the maintenance of cellular osmotic conditions. A monomer joins with another monomer with the release of a
water molecule, leading to the formation of a covalent bond. These types of reactions are known as dehydration or condensation
reactions. When polymers are broken down into smaller units (monomers), a molecule of water is used for each bond broken
by these reactions; such reactions are known as hydrolysis reactions. Dehydration and hydrolysis reactions are similar for all
macromolecules, but each monomer and polymer reaction is specific to its class. Dehydration reactions typically require an
investment of energy for new bond formation, while hydrolysis reactions typically release energy by breaking bonds.

Glossary

biological macromolecule
large molecule necessary for life that is built from smaller organic molecules

dehydration synthesis
(also, condensation) reaction that links monomer molecules together, releasing a molecule of water for each bond
formed
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hydrolysis
reaction causes breakdown of larger molecules into smaller molecules with the utilization of water

monomer
smallest unit of larger molecules called polymers

polymer
chain of monomer residues that is linked by covalent bonds; polymerization is the process of polymer formation
from monomers by condensation

This page titled 6.1: Synthesis of Biological Macromolecules is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by
OpenStax.

e 3.1: Synthesis of Biological Macromolecules by OpenStax is licensed CC BY 4.0.
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6.2: Carbohydrates

Skills to Develop

e Discuss the role of carbohydrates in cells and in the extracellular materials of animals and plants
e Explain the classifications of carbohydrates
e List common monosaccharides, disaccharides, and polysaccharides

Most people are familiar with carbohydrates, one type of macromolecule, especially when it comes to what we eat. To lose weight,
some individuals adhere to “low-carb” diets. Athletes, in contrast, often “carb-load” before important competitions to ensure that
they have enough energy to compete at a high level. Carbohydrates are, in fact, an essential part of our diet; grains, fruits, and
vegetables are all natural sources of carbohydrates. Carbohydrates provide energy to the body, particularly through glucose, a
simple sugar that is a component of starch and an ingredient in many staple foods. Carbohydrates also have other important
functions in humans, animals, and plants.

Molecular Structures

Carbohydrates can be represented by the stoichiometric formula (CH20),, where n is the number of carbons in the molecule. In
other words, the ratio of carbon to hydrogen to oxygen is 1:2:1 in carbohydrate molecules. This formula also explains the origin
of the term “carbohydrate”: the components are carbon (“carbo”) and the components of water (hence, “hydrate”). Carbohydrates
are classified into three subtypes: monosaccharides, disaccharides, and polysaccharides.

Monosaccharides

Monosaccharides (mono- = “one”; sacchar- = “sweet”) are simple sugars, the most common of which is glucose. In
monosaccharides, the number of carbons usually ranges from three to seven. Most monosaccharide names end with the suffix
-ose. If the sugar has an aldehyde group (the functional group with the structure R-CHQ), it is known as an aldose, and if it has
a ketone group (the functional group with the structure RC(=0O)R’), it is known as a ketose. Depending on the number of carbons
in the sugar, they also may be known as trioses (three carbons), pentoses (five carbons), and or hexoses (six carbons). See Figure
6.2.1 for an illustration of the monosaccharides.

MONOSACCHARIDES

Glyceraldehyde Dihydroxyacetone
H
H o |
¢ H—C—oOH
| |
H——C——OH c==o0
| |
H—C—OH H—cC—oOH
| |
H H
Aldose Ketose
Glyceraldehyde Ribose Glucose
H \ C/ o H \C / o H \C /O
| | |
H—C —OH H—C—OH H—C—OH
|
H—2C—oOH H—C — OH HO——C —H
|
H H—C——OH H—C——OH
H——C——OH H——C——OH
H H—C——OH
H
Triose Pentose Hexose

Figure 6.2.1: Monosaccharides are classified based on the position of their carbonyl group and the number of carbons in the backbone.
Aldoses have a carbonyl group (indicated in green) at the end of the carbon chain, and ketoses have a carbonyl group in the middle of the
carbon chain. Trioses, pentoses, and hexoses have three, five, and six carbon backbones, respectively.
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The chemical formula for glucose is CeH1206. In humans, glucose is an important source of energy. During cellular respiration,
energy is released from glucose, and that energy is used to help make adenosine triphosphate (ATP). Plants synthesize glucose
using carbon dioxide and water, and glucose in turn is used for energy requirements for the plant. Excess glucose is often stored
as starch that is catabolized (the breakdown of larger molecules by cells) by humans and other animals that feed on plants.

Galactose (part of lactose, or milk sugar) and fructose (found in sucrose, in fruit) are other common monosaccharides. Although
glucose, galactose, and fructose all have the same chemical formula (CeH120s), they differ structurally and chemically (and
are known as isomers) because of the different arrangement of functional groups around the asymmetric carbon; all of these
monosaccharides have more than one asymmetric carbon (Figure6.2.2).

Art Connection

Glucose Galactose Fructose
H 0 H (0] 5
~ c Z ™~ o . |
| | H——C——IOH
H—C—0OH H—C—OH

HO—C —H

H——C —— OH

H—C——OH

(g ——=la]y

HO—— € ——

HO—C —H

H—C——OH

Ri——s=——8];]

E——0C

HO—C——H

H——C ——0CH

H— C—— OH

| | H——E——0H

y h |
H

Figure 6.2.2: Glucose, galactose, and fructose are all hexoses. They are structural isomers, meaning they have the same chemical formula
(CeH1206) but a different arrangement of atoms.

What kind of sugars are these, aldose or ketose?

Glucose, galactose, and fructose are isomeric monosaccharides (hexoses), meaning they have the same chemical formula but
have slightly different structures. Glucose and galactose are aldoses, and fructose is a ketose.

Monosaccharides can exist as a linear chain or as ring-shaped molecules; in aqueous solutions they are usually found in ring
forms (Figure 6.2.3). Glucose in a ring form can have two different arrangements of the hydroxyl group (OH) around the anomeric
carbon (carbon 1 that becomes asymmetric in the process of ring formation). If the hydroxyl group is below carbon number 1 in
the sugar, it is said to be in the alpha (a) position, and if it is above the plane, it is said to be in the beta (8) position.
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Conversion between Linear and Ring Forms of Glucose

CH,OH

Glucose

CH,0H

> o Glucose

CH,OH

HO

Ring forms of ribose and fructose

CH,O0H o CH,OH

OH
Ribose Fructose

Figure 6.2.3: Five and six carbon monosaccharides exist in equilibrium between linear and ring forms. When the ring forms, the side chain it
closes on is locked into an o or 3 position. Fructose and ribose also form rings, although they form five-membered rings as opposed to the six-
membered ring of glucose.

Disaccharides

Disaccharides (di- = “two”) form when two monosaccharides undergo a dehydration reaction (also known as a condensation
reaction or dehydration synthesis). During this process, the hydroxyl group of one monosaccharide combines with the hydrogen
of another monosaccharide, releasing a molecule of water and forming a covalent bond. A covalent bond formed between a
carbohydrate molecule and another molecule (in this case, between two monosaccharides) is known as a glycosidic bond (Figure
6.2.4). Glycosidic bonds (also called glycosidic linkages) can be of the alpha or the beta type.

CH,OH

| CH,OH

Glucose

CH,0H

H OH T

Sucrose Glycosidic Bond

Figure 6.2.4: Sucrose is formed when a monomer of glucose and a monomer of fructose are joined in a dehydration reaction to form a
glycosidic bond. In the process, a water molecule is lost. By convention, the carbon atoms in a monosaccharide are numbered from the
terminal carbon closest to the carbonyl group. In sucrose, a glycosidic linkage is formed between carbon 1 in glucose and carbon 2 in fructose.

Common disaccharides include lactose, maltose, and sucrose (Figure 6.2.5). Lactose is a disaccharide consisting of the
monomers glucose and galactose. It is found naturally in milk. Maltose, or malt sugar, is a disaccharide formed by a dehydration
reaction between two glucose molecules. The most common disaccharide is sucrose, or table sugar, which is composed of the
monomers glucose and fructose.
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CH,OH CH,OH

Maltose

CH,OH

CH,OH

OH o

OH

Lactose OH

CH,OH

CH,OH

OH H
Sucrose

Figure 6.2.5: Common disaccharides include maltose (grain sugar), lactose (milk sugar), and sucrose (table sugar).

Polysaccharides

A long chain of monosaccharides linked by glycosidic bonds is known as a polysaccharide (poly- = “many”). The chain may
be branched or unbranched, and it may contain different types of monosaccharides. The molecular weight may be 100,000
daltons or more depending on the number of monomers joined. Starch, glycogen, cellulose, and chitin are primary examples of
polysaccharides.

Starch is the stored form of sugars in plants and is made up of a mixture of amylose and amylopectin (both polymers of glucose).
Plants are able to synthesize glucose, and the excess glucose, beyond the plant’'s immediate energy needs, is stored as starch in
different plant parts, including roots and seeds. The starch in the seeds provides food for the embryo as it germinates and can
also act as a source of food for humans and animals. The starch that is consumed by humans is broken down by enzymes, such
as salivary amylases, into smaller molecules, such as maltose and glucose. The cells can then absorb the glucose.

Starch is made up of glucose monomers that are joined by a 1-4 or o 1-6 glycosidic bonds. The numbers 1-4 and 1-6 refer to the
carbon number of the two residues that have joined to form the bond. As illustrated in Figure 6.2.6, amylose is starch formed by
unbranched chains of glucose monomers (only a 1-4 linkages), whereas amylopectin is a branched polysaccharide (a 1-6 linkages
at the branch points).
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Figure 6.2.6: Amylose and amylopectin are two different forms of starch. Amylose is composed of unbranched chains of glucose monomers
connected by a 1,4 glycosidic linkages. Amylopectin is composed of branched chains of glucose monomers connected by a 1,4 and o 1,6
glycosidic linkages. Because of the way the subunits are joined, the glucose chains have a helical structure. Glycogen (not shown) is similar in
structure to amylopectin but more highly branched.

Glycogen is the storage form of glucose in humans and other vertebrates and is made up of monomers of glucose. Glycogen is
the animal equivalent of starch and is a highly branched molecule usually stored in liver and muscle cells. Whenever blood glucose
levels decrease, glycogen is broken down to release glucose in a process known as glycogenolysis.

Cellulose is the most abundant natural biopolymer. The cell wall of plants is mostly made of cellulose; this provides structural
support to the cell. Wood and paper are mostly cellulosic in nature. Cellulose is made up of glucose monomers that are linked by

B 1-4 glycosidic bonds (Figure 6.2.7).
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Figure 6.2.7: In cellulose, glucose monomers are linked in unbranched chains by 8 1-4 glycosidic linkages. Because of the way the glucose
subunits are joined, every glucose monomer is flipped relative to the next one resulting in a linear, fibrous structure.

As shown in Figure 6.2.7, every other glucose monomer in cellulose is flipped over, and the monomers are packed tightly as
extended long chains. This gives cellulose its rigidity and high tensile strength—which is so important to plant cells. While the 3
1-4 linkage cannot be broken down by human digestive enzymes, herbivores such as cows, koalas, buffalos, and horses are able,
with the help of the specialized flora in their stomach, to digest plant material that is rich in cellulose and use it as a food source.
In these animals, certain species of bacteria and protists reside in the rumen (part of the digestive system of herbivores) and
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secrete the enzyme cellulase. The appendix of grazing animals also contains bacteria that digest cellulose, giving it an important
role in the digestive systems of ruminants. Cellulases can break down cellulose into glucose monomers that can be used as an
energy source by the animal. Termites are also able to break down cellulose because of the presence of other organisms in their
bodies that secrete cellulases.

Carbohydrates serve various functions in different animals. Arthropods (insects, crustaceans, and others) have an outer skeleton,
called the exoskeleton, which protects their internal body parts (as seen in the bee in Figure 6.2.8). This exoskeleton is made of
the biological macromolecule chitin, which is a polysaccharide-containing nitrogen. It is made of repeating units of N-acetyl-3-d-
glucosamine, a modified sugar. Chitin is also a major component of fungal cell walls; fungi are neither animals nor plants and
form a kingdom of their own in the domain Eukarya.

Figure 6.2.8: Insects have a hard outer exoskeleton made of chitin, a type of polysaccharide. (credit: Louise Docker)

Career Connections: Registered Dietitian

Obesity is a worldwide health concern, and many diseases such as diabetes and heart disease are becoming more prevalent
because of obesity. This is one of the reasons why registered dietitians are increasingly sought after for advice. Registered
dietitians help plan nutrition programs for individuals in various settings. They often work with patients in health care
facilities, designing nutrition plans to treat and prevent diseases. For example, dietitians may teach a patient with diabetes
how to manage blood sugar levels by eating the correct types and amounts of carbohydrates. Dietitians may also work in
nursing homes, schools, and private practices.

To become a registered dietitian, one needs to earn at least a bachelor’'s degree in dietetics, nutrition, food technology,
or a related field. In addition, registered dietitians must complete a supervised internship program and pass a national
exam. Those who pursue careers in dietetics take courses in nutrition, chemistry, biochemistry, biology, microbiology, and
human physiology. Dietitians must become experts in the chemistry and physiology (biological functions) of food (proteins,
carbohydrates, and fats).

Benefits of Carbohydrates

Are carbohydrates good for you? People who wish to lose weight are often told that carbohydrates are bad for them and should
be avoided. Some diets completely forbid carbohydrate consumption, claiming that a low-carbohydrate diet helps people to lose
weight faster. However, carbohydrates have been an important part of the human diet for thousands of years; artifacts from
ancient civilizations show the presence of wheat, rice, and corn in our ancestors’ storage areas.

Carbohydrates should be supplemented with proteins, vitamins, and fats to be parts of a well-balanced diet. Calorie-wise, a gram

of carbohydrate provides 4.3 Kcal. For comparison, fats provide 9 Kcal/g, a less desirable ratio. Carbohydrates contain soluble
and insoluble elements; the insoluble part is known as fiber, which is mostly cellulose. Fiber has many uses; it promotes regular
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bowel movement by adding bulk, and it regulates the rate of consumption of blood glucose. Fiber also helps to remove excess
cholesterol from the body: fiber binds to the cholesterol in the small intestine, then attaches to the cholesterol and prevents the
cholesterol particles from entering the bloodstream, and then cholesterol exits the body via the feces. Fiber-rich diets also have
a protective role in reducing the occurrence of colon cancer. In addition, a meal containing whole grains and vegetables gives
a feeling of fullness. As an immediate source of energy, glucose is broken down during the process of cellular respiration, which
produces ATP, the energy currency of the cell. Without the consumption of carbohydrates, the availability of “instant energy” would
be reduced. Eliminating carbohydrates from the diet is not the best way to lose weight. A low-calorie diet that is rich in whole
grains, fruits, vegetables, and lean meat, together with plenty of exercise and plenty of water, is the more sensible way to lose
weight.

Link to Learning

For an additional perspective on carbohydrates, explore “Biomolecules: the Carbohydrates” through this interactive
animation.

Summary

Carbohydrates are a group of macromolecules that are a vital energy source for the cell and provide structural support to plant
cells, fungi, and all of the arthropods that include lobsters, crabs, shrimp, insects, and spiders. Carbohydrates are classified as
monosaccharides, disaccharides, and polysaccharides depending on the number of monomers in the molecule. Monosaccharides
are linked by glycosidic bonds that are formed as a result of dehydration reactions, forming disaccharides and polysaccharides
with the elimination of a water molecule for each bond formed. Glucose, galactose, and fructose are common monosaccharides,
whereas common disaccharides include lactose, maltose, and sucrose. Starch and glycogen, examples of polysaccharides, are
the storage forms of glucose in plants and animals, respectively. The long polysaccharide chains may be branched or unbranched.
Cellulose is an example of an unbranched polysaccharide, whereas amylopectin, a constituent of starch, is a highly branched
molecule. Storage of glucose, in the form of polymers like starch of glycogen, makes it slightly less accessible for metabolism;
however, this prevents it from leaking out of the cell or creating a high osmotic pressure that could cause excessive water uptake
by the cell.
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Art Connections

Figure 6.2.2: What kind of sugars are these, aldose or ketose?

Answer

Glucose and galactose are aldoses. Fructose is a ketose.

Glossary

carbohydrate
biological macromolecule in which the ratio of carbon to hydrogen and to oxygen is 1:2:1; carbohydrates serve as
energy sources and structural support in cells and form the a cellular exoskeleton of arthropods

cellulose
polysaccharide that makes up the cell wall of plants; provides structural support to the cell

chitin
type of carbohydrate that forms the outer skeleton of all arthropods that include crustaceans and insects; it also
forms the cell walls of fungi

disaccharide
two sugar monomers that are linked together by a glycosidic bond

glycogen
storage carbohydrate in animals

glycosidic bond
bond formed by a dehydration reaction between two monosaccharides with the elimination of a water molecule

monosaccharide
single unit or monomer of carbohydrates

polysaccharide
long chain of monosaccharides; may be branched or unbranched

starch
storage carbohydrate in plants

This page titled 6.2: Carbohydrates is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by OpenStax.

3.2: Carbohydrates by OpenStax is licensed CC BY 4.0.
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6.3: Lipids

Skills to Develop

o Describe the four major types of lipids

e Explain the role of fats in storing energy

o Differentiate between saturated and unsaturated fatty acids

e Describe phospholipids and their role in cells

¢ Define the basic structure of a steroid and some functions of steroids

e Explain the how cholesterol helps to maintain the fluid nature of the plasma membrane

Lipids include a diverse group of compounds that are largely nonpolar in nature. This is because they are hydrocarbons that
include mostly nonpolar carbon-carbon or carbon-hydrogen bonds. Non-polar molecules are hydrophobic (“water fearing”), or
insoluble in water. Lipids perform many different functions in a cell. Cells store energy for long-term use in the form of fats. Lipids
also provide insulation from the environment for plants and animals (Figure 6.3.1). For example, they help keep aquatic birds and
mammals dry when forming a protective layer over fur or feathers because of their water-repellant hydrophobic nature. Lipids are
also the building blocks of many hormones and are an important constituent of all cellular membranes. Lipids include fats, oils,
waxes, phospholipids, and steroids.

Figure 6.3.1: Hydrophobic lipids in the fur of aquatic mammals, such as this river otter, protect them from the elements. (credit: Ken Bosma)

Fats and Oils

A fat molecule consists of two main components—glycerol and fatty acids. Glycerol is an organic compound (alcohol) with three
carbons, five hydrogens, and three hydroxyl (OH) groups. Fatty acids have a long chain of hydrocarbons to which a carboxyl group
is attached, hence the name “fatty acid.” The number of carbons in the fatty acid may range from 4 to 36; most common are those
containing 12-18 carbons. In a fat molecule, the fatty acids are attached to each of the three carbons of the glycerol molecule
with an ester bond through an oxygen atom (Figure 6.3.2).
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Figure 6.3.2: Triacylglycerol is formed by the joining of three fatty acids to a glycerol backbone in a dehydration reaction. Three molecules of
water are released in the process.

During this ester bond formation, three water molecules are released. The three fatty acids in the triacylglycerol may be similar or
dissimilar. Fats are also called triacylglycerols or triglycerides because of their chemical structure. Some fatty acids have common
names that specify their origin. For example, palmitic acid, a saturated fatty acid, is derived from the palm tree. Arachidic acid is
derived from Arachis hypogea, the scientific name for groundnuts or peanuts.

Fatty acids may be saturated or unsaturated. In a fatty acid chain, if there are only single bonds between neighboring carbons in
the hydrocarbon chain, the fatty acid is said to be saturated. Saturated fatty acids are saturated with hydrogen; in other words,
the number of hydrogen atoms attached to the carbon skeleton is maximized. Stearic acid is an example of a saturated fatty acid
(Figure 6.3.3)
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Figure 6.3.3: Stearic acid is a common saturated fatty acid.

When the hydrocarbon chain contains a double bond, the fatty acid is said to be unsaturated. Oleic acid is an example of an
unsaturated fatty acid (Figure 6.3.4).
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Figure 6.3.4: Oleic acid is a common unsaturated fatty acid.

Most unsaturated fats are liquid at room temperature and are called oils. If there is one double bond in the molecule, then it is
known as a monounsaturated fat (e.g., olive oil), and if there is more than one double bond, then it is known as a polyunsaturated

fat (e.g., canola oil).

When a fatty acid has no double bonds, it is known as a saturated fatty acid because no more hydrogen may be added to
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the carbon atoms of the chain. A fat may contain similar or different fatty acids attached to glycerol. Long straight fatty acids
with single bonds tend to get packed tightly and are solid at room temperature. Animal fats with stearic acid and palmitic
acid (common in meat) and the fat with butyric acid (common in butter) are examples of saturated fats. Mammals store fats in
specialized cells called adipocytes, where globules of fat occupy most of the cell’s volume. In plants, fat or oil is stored in many
seeds and is used as a source of energy during seedling development. Unsaturated fats or oils are usually of plant origin and
contain cis unsaturated fatty acids. Cis and trans indicate the configuration of the molecule around the double bond. If hydrogens
are present in the same plane, it is referred to as a cis fat; if the hydrogen atoms are on two different planes, it is referred to as a
trans fat. The cis double bond causes a bend or a “kink” that prevents the fatty acids from packing tightly, keeping them liquid at
room temperature (Figure 6.3.5). Olive oil, corn oil, canola oil, and cod liver oil are examples of unsaturated fats. Unsaturated fats
help to lower blood cholesterol levels whereas saturated fats contribute to plaque formation in the arteries.

Saturated fatty acid
Stearic acid
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Figure 6.3.5: Saturated fatty acids have hydrocarbon chains connected by single bonds only. Unsaturated fatty acids have one or more double
bonds. Each double bond may be in a cis or trans configuration. In the cis configuration, both hydrogens are on the same side of the
hydrocarbon chain. In the trans configuration, the hydrogens are on opposite sides. A cis double bond causes a kink in the chain.

Trans Fats

In the food industry, oils are artificially hydrogenated to make them semi-solid and of a consistency desirable for many processed
food products. Simply speaking, hydrogen gas is bubbled through oils to solidify them. During this hydrogenation process, double
bonds of the cis- conformation in the hydrocarbon chain may be converted to double bonds in the trans- conformation.

Margarine, some types of peanut butter, and shortening are examples of artificially hydrogenated trans fats. Recent studies have
shown that an increase in trans fats in the human diet may lead to an increase in levels of low-density lipoproteins (LDL), or “bad”
cholesterol, which in turn may lead to plaque deposition in the arteries, resulting in heart disease. Many fast food restaurants
have recently banned the use of trans fats, and food labels are required to display the trans fat content.

Omega Fatty Acids

Essential fatty acids are fatty acids required but not synthesized by the human body. Consequently, they have to be supplemented
through ingestion via the diet. Omega-3 fatty acids (like that shown in Figure 6.3.6) fall into this category and are one of only two
known for humans (the other being omega-6 fatty acid). These are polyunsaturated fatty acids and are called omega-3 because
the third carbon from the end of the hydrocarbon chain is connected to its neighboring carbon by a double bond.
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Figure 6.3.6: Alpha-linolenic acid is an example of an omega-3 fatty acid. It has three cis double bonds and, as a result, a curved shape. For
clarity, the carbons are not shown. Each singly bonded carbon has two hydrogens associated with it, also not shown.

The farthest carbon away from the carboxyl group is numbered as the omega (w) carbon, and if the double bond is between
the third and fourth carbon from that end, it is known as an omega-3 fatty acid. Nutritionally important because the body does
not make them, omega-3 fatty acids include alpha-linoleic acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid
(DHA), all of which are polyunsaturated. Salmon, trout, and tuna are good sources of omega-3 fatty acids. Research indicates that
omega-3 fatty acids reduce the risk of sudden death from heart attacks, reduce triglycerides in the blood, lower blood pressure,
and prevent thrombosis by inhibiting blood clotting. They also reduce inflammation, and may help reduce the risk of some cancers
in animals.

Like carbohydrates, fats have received a lot of bad publicity. It is true that eating an excess of fried foods and other “fatty” foods
leads to weight gain. However, fats do have important functions. Many vitamins are fat soluble, and fats serve as a long-term
storage form of fatty acids: a source of energy. They also provide insulation for the body. Therefore, “healthy” fats in moderate
amounts should be consumed on a regular basis.

Waxes

Wax covers the feathers of some aquatic birds and the leaf surfaces of some plants. Because of the hydrophobic nature of waxes,
they prevent water from sticking on the surface (Figure 6.3.7). Waxes are made up of long fatty acid chains esterified to long-chain
alcohols.
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Figure 6.3.7: Waxy coverings on some leaves are made of lipids. (credit: Roger Griffith)

Phospholipids

Phospholipids are major constituents of the plasma membrane, the outermost layer of animal cells. Like fats, they are composed
of fatty acid chains attached to a glycerol or sphingosine backbone. Instead of three fatty acids attached as in triglycerides,
however, there are two fatty acids forming diacylglycerol, and the third carbon of the glycerol backbone is occupied by a modified
phosphate group (Figure 6.3.8). A phosphate group alone attached to a diaglycerol does not qualify as a phospholipid; it is
phosphatidate (diacylglycerol 3-phosphate), the precursor of phospholipids. The phosphate group is modified by an alcohol.
Phosphatidylcholine and phosphatidylserine are two important phospholipids that are found in plasma membranes.
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Figure 6.3.8: A phospholipid is a molecule with two fatty acids and a modified phosphate group attached to a glycerol backbone. The
phosphate may be modified by the addition of charged or polar chemical groups. Two chemical groups that may modify the phosphate, choline
and serine, are shown here. Both choline and serine attach to the phosphate group at the position labeled R via the hydroxyl group indicated in

green.

A phospholipid is an amphipathic molecule, meaning it has a hydrophobic and a hydrophilic part. The fatty acid chains are
hydrophobic and cannot interact with water, whereas the phosphate-containing group is hydrophilic and interacts with water
(Figure 6.3.9).
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Figure 6.3.9: The phospholipid bilayer is the major component of all cellular membranes. The hydrophilic head groups of the phospholipids

face the aqueous solution. The hydrophobic tails are sequestered in the middle of the bilayer.

The head is the hydrophilic part, and the tail contains the hydrophobic fatty acids. In a membrane, a bilayer of phospholipids
forms the matrix of the structure, the fatty acid tails of phospholipids face inside, away from water, whereas the phosphate group
faces the outside, aqueous side (Figure 6.3.9).

Phospholipids are responsible for the dynamic nature of the plasma membrane. If a drop of phospholipids is placed in water, it
spontaneously forms a structure known as a micelle, where the hydrophilic phosphate heads face the outside and the fatty acids

face the interior of this structure.

Steroids

Unlike the phospholipids and fats discussed earlier, steroids have a fused ring structure. Although they do not resemble the other
lipids, they are grouped with them because they are also hydrophobicand insoluble in water. All steroids have four linked carbon
rings and several of them, like cholesterol, have a short tail (Figure 6.3.10). Many steroids also have the -OH functional group,
which puts them in the alcohol classification (sterols).
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Figure 6.3.10: Steroids such as cholesterol and cortisol are composed of four fused hydrocarbon rings.
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Cholesterol is the most common steroid. Cholesterol is mainly synthesized in the liver and is the precursor to many steroid
hormones such as testosterone and estradiol, which are secreted by the gonads and endocrine glands. It is also the precursor to
Vitamin D. Cholesterol is also the precursor of bile salts, which help in the emulsification of fats and their subsequent absorption
by cells. Although cholesterol is often spoken of in negative terms by lay people, it is necessary for proper functioning of the body.
It is a component of the plasma membrane of animal cells and is found within the phospholipid bilayer. Being the outermost
structure in animal cells, the plasma membrane is responsible for the transport of materials and cellular recognition and it is
involved in cell-to-cell communication.

Link to Learning
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For an additional perspective on lipids, explore the interactive animation “Biomolecules: The Lipids”.

Summary

Lipids are a class of macromolecules that are nonpolar and hydrophobic in nature. Major types include fats and oils, waxes,
phospholipids, and steroids. Fats are a stored form of energy and are also known as triacylglycerols or triglycerides. Fats are made
up of fatty acids and either glycerol or sphingosine. Fatty acids may be unsaturated or saturated, depending on the presence
or absence of double bonds in the hydrocarbon chain. If only single bonds are present, they are known as saturated fatty acids.
Unsaturated fatty acids may have one or more double bonds in the hydrocarbon chain. Phospholipids make up the matrix of
membranes. They have a glycerol or sphingosine backbone to which two fatty acid chains and a phosphate-containing group are
attached. Steroids are another class of lipids. Their basic structure has four fused carbon rings. Cholesterol is a type of steroid
and is an important constituent of the plasma membrane, where it helps to maintain the fluid nature of the membrane. It is also
the precursor of steroid hormones such as testosterone.

Glossary
lipid
macromolecule that is nonpolar and insoluble in water

omega fat

type of polyunsaturated fat that is required by the body; the numbering of the carbon omega starts from the methyl
end or the end that is farthest from the carboxylic end

phospholipid
major constituent of the membranes; composed of two fatty acids and a phosphate-containing group attached to
a glycerol backbone
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saturated fatty acid
long-chain of hydrocarbon with single covalent bonds in the carbon chain; the number of hydrogen atoms attached
to the carbon skeleton is maximized

steroid
type of lipid composed of four fused hydrocarbon rings forming a planar structure

trans fat
fat formed artificially by hydrogenating oils, leading to a different arrangement of double bond(s) than those found
in naturally occurring lipids

triacylglycerol (also, triglyceride)
fat molecule; consists of three fatty acids linked to a glycerol molecule

unsaturated fatty acid
long-chain hydrocarbon that has one or more double bonds in the hydrocarbon chain

wax
lipid made of a long-chain fatty acid that is esterified to a long-chain alcohol; serves as a protective coating on
some feathers, aquatic mammal fur, and leaves

This page titled 6.3: Lipids is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by OpenStax.

e 3.3: Lipids by OpenStax is licensed CC BY 4.0.
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6.4: Proteins

Skills to Develop

e Describe the functions proteins perform in the cell and in tissues
e Discuss the relationship between amino acids and proteins

e Explain the four levels of protein organization

e Describe the ways in which protein shape and function are linked

Proteins are one of the most abundant organic molecules in living systems and have the most diverse range of functions of
all macromolecules. Proteins may be structural, regulatory, contractile, or protective; they may serve in transport, storage, or
membranes; or they may be toxins or enzymes. Each cell in a living system may contain thousands of proteins, each with a unique
function. Their structures, like their functions, vary greatly. They are all, however, polymers of amino acids, arranged in a linear
sequence.

Types and Functions of Proteins

Enzymes, which are produced by living cells, are catalysts in biochemical reactions (like digestion) and are usually complex or
conjugated proteins. Each enzyme is specific for the substrate (a reactant that binds to an enzyme) it acts on. The enzyme may
help in breakdown, rearrangement, or synthesis reactions. Enzymes that break down their substrates are called catabolic enzymes,
enzymes that build more complex molecules from their substrates are called anabolic enzymes, and enzymes that affect the
rate of reaction are called catalytic enzymes. It should be noted that all enzymes increase the rate of reaction and, therefore,
are considered to be organic catalysts. An example of an enzyme is salivary amylase, which hydrolyzes its substrate amylose, a
component of starch.

Hormones are chemical-signaling molecules, usually small proteins or steroids, secreted by endocrine cells that act to control or
regulate specific physiological processes, including growth, development, metabolism, and reproduction. For example, insulin is
a protein hormone that helps to regulate the blood glucose level. The primary types and functions of proteins are listed in Table
6.4.1.

Table 6.4.1: Protein Types and Functions

Type Examples Functions

Digestive Amylase, lipase, pepsin, trypsin Help in digestion of food by catabolizing nutrients into monomeric

Enzymes units

Transport Hemoglobin, albumin Carry substances in the blood or lymph throughout the body
Structural Actin, tubulin, keratin Construct different structures, like the cytoskeleton
Hormones Insulin, thyroxine Coordinate the activity of different body systems

Defense Immunoglobulins Protect the body from foreign pathogens
Contractile Actin, myosin Effect muscle contraction

Storage Legume storage proteins, egg white Provide nourishment in early development of the embryo and the

(albumin) seedling

Proteins have different shapes and molecular weights; some proteins are globular in shape whereas others are fibrous in nature.
For example, hemoglobin is a globular protein, but collagen, found in our skin, is a fibrous protein. Protein shape is critical to
its function, and this shape is maintained by many different types of chemical bonds. Changes in temperature, pH, and exposure
to chemicals may lead to permanent changes in the shape of the protein, leading to loss of function, known as denaturation. All
proteins are made up of different arrangements of the same 20 types of amino acids.
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Amino Acids

Amino acids are the monomers that make up proteins. Each amino acid has the same fundamental structure, which consists of
a central carbon atom, also known as the alpha (a) carbon, bonded to an amino group (NH2), a carboxyl group (COOH), and to
a hydrogen atom. Every amino acid also has another atom or group of atoms bonded to the central atom known as the R group
(Figure 6.4.1).

Amino group Carboxyl group

R

a carbon “7 :
Side
chain

Figure 6.4.1: Amino acids have a central asymmetric carbon to which an amino group, a carboxyl group, a hydrogen atom, and a side chain (R
group) are attached.

The name "amino acid" is derived from the fact that they contain both amino group and carboxyl-acid-group in their basic
structure. As mentioned, there are 20 amino acids present in proteins. Ten of these are considered essential amino acids in
humans because the human body cannot produce them and they are obtained from the diet. For each amino acid, the R group
(or side chain) is different (Figure 6.4.2).

Art Connection

AMINO ACID AMINO ACID
coo~ coo~ coo~ [ coo~ [
| | | + 5 0
HN—C—H HN—C—H HN—C—H g HaN—<]3—H HaN—<|2—H HaN—<|3—H
| | |
" H CH, cH g CH, CH, CH,
2 aN o | | I
2 CHg CHy 3 CH, CH, SN
o Glycine Alanine Valine =) | | I CH
3 ] CH, CH, G/
2 [olelog coo~ (el S | | bl
g i 1 | > CH, NH
E| HR—C—H HN—C—H Hfi—C—H g | [
Cl | 1 2 *NHy C =HH,
5 CH CH; H—C —CH. -] |
§_ i 2 i 2 1 3 o NH,
£ /Cb CIHZ <I3H2 Lysine Arginine Histidine
o CHj3 CHy S CH3 a
&y 3 coo coo-
S 1
Leucine Methionine Isoleucine @ HaN—C —H HaN—C —H
A 1 |
3
coo~ coo~ coo™ 2 CI"‘z ?Hz
1 o o 5 =
HiN—C—H  HaN—C—H HaN—C —H g Coo <|3Hz
1 S o
CH,OH H—C—OH CH, 2 coo
2 | | ) Aspartate Glutamate
g CHs SH g
° =
-3 Serine Threonine Cysteine Coo- coo- coo-
= Al + o 1l
] coo~ co0~ coo~ S| HN—C—H HN—C—H HN—C—H
= | H | 1 2 | | |
£ (o HN—C—H  HN—C—H 5 CH, CH, CH,
S N | | o
S| HN  CHp CH, CH, g -
g ] I i £
2| Hc—cH, @ CH, s NH
= ¢ N | E =
HN O c 5
g OH
7N °
HN Yo )
Proline Asparagine Glutamine § .
Phenylalanine Tyrosine Tryptophan
Figure 6.4.2: There are 20 common amino acids commonly found in proteins, each with a different R group (variant group) that
determines its chemical nature.
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Which categories of amino acid would you expect to find on the surface of a soluble protein, and which would you expect to
find in the interior? What distribution of amino acids would you expect to find in a protein embedded in a lipid bilayer?

The chemical nature of the side chain determines the nature of the amino acid (that is, whether it is acidic, basic, polar, or
nonpolar). For example, the amino acid glycine has a hydrogen atom as the R group. Amino acids such as valine, methionine,
and alanine are nonpolar or hydrophobic in nature, while amino acids such as serine, threonine, and cysteine are polar and have
hydrophilic side chains. The side chains of lysine and arginine are positively charged, and therefore these amino acids are also
known as basic amino acids. Proline has an R group that is linked to the amino group, forming a ring-like structure. Proline is an
exception to the standard structure of an animo acid since its amino group is not separate from the side chain (Figure 6.4.2).

Amino acids are represented by a single upper case letter or a three-letter abbreviation. For example, valine is known by the letter
V or the three-letter symbol val. Just as some fatty acids are essential to a diet, some amino acids are necessary as well. They
are known as essential amino acids, and in humans they include isoleucine, leucine, and cysteine. Essential amino acids refer
to those necessary for construction of proteins in the body, although not produced by the body; which amino acids are essential
varies from organism to organism.

The sequence and the number of amino acids ultimately determine the protein's shape, size, and function. Each amino acid is
attached to another amino acid by a covalent bond, known as a peptide bond, which is formed by a dehydration reaction. The
carboxyl group of one amino acid and the amino group of the incoming amino acid combine, releasing a molecule of water. The
resulting bond is the peptide bond (Figure 6.4.3).

H H
H\ I {:’D H‘\ I ‘?O
N—C—C N =G =i
H” | MoH H7 |  NoH

Peptide Bond

Figure 6.4.3: Peptide bond formation is a dehydration synthesis reaction. The carboxyl group of one amino acid is linked to the amino group of
the incoming amino acid. In the process, a molecule of water is released.

The products formed by such linkages are called peptides. As more amino acids join to this growing chain, the resulting chain
is known as a polypeptide. Each polypeptide has a free amino group at one end. This end is called the N terminal, or the amino
terminal, and the other end has a free carboxyl group, also known as the C or carboxyl terminal. While the terms polypeptide and
protein are sometimes used interchangeably, a polypeptide is technically a polymer of amino acids, whereas the term protein
is used for a polypeptide or polypeptides that have combined together, often have bound non-peptide prosthetic groups, have
a distinct shape, and have a unique function. After protein synthesis (translation), most proteins are modified. These are known
as post-translational modifications. They may undergo cleavage, phosphorylation, or may require the addition of other chemical
groups. Only after these modifications is the protein completely functional.
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Evolution Connection

The Evolutionary Significance of Cytochrome cCytochrome c is an important component of the electron transport chain, a
part of cellular respiration, and it is normally found in the cellular organelle, the mitochondrion. This protein has a heme
prosthetic group, and the central ion of the heme gets alternately reduced and oxidized during electron transfer. Because
this essential protein’s role in producing cellular energy is crucial, it has changed very little over millions of years. Protein
sequencing has shown that there is a considerable amount of cytochrome ¢ amino acid sequence homology among different
species; in other words, evolutionary kinship can be assessed by measuring the similarities or differences among various
species’ DNA or protein sequences.

Scientists have determined that human cytochrome ¢ contains 184 amino acids. For each cytochrome ¢ molecule from
different organisms that has been sequenced to date, 37 of these amino acids appear in the same position in all samples
of cytochrome c. This indicates that there may have been a common ancestor. On comparing the human and chimpanzee
protein sequences, no sequence difference was found. When human and rhesus monkey sequences were compared, the
single difference found was in one amino acid. In another comparison, human to yeast sequencing shows a difference in the
44th position.

Protein Structure

As discussed earlier, the shape of a protein is critical to its function. For example, an enzyme can bind to a specific substrate at
a site known as the active site. If this active site is altered because of local changes or changes in overall protein structure, the
enzyme may be unable to bind to the substrate. To understand how the protein gets its final shape or conformation, we need to

understand the four levels of protein structure: primary, secondary, tertiary, and quaternary.

Primary Structure

The unique sequence of amino acids in a polypeptide chain is its primary structure. For example, the pancreatic hormone insulin
has two polypeptide chains, A and B, and they are linked together by disulfide bonds. The N terminal amino acid of the A chain is
glycine, whereas the C terminal amino acid is asparagine (Figure 6.4.4). The sequences of amino acids in the A and B chains are

unique to insulin.

S &
A Chain | |

Gly | lle | Val | Glu  GIn Cys Cys Ala Ser| Val Cys| Ser | Leu Tyr | GIn | Leu| Glu|Asn| Tyr | Cys|Asn

S S
= 5
| | I - R
Phe | Val | Asn| GIn | His | Leu | Cys | Gly ' Ser | His | Leu | Val | Glu | Ala | Leu| Tyr | Leu | Val | Cys | Gly
% ; ) ’ ; Glu |
B Chain Arg
Gly |

: ‘Phe
Ala | Lys | Pro | Thr | Tyr | Phe .

Figure 6.4.4: Bovine serum insulin is a protein hormone made of two peptide chains, A (21 amino acids long) and B (3® amino acids long). In
each chain, primary structure is indicated by three-letter abbreviations that represent the names of the amino acids in the order they are
present. The amino acid cysteine (cys) has a sulfhydryl (SH) group as a side chain. Two sulfhydryl groups can react in the presence of oxygen
to form a disulfide (S-S) bond. Two disulfide bonds connect the A and B chains together, and a third helps the A chain fold into the correct
shape. Note that all disulfide bonds are the same length, but are drawn different sizes for clarity.
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The unique sequence for every protein is ultimately determined by the gene encoding the protein. A change in nucleotide
sequence of the gene’s coding region may lead to a different amino acid being added to the growing polypeptide chain, causing
a change in protein structure and function. In sickle cell anemia, the hemoglobin 8 chain (a small portion of which is shown in
Figure 6.4.5) has a single amino acid substitution, causing a change in protein structure and function. Specifically, the amino acid
glutamic acid is substituted by valine in the 3 chain. What is most remarkable to consider is that a hemoglobin molecule is made
up of two alpha chains and two beta chains that each consist of about 150 amino acids. The molecule, therefore, has about 600
amino acids. The structural difference between a normal hemoglobin molecule and a sickle cell molecule—which dramatically
decreases life expectancy—is a single amino acid of the 680. What is even more remarkable is that those 600 amino acids are
encoded by three nucleotides each, and the mutation is caused by a single base change (point mutation), 1in 1800 bases.

H H O
‘ |l
threonine — proline—N —C — O — lys
|
CH, O
I ]
CH, —C — OH
. . Normal
glutamic acid hemoglobin
Amino acid
T T ﬁ substitution
threonine — proling — N —C — O —lys
| Y
H,C — CH—CHj,
Vahﬂe SIC](|E CE“
hemoglobin

Figure 6.4.5: The beta chain of hemoglobin is 147 residues in length, yet a single amino acid substitution leads to sickle cell anemia. In normal
hemoglobin, the amino acid at position seven is glutamate. In sickle cell hemoglobin, this glutamate is replaced by a valine.

Because of this change of one amino acid in the chain, hemoglobin molecules form long fibers that distort the biconcave, or
disc-shaped, red blood cells and assume a crescent or “sickle” shape, which clogs arteries (Figure 6.4.6). This can lead to myriad
serious health problems such as breathlessness, dizziness, headaches, and abdominal pain for those affected by this disease.

Figure 6.4.6: In this blood smear, visualized at 535x magnification using bright field microscopy, sickle cells are crescent shaped, while normal
cells are disc-shaped. (credit: modification of work by Ed Uthman; scale-bar data from Matt Russell)
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Secondary Structure

The local folding of the polypeptide in some regions gives rise to the secondary structure of the protein. The most common are
the a-helix and B-pleated sheet structures (Figure 6.4.7). Both structures are the a-helix structure—the helix held in shape by
hydrogen bonds. The hydrogen bonds form between the oxygen atom in the carbonyl group in one amino acid and another amino
acid that is four amino acids farther along the chain.

Secondary Protein Structure
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Figure 6.4.7: The a-helix and 3-pleated sheet are secondary structures of proteins that form because of hydrogen bonding between carbonyl
and amino groups in the peptide backbone. Certain amino acids have a propensity to form an a-helix, while others have a propensity to form a
B-pleated sheet.

Every helical turn in an alpha helix has 3.6 amino acid residues. The R groups (the variant groups) of the polypeptide protrude out
from the a-helix chain. In the 3-pleated sheet, the “pleats” are formed by hydrogen bonding between atoms on the backbone of
the polypeptide chain. The R groups are attached to the carbons and extend above and below the folds of the pleat. The pleated
segments align parallel or antiparallel to each other, and hydrogen bonds form between the partially positive nitrogen atom in the
amino group and the partially negative oxygen atom in the carbonyl group of the peptide backbone. The a-helix and B-pleated
sheet structures are found in most globular and fibrous proteins and they play an important structural role.

Tertiary Structure

The unique three-dimensional structure of a polypeptide is its tertiary structure (Figure 6.4.8). This structure is in part due to
chemical interactions at work on the polypeptide chain. Primarily, the interactions among R groups creates the complex three-
dimensional tertiary structure of a protein. The nature of the R groups found in the amino acids involved can counteract the
formation of the hydrogen bonds described for standard secondary structures. For example, R groups with like charges are
repelled by each other and those with unlike charges are attracted to each other (ionic bonds). When protein folding takes place,
the hydrophobic R groups of nonpolar amino acids lay in the interior of the protein, whereas the hydrophilic R groups lay on the
outside. The former types of interactions are also known as hydrophobic interactions. Interaction between cysteine side chains
forms disulfide linkages in the presence of oxygen, the only covalent bond forming during protein folding.
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Figure 6.4.8: The tertiary structure of proteins is determined by a variety of chemical interactions. These include hydrophobic interactions, ionic
bonding, hydrogen bonding and disulfide linkages.

All of these interactions, weak and strong, determine the final three-dimensional shape of the protein. When a protein loses its
three-dimensional shape, it may no longer be functional.

Quaternary Structure

In nature, some proteins are formed from several polypeptides, also known as subunits, and the interaction of these subunits
forms the quaternary structure. Weak interactions between the subunits help to stabilize the overall structure. For example, insulin
(a globular protein) has a combination of hydrogen bonds and disulfide bonds that cause it to be mostly clumped into a ball shape.
Insulin starts out as a single polypeptide and loses some internal sequences in the presence of post-translational modification
after the formation of the disulfide linkages that hold the remaining chains together. Silk (a fibrous protein), however, has a
B-pleated sheet structure that is the result of hydrogen bonding between different chains.

The four levels of protein structure (primary, secondary, tertiary, and quaternary) are illustrated in Figure 6.4.9.

Amino acids
Primary Protein structure
sequence of a chain of
animo acids

Pleated sheet —— Alpha helix —= Secondary Protein structure
\ hydrogen bonding of the peptide
backbone causes the amino
acids to fold into a repeating
‘ sﬁ pattern

Pleated sheet Tertiary protein structure
three-dimensional folding
pattern of a protein due to side
chain interactions

Alpha helix

Quaternary protein structure
protein consisting of more
than one amino acid chain

Figure 6.4.9: The four levels of protein structure can be observed in these illustrations. (credit: modification of work by National Human
Genome Research Institute)

©@® 118 (6.4.7)



LibreTexts"

Denaturation and Protein Folding

Each protein has its own unique sequence and shape that are held together by chemical interactions. If the protein is subject
to changes in temperature, pH, or exposure to chemicals, the protein structure may change, losing its shape without losing
its primary sequence in what is known as denaturation. Denaturation is often reversible because the primary structure of
the polypeptide is conserved in the process if the denaturing agent is removed, allowing the protein to resume its function.
Sometimes denaturation is irreversible, leading to loss of function. One example of irreversible protein denaturation is when an
egg is fried. The albumin protein in the liquid egg white is denatured when placed in a hot pan. Not all proteins are denatured at
high temperatures; for instance, bacteria that survive in hot springs have proteins that function at temperatures close to boiling.
The stomach is also very acidic, has a low pH, and denatures proteins as part of the digestion process; however, the digestive
enzymes of the stomach retain their activity under these conditions.

Protein folding is critical to its function. It was originally thought that the proteins themselves were responsible for the folding
process. Only recently was it found that often they receive assistance in the folding process from protein helpers known as
chaperones (or chaperonins) that associate with the target protein during the folding process. They act by preventing aggregation
of polypeptides that make up the complete protein structure, and they disassociate from the protein once the target protein is
folded.

Summary

Proteins are a class of macromolecules that perform a diverse range of functions for the cell. They help in metabolism by
providing structural support and by acting as enzymes, carriers, or hormones. The building blocks of proteins (monomers) are
amino acids. Each amino acid has a central carbon that is linked to an amino group, a carboxyl group, a hydrogen atom, and an
R group or side chain. There are 20 commonly occurring amino acids, each of which differs in the R group. Each amino acid is
linked to its neighbors by a peptide bond. A long chain of amino acids is known as a polypeptide.

Proteins are organized at four levels: primary, secondary, tertiary, and (optional) quaternary. The primary structure is the
unique sequence of amino acids. The local folding of the polypeptide to form structures such as the a helix and B-pleated
sheet constitutes the secondary structure. The overall three-dimensional structure is the tertiary structure. When two or more
polypeptides combine to form the complete protein structure, the configuration is known as the quaternary structure of a protein.
Protein shape and function are intricately linked; any change in shape caused by changes in temperature or pH may lead to
protein denaturation and a loss in function.

Art Connections

Figure 6.4.2: Which categories of amino acid would you expect to find on the surface of a soluble protein, and which would
you expect to find in the interior? What distribution of amino acids would you expect to find in a protein embedded in a lipid
bilayer?

Answer

Polar and charged amino acid residues (the remainder after peptide bond formation) are more likely to be
found on the surface of soluble proteins where they can interact with water, and nonpolar (e.g., amino acid side
chains) are more likely to be found in the interior where they are sequestered from water. In membrane proteins,
nonpolar and hydrophobic amino acid side chains associate with the hydrophobic tails of phospholipids, while
polar and charged amino acid side chains interact with the polar head groups or with the aqueous solution.
However, there are exceptions. Sometimes, positively and negatively charged amino acid side chains interact
with one another in the interior of a protein, and polar or charged amino acid side chains that interact with a
ligand can be found in the ligand binding pocket.

Glossary

alpha-helix structure (a-helix)
type of secondary structure of proteins formed by folding of the polypeptide into a helix shape with hydrogen bonds
stabilizing the structure
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amino acid
monomer of a protein; has a central carbon or alpha carbon to which an amino group, a carboxyl group, a hydrogen,
and an R group or side chain is attached; the R group is different for all 20 amino acids

beta-pleated sheet (B-pleated)
secondary structure found in proteins in which “pleats” are formed by hydrogen bonding between atoms on the
backbone of the polypeptide chain

chaperone
(also, chaperonin) protein that helps nascent protein in the folding process

denaturation
loss of shape in a protein as a result of changes in temperature, pH, or exposure to chemicals

enzyme
catalyst in a biochemical reaction that is usually a complex or conjugated protein

hormone
chemical signaling molecule, usually protein or steroid, secreted by endocrine cells that act to control or regulate
specific physiological processes

peptide bond
bond formed between two amino acids by a dehydration reaction

polypeptide
long chain of amino acids linked by peptide bonds

primary structure
linear sequence of amino acids in a protein

protein
biological macromolecule composed of one or more chains of amino acids

quaternary structure
association of discrete polypeptide subunits in a protein

secondary structure
regular structure formed by proteins by intramolecular hydrogen bonding between the oxygen atom of one amino
acid residue and the hydrogen attached to the nitrogen atom of another amino acid residue

tertiary structure
three-dimensional conformation of a protein, including interactions between secondary structural elements;
formed from interactions between amino acid side chains

This page titled 6.4: Proteins is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by OpenStax.

3.4: Proteins by OpenStax is licensed CC BY 4.0.
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6.5: Nucleic Acids

Skills to Develop

e Describe the structure of nucleic acids and define the two types of nucleic acids
e Explain the structure and role of DNA
e Explain the structure and roles of RNA

Nucleic acids are the most important macromolecules for the continuity of life. They carry the genetic blueprint of a cell and carry
instructions for the functioning of the cell.

DNA and RNA

The two main types of nucleic acids are deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). DNA is the genetic material
found in all living organismes, ranging from single-celled bacteria to multicellular mammals. It is found in the nucleus of eukaryotes
and in the organelles, chloroplasts, and mitochondria. In prokaryotes, the DNA is not enclosed in a membranous envelope.

The entire genetic content of a cell is known as its genome, and the study of genomes is genomics. In eukaryotic cells but
not in prokaryotes, DNA forms a complex with histone proteins to form chromatin, the substance of eukaryotic chromosomes. A
chromosome may contain tens of thousands of genes. Many genes contain the information to make protein products; other genes
code for RNA products. DNA controls all of the cellular activities by turning the genes “on” or “off.”

The other type of nucleic acid, RNA, is mostly involved in protein synthesis. The DNA molecules never leave the nucleus but
instead use an intermediary to communicate with the rest of the cell. This intermediary is the messenger RNA (mRNA). Other
types of RNA—Llike rRNA, tRNA, and microRNA—are involved in protein synthesis and its regulation.

DNA and RNA are made up of monomers known as nucleotides. The nucleotides combine with each other to form a
polynucleotide, DNA or RNA. Each nucleotide is made up of three components: a nitrogenous base, a pentose (five-carbon) sugar,
and a phosphate group (Figure 6.5.1). Each nitrogenous base in a nucleotide is attached to a sugar molecule, which is attached
to one or more phosphate groups.
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Figure 6.5.1: A nucleotide is made up of three components: a nitrogenous base, a pentose sugar, and one or more phosphate groups. Carbon
residues in the pentose are numbered 1' through 5’ (the prime distinguishes these residues from those in the base, which are numbered
without using a prime notation). The base is attached to the 1’ position of the ribose, and the phosphate is attached to the 5' position. When a
polynucleotide is formed, the 5’ phosphate of the incoming nucleotide attaches to the 3' hydroxyl group at the end of the growing chain. Two
types of pentose are found in nucleotides, deoxyribose (found in DNA) and ribose (found in RNA). Deoxyribose is similar in structure to ribose,
but it has an H instead of an OH at the 2’ position. Bases can be divided into two categories: purines and pyrimidines. Purines have a double
ring structure, and pyrimidines have a single ring.

The nitrogenous bases, important components of nucleotides, are organic molecules and are so named because they contain
carbon and nitrogen. They are bases because they contain an amino group that has the potential of binding an extra hydrogen,
and thus, decreases the hydrogen ion concentration in its environment, making it more basic. Each nucleotide in DNA contains
one of four possible nitrogenous bases: adenine (A), guanine (G) cytosine (C), and thymine (T).

Adenine and guanine are classified as purines. The primary structure of a purine is two carbon-nitrogen rings. Cytosine, thymine,
and uracil are classified as pyrimidines which have a single carbon-nitrogen ring as their primary structure (Figure 6.5.1). Each of
these basic carbon-nitrogen rings has different functional groups attached to it. In molecular biology shorthand, the nitrogenous
bases are simply known by their symbols A, T, G, C, and U. DNA contains A, T, G, and C whereas RNA contains A, U, G, and C.

The pentose sugar in DNA is deoxyribose, and in RNA, the sugar is ribose (Figure 6.5.1). The difference between the sugars is
the presence of the hydroxyl group on the second carbon of the ribose and hydrogen on the second carbon of the deoxyribose.
The carbon atoms of the sugar molecule are numbered as 1, 2/, 3', 4, and 5' (1" is read as “one prime”). The phosphate residue
is attached to the hydroxyl group of the 5' carbon of one sugar and the hydroxyl group of the 3' carbon of the sugar of the next
nucleotide, which forms a 5'-3' phosphodiester linkage. The phosphodiester linkage is not formed by simple dehydration reaction
like the other linkages connecting monomers in macromolecules: its formation involves the removal of two phosphate groups. A
polynucleotide may have thousands of such phosphodiester linkages.

DNA Double-Helix Structure

DNA has a double-helix structure (Figure 6.5.2). The sugar and phosphate lie on the outside of the helix, forming the backbone
of the DNA. The nitrogenous bases are stacked in the interior, like the steps of a staircase, in pairs; the pairs are bound to each
other by hydrogen bonds. Every base pair in the double helivx is separated from the next base pair by 8.34 nm. The two strands
of the helix run in opposite directions, meaning that the 5’ carbon end of one strand will face the 3' carbon end of its matching
strand. (This is referred to as antiparallel orientation and is important to DNA replication and in many nucleic acid interactions.)
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Figure 6.5.2: Native DNA is an antiparallel double helix. The phosphate backbone (indicated by the curvy lines) is on the outside, and the bases
are on the inside. Each base from one strand interacts via hydrogen bonding with a base from the opposing strand. (credit: Jerome Walker/
Dennis Myts)

Only certain types of base pairing are allowed. For example, a certain purine can only pair with a certain pyrimidine. This means A
can pair with T, and G can pair with C, as shown in Figure 6.5.3. This is known as the base complementary rule. In other words, the
DNA strands are complementary to each other. If the sequence of one strand is AATTGGCC, the complementary strand would have
the sequence TTAACCGG. During DNA replication, each strand is copied, resulting in a daughter DNA double helix containing one
parental DNA strand and a newly synthesized strand.

Art Connection
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Figure 6.5.3: In a double stranded DNA molecule, the two strands run antiparallel to one another so that one strand runs 5’ to 3' and the
other 3' to 5'. The phosphate backbone is located on the outside, and the bases are in the middle. Adenine forms hydrogen bonds (or
base pairs) with thymine, and guanine base pairs with cytosine.

A mutation occurs, and cytosine is replaced with adenine. What impact do you think this will have on the DNA structure?
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RNA

Ribonucleic acid, or RNA, is mainly involved in the process of protein synthesis under the direction of DNA. RNA is usually single-
stranded and is made of ribonucleotides that are linked by phosphodiester bonds. A ribonucleotide in the RNA chain contains
ribose (the pentose sugar), one of the four nitrogenous bases (A, U, G, and C), and the phosphate group.

There are four major types of RNA: messenger RNA (mRNA), ribosomal RNA (rRNA), transfer RNA (tRNA), and microRNA (miRNA).
The first, mRNA, carries the message from DNA, which controls all of the cellular activities in a cell. If a cell requires a certain
protein to be synthesized, the gene for this product is turned “on” and the messenger RNA is synthesized in the nucleus. The RNA
base sequence is complementary to the coding sequence of the DNA from which it has been copied. However, in RNA, the base
T is absent and U is present instead. If the DNA strand has a sequence AATTGCGC, the sequence of the complementary RNA is
UUAACGCG. In the cytoplasm, the mRNA interacts with ribosomes and other cellular machinery (Figure 6.5.4).

Growing peptide
chain

Ribosome large TR

subunit

MRNA

31‘
Ribosome small
subunit

Figure 6.5.4: A ribosome has two parts: a large subunit and a small subunit. The mRNA sits in between the two subunits. A tRNA molecule
recognizes a codon on the mRNA, binds to it by complementary base pairing, and adds the correct amino acid to the growing peptide chain.

The mRNA is read in sets of three bases known as codons. Each codon codes for a single amino acid. In this way, the mRNA is
read and the protein product is made. Ribosomal RNA (rRNA) is a major constituent of ribosomes on which the mRNA binds. The
rRNA ensures the proper alignment of the mRNA and the ribosomes; the rRNA of the ribosome also has an enzymatic activity
(peptidyl transferase) and catalyzes the formation of the peptide bonds between two aligned amino acids. Transfer RNA (tRNA)
is one of the smallest of the four types of RNA, usually 70-90 nucleotides long. It carries the correct amino acid to the site of
protein synthesis. It is the base pairing between the tRNA and mRNA that allows for the correct amino acid to be inserted in
the polypeptide chain. microRNAs are the smallest RNA molecules and their role involves the regulation of gene expression by
interfering with the expression of certain mMRNA messages. Table 6.5.1 below summarizes features of DNA and RNA.

Table 6.5.1: Features of DNA and RNA.

DNA RNA
Function Carries genetic information Involved in protein synthesis
Location Remains in the nucleus Leaves the nucleus
Structure Double helix Usually single-stranded
Sugar Deoxyribose Ribose
Pyrimidines Cytosine, thymine Cytosine, uracil
Purines Adenine, guanine Adenine, guanine

Even though the RNA is single stranded, most RNA types show extensive intramolecular base pairing between complementary
sequences, creating a predictable three-dimensional structure essential for their function.
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As you have learned, information flow in an organism takes place from DNA to RNA to protein. DNA dictates the structure of
mRNA in a process known as transcription, and RNA dictates the structure of protein in a process known as translation. This is
known as the Central Dogma of Life, which holds true for all organisms; however, exceptions to the rule occur in connection with
viral infections.

Link to Learning
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To learn more about DNA, explore the Howard Hughes Medical Institute Biolnteractive animations on the topic of DNA.

Summary

Nucleic acids are molecules made up of nucleotides that direct cellular activities such as cell division and protein synthesis.
Each nucleotide is made up of a pentose sugar, a nitrogenous base, and a phosphate group. There are two types of nucleic
acids: DNA and RNA. DNA carries the genetic blueprint of the cell and is passed on from parents to offspring (in the form of
chromosomes). It has a double-helical structure with the two strands running in opposite directions, connected by hydrogen
bonds, and complementary to each other. RNA is single-stranded and is made of a pentose sugar (ribose), a nitrogenous base,
and a phosphate group. RNA is involved in protein synthesis and its regulation. Messenger RNA (mRNA) is copied from the DNA,
is exported from the nucleus to the cytoplasm, and contains information for the construction of proteins. Ribosomal RNA (rRNA) is
a part of the ribosomes at the site of protein synthesis, whereas transfer RNA (tRNA) carries the amino acid to the site of protein
synthesis. microRNA regulates the use of mMRNA for protein synthesis.

Art Connections

Figure 6.5.3: A mutation occurs, and cytosine is replaced with adenine. What impact do you think this will have on the DNA
structure?

Answer
Adenine is larger than cytosine and will not be able to base pair properly with the guanine on the opposing

strand. This will cause the DNA to bulge. DNA repair enzymes may recognize the bulge and replace the incorrect
nucleotide.
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Glossary

deoxyribonucleic acid (DNA)
double-helical molecule that carries the hereditary information of the cell

messenger RNA (mRNA)
RNA that carries information from DNA to ribosomes during protein synthesis

nucleic acid
biological macromolecule that carries the genetic blueprint of a cell and carries instructions for the functioning of
the cell

nucleotide
monomer of nucleic acids; contains a pentose sugar, one or more phosphate groups, and a nitrogenous base

phosphodiester
linkage covalent chemical bond that holds together the polynucleotide chains with a phosphate group linking two
pentose sugars of neighboring nucleotides

polynucleotide
long chain of nucleotides

purine
type of nitrogenous base in DNA and RNA; adenine and guanine are purines

pyrimidine
type of nitrogenous base in DNA and RNA; cytosine, thymine, and uracil are pyrimidines

ribonucleic acid (RNA)
single-stranded, often internally base paired, molecule that is involved in protein synthesis

ribosomal RNA (rRNA)
RNA that ensures the proper alignment of the mRNA and the ribosomes during protein synthesis and catalyzes the
formation of the peptide linkage

transcription
process through which messenger RNA forms on a template of DNA

transfer RNA (tRNA)
RNA that carries activated amino acids to the site of protein synthesis on the ribosome

translation
process through which RNA directs the formation of protein

This page titled 6.5: Nucleic Acids is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by OpenStax.

3.5: Nucleic Acids by OpenStax is licensed CC BY 4.0.
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6.E: Biological Macromolecules (Exercises)

3.1: Synthesis of Biological Macromolecules

Review Questions
Dehydration synthesis leads to formation of

monomers
polymers

water and polymers
none of the above

S0 wp

Answer available at the end of this section.

During the breakdown of polymers, which of the following reactions takes place?

hydrolysis
dehydration
condensation
covalent bond

oowp

Answer available at the end of this section.

Free Response
Why are biological macromolecules considered organic?

Answer available at the end of this section.

What role do electrons play in dehydration synthesis and hydrolysis?

Answer available at the end of this section.

3.2: Carbohydrates

Review Questions

An example of a monosaccharide is

fructose
glucose
galactose

all of the above

OSowp

Answer available at the end of this section.
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Cellulose and starch are examples of:

A. monosaccharides
B. disaccharides

C. lipids

D. polysaccharides

Answer available at the end of this section.

Plant cell walls contain which of the following in abundance?

starch
cellulose
glycogen
lactose

oowp

Answer available at the end of this section.

Lactose is a disaccharide formed by the formation of a

glycosidic; lactose
glycosidic; galactose
hydrogen; sucrose
hydrogen; fructose

O wmp

Answer available at the end of this section.

Free Response

Answer available at the end of this section.

Why is it impossible for humans to digest food that contains cellulose?

Answer available at the end of this section.

3.3: Lipids

Review Questions

Saturated fats have all of the following characteristics except:

they are solid at room temperature

they have single bonds within the carbon chain
they are usually obtained from animal sources
they tend to dissolve in water easily

oowp

Answer available at the end of this section.

Phospholipids are important components of
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the plasma membrane of animal cells
the ring structure of steroids

the waxy covering on leaves

the double bond in hydrocarbon chains

Ccow>

Answer available at the end of this section.

Free Response
Explain at least three functions that lipids serve in plants and/or animals.

Answer available at the end of this section.

Why have trans fats been banned from some restaurants? How are they created?

Answer available at the end of this section.

3.4: Proteins

Review Questions
The monomers that make up proteins are called ________.

nucleotides
disaccharides
amino acids
chaperones

oowp

Answer available at the end of this section.

The a helix and the -pleated sheet are part of which protein structure?

A. primary
B. secondary
C. tertiary
D. quaternary

Answer available at the end of this section.

Free Response
Explain what happens if even one amino acid is substituted for another in a polypeptide chain. Provide a specific example.

Answer available at the end of this section.

Describe the differences in the four protein structures.

Answer available at the end of this section.
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3.5: Nucleic Acids

Review Questions

A nucleotide of DNA may contain __

ribose, uracil, and a phosphate group
deoxyribose, uracil, and a phosphate group
deoxyribose, thymine, and a phosphate group
ribose, thymine, and a phosphate group

oowp

Answer available at the end of this section.

The building blocks of nucleic acids are ________ .

sugars
nitrogenous bases
peptides
nucleotides

OSowp

Answer available at the end of this section.

Free Response
What are the structural differences between RNA and DNA?

Answer available at the end of this section.

What are the four types of RNA and how do they function?

Answer available at the end of this section.

Answers
C
A
Biological macromolecules are organic because they contain carbon.

In a dehydration synthesis reaction, the hydrogen of one monomer combines with the hydroxyl group of another monomer, releasing a molecule of water. This
creates an opening in the outer shells of atoms in the monomers, which can share electrons and form covalent bonds.

D
D
B
B

Glycogen and starch are polysaccharides. They are the storage form of glucose. Glycogen is stored in animals in the liver and in muscle cells, whereas starch is
stored in the roots, seeds, and leaves of plants. Starch has two different forms, one unbranched (amylose) and one branched (amylopectin), whereas glycogen is a
single type of a highly branched molecule.

The B 1-4 glycosidic linkage in cellulose cannot be broken down by human digestive enzymes. Herbivores such as cows, buffalos, and horses are able to digest
grass that is rich in cellulose and use it as a food source because bacteria and protists in their digestive systems, especially in the rumen, secrete the enzyme
cellulase. Cellulases can break down cellulose into glucose monomers that can be used as an energy source by the animal.

D
A

Fat serves as a valuable way for animals to store energy. It can also provide insulation. Waxes can protect plant leaves and mammalian fur from getting wet.
Phospholipids and steroids are important components of animal cell membranes, as well as plant, fungal, and bacterial membranes.
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Trans fats are created artificially when hydrogen gas is bubbled through oils to solidify them. The double bonds of the cis conformation in the hydrocarbon chain
may be converted to double bonds in the trans configuration. Some restaurants are banning trans fats because they cause higher levels of LDL, or “bad” cholesterol.

C
B

A change in gene sequence can lead to a different amino acid being added to a polypeptide chain instead of the normal one. This causes a change in protein
structure and function. For example, in sickle cell anemia, the hemoglobin B chain has a single amino acid substitution—the amino acid glutamic acid in position
six is substituted by valine. Because of this change, hemoglobin molecules form aggregates, and the disc-shaped red blood cells assume a crescent shape, which
results in serious health problems.

The sequence and number of amino acids in a polypeptide chain is its primary structure. The local folding of the polypeptide in some regions is the secondary
structure of the protein. The three-dimensional structure of a polypeptide is known as its tertiary structure, created in part by chemical interactions such as
hydrogen bonds between polar side chains, van der Waals interactions, disulfide linkages, and hydrophobic interactions. Some proteins are formed from multiple
polypeptides, also known as subunits, and the interaction of these subunits forms the quaternary structure.

C
D

DNA has a double-helix structure. The sugar and the phosphate are on the outside of the helix and the nitrogenous bases are in the interior. The monomers of DNA
are nucleotides containing deoxyribose, one of the four nitrogenous bases (A, T, G and C), and a phosphate group. RNA is usually single-stranded and is made of
ribonucleotides that are linked by phosphodiester linkages. A ribonucleotide contains ribose (the pentose sugar), one of the four nitrogenous bases (AU, G, and
C), and the phosphate group.

The four types of RNA are messenger RNA, ribosomal RNA, transfer RNA, and microRNA. Messenger RNA carries the information from the DNA that controls all
cellular activities. The mRNA binds to the ribosomes that are constructed of proteins and rRNA, and tRNA transfers the correct amino acid to the site of protein
synthesis. microRNA regulates the availability of mRNA for translation.

This page titled 6.E: Biological Macromolecules (Exercises) is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by
OpensStax.

e 3.E: Biological Macromolecules (Exercises) by OpenStax is licensed CC BY 4.0.
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7: CELL STRUCTURE AND FUNCTION

7.1: How Cells Are Studied

7.2: Comparing Prokaryotic and Eukaryotic Cells
7.3: Eukaryotic Cells

7.4: The Cell Membrane

7.5: Passive Transport

7.6: Active Transport

This page titled 7: Cell Structure and Function is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by OpenStax.

e 3: Cell Structure and Function by OpenStax is licensed CC BY 4.0.
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7.1: How Cells Are Studied

A cell is the smallest unit of a living thing. A living thing, like you, is called an organism. Thus, cells are the basic building blocks
of all organisms.

In multicellular organisms, several cells of one particular kind interconnect with each other and perform shared functions to form
tissues (for example, muscle tissue, connective tissue, and nervous tissue), several tissues combine to form an organ (for example,
stomach, heart, or brain), and several organs make up an organ system (such as the digestive system, circulatory system, or
nervous system). Several systems functioning together form an organism (such as an elephant, for example).

There are many types of cells, and all are grouped into one of two broad categories: prokaryotic and eukaryotic. Animal cells, plant
cells, fungal cells, and protist cells are classified as eukaryotic, whereas bacteria and archaea cells are classified as prokaryotic.
Before discussing the criteria for determining whether a cell is prokaryotic or eukaryotic, let us first examine how biologists study
cells.

Microscopy

Cells vary in size. With few exceptions, individual cells are too small to be seen with the naked eye, so scientists use microscopes
to study them. A microscope is an instrument that magnifies an object. Most images of cells are taken with a microscope and are
called micrographs.

Light Microscopes

To give you a sense of the size of a cell, a typical human red blood cell is about eight millionths of a meter or eight micrometers
(abbreviated as um) in diameter; the head of a pin is about two thousandths of a meter (millimeters, or mm) in diameter. That
means that approximately 250 red blood cells could fit on the head of a pin.

The optics of the lenses of a light microscope changes the orientation of the image. A specimen that is right-side up and
facing right on the microscope slide will appear upside-down and facing left when viewed through a microscope, and vice versa.
Similarly, if the slide is moved left while looking through the microscope, it will appear to move right, and if moved down, it will
seem to move up. This occurs because microscopes use two sets of lenses to magnify the image. Due to the manner in which
light travels through the lenses, this system of lenses produces an inverted image (binoculars and a dissecting microscope work
in a similar manner, but include an additional magnification system that makes the final image appear to be upright).

Most student microscopes are classified as light microscopes (Figure 7.1.1a). Visible light both passes through and is bent by the
lens system to enable the user to see the specimen. Light microscopes are advantageous for viewing living organisms, but since
individual cells are generally transparent, their components are not distinguishable unless they are colored with special stains.
Staining, however, usually kills the cells.

Light microscopes commonly used in the undergraduate college laboratory magnify up to approximately 400 times. Two
parameters that are important in microscopy are magnification and resolving power. Magnification is the degree of enlargement
of an object. Resolving power is the ability of a microscope to allow the eye to distinguish two adjacent structures as separate; the
higher the resolution, the closer those two objects can be, and the better the clarity and detail of the image. When oil immersion
lenses are used, magnification is usually increased to 1,000 times for the study of smaller cells, like most prokaryotic cells.
Because light entering a specimen from below is focused onto the eye of an observer, the specimen can be viewed using light
microscopy. For this reason, for light to pass through a specimen, the sample must be thin or translucent.
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CONCEPT IN ACTION

For another perspective on cell size, try the HowBig interactive.

A second type of microscope used in laboratories is the dissecting microscope (Figure 7.1.1b). These microscopes have a lower
magnification (20 to 80 times the object size) than light microscopes and can provide a three-dimensional view of the specimen.
Thick objects can be examined with many components in focus at the same time. These microscopes are designed to give a
magnified and clear view of tissue structure as well as the anatomy of the whole organism. Like light microscopes, most modern
dissecting microscopes are also binocular, meaning that they have two separate lens systems, one for each eye. The lens systems
are separated by a certain distance, and therefore provide a sense of depth in the view of their subject to make manipulations
by hand easier. Dissecting microscopes also have optics that correct the image so that it appears as if being seen by the naked
eye and not as an inverted image. The light illuminating a sample under a dissecting microscope typically comes from above the

sample, but may also be directed from below.
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Figure 7.1.1: (a) Most light microscopes used in a college biology lab can magnify cells up to approximately 480 times. (b) Dissecting
microscopes have a lower magnification than light microscopes and are used to examine larger objects, such as tissues.
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Electron Microscopes

In contrast to light microscopes, electron microscopes use a beam of electrons instead of a beam of light. Not only does this
allow for higher magnification and, thus, more detail (Figure 7.1.2), it also provides higher resolving power. Preparation of a
specimen for viewing under an electron microscope will kill it; therefore, live cells cannot be viewed using this type of microscopy.
In addition, the electron beam moves best in a vacuum, making it impossible to view living materials.

In a scanning electron microscope, a beam of electrons moves back and forth across a cell’s surface, rendering the details of
cell surface characteristics by reflection. Cells and other structures are usually coated with a metal like gold. In a transmission
electron microscope, the electron beam is transmitted through the cell and provides details of a cell’s internal structures. As you
might imagine, electron microscopes are significantly more bulky and expensive than are light microscopes.

Figure 7.1.2: (a) Salmonella bacteria are viewed with a light microscope. (b) This scanning electron micrograph shows Salmonella bacteria (in
red) invading human cells. (credit a: modification of work by CDC, Armed Forces Institute of Pathology, Charles N. Farmer; credit b:
modification of work by Rocky Mountain Laboratories, NIAID, NIH; scale-bar data from Matt Russell)

CAREERS IN ACTION: Cytotechnologist

Have you ever heard of a medical test called a Pap smear (Figure 7.1.3)? In this test, a doctor takes a small sample of cells
from the uterine cervix of a patient and sends it to a medical lab where a cytotechnologist stains the cells and examines
them for any changes that could indicate cervical cancer or a microbial infection.

Cytotechnologists (cyto- = cell) are professionals who study cells through microscopic examinations and other laboratory
tests. They are trained to determine which cellular changes are within normal limits or are abnormal. Their focus is not limited
to cervical cells; they study cellular specimens that come from all organs. When they notice abnormalities, they consult a
pathologist, who is a medical doctor who can make a clinical diagnosis.

Cytotechnologists play vital roles in saving people’s lives. When abnormalities are discovered early, a patient’s treatment can
begin sooner, which usually increases the chances of successful treatment.
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Figure 7.1.3: These uterine cervix cells, viewed through a light microscope, were obtained from a Pap smear. Normal cells are on the left.
The cells on the right are infected with human papillomavirus. (credit: modification of work by Ed Uthman; scale-bar data from Matt
Russell)

Cell Theory

The microscopes we use today are far more complex than those used in the 1600s by Antony van Leeuwenhoek, a Dutch
shopkeeper who had great skill in crafting lenses. Despite the limitations of his now-ancient lenses, van Leeuwenhoek observed
the movements of protists (a type of single-celled organism) and sperm, which he collectively termed “animalcules.”

In a 1665 publication called Micrographia, experimental scientist Robert Hooke coined the term “cell” (from the Latin cella,
meaning “small room”) for the box-like structures he observed when viewing cork tissue through a lens. In the 1670s, van
Leeuwenhoek discovered bacteria and protozoa. Later advances in lenses and microscope construction enabled other scientists
to see different components inside cells.

By the late 1830s, botanist Matthias Schleiden and zoologist Theodor Schwann were studying tissues and proposed the unified
cell theory, which states that all living things are composed of one or more cells, that the cell is the basic unit of life, and that all
new cells arise from existing cells. These principles still stand today.

Section Summary

A cell is the smallest unit of life. Most cells are so small that they cannot be viewed with the naked eye. Therefore, scientists must
use microscopes to study cells. Electron microscopes provide higher magnification, higher resolution, and more detail than light
microscopes. The unified cell theory states that all organisms are composed of one or more cells, the cell is the basic unit of life,
and new cells arise from existing cells.

Glossary

microscope
the instrument that magnifies an object

unified cell theory
the biological concept that states that all organisms are composed of one or more cells, the cell is the basic unit
of life, and new cells arise from existing cells

©@® 136 (7.1.4)



LibreTextS“'

Contributors and Attributions

e Samantha Fowler (Clayton State University), Rebecca Roush (Sandhills Community College), James Wise (Hampton
University). Original content by OpenStax (CC BY 4.0;Access for free at https:/cnx.org/contents/
b3c1e1d2-83...4-e119a8aafbdd).

This page titled 7.1: How Cells Are Studied is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by OpenStax.

e 3.1: How Cells Are Studied by OpenStax is licensed CC BY 4.0.

©® 137 (7.1.5)


https://cnx.org/contents/b3c1e1d2-839c-42b0-a314-e119a8aafbdd
https://cnx.org/contents/b3c1e1d2-839c-42b0-a314-e119a8aafbdd
https://bio.libretexts.org/Courses/Cuyahoga_Community_College/Bio_1110%3A_Biological_Fundamentals/07%3A_Cell_Structure_and_Function/7.01%3A_How_Cells_Are_Studied
https://creativecommons.org/licenses/by/4.0/
https://openstax.org/
https://bio.libretexts.org/Bookshelves/Introductory_and_General_Biology/Concepts_in_Biology_(OpenStax)/03%3A_Cell_Structure_and_Function/3.01%3A_How_Cells_Are_Studied
https://openstax.org/
https://creativecommons.org/licenses/by/4.0/

LibreTextS“'

7.2: Comparing Prokaryotic and Eukaryotic Cells

Cells fall into one of two broad categories: prokaryotic and eukaryotic. The predominantly single-celled organisms of the domains
Bacteria and Archaea are classified as prokaryotes (pro- = before; -karyon- = nucleus). Animal cells, plant cells, fungi, and protists
are eukaryotes (eu- = true).

Components of Prokaryotic Cells

All cells share four common components: 1) a plasma membrane, an outer covering that separates the cell's interior from its
surrounding environment; 2) cytoplasm, consisting of a jelly-like region within the cell in which other cellular components are
found; 3) DNA, the genetic material of the cell; and 4) ribosomes, particles that synthesize proteins. However, prokaryotes differ
from eukaryotic cells in several ways.

A prokaryotic cell is a simple, single-celled (unicellular) organism that lacks a nucleus, or any other membrane-bound organelle.
We will shortly come to see that this is significantly different in eukaryotes. Prokaryotic DNA is found in the central part of the
cell: a darkened region called the nucleoid (Figure 7.2.1).

Pili

Capsule
Cell wall

Cell
membrane

Flagellum

Ribosome

Chromosome Nucleoid region
(DNA)

Figure 7.2.1: This figure shows the generalized structure of a prokaryotic cell.

Unlike Archaea and eukaryotes, bacteria have a cell wall made of peptidoglycan, comprised of sugars and amino acids, and
many have a polysaccharide capsule (Figure 7.2.1). The cell wall acts as an extra layer of protection, helps the cell maintain its
shape, and prevents dehydration. The capsule enables the cell to attach to surfaces in its environment. Some prokaryotes have
flagella, pili, or fimbriae. Flagella are used for locomotion, while most pili are used to exchange genetic material during a type of
reproduction called conjugation.

Eukaryotic Cells

In nature, the relationship between form and function is apparent at all levels, including the level of the cell, and this will become
clear as we explore eukaryotic cells. The principle “form follows function” is found in many contexts. For example, birds and fish
have streamlined bodies that allow them to move quickly through the medium in which they live, be it air or water. It means that,
in general, one can deduce the function of a structure by looking at its form, because the two are matched.

A eukaryotic cell is a cell that has a membrane-bound nucleus and other membrane-bound compartments or sacs, called
organelles, which have specialized functions. The word eukaryotic means “true kernel” or “true nucleus,” alluding to the presence
of the membrane-bound nucleus in these cells. The word “organelle” means “little organ,” and, as already mentioned, organelles
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have specialized cellular functions, just as the organs of your body have specialized functions.

Cell Size

At 0.1-5.0 um in diameter, prokaryotic cells are significantly smaller than eukaryotic cells, which have diameters ranging from
10-100 um (Figure 7.2.2). The small size of prokaryotes allows ions and organic molecules that enter them to quickly spread to
other parts of the cell. Similarly, any wastes produced within a prokaryotic cell can quickly move out. However, larger eukaryotic
cells have evolved different structural adaptations to enhance cellular transport. Indeed, the large size of these cells would not be
possible without these adaptations. In general, cell size is limited because volume increases much more quickly than does cell
surface area. As a cell becomes larger, it becomes more and more difficult for the cell to acquire sufficient materials to support
the processes inside the cell, because the relative size of the surface area across which materials must be transported declines.
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Figure 7.2.2: This figure shows the relative sizes of different kinds of cells and cellular components. An adult human is shown for comparison.

Section Summary

Prokaryotes are predominantly single-celled organisms of the domains Bacteria and Archaea. All prokaryotes have plasma
membranes, cytoplasm, ribosomes, a cell wall, DNA, and lack membrane-bound organelles. Many also have polysaccharide
capsules. Prokaryotic cells range in diameter from 0.1-5.0 um.

Like a prokaryotic cell, a eukaryotic cell has a plasma membrane, cytoplasm, and ribosomes, but a eukaryotic cell is typically larger
than a prokaryotic cell, has a true nucleus (meaning its DNA is surrounded by a membrane), and has other membrane-bound
organelles that allow for compartmentalization of functions. Eukaryotic cells tend to be 10 to 100 times the size of prokaryotic
cells.

Glossary

eukaryotic cell
a cell that has a membrane-bound nucleus and several other membrane-bound compartments or sacs

organelle
a membrane-bound compartment or sac within a cell

prokaryotic cell
a unicellular organism that lacks a nucleus or any other membrane-bound organelle
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7.3: Eukaryotic Cells

At this point, it should be clear that eukaryotic cells have a more complex structure than do prokaryotic cells. Organelles allow for
various functions to occur in the cell at the same time. Before discussing the functions of organelles within a eukaryotic cell, let
us first examine two important components of the cell: the plasma membrane and the cytoplasm.
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Figure 7.3.1: This figure shows (a) a typical animal cell and (b) a typical plant cell.

What structures does a plant cell have that an animal cell does not have? What structures does an animal cell have that a
plant cell does not have?

The Plasma Membrane

Like prokaryotes, eukaryotic cells have a plasma membrane (Figure 7.3.2) made up of a phospholipid bilayer with embedded
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proteins that separates the internal contents of the cell from its surrounding environment. A phospholipid is a lipid molecule
composed of two fatty acid chains, a glycerol backbone, and a phosphate group. The plasma membrane regulates the passage
of some substances, such as organic molecules, ions, and water, preventing the passage of some to maintain internal conditions,
while actively bringing in or removing others. Other compounds move passively across the membrane.

Glycoprotein: protein with Glycolipid: lipid with
e Carbohydrate attached / carbohydrate
oand . 3  attached

Peripheral membrane Phospholipid
protein bilayer
Integral membrane Cholesterol Protsin chaniel

protein
Filaments of the cytoskeleton

Figure 7.3.2: The plasma membrane is a phospholipid bilayer with embedded proteins. There are other components, such as cholesterol and
carbohydrates, which can be found in the membrane in addition to phospholipids and protein.

The plasma membranes of cells that specialize in absorption are folded into fingerlike projections called microvilli (singular =
microvillus). This folding increases the surface area of the plasma membrane. Such cells are typically found lining the small
intestine, the organ that absorbs nutrients from digested food. This is an excellent example of form matching the function of a
structure.

People with celiac disease have an immune response to gluten, which is a protein found in wheat, barley, and rye. The immune
response damages microvilli, and thus, afflicted individuals cannot absorb nutrients. This leads to malnutrition, cramping, and
diarrhea. Patients suffering from celiac disease must follow a gluten-free diet.

The Cytoplasm

The cytoplasm comprises the contents of a cell between the plasma membrane and the nuclear envelope (a structure to be
discussed shortly). It is made up of organelles suspended in the gel-like cytosol, the cytoskeleton, and various chemicals (Figure
7.3.1). Even though the cytoplasm consists of 70 to 80 percent water, it has a semi-solid consistency, which comes from the
proteins within it. However, proteins are not the only organic molecules found in the cytoplasm. Glucose and other simple sugars,
polysaccharides, amino acids, nucleic acids, fatty acids, and derivatives of glycerol are found there too. Ions of sodium, potassium,
calcium, and many other elements are also dissolved in the cytoplasm. Many metabolic reactions, including protein synthesis,
take place in the cytoplasm.

The Cytoskeleton

If you were to remove all the organelles from a cell, would the plasma membrane and the cytoplasm be the only components left?
No. Within the cytoplasm, there would still be ions and organic molecules, plus a network of protein fibers that helps to maintain
the shape of the cell, secures certain organelles in specific positions, allows cytoplasm and vesicles to move within the cell, and
enables unicellular organisms to move independently. Collectively, this network of protein fibers is known as the cytoskeleton.
There are three types of fibers within the cytoskeleton: microfilaments, also known as actin filaments, intermediate filaments, and
microtubules (Figure 7.3.3).
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Figure 7.3.3: Microfilaments, intermediate filaments, and microtubules compose a cell’s cytoskeleton.

Microfilaments are the thinnest of the cytoskeletal fibers and function in moving cellular components, for example, during cell
division. They also maintain the structure of microvilli, the extensive folding of the plasma membrane found in cells dedicated to
absorption. These components are also common in muscle cells and are responsible for muscle cell contraction. Intermediate
filaments are of intermediate diameter and have structural functions, such as maintaining the shape of the cell and anchoring
organelles. Keratin, the compound that strengthens hair and nails, forms one type of intermediate filament. Microtubules
are the thickest of the cytoskeletal fibers. These are hollow tubes that can dissolve and reform quickly. Microtubules guide
organelle movement and are the structures that pull chromosomes to their poles during cell division. They are also the structural
components of flagella and cilia. In cilia and flagella, the microtubules are organized as a circle of nine double microtubules on
the outside and two microtubules in the center.

The centrosome is a region near the nucleus of animal cells that functions as a microtubule-organizing center. It contains a pair
of centrioles, two structures that lie perpendicular to each other. Each centriole is a cylinder of nine triplets of microtubules.

The centrosome replicates itself before a cell divides, and the centrioles play a role in pulling the duplicated chromosomes to
opposite ends of the dividing cell. However, the exact function of the centrioles in cell division is not clear, since cells that have
the centrioles removed can still divide, and plant cells, which lack centrioles, are capable of cell division.

Flagella and Cilia

Flagella (singular = flagellum) are long, hair-like structures that extend from the plasma membrane and are used to move an
entire cell, (for example, sperm, Euglena). When present, the cell has just one flagellum or a few flagella. When cilia (singular =
cilium) are present, however, they are many in number and extend along the entire surface of the plasma membrane. They are
short, hair-like structures that are used to move entire cells (such as paramecium) or move substances along the outer surface of
the cell (for example, the cilia of cells lining the fallopian tubes that move the ovum toward the uterus, or cilia lining the cells of
the respiratory tract that move particulate matter toward the throat that mucus has trapped).

The Endomembrane System

The endomembrane system (endo = within) is a group of membranes and organelles (Figure 7.3.3) in eukaryotic cells that work
together to modify, package, and transport lipids and proteins. It includes the nuclear envelope, lysosomes, and vesicles, the
endoplasmic reticulum and Golgi apparatus, which we will cover shortly. Although not technically within the cell, the plasma
membrane is included in the endomembrane system because, as you will see, it interacts with the other endomembranous
organelles.
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The Nucleus

Typically, the nucleus is the most prominent organelle in a cell (Figure 7.3.1). The nucleus (plural = nuclei) houses the cell's DNA
in the form of chromatin and directs the synthesis of ribosomes and proteins. Let us look at it in more detail (Figure 7.3.4).

Endoplasmic
reticulum

Nucleolus

Chromatin

Nucleoplasm

Nuclear pore

Nuclear envelope

Figure 7.3.4: The outermost boundary of the nucleus is the nuclear envelope. Notice that the nuclear envelope consists of two phospholipid
bilayers (membranes)—an outer membrane and an inner membrane—in contrast to the plasma membrane (Figure 7.3.2), which consists of only
one phospholipid bilayer. (credit: modification of work by NIGMS, NIH)

The nuclear envelope is a double-membrane structure that constitutes the outermost portion of the nucleus (Figure 7.3.4). Both
the inner and outer membranes of the nuclear envelope are phospholipid bilayers.

The nuclear envelope is punctuated with pores that control the passage of ions, molecules, and RNA between the nucleoplasm
and the cytoplasm.

To understand chromatin, it is helpful to first consider chromosomes. Chromosomes are structures within the nucleus that are
made up of DNA, the hereditary material, and proteins. This combination of DNA and proteins is called chromatin. In eukaryotes,
chromosomes are linear structures. Every species has a specific number of chromosomes in the nucleus of its body cells. For
example, in humans, the chromosome number is 46, whereas in fruit flies, the chromosome number is eight.

Chromosomes are only visible and distinguishable from one another when the cell is getting ready to divide. When the cell is in
the growth and maintenance phases of its life cycle, the chromosomes resemble an unwound, jumbled bunch of threads.

We already know that the nucleus directs the synthesis of ribosomes, but how does it do this? Some chromosomes have sections
of DNA that encode ribosomal RNA. A darkly staining area within the nucleus, called the nucleolus (plural = nucleoli), aggregates
the ribosomal RNA with associated proteins to assemble the ribosomal subunits that are then transported through the nuclear
pores into the cytoplasm.

The Endoplasmic Reticulum

The endoplasmic reticulum (ER) (Figure 7.3.7) is a series of interconnected membranous tubules that collectively modify proteins
and synthesize lipids. However, these two functions are performed in separate areas of the endoplasmic reticulum: the rough
endoplasmic reticulum and the smooth endoplasmic reticulum, respectively.

The hollow portion of the ER tubules is called the lumen or cisternal space. The membrane of the ER, which is a phospholipid
bilayer embedded with proteins, is continuous with the nuclear envelope.

The rough endoplasmic reticulum (RER) is so named because the ribosomes attached to its cytoplasmic surface give it a studded
appearance when viewed through an electron microscope.
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The ribosomes synthesize proteins while attached to the ER, resulting in transfer of their newly synthesized proteins into the
lumen of the RER where they undergo modifications such as folding or addition of sugars. The RER also makes phospholipids for
cell membranes.

If the phospholipids or modified proteins are not destined to stay in the RER, they will be packaged within vesicles and
transported from the RER by budding from the membrane (Figure 7.3.7). Since the RER is engaged in modifying proteins that will
be secreted from the cell, it is abundant in cells that secrete proteins, such as the liver.

The smooth endoplasmic reticulum (SER) is continuous with the RER but has few or no ribosomes on its cytoplasmic surface
(see Figure 7.3.1). The SER’s functions include synthesis of carbohydrates, lipids (including phospholipids), and steroid hormones;
detoxification of medications and poisons; alcohol metabolism; and storage of calcium ions.

The Golgi Apparatus

We have already mentioned that vesicles can bud from the ER, but where do the vesicles go? Before reaching their final
destination, the lipids or proteins within the transport vesicles need to be sorted, packaged, and tagged so that they wind up in
the right place. The sorting, tagging, packaging, and distribution of lipids and proteins take place in the Golgi apparatus (also
called the Golgi body), a series of flattened membranous sacs (Figure 7.3.5).

Golgi apparatus

Figure 7.3.5: The Golgi apparatus in this transmission electron micrograph of a white blood cell is visible as a stack of semicircular flattened
rings in the lower portion of this image. Several vesicles can be seen near the Golgi apparatus. (credit: modification of work by Louisa Howard;
scale-bar data from Matt Russell)

The Golgi apparatus has a receiving face near the endoplasmic reticulum and a releasing face on the side away from the ER,
toward the cell membrane. The transport vesicles that form from the ER travel to the receiving face, fuse with it, and empty
their contents into the lumen of the Golgi apparatus. As the proteins and lipids travel through the Golgi, they undergo further
modifications. The most frequent modification is the addition of short chains of sugar molecules. The newly modified proteins
and lipids are then tagged with small molecular groups to enable them to be routed to their proper destinations.

Finally, the modified and tagged proteins are packaged into vesicles that bud from the opposite face of the Golgi. While some
of these vesicles, transport vesicles, deposit their contents into other parts of the cell where they will be used, others, secretory
vesicles, fuse with the plasma membrane and release their contents outside the cell.

The amount of Golgi in different cell types again illustrates that form follows function within cells. Cells that engage in a great
deal of secretory activity (such as cells of the salivary glands that secrete digestive enzymes or cells of the immune system that
secrete antibodies) have an abundant number of Golgi.

In plant cells, the Golgi has an additional role of synthesizing polysaccharides, some of which are incorporated into the cell wall
and some of which are used in other parts of the cell.
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Lysosomes

In animal cells, the lysosomes are the cell's “garbage disposal.” Digestive enzymes within the lysosomes aid the breakdown
of proteins, polysaccharides, lipids, nucleic acids, and even worn-out organelles. In single-celled eukaryotes, lysosomes are
important for digestion of the food they ingest and the recycling of organelles. These enzymes are active at a much lower pH
(more acidic) than those located in the cytoplasm. Many reactions that take place in the cytoplasm could not occur at a low pH,
thus the advantage of compartmentalizing the eukaryotic cell into organelles is apparent.

Lysosomes also use their hydrolytic enzymes to destroy disease-causing organisms that might enter the cell. A good example
of this occurs in a group of white blood cells called macrophages, which are part of your body’s immune system. In a process
known as phagocytosis, a section of the plasma membrane of the macrophage invaginates (folds in) and engulfs a pathogen. The
invaginated section, with the pathogen inside, then pinches itself off from the plasma membrane and becomes a vesicle. The
vesicle fuses with a lysosome. The lysosome’s hydrolytic enzymes then destroy the pathogen (Figure 7.3.6).

Bacterium Vesicle

&
NN

Phagocytosis
S~

Macrophage

Figure 7.3.6: A macrophage has phagocytized a potentially pathogenic bacterium into a vesicle, which then fuses with a lysosome within the
cell so that the pathogen can be destroyed. Other organelles are present in the cell, but for simplicity, are not shown.

Lysosome

Vesicles and Vacuoles
Vesicles and vacuoles are membrane-bound sacs that function in storage and transport. Vacuoles are somewhat larger than

vesicles, and the membrane of a vacuole does not fuse with the membranes of other cellular components. Vesicles can fuse with
other membranes within the cell system. Additionally, enzymes within plant vacuoles can break down macromolecules.
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Figure 7.3.7: The endomembrane system works to modify, package, and transport lipids and proteins. (credit: modification of work by
Magnus Manske)

Why does the cis face of the Golgi not face the plasma membrane?

Ribosomes

Ribosomes are the cellular structures responsible for protein synthesis. When viewed through an electron microscope, free
ribosomes appear as either clusters or single tiny dots floating freely in the cytoplasm. Ribosomes may be attached to either
the cytoplasmic side of the plasma membrane or the cytoplasmic side of the endoplasmic reticulum (Figure 7.3.7). Electron
microscopy has shown that ribosomes consist of large and small subunits. Ribosomes are enzyme complexes that are responsible
for protein synthesis.

Because protein synthesis is essential for all cells, ribosomes are found in practically every cell, although they are smaller in
prokaryotic cells. They are particularly abundant in immature red blood cells for the synthesis of hemoglobin, which functions in
the transport of oxygen throughout the body.

Mitochondria

Mitochondria (singular = mitochondrion) are often called the “powerhouses” or “energy factories” of a cell because they are
responsible for making adenosine triphosphate (ATP), the cell's main energy-carrying molecule. The formation of ATP from the
breakdown of glucose is known as cellular respiration. Mitochondria are oval-shaped, double-membrane organelles (Figure 7.3.8
) that have their own ribosomes and DNA. Each membrane is a phospholipid bilayer embedded with proteins. The inner layer
has folds called cristae, which increase the surface area of the inner membrane. The area surrounded by the folds is called the
mitochondrial matrix. The cristae and the matrix have different roles in cellular respiration.

In keeping with our theme of form following function, it is important to point out that muscle cells have a very high concentration
of mitochondria because muscle cells need a lot of energy to contract.
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Figure 7.3.8: This transmission electron micrograph shows a mitochondrion as viewed with an electron microscope. Notice the inner and outer
membranes, the cristae, and the mitochondrial matrix. (credit: modification of work by Matthew Britton; scale-bar data from Matt Russell)

Inner
membrane

Peroxisomes

Peroxisomes are small, round organelles enclosed by single membranes. They carry out oxidation reactions that break down fatty
acids and amino acids. They also detoxify many poisons that may enter the body. Alcohol is detoxified by peroxisomes in liver
cells. A byproduct of these oxidation reactions is hydrogen peroxide, H2O2, which is contained within the peroxisomes to prevent
the chemical from causing damage to cellular components outside of the organelle. Hydrogen peroxide is safely broken down by
peroxisomal enzymes into water and oxygen.

Animal Cells versus Plant Cells

Despite their fundamental similarities, there are some striking differences between animal and plant cells (see Table 7.3.1). Animal
cells have centrioles, centrosomes (discussed under the cytoskeleton), and lysosomes, whereas plant cells do not. Plant cells have
a cell wall, chloroplasts, plasmodesmata, and plastids used for storage, and a large central vacuole, whereas animal cells do not.

The Cell Wall

In Figure 7.3.1b, the diagram of a plant cell, you see a structure external to the plasma membrane called the cell wall. The cell
wall is a rigid covering that protects the cell, provides structural support, and gives shape to the cell. Fungal and protist cells also
have cell walls.

While the chief component of prokaryotic cell walls is peptidoglycan, the major organic molecule in the plant cell wall is cellulose,
a polysaccharide made up of long, straight chains of glucose units. When nutritional information refers to dietary fiber, it is
referring to the cellulose content of food.

Chloroplasts

Like mitochondria, chloroplasts also have their own DNA and ribosomes. Chloroplasts function in photosynthesis and can be
found in eukaryotic cells such as plants and algae. In photosynthesis, carbon dioxide, water, and light energy are used to make
glucose and oxygen. This is the major difference between plants and animals: Plants (autotrophs) are able to make their own food,
like glucose, whereas animals (heterotrophs) must rely on other organisms for their organic compounds or food source.

Like mitochondria, chloroplasts have outer and inner membranes, but within the space enclosed by a chloroplast’s inner

membrane is a set of interconnected and stacked, fluid-filled membrane sacs called thylakoids (Figure 7.3.9). Each stack of
thylakoids is called a granum (plural = grana). The fluid enclosed by the inner membrane and surrounding the grana is called the
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Figure 7.3.9: This simplified diagram of a chloroplast shows the outer membrane, inner membrane, thylakoids, grana, and stroma.

The chloroplasts contain a green pigment called chlorophyll, which captures the energy of sunlight for photosynthesis. Like
plant cells, photosynthetic protists also have chloroplasts. Some bacteria also perform photosynthesis, but they do not have
chloroplasts. Their photosynthetic pigments are located in the thylakoid membrane within the cell itself.

EVOLUTION IN ACTION: Endosymbiosis

We have mentioned that both mitochondria and chloroplasts contain DNA and ribosomes. Have you wondered why? Strong
evidence points to endosymbiosis as the explanation.

Symbiosis is a relationship in which organisms from two separate species live in close association and typically exhibit
specific adaptations to each other. Endosymbiosis (endo-= within) is a relationship in which one organism lives inside
the other. Endosymbiotic relationships abound in nature. Microbes that produce vitamin K live inside the human gut. This
relationship is beneficial for us because we are unable to synthesize vitamin K. It is also beneficial for the microbes because
they are protected from other organisms and are provided a stable habitat and abundant food by living within the large
intestine.

Scientists have long noticed that bacteria, mitochondria, and chloroplasts are similar in size. We also know that mitochondria
and chloroplasts have DNA and ribosomes, just as bacteria do. Scientists believe that host cells and bacteria formed a
mutually beneficial endosymbiotic relationship when the host cells ingested aerobic bacteria and cyanobacteria but did
not destroy them. Through evolution, these ingested bacteria became more specialized in their functions, with the aerobic
bacteria becoming mitochondria and the photosynthetic bacteria becoming chloroplasts.

The Central Vacuole

Previously, we mentioned vacuoles as essential components of plant cells. If you look at Figure 7.3.1, you will see that plant cells
each have a large, central vacuole that occupies most of the cell. The central vacuole plays a key role in regulating the cell's
concentration of water in changing environmental conditions. In plant cells, the liquid inside the central vacuole provides turgor
pressure, which is the outward pressure caused by the fluid inside the cell. Have you ever noticed that if you forget to water a
plant for a few days, it wilts? That is because as the water concentration in the soil becomes lower than the water concentration
in the plant, water moves out of the central vacuoles and cytoplasm and into the soil. As the central vacuole shrinks, it leaves the
cell wall unsupported. This loss of support to the cell walls of a plant results in the wilted appearance. Additionally, this fluid has
a very bitter taste, which discourages consumption by insects and animals. The central vacuole also functions to store proteins in
developing seed cells.
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Extracellular Matrix of Animal Cells

Most animal cells release materials into the extracellular space. The primary components of these materials are glycoproteins and
the protein collagen. Collectively, these materials are called the extracellular matrix (Figure 7.3.10). Not only does the extracellular
matrix hold the cells together to form a tissue, but it also allows the cells within the tissue to communicate with each other.

Proteoglycan complex

Carbohydrates

Protein

Collagen fiber

\ | Polysaccharide

Plasma Integrin Microﬁlamen\l‘s\“"

membrane of the cytoskeleton

Figure 7.3.10: The extracellular matrix consists of a network of substances secreted by cells.

Blood clotting provides an example of the role of the extracellular matrix in cell communication. When the cells lining a blood
vessel are damaged, they display a protein receptor called tissue factor. When tissue factor binds with another factor in the
extracellular matrix, it causes platelets to adhere to the wall of the damaged blood vessel, stimulates adjacent smooth muscle
cells in the blood vessel to contract (thus constricting the blood vessel), and initiates a series of steps that stimulate the platelets
to produce clotting factors.

Intercellular Junctions

Cells can also communicate with each other by direct contact, referred to as intercellular junctions. There are some differences in
the ways that plant and animal cells do this. Plasmodesmata (singular = plasmodesma) are junctions between plant cells, whereas
animal cell contacts include tight and gap junctions, and desmosomes.

In general, long stretches of the plasma membranes of neighboring plant cells cannot touch one another because they are
separated by the cell walls surrounding each cell. Plasmodesmata are numerous channels that pass between the cell walls of
adjacent plant cells, connecting their cytoplasm and enabling signal molecules and nutrients to be transported from cell to cell
(Figure 7.3.11a).
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Figure 7.3.11: There are four kinds of connections between cells. (a) A plasmodesma is a channel between the cell walls of two adjacent plant
cells. (b) Tight junctions join adjacent animal cells. (c) Desmosomes join two animal cells together. (d) Gap junctions act as channels between
animal cells. (credit b, ¢, d: modification of work by Mariana Ruiz Villareal)

A tight junction is a watertight seal between two adjacent animal cells (Figure 7.3.11b). Proteins hold the cells tightly against each
other. This tight adhesion prevents materials from leaking between the cells. Tight junctions are typically found in the epithelial
tissue that lines internal organs and cavities, and composes most of the skin. For example, the tight junctions of the epithelial
cells lining the urinary bladder prevent urine from leaking into the extracellular space.

Also found only in animal cells are desmosomes, which act like spot welds between adjacent epithelial cells (Figure 7.3.11c). They
keep cells together in a sheet-like formation in organs and tissues that stretch, like the skin, heart, and muscles.

Gap junctions in animal cells are like plasmodesmata in plant cells in that they are channels between adjacent cells that allow for
the transport of ions, nutrients, and other substances that enable cells to communicate (Figure 7.3.11d). Structurally, however, gap
junctions and plasmodesmata differ.

Table 7.3.1: This table provides the components of prokaryotic and eukaryotic cells and their respective functions.

Present

Cell Present in in A

Function Plant

Component Prokaryotes? Animal

Cells? o

Separates cell from external environment; controls passage of

Pl . . .

asma organic molecules, ions, water, oxygen, and wastes into and out of Yes Yes Yes
membrane
the cell
Provi truct t I; site of t li ti ;

SeEa rovides struc yre 9 ce ; site of many metabolic reactions; Yes Yes Yes

medium in which organelles are found
Nucleoid Location of DNA Yes No No

Cell organelle that houses DNA and directs synthesis of ribosomes
Nucleus R No Yes Yes
and proteins

Ribosomes Protein synthesis Yes Yes Yes
Mitochondria ATP production/cellular respiration No Yes Yes

. Oxidizes and breaks down fatty acids and amino acids, and
Peroxisomes e . No Yes Yes
detoxifies poisons
Vesicles and

Storage and transport; digestive function in plant cells No Yes Yes
vacuoles
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Present

. . Present in
Cell Function Present in in Plant

Cells?

Component Prokaryotes? Animal
Cells?

Unspecified role in cell division in animal cells; organizing center

Centrosome . . . No Yes No
of microtubules in animal cells
Lysosomes Digestion of macromolecules; recycling of worn-out organelles No Yes No
cotdogiycan i ves,
Cell wall Protection, structural support and maintenance of cell shape pep .g Y No primarily
bacteria but not
cellulose
Archaea
Chloroplasts Photosynthesis No No Yes
Endoplasmic e . . ..
. Modifies proteins and synthesizes lipids No Yes Yes
reticulum
Golgi - N .. .
Modifies, sorts, tags, packages, and distributes lipids and proteins No Yes Yes
apparatus

Maintains cell’'s shape, secures organelles in specific positions,
Cytoskeleton | allows cytoplasm and vesicles to move within the cell, and enables Yes Yes Yes
unicellular organisms to move independently

No, except
Flagella Cellular locomotion Some Some o7 B

plant

sperm

- Cellular locomotion, movement of particles along extracellular
Cilia . . No Some No
surface of plasma membrane, and filtration
Summary

Like a prokaryotic cell, a eukaryotic cell has a plasma membrane, cytoplasm, and ribosomes, but a eukaryotic cell is typically
larger than a prokaryotic cell, has a true nucleus (meaning its DNA is surrounded by a membrane), and has other membrane-
bound organelles that allow for compartmentalization of functions. The plasma membrane is a phospholipid bilayer embedded
with proteins. The nucleolus within the nucleus is the site for ribosome assembly. Ribosomes are found in the cytoplasm
or are attached to the cytoplasmic side of the plasma membrane or endoplasmic reticulum. They perform protein synthesis.
Mitochondria perform cellular respiration and produce ATP. Peroxisomes break down fatty acids, amino acids, and some toxins.
Vesicles and vacuoles are storage and transport compartments. In plant cells, vacuoles also help break down macromolecules.

Animal cells also have a centrosome and lysosomes. The centrosome has two bodies, the centrioles, with an unknown role in cell
division. Lysosomes are the digestive organelles of animal cells.

Plant cells have a cell wall, chloroplasts, and a central vacuole. The plant cell wall, whose primary component is cellulose, protects
the cell, provides structural support, and gives shape to the cell. Photosynthesis takes place in chloroplasts. The central vacuole
expands, enlarging the cell without the need to produce more cytoplasm.

The endomembrane system includes the nuclear envelope, the endoplasmic reticulum, Golgi apparatus, lysosomes, vesicles, as
well as the plasma membrane. These cellular components work together to modify, package, tag, and transport membrane lipids
and proteins.

The cytoskeleton has three different types of protein elements. Microfilaments provide rigidity and shape to the cell, and facilitate
cellular movements. Intermediate filaments bear tension and anchor the nucleus and other organelles in place. Microtubules

help the cell resist compression, serve as tracks for motor proteins that move vesicles through the cell, and pull replicated
chromosomes to opposite ends of a dividing cell. They are also the structural elements of centrioles, flagella, and cilia.

Animal cells communicate through their extracellular matrices and are connected to each other by tight junctions, desmosomes,
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and gap junctions. Plant cells are connected and communicate with each other by plasmodesmata.

Art Connections

Figure 7.3.1: What structures does a plant cell have that an animal cell does not have? What structures does an animal cell have
that a plant cell does not have?

Answer

Plant cells have plasmodesmata, a cell wall, a large central vacuole, chloroplasts, and plastids. Animal cells have
lysosomes and centrosomes.

Figure 7.3.7: Why does the cis face of the Golgi not face the plasma membrane?
Answer

Because that face receives chemicals from the ER, which is toward the center of the cell.

Glossary

cell wall
a rigid cell covering made of cellulose in plants, peptidoglycan in bacteria, non-peptidoglycan compounds in
Archaea, and chitin in fungi that protects the cell, provides structural support, and gives shape to the cell

central vacuole
a large plant cell organelle that acts as a storage compartment, water reservoir, and site of macromolecule
degradation

chloroplast
a plant cell organelle that carries out photosynthesis

cilium
(plural: cilia) a short, hair-like structure that extends from the plasma membrane in large numbers and is used to
move an entire cell or move substances along the outer surface of the cell
cytoplasm
the entire region between the plasma membrane and the nuclear envelope, consisting of organelles suspended in
the gel-like cytosol, the cytoskeleton, and various chemicals
cytoskeleton
the network of protein fibers that collectively maintains the shape of the cell, secures some organelles in specific
positions, allows cytoplasm and vesicles to move within the cell, and enables unicellular organisms to move
cytosol
the gel-like material of the cytoplasm in which cell structures are suspended
desmosome

a linkage between adjacent epithelial cells that forms when cadherins in the plasma membrane attach to
intermediate filaments

endomembrane system
the group of organelles and membranes in eukaryotic cells that work together to modify, package, and transport
lipids and proteins

endoplasmic reticulum (ER)
a series of interconnected membranous structures within eukaryotic cells that collectively modify proteins and
synthesize lipids

extracellular matrix
the material, primarily collagen, glycoproteins, and proteoglycans, secreted from animal cells that holds cells
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together as a tissue, allows cells to communicate with each other, and provides mechanical protection and
anchoring for cells in the tissue

flagellum
(plural: flagella) the long, hair-like structure that extends from the plasma membrane and is used to move the cell

gap junction
a channel between two adjacent animal cells that allows ions, nutrients, and other low-molecular weight substances
to pass between the cells, enabling the cells to communicate

Golgi apparatus
a eukaryotic organelle made up of a series of stacked membranes that sorts, tags, and packages lipids and proteins
for distribution

lysosome
an organelle in an animal cell that functions as the cell's digestive component; it breaks down proteins,
polysaccharides, lipids, nucleic acids, and even worn-out organelles

mitochondria
(singular: mitochondrion) the cellular organelles responsible for carrying out cellular respiration, resulting in the
production of ATP, the cell's main energy-carrying molecule

nuclear envelope
the double-membrane structure that constitutes the outermost portion of the nucleus

nucleolus
the darkly staining body within the nucleus that is responsible for assembling ribosomal subunits

nucleus
the cell organelle that houses the cell's DNA and directs the synthesis of ribosomes and proteins

peroxisome
a small, round organelle that contains hydrogen peroxide, oxidizes fatty acids and amino acids, and detoxifies
many poisons

plasma membrane
a phospholipid bilayer with embedded (integral) or attached (peripheral) proteins that separates the internal
contents of the cell from its surrounding environment

plasmodesma
(plural: plasmodesmata) a channel that passes between the cell walls of adjacent plant cells, connects their
cytoplasm, and allows materials to be transported from cell to cell

ribosome
a cellular structure that carries out protein synthesis

rough endoplasmic reticulum (RER)
the region of the endoplasmic reticulum that is studded with ribosomes and engages in protein modification

smooth endoplasmic reticulum (SER)
the region of the endoplasmic reticulum that has few or no ribosomes on its cytoplasmic surface and synthesizes
carbohydrates, lipids, and steroid hormones; detoxifies chemicals like pesticides, preservatives, medications, and
environmental pollutants, and stores calcium ions

tight junction
a firm seal between two adjacent animal cells created by protein adherence

vacuole
a membrane-bound sac, somewhat larger than a vesicle, that functions in cellular storage and transport
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vesicle
a small, membrane-bound sac that functions in cellular storage and transport; its membrane is capable of fusing
with the plasma membrane and the membranes of the endoplasmic reticulum and Golgi apparatus
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7.4: The Cell Membrane

A cell’'s plasma membrane defines the boundary of the cell and determines the nature of its contact with the environment. Cells
exclude some substances, take in others, and excrete still others, all in controlled quantities. Plasma membranes enclose the
borders of cells, but rather than being a static bag, they are dynamic and constantly in flux. The plasma membrane must be
sufficiently flexible to allow certain cells, such as red blood cells and white blood cells, to change shape as they pass through
narrow capillaries. These are the more obvious functions of a plasma membrane. In addition, the surface of the plasma membrane
carries markers that allow cells to recognize one another, which is vital as tissues and organs form during early development, and
which later plays a role in the “self” versus “non-self” distinction of the immune response.

The plasma membrane also carries receptors, which are attachment sites for specific substances that interact with the cell. Each
receptor is structured to bind with a specific substance. For example, surface receptors of the membrane create changes in the
interior, such as changes in enzymes of metabolic pathways. These metabolic pathways might be vital for providing the cell with
energy, making specific substances for the cell, or breaking down cellular waste or toxins for disposal. Receptors on the plasma
membrane’s exterior surface interact with hormones or neurotransmitters, and allow their messages to be transmitted into the
cell. Some recognition sites are used by viruses as attachment points. Although they are highly specific, pathogens like viruses
may evolve to exploit receptors to gain entry to a cell by mimicking the specific substance that the receptor is meant to bind.
This specificity helps to explain why human immunodeficiency virus (HIV) or any of the five types of hepatitis viruses invade only
specific cells.

Fluid Mosaic Model

In 1972, S. J. Singer and Garth L. Nicolson proposed a new model of the plasma membrane that, compared to earlier
understanding, better explained both microscopic observations and the function of the plasma membrane. This was called the
fluid mosaic model. The model has evolved somewhat over time, but still best accounts for the structure and functions of the
plasma membrane as we now understand them. The fluid mosaic model describes the structure of the plasma membrane as a
mosaic of components—including phospholipids, cholesterol, proteins, and carbohydrates—in which the components are able to
flow and change position, while maintaining the basic integrity of the membrane. Both phospholipid molecules and embedded
proteins are able to diffuse rapidly and laterally in the membrane. The fluidity of the plasma membrane is necessary for the
activities of certain enzymes and transport molecules within the membrane. Plasma membranes range from 5-10 nm thick. As
a comparison, human red blood cells, visible via light microscopy, are approximately 8 um thick, or approximately 1,000 times
thicker than a plasma membrane. (Figure 7.4.1)

Glycoprotein: protein with Glycolipid: lipid with
carbohydrate attached / carbohydrate
. ¢  attached

Peripheral membrane Phospholipid
protein bilayer
Integral membrane Cholesterol Protein channel

protein
Filaments of the cytoskeleton

Figure 7.4.1: The fluid mosaic model of the plasma membrane structure describes the plasma membrane as a fluid combination of
phospholipids, cholesterol, proteins, and carbohydrates.
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The plasma membrane is made up primarily of a bilayer of phospholipids with embedded proteins, carbohydrates, glycolipids,
and glycoproteins, and, in animal cells, cholesterol. The amount of cholesterol in animal plasma membranes regulates the fluidity
of the membrane and changes based on the temperature of the cell's environment. In other words, cholesterol acts as antifreeze
in the cell membrane and is more abundant in animals that live in cold climates.

The main fabric of the membrane is composed of two layers of phospholipid molecules, and the polar ends of these molecules
(which look like a collection of balls in an artist’s rendition of the model) (Figure 7.4.1) are in contact with aqueous fluid both inside
and outside the cell. Thus, both surfaces of the plasma membrane are hydrophilic. In contrast, the interior of the membrane,
between its two surfaces, is a hydrophobic or nonpolar region because of the fatty acid tails. This region has no attraction for
water or other polar molecules.

Proteins make up the second major chemical component of plasma membranes. Integral proteins are embedded in the plasma
membrane and may span all or part of the membrane. Integral proteins may serve as channels or pumps to move materials into
or out of the cell. Peripheral proteins are found on the exterior or interior surfaces of membranes, attached either to integral
proteins or to phospholipid molecules. Both integral and peripheral proteins may serve as enzymes, as structural attachments for
the fibers of the cytoskeleton, or as part of the cell’s recognition sites.

Carbohydrates are the third major component of plasma membranes. They are always found on the exterior surface of cells and
are bound either to proteins (forming glycoproteins) or to lipids (forming glycolipids). These carbohydrate chains may consist
of 2-60 monosaccharide units and may be either straight or branched. Along with peripheral proteins, carbohydrates form
specialized sites on the cell surface that allow cells to recognize each other.

EVOLUTION IN ACTION: How Viruses Infect Specific Organs

Specific glycoprotein molecules exposed on the surface of the cell membranes of host cells are exploited by many viruses
to infect specific organs. For example, HIV is able to penetrate the plasma membranes of specific kinds of white blood cells
called T-helper cells and monocytes, as well as some cells of the central nervous system. The hepatitis virus attacks only liver
cells.

These viruses are able to invade these cells, because the cells have binding sites on their surfaces that the viruses have
exploited with equally specific glycoproteins in their coats (Figure 7.4.2). The cell is tricked by the mimicry of the virus coat
molecules, and the virus is able to enter the cell. Other recognition sites on the virus’s surface interact with the human
immune system, prompting the body to produce antibodies. Antibodies are made in response to the antigens (or proteins
associated with invasive pathogens). These same sites serve as places for antibodies to attach, and either destroy or inhibit
the activity of the virus. Unfortunately, these sites on HIV are encoded by genes that change quickly, making the production
of an effective vaccine against the virus very difficult. The virus population within an infected individual quickly evolves
through mutation into different populations, or variants, distinguished by differences in these recognition sites. This rapid
change of viral surface markers decreases the effectiveness of the person’s immune system in attacking the virus, because
the antibodies will not recognize the new variations of the surface patterns.
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Cytoplasm

Figure 7.4.2: HIV docks at and binds to the CD4 receptor, a glycoprotein on the surface of T cells, before entering, or infecting, the cell.
(credit: modification of work by US National Institutes of Health/National Institute of Allergy and Infectious Diseases).

Summary

The modern understanding of the plasma membrane is referred to as the fluid mosaic model. The plasma membrane is composed
of a bilayer of phospholipids, with their hydrophobic, fatty acid tails in contact with each other. The landscape of the membrane is
studded with proteins, some of which span the membrane. Some of these proteins serve to transport materials into or out of the
cell. Carbohydrates are attached to some of the proteins and lipids on the outward-facing surface of the membrane. These form
complexes that function to identify the cell to other cells. The fluid nature of the membrane owes itself to the configuration of the
fatty acid tails, the presence of cholesterol embedded in the membrane (in animal cells), and the mosaic nature of the proteins
and protein-carbohydrate complexes, which are not firmly fixed in place. Plasma membranes enclose the borders of cells, but
rather than being a static bag, they are dynamic and constantly in flux.

Glossary

fluid mosaic model
a model of the structure of the plasma membrane as a mosaic of components, including phospholipids, cholesterol,
proteins, and glycolipids, resulting in a fluid rather than static character
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7.5: Passive Transport

Plasma membranes must allow certain substances to enter and leave a cell, while preventing harmful material from entering
and essential material from leaving. In other words, plasma membranes are selectively permeable—they allow some substances
through but not others. If they were to lose this selectivity, the cell would no longer be able to sustain itself, and it would be
destroyed. Some cells require larger amounts of specific substances than do other cells; they must have a way of obtaining these
materials from the extracellular fluids. This may happen passively, as certain materials move back and forth, or the cell may have
special mechanisms that ensure transport. Most cells expend most of their energy, in the form of adenosine triphosphate (ATP),
to create and maintain an uneven distribution of ions on the opposite sides of their membranes. The structure of the plasma
membrane contributes to these functions, but it also presents some problems.

The most direct forms of membrane transport are passive. Passive transport is a naturally occurring phenomenon and does not
require the cell to expend energy to accomplish the movement. In passive transport, substances move from an area of higher
concentration to an area of lower concentration in a process called diffusion. A physical space in which there is a different
concentration of a single substance is said to have a concentration gradient.

Selective Permeability

Plasma membranes are asymmetric, meaning that despite the mirror image formed by the phospholipids, the interior of the
membrane is not identical to the exterior of the membrane. Integral proteins that act as channels or pumps work in one direction.
Carbohydrates, attached to lipids or proteins, are also found on the exterior surface of the plasma membrane. These carbohydrate
complexes help the cell bind substances that the cell needs in the extracellular fluid. This adds considerably to the selective
nature of plasma membranes.

Recall that plasma membranes have hydrophilic and hydrophobic regions. This characteristic helps the movement of certain
materials through the membrane and hinders the movement of others. Lipid-soluble material can easily slip through the
hydrophobic lipid core of the membrane. Substances such as the fat-soluble vitamins A, D, E, and K readily pass through the
plasma membranes in the digestive tract and other tissues. Fat-soluble drugs also gain easy entry into cells and are readily
transported into the body’s tissues and organs. Molecules of oxygen and carbon dioxide have no charge and pass through by
simple diffusion.

Polar substances, with the exception of water, present problems for the membrane. While some polar molecules connect easily
with the outside of a cell, they cannot readily pass through the lipid core of the plasma membrane. Additionally, whereas small
ions could easily slip through the spaces in the mosaic of the membrane, their charge prevents them from doing so. Ions such
as sodium, potassium, calcium, and chloride must have a special means of penetrating plasma membranes. Simple sugars and
amino acids also need help with transport across plasma membranes.

Diffusion

Diffusion is a passive process of transport. A single substance tends to move from an area of high concentration to an area of
low concentration until the concentration is equal across the space. You are familiar with diffusion of substances through the
air. For example, think about someone opening a bottle of perfume in a room filled with people. The perfume is at its highest
concentration in the bottle and is at its lowest at the edges of the room. The perfume vapor will diffuse, or spread away, from
the bottle, and gradually, more and more people will smell the perfume as it spreads. Materials move within the cell’'s cytosol
by diffusion, and certain materials move through the plasma membrane by diffusion (Figure 7.5.1). Diffusion expends no energy.
Rather the different concentrations of materials in different areas are a form of potential energy, and diffusion is the dissipation
of that potential energy as materials move down their concentration gradients, from high to low.
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Figure 7.5.1: Diffusion through a permeable membrane follows the concentration gradient of a substance, moving the substance from an area
of high concentration to one of low concentration. (credit: modification of work by Mariana Ruiz Villarreal)

Each separate substance in a medium, such as the extracellular fluid, has its own concentration gradient, independent of the
concentration gradients of other materials. Additionally, each substance will diffuse according to that gradient.

Several factors affect the rate of diffusion.

e Extent of the concentration gradient: The greater the difference in concentration, the more rapid the diffusion. The closer the
distribution of the material gets to equilibrium, the slower the rate of diffusion becomes.

e Mass of the molecules diffusing: More massive molecules move more slowly, because it is more difficult for them to move
between the molecules of the substance they are moving through; therefore, they diffuse more slowly.

e Temperature: Higher temperatures increase the energy and therefore the movement of the molecules, increasing the rate of
diffusion.

e Solvent density: As the density of the solvent increases, the rate of diffusion decreases. The molecules slow down because
they have a more difficult time getting through the denser medium.

CONCEPT IN ACTION

This interactive element is not available in this format. Visit the link or scan the QR code to access it online. E = -.-:;,:,-,.:,:E
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View this YouTube Video online o '-;!:5:.: 3 ‘?
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For an animation of the diffusion process in action, view this short video on cell membrane transport.

Facilitated transport

In facilitated transport, also called facilitated diffusion, material moves across the plasma membrane with the assistance of
transmembrane proteins down a concentration gradient (from high to low concentration) without the expenditure of cellular
energy. However, the substances that undergo facilitated transport would otherwise not diffuse easily or quickly across the plasma
membrane. The solution to moving polar substances and other substances across the plasma membrane rests in the proteins that
span its surface. The material being transported is first attached to protein or glycoprotein receptors on the exterior surface of the
plasma membrane. This allows the material that is needed by the cell to be removed from the extracellular fluid. The substances
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are then passed to specific integral proteins that facilitate their passage, because they form channels or pores that allow certain
substances to pass through the membrane. The integral proteins involved in facilitated transport are collectively referred to as
transport proteins, and they function as either channels for the material or carriers.

Osmosis

Osmosis is the diffusion of water through a semipermeable membrane according to the concentration gradient of water across
the membrane. Whereas diffusion transports material across membranes and within cells, osmosis transports only water across a
membrane and the membrane limits the diffusion of solutes in the water. Osmosis is a special case of diffusion. Water, like other
substances, moves from an area of higher concentration to one of lower concentration. Imagine a beaker with a semipermeable
membrane, separating the two sides or halves (Figure 7.5.2). On both sides of the membrane, the water level is the same, but there
are different concentrations on each side of a dissolved substance, or solute, that cannot cross the membrane. If the volume of
the water is the same, but the concentrations of solute are different, then there are also different concentrations of water, the
solvent, on either side of the membrane.
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Figure 7.5.2: In osmosis, water always moves from an area of higher concentration (of water) to one of lower concentration (of water). In this
system, the solute cannot pass through the selectively permeable membrane.

A principle of diffusion is that the molecules move around and will spread evenly throughout the medium if they can. However,
only the material capable of getting through the membrane will diffuse through it. In this example, the solute cannot diffuse
through the membrane, but the water can. Water has a concentration gradient in this system. Therefore, water will diffuse down
its concentration gradient, crossing the membrane to the side where it is less concentrated. This diffusion of water through the
membrane—osmosis—will continue until the concentration gradient of water goes to zero. Osmosis proceeds constantly in living
systems.

Tonicity

Tonicity describes the amount of solute in a solution. The measure of the tonicity of a solution, or the total amount of solutes
dissolved in a specific amount of solution, is called its osmolarity. Three terms—hypotonic, isotonic, and hypertonic—are used to
relate the osmolarity of a cell to the osmolarity of the extracellular fluid that contains the cells. In a hypotonic solution, such as
tap water, the extracellular fluid has a lower concentration of solutes than the fluid inside the cell, and water enters the cell. (In
living systems, the point of reference is always the cytoplasm, so the prefix hypo- means that the extracellular fluid has a lower
concentration of solutes, or a lower osmolarity, than the cell cytoplasm.) It also means that the extracellular fluid has a higher
concentration of water than does the cell. In this situation, water will follow its concentration gradient and enter the cell. This may
cause an animal cell to burst, or lyse.

In a hypertonic solution (the prefix hyper- refers to the extracellular fluid having a higher concentration of solutes than the cell’'s
cytoplasm), the fluid contains less water than the cell does, such as seawater. Because the cell has a lower concentration of
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solutes, the water will leave the cell. In effect, the solute is drawing the water out of the cell. This may cause an animal cell to
shrivel, or crenate.

In an isotonic solution, the extracellular fluid has the same osmolarity as the cell. If the concentration of solutes of the cell
matches that of the extracellular fluid, there will be no net movement of water into or out of the cell. Blood cells in hypertonic,
isotonic, and hypotonic solutions take on characteristic appearances (Figure 7.5.3).

ART CONNECTION

Hypertonic Isotonic Hypotonic
solution solution solution
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Figure 7.5.3: Osmotic pressure changes the shape of red blood cells in hypertonic, isotonic, and hypotonic solutions. (credit: modification
of work by Mariana Ruiz Villarreal)

A doctor injects a patient with what the doctor thinks is isotonic saline solution. The patient dies, and autopsy reveals that
many red blood cells have been destroyed. Do you think the solution the doctor injected was really isotonic?

Some organisms, such as plants, fungi, bacteria, and some protists, have cell walls that surround the plasma membrane and
prevent cell lysis. The plasma membrane can only expand to the limit of the cell wall, so the cell will not lyse. In fact, the cytoplasm
in plants is always slightly hypertonic compared to the cellular environment, and water will always enter a cell if water is available.
This influx of water produces turgor pressure, which stiffens the cell walls of the plant (Figure 7.5.4). In nonwoody plants, turgor
pressure supports the plant. If the plant cells become hypertonic, as occurs in drought or if a plant is not watered adequately,
water will leave the cell. Plants lose turgor pressure in this condition and wilt.

Hypertonic Isotonic Hypotonic

Figure 7.5.4: The turgor pressure within a plant cell depends on the tonicity of the solution that it is bathed in. (credit: modification of work by
Mariana Ruiz Villarreal)
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Section Summary

The passive forms of transport, diffusion and osmosis, move material of small molecular weight. Substances diffuse from areas of
high concentration to areas of low concentration, and this process continues until the substance is evenly distributed in a system.
In solutions of more than one substance, each type of molecule diffuses according to its own concentration gradient. Many factors
can affect the rate of diffusion, including concentration gradient, the sizes of the particles that are diffusing, and the temperature
of the system.

In living systems, diffusion of substances into and out of cells is mediated by the plasma membrane. Some materials diffuse
readily through the membrane, but others are hindered, and their passage is only made possible by protein channels and carriers.
The chemistry of living things occurs in aqueous solutions, and balancing the concentrations of those solutions is an ongoing
problem. In living systems, diffusion of some substances would be slow or difficult without membrane proteins.

Art Connections

Figure 7.5.3: A doctor injects a patient with what he thinks is isotonic saline solution. The patient dies, and autopsy reveals that
many red blood cells have been destroyed. Do you think the solution the doctor injected was really isotonic?

Answer

No, it must have been hypotonic, as a hypotonic solution would cause water to enter the cells, thereby making them
burst.

Glossary

concentration gradient
an area of high concentration across from an area of low concentration

diffusion
a passive process of transport of low-molecular weight material down its concentration gradient

facilitated transport
a process by which material moves down a concentration gradient (from high to low concentration) using integral
membrane proteins

hypertonic
describes a solution in which extracellular fluid has higher osmolarity than the fluid inside the cell

hypotonic
describes a solution in which extracellular fluid has lower osmolarity than the fluid inside the cell

isotonic
describes a solution in which the extracellular fluid has the same osmolarity as the fluid inside the cell

osmolarity
the total amount of substances dissolved in a specific amount of solution

osmosis
the transport of water through a semipermeable membrane from an area of high water concentration to an area of
low water concentration across a membrane

passive transport
a method of transporting material that does not require energy

selectively permeable
the characteristic of a membrane that allows some substances through but not others

solute
a substance dissolved in another to form a solution
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tonicity
the amount of solute in a solution.
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7.6: Active Transport

Active transport mechanisms require the use of the cell's energy, usually in the form of adenosine triphosphate (ATP). If a
substance must move into the cell against its concentration gradient, that is, if the concentration of the substance inside the cell
must be greater than its concentration in the extracellular fluid, the cell must use energy to move the substance. Some active
transport mechanisms move small-molecular weight material, such as ions, through the membrane.

In addition to moving small ions and molecules through the membrane, cells also need to remove and take in larger molecules
and particles. Some cells are even capable of engulfing entire unicellular microorganisms. You might have correctly hypothesized
that the uptake and release of large particles by the cell requires energy. A large particle, however, cannot pass through the
membrane, even with energy supplied by the cell.

Electrochemical Gradient

We have discussed simple concentration gradients—differential concentrations of a substance across a space or a
membrane—but in living systems, gradients are more complex. Because cells contain proteins, most of which are negatively
charged, and because ions move into and out of cells, there is an electrical gradient, a difference of charge, across the plasma
membrane. The interior of living cells is electrically negative with respect to the extracellular fluid in which they are bathed;

at the same time, cells have higher concentrations of potassium (K*) and lower concentrations of sodium (Na*) than does the
extracellular fluid. Thus, in a living cell, the concentration gradient and electrical gradient of Na* promotes diffusion of the ion
into the cell, and the electrical gradient of Na* (a positive ion) tends to drive it inward to the negatively charged interior. The
situation is more complex, however, for other elements such as potassium. The electrical gradient of K* promotes diffusion of the

ion into the cell, but the concentration gradient of K* promotes diffusion out of the cell (Figure 7.6.1). The combined gradient that
affects an ion is called its electrochemical gradient, and it is especially important to muscle and nerve cells.
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Figure 7.6.1: Electrochemical gradients arise from the combined effects of concentration gradients and electrical gradients. (credit:
modification of work by “Synaptitude”/Wikimedia Commons)

Moving Against a Gradient

To move substances against a concentration or an electrochemical gradient, the cell must use energy. This energy is harvested
from ATP that is generated through cellular metabolism. Active transport mechanisms, collectively called pumps or carrier
proteins, work against electrochemical gradients. With the exception of ions, small substances constantly pass through plasma
membranes. Active transport maintains concentrations of ions and other substances needed by living cells in the face of these
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passive changes. Much of a cell’s supply of metabolic energy may be spent maintaining these processes. Because active transport
mechanisms depend on cellular metabolism for energy, they are sensitive to many metabolic poisons that interfere with the supply
of ATP.

Two mechanisms exist for the transport of small-molecular weight material and macromolecules. Primary active transport moves
ions across a membrane and creates a difference in charge across that membrane. The primary active transport system uses ATP
to move a substance, such as an ion, into the cell, and often at the same time, a second substance is moved out of the cell. The
sodium-potassium pump, an important pump in animal cells, expends energy to move potassium ions into the cell and a different
number of sodium ions out of the cell (Figure 7.6.2). The action of this pump results in a concentration and charge difference
across the membrane.
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Figure 7.6.2: The sodium-potassium pump moves potassium and sodium ions across the plasma membrane. (credit: modification of work by
Mariana Ruiz Villarreal)

Secondary active transport describes the movement of material using the energy of the electrochemical gradient established
by primary active transport. Using the energy of the electrochemical gradient created by the primary active transport system,
other substances such as amino acids and glucose can be brought into the cell through membrane channels. ATP itself is formed
through secondary active transport using a hydrogen ion gradient in the mitochondrion.

Endocytosis

Endocytosis is a type of active transport that moves particles, such as large molecules, parts of cells, and even whole cells, into
a cell. There are different variations of endocytosis, but all share a common characteristic: The plasma membrane of the cell
invaginates, forming a pocket around the target particle. The pocket pinches off, resulting in the particle being contained in a
newly created vacuole that is formed from the plasma membrane.
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Figure 7.6.3: Three variations of endocytosis are shown. (a) In one form of endocytosis, phagocytosis, the cell membrane surrounds the
particle and pinches off to form an intracellular vacuole. (b) In another type of endocytosis, pinocytosis, the cell membrane surrounds a small
volume of fluid and pinches off, forming a vesicle. (c) In receptor-mediated endocytosis, uptake of substances by the cell is targeted to a
single type of substance that binds at the receptor on the external cell membrane. (credit: modification of work by Mariana Ruiz Villarreal)

Phagocytosis is the process by which large particles, such as cells, are taken in by a cell. For example, when microorganisms
invade the human body, a type of white blood cell called a neutrophil removes the invader through this process, surrounding and
engulfing the microorganism, which is then destroyed by the neutrophil (Figure 7.6.3).

A variation of endocytosis is called pinocytosis. This literally means “cell drinking” and was named at a time when the assumption
was that the cell was purposefully taking in extracellular fluid. In reality, this process takes in solutes that the cell needs from the
extracellular fluid (Figure 7.6.3).

A targeted variation of endocytosis employs binding proteins in the plasma membrane that are specific for certain substances
(Figure 7.6.3). The particles bind to the proteins and the plasma membrane invaginates, bringing the substance and the proteins
into the cell. If passage across the membrane of the target of receptor-mediated endocytosis is ineffective, it will not be removed
from the tissue fluids or blood. Instead, it will stay in those fluids and increase in concentration. Some human diseases are caused
by a failure of receptor-mediated endocytosis. For example, the form of cholesterol termed low-density lipoprotein or LDL (also
referred to as “bad” cholesterol) is removed from the blood by receptor-mediated endocytosis. In the human genetic disease
familial hypercholesterolemia, the LDL receptors are defective or missing entirely. People with this condition have life-threatening
levels of cholesterol in their blood, because their cells cannot clear the chemical from their blood.

CONCEPT IN ACTION

This interactive element is not available in this format. Visit the link or scan the QR code to access it online.

View this YouTube Video online

See receptor-mediated endocytosis animation in action.

Exocytosis

In contrast to these methods of moving material into a cell is the process of exocytosis. Exocytosis is the opposite of the
processes discussed above in that its purpose is to expel material from the cell into the extracellular fluid. A particle enveloped
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in membrane fuses with the interior of the plasma membrane. This fusion opens the membranous envelope to the exterior of the
cell, and the particle is expelled into the extracellular space (Figure 7.6.4).

Exocytosis

Extracellular fluid

Cyctoplasm

Vesicle
Figure 7.6.4: In exocytosis, a vesicle migrates to the plasma membrane, binds, and releases its contents to the outside of the cell. (credit:
modification of work by Mariana Ruiz Villarreal)

Section Summary

The combined gradient that affects an ion includes its concentration gradient and its electrical gradient. Living cells need certain
substances in concentrations greater than they exist in the extracellular space. Moving substances up their electrochemical
gradients requires energy from the cell. Active transport uses energy stored in ATP to fuel the transport. Active transport of
small molecular-size material uses integral proteins in the cell membrane to move the material—these proteins are analogous
to pumps. Some pumps, which carry out primary active transport, couple directly with ATP to drive their action. In secondary
transport, energy from primary transport can be used to move another substance into the cell and up its concentration gradient.

Endocytosis methods require the direct use of ATP to fuel the transport of large particles such as macromolecules; parts of
cells or whole cells can be engulfed by other cells in a process called phagocytosis. In phagocytosis, a portion of the membrane
invaginates and flows around the particle, eventually pinching off and leaving the particle wholly enclosed by an envelope of
plasma membrane. Vacuoles are broken down by the cell, with the particles used as food or dispatched in some other way.
Pinocytosis is a similar process on a smaller scale. The cell expels waste and other particles through the reverse process,
exocytosis. Wastes are moved outside the cell, pushing a membranous vesicle to the plasma membrane, allowing the vesicle to
fuse with the membrane and incorporating itself into the membrane structure, releasing its contents to the exterior of the cell.

Glossary

active transport
the method of transporting material that requires energy

electrochemical gradient
a gradient produced by the combined forces of the electrical gradient and the chemical gradient

endocytosis
a type of active transport that moves substances, including fluids and particles, into a cell

exocytosis
a process of passing material out of a cell

phagocytosis
a process that takes macromolecules that the cell needs from the extracellular fluid; a variation of endocytosis
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pinocytosis
a process that takes solutes that the cell needs from the extracellular fluid; a variation of endocytosis

receptor-mediated endocytosis
a variant of endocytosis that involves the use of specific binding proteins in the plasma membrane for specific
molecules or particles
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8: ENERGY IN BIOLOGICAL SYSTEMS

Cellular processes require a steady supply of energy. From where, and in what form, does this energy come? How do living cells
obtain energy, and how do they use it? This chapter will discuss different forms of energy and the physical laws that govern
energy transfer. This chapter will also describe how cells use energy and replenish it, and how chemical reactions in the cell are
performed with great efficiency.

8.1: Prelude to Metabolism

8.2: Energy and Metabolism

8.3: Potential, Kinetic, Free, and Activation Energy
8.4: The Laws of Thermodynamics

8.5: ATP- Adenosine Triphosphate

8.6: Enzymes

This page titled 8: Energy in Biological Systems is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by OpenStax.

e 6: Metabolism by OpenStax is licensed CC BY 4.0.
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8.1: Prelude to Metabolism

Virtually every task performed by living organisms requires energy. Energy is needed to perform heavy labor and exercise, but
humans also use a great deal of energy while thinking, and even during sleep. In fact, the living cells of every organism constantly
use energy. Nutrients and other molecules are imported, metabolized (broken down) and possibly synthesized into new molecules,
modified if needed, transported around the cell, and may be distributed to the entire organism. For example, the large proteins
that make up muscles are actively built from smaller molecules. Complex carbohydrates are broken down into simple sugars that
the cell uses for energy. Just as energy is required to both build and demolish a building, energy is required for both the synthesis
and breakdown of molecules. Additionally, signaling molecules such as hormones and neurotransmitters are transported between
cells. Pathogenic bacteria and viruses are ingested and broken down by cells. Cells must also export waste and toxins to stay
healthy, and many cells must swim or move surrounding materials via the beating motion of cellular appendages like cilia and
flagella.

Figure 8.1.1: A hummingbird needs energy to maintain prolonged periods of flight. The bird obtains its energy from taking in food and
transforming the nutrients into energy through a series of biochemical reactions. The flight muscles in birds are extremely efficient in energy
production. (credit: modification of work by Cory Zanker)

The cellular processes listed above require a steady supply of energy. From where, and in what form, does this energy come? How
do living cells obtain energy, and how do they use it? This chapter will discuss different forms of energy and the physical laws that
govern energy transfer. This chapter will also describe how cells use energy and replenish it, and how chemical reactions in the
cell are performed with great efficiency.

This page titled 8.1: Prelude to Metabolism is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by OpenStax.

e 6.0: Prelude to Metabolism by OpenStax is licensed CC BY 4.0.
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8.2: Energy and Metabolism

Skills to Develop

e Explain what metabolic pathways are and describe the two major types of metabolic pathways
e Discuss how chemical reactions play a role in energy transfer

Scientists use the term bioenergetics to discuss the concept of energy flow (Figure 8.2.1) through living systems, such as cells.
Cellular processes such as the building and breaking down of complex molecules occur through stepwise chemical reactions.
Some of these chemical reactions are spontaneous and release energy, whereas others require energy to proceed. Just as living
things must continually consume food to replenish what has been used, cells must continually produce more energy to replenish
that used by the many energy-requiring chemical reactions that constantly take place. All of the chemical reactions that take
place inside cells, including those that use energy and those that release energy, are the cell’'s metabolism.

PRODUCERS:
plants

DECOMPOSERS:
fungi, bacteria, worms

Figure 8.2.1: Most life forms on earth get their energy from the sun. Plants use photosynthesis to capture sunlight, and herbivores eat those
plants to obtain energy. Carnivores eat the herbivores, and decomposers digest plant and animal matter.

Metabolism of Carbohydrates

The metabolism of sugar (a simple carbohydrate) is a classic example of the many cellular processes that use and produce energy.
Living things consume sugar as a major energy source, because sugar molecules have a great deal of energy stored within their
bonds. The breakdown of glucose, a simple sugar, is described by the equation:

CgH1206 +602 — 6COs + 6H,0 + (energy)

Carbohydrates that are consumed have their origins in photosynthesizing organisms like plants (Figure 6.1.2). During
photosynthesis, plants use the energy of sunlight to convert carbon dioxide gas (CO2) into sugar molecules, like glucose
(CeH1206). Because this process involves synthesizing a larger, energy-storing molecule, it requires an input of energy to proceed.
The synthesis of glucose is described by this equation (notice that it is the reverse of the previous equation):

6 002 + 6H20 + (energy) — CSHlQOﬁ +6 02

During the chemical reactions of photosynthesis, energy is provided in the form of a very high-energy molecule called ATP, or
adenosine triphosphate, which is the primary energy currency of all cells. Just as the dollar is used as currency to buy goods,
cells use molecules of ATP as energy currency to perform immediate work. The sugar (glucose) is stored as starch or glycogen.
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Energy-storing polymers like these are broken down into glucose to supply molecules of ATP.

Solar energy is required to synthesize a molecule of glucose during the reactions of photosynthesis. In photosynthesis, light
energy from the sun is initially transformed into chemical energy that is temporally stored in the energy carrier molecules ATP and
NADPH (nicotinamide adenine dinucleotide phosphate). The stored energy in ATP and NADPH is then used later in photosynthesis
to build one molecule of glucose from six molecules of CO3. This process is analogous to eating breakfast in the morning to
acquire energy for your body that can be used later in the day. Under ideal conditions, energy from 18 molecules of ATP is required
to synthesize one molecule of glucose during the reactions of photosynthesis. Glucose molecules can also be combined with
and converted into other types of sugars. When sugars are consumed, molecules of glucose eventually make their way into each
living cell of the organism. Inside the cell, each sugar molecule is broken down through a complex series of chemical reactions.
The goal of these reactions is to harvest the energy stored inside the sugar molecules. The harvested energy is used to make
high-energy ATP molecules, which can be used to perform work, powering many chemical reactions in the cell. The amount of
energy needed to make one molecule of glucose from six molecules of carbon dioxide is 18 molecules of ATP and 12 molecules of
NADPH (each one of which is energetically equivalent to three molecules of ATP), or a total of 54 molecule equivalents required
for the synthesis of one molecule of glucose. This process is a fundamental and efficient way for cells to generate the molecular
energy that they require.

Figure 8.2.2: Plants, like this oak tree and acorn, use energy from sunlight to make sugar and other organic molecules. Both plants and animals
(like this squirrel) use cellular respiration to derive energy from the organic molecules originally produced by plants. (credit “acorn”:
modification of work by Noel Reynolds; credit “squirrel”: modification of work by Dawn Huczek)

Metabolic Pathways

The processes of making and breaking down sugar molecules illustrate two types of metabolic pathways. A metabolic pathway
is a series of interconnected biochemical reactions that convert a substrate molecule or molecules, step-by-step, through a
series of metabolic intermediates, eventually yielding a final product or products. In the case of sugar metabolism, the first
metabolic pathway synthesized sugar from smaller molecules, and the other pathway broke sugar down into smaller molecules.
These two opposite processes—the first requiring energy and the second producing energy—are referred to as anabolic (building)
and catabolic (breaking down) pathways, respectively. Consequently, metabolism is composed of building (anabolism) and
degradation (catabolism).
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Evolution Connection: Evolution of Metabolic Pathways

Animalia
Plantae Fungi
Protista
Archaebacteria Eubacteria
Prokaryote
ancestor

Figure 8.2.3: This tree shows the evolution of the various branches of life. The vertical dimension is time. Early life forms, in blue, used
anaerobic metabolism to obtain energy from their surroundings.

There is more to the complexity of metabolism than understanding the metabolic pathways alone. Metabolic complexity
varies from organism to organism. Photosynthesis is the primary pathway in which photosynthetic organisms like plants (the
majority of global synthesis is done by planktonic algae) harvest the sun’s energy and convert it into carbohydrates. The
by-product of photosynthesis is oxygen, required by some cells to carry out cellular respiration. During cellular respiration,
oxygen aids in the catabolic breakdown of carbon compounds, like carbohydrates. Among the products of this catabolism are
CO2 and ATP. In addition, some eukaryotes perform catabolic processes without oxygen (fermentation); that is, they perform
or use anaerobic metabolism.

Organisms probably evolved anaerobic metabolism to survive (living organisms came into existence about 3.8 billion years
ago, when the atmosphere lacked oxygen). Despite the differences between organisms and the complexity of metabolism,
researchers have found that all branches of life share some of the same metabolic pathways, suggesting that all organisms
evolved from the same ancient common ancestor (Figure 8.2.3). Evidence indicates that over time, the pathways diverged,
adding specialized enzymes to allow organisms to better adapt to their environment, thus increasing their chance to survive.
However, the underlying principle remains that all organisms must harvest energy from their environment and convert it to
ATP to carry out cellular functions.

Anabolic and Catabolic Pathways

Anabolic pathways require an input of energy to synthesize complex molecules from simpler ones. Synthesizing sugar from
CO3 is one example. Other examples are the synthesis of large proteins from amino acid building blocks, and the synthesis of
new DNA strands from nucleic acid building blocks. These biosynthetic processes are critical to the life of the cell, take place
constantly, and demand energy provided by ATP and other high-energy molecules like NADH (nicotinamide adenine dinucleotide)
and NADPH (Figure 8.2.4).

ATP is an important molecule for cells to have in sufficient supply at all times. The breakdown of sugars illustrates how a single
molecule of glucose can store enough energy to make a great deal of ATP, 36 to 38 molecules. This is a catabolic pathway.
Catabolic pathways involve the degradation (or breakdown) of complex molecules into simpler ones. Molecular energy stored in
the bonds of complex molecules is released in catabolic pathways and harvested in such a way that it can be used to produce
ATP. Other energy-storing molecules, such as fats, are also broken down through similar catabolic reactions to release energy and
make ATP (Figure 8.2.4).

It is important to know that the chemical reactions of metabolic pathways don’t take place spontaneously. Each reaction
step is facilitated, or catalyzed, by a protein called an enzyme. Enzymes are important for catalyzing all types of biological
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reactions—those that require energy as well as those that release energy.

Metabolic pathways

Anabolic: Small molecules are assembled into large ones. Energy is required.
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Figure 8.2.4: Anabolic pathways are those that require energy to synthesize larger molecules. Catabolic pathways are those that generate
energy by breaking down larger molecules. Both types of pathways are required for maintaining the cell's energy balance.

Summary

Cells perform the functions of life through various chemical reactions. A cell’'s metabolism refers to the chemical reactions that
take place within it. There are metabolic reactions that involve the breaking down of complex chemicals into simpler ones, such
as the breakdown of large macromolecules. This process is referred to as catabolism, and such reactions are associated with
a release of energy. On the other end of the spectrum, anabolism refers to metabolic processes that build complex molecules
out of simpler ones, such as the synthesis of macromolecules. Anabolic processes require energy. Glucose synthesis and glucose
breakdown are examples of anabolic and catabolic pathways, respectively.

Glossary

anabolic
(also, anabolism) pathways that require an input of energy to synthesize complex molecules from simpler ones

bioenergetics
study of energy flowing through living systems

catabolic
(also, catabolism) pathways in which complex molecules are broken down into simpler ones

metabolism
all the chemical reactions that take place inside cells, including anabolism and catabolism

This page titled 8.2: Energy and Metabolism is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by OpenStax.

e 6.1: Energy and Metabolism by OpenStax is licensed CC BY 4.0.
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8.3: Potential, Kinetic, Free, and Activation Energy

Skills to Develop

e Define “energy”

e Explain the difference between kinetic and potential energy
e Discuss the concepts of free energy and activation energy
e Describe endergonic and exergonic reactions

Energy is defined as the ability to do work. As you've learned, energy exists in different forms. For example, electrical energy, light
energy, and heat energy are all different types of energy. While these are all familiar types of energy that one can see or feel, there
is another type of energy that is much less tangible. This energy is associated with something as simple as an object held above
the ground. In order to appreciate the way energy flows into and out of biological systems, it is important to understand more
about the different types of energy that exist in the physical world.

Types of Energy

When an object is in motion, there is energy associated with that object. In the example of an airplane in flight, there is a great
deal of energy associated with the motion of the airplane. This is because moving objects are capable of enacting a change,
or doing work. Think of a wrecking ball. Even a slow-moving wrecking ball can do a great deal of damage to other objects.
However, a wrecking ball that is not in motion is incapable of performing work. Energy associated with objects in motion is
called kinetic energy. A speeding bullet, a walking person, the rapid movement of molecules in the air (which produces heat), and
electromagnetic radiation like light all have kinetic energy.

Now what if that same motionless wrecking ball is lifted two stories above a car with a crane? If the suspended wrecking ball
is unmoving, is there energy associated with it? The answer is yes. The suspended wrecking ball has energy associated with it
that is fundamentally different from the kinetic energy of objects in motion. This form of energy results from the fact that there is
the potential for the wrecking ball to do work. If it is released, indeed it would do work. Because this type of energy refers to the
potential to do work, it is called potential energy. Objects transfer their energy between kinetic and potential in the following way:
As the wrecking ball hangs motionless, it has © kinetic and 100 percent potential energy. Once it is released, its kinetic energy
begins to increase because it builds speed due to gravity. At the same time, as it nears the ground, it loses potential energy.
Somewhere mid-fall it has 50 percent kinetic and 50 percent potential energy. Just before it hits the ground, the ball has nearly
lost its potential energy and has near-maximal kinetic energy. Other examples of potential energy include the energy of water
held behind a dam (Figure 8.3.1), or a person about to skydive out of an airplane.
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Figure 8.3.1: Water behind a dam has potential energy. Moving water, such as in a waterfall or a rapidly flowing river, has kinetic energy. (credit
“dam”: modification of work by "Pascal"/Flickr; credit “waterfall”: modification of work by Frank Gualtieri)

Potential energy is not only associated with the location of matter (such as a child sitting on a tree branch), but also with the
structure of matter. A spring on the ground has potential energy if it is compressed; so does a rubber band that is pulled taut.
The very existence of living cells relies heavily on structural potential energy. On a chemical level, the bonds that hold the atoms
of molecules together have potential energy. Remember that anabolic cellular pathways require energy to synthesize complex
molecules from simpler ones, and catabolic pathways release energy when complex molecules are broken down. The fact that
energy can be released by the breakdown of certain chemical bonds implies that those bonds have potential energy. In fact, there
is potential energy stored within the bonds of all the food molecules we eat, which is eventually harnessed for use. This is because
these bonds can release energy when broken. The type of potential energy that exists within chemical bonds, and is released
when those bonds are broken, is called chemical energy (Figure 8.3.2). Chemical energy is responsible for providing living cells
with energy from food. The release of energy is brought about by breaking the molecular bonds within fuel molecules.

Figure 8.3.2: The molecules in gasoline (octane, the chemical formula shown) contain chemical energy within the chemical bonds. This energy
is transformed into kinetic energy that allows a car to race on a racetrack. (credit “car”: modification of work by Russell Trow)
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Visit this site and select “A simple pendulum” on the menu (under “Harmonic Motion”) to see the shifting kinetic (K) and
potential energy (U) of a pendulum in motion.

Free Energy

After learning that chemical reactions release energy when energy-storing bonds are broken, an important next question is how
is the energy associated with chemical reactions quantified and expressed? How can the energy released from one reaction be
compared to that of another reaction? A measurement of free energy is used to quantitate these energy transfers. Free energy is
called Gibbs free energy (abbreviated with the letter G) after Josiah Willard Gibbs, the scientist who developed the measurement.
Recall that according to the second law of thermodynamics, all energy transfers involve the loss of some amount of energy in an
unusable form such as heat, resulting in entropy. Gibbs free energy specifically refers to the energy associated with a chemical
reaction that is available after entropy is accounted for. In other words, Gibbs free energy is usable energy, or energy that is
available to do work.

Every chemical reaction involves a change in free energy, called delta G (AG). The change in free energy can be calculated for
any system that undergoes such a change, such as a chemical reaction. To calculate AG, subtract the amount of energy lost to
entropy (denoted as AS) from the total energy change of the system. This total energy change in the system is called enthalpy
and is denoted as AH . The formula for calculating AG is as follows, where the symbol T refers to absolute temperature in Kelvin
(degrees Celsius + 273):

AG = AH - TAS

The standard free energy change of a chemical reaction is expressed as an amount of energy per mole of the reaction
product (either in kilojoules or kilocalories, kdJ/mol or kcal/mol; 1 kJ = 0.239 kcal) under standard pH, temperature, and
pressure conditions. Standard pH, temperature, and pressure conditions are generally calculated at pH 7.0 in biological systems,
25 degrees Celsius, and 100 kilopascals (1 atm pressure), respectively. It is important to note that cellular conditions vary
considerably from these standard conditions, and so standard calculated AG values for biological reactions will be different inside
the cell.

Endergonic Reactions and Exergonic Reactions

If energy is released during a chemical reaction, then the resulting value from the above equation will be a negative number. In
other words, reactions that release energy have a AG < 0. A negative AG also means that the products of the reaction have less
free energy than the reactants, because they gave off some free energy during the reaction. Reactions that have a negative AG
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and consequently release free energy are called exergonic reactions. Think: exergonic means energy is exiting the system. These
reactions are also referred to as spontaneous reactions, because they can occur without the addition of energy into the system.
Understanding which chemical reactions are spontaneous and release free energy is extremely useful for biologists, because
these reactions can be harnessed to perform work inside the cell. An important distinction must be drawn between the term
spontaneous and the idea of a chemical reaction that occurs immediately. Contrary to the everyday use of the term, a spontaneous
reaction is not one that suddenly or quickly occurs. The rusting of iron is an example of a spontaneous reaction that occurs slowly,
little by little, over time.

If a chemical reaction requires an input of energy rather than releasing energy, then the AG for that reaction will be a positive
value. In this case, the products have more free energy than the reactants. Thus, the products of these reactions can be thought
of as energy-storing molecules. These chemical reactions are called endergonic reactions, and they are non-spontaneous. An
endergonic reaction will not take place on its own without the addition of free energy.

Let’s revisit the example of the synthesis and breakdown of the food molecule, glucose. Remember that the building of complex
molecules, such as sugars, from simpler ones is an anabolic process and requires energy. Therefore, the chemical reactions
involved in anabolic processes are endergonic reactions. On the other hand, the catabolic process of breaking sugar down into
simpler molecules releases energy in a series of exergonic reactions. Like the example of rust above, the breakdown of sugar
involves spontaneous reactions, but these reactions don’t occur instantaneously. Figure 8.3.3 shows some other examples of
endergonic and exergonic reactions. Later sections will provide more information about what else is required to make even
spontaneous reactions happen more efficiently.

Art Connection

©
Figure 8.3.3: Shown are some examples of endergonic processes (ones that require energy) and exergonic processes (ones that release
energy). These include (a) a compost pile decomposing, (b) a chick hatching from a fertilized egg, (c) sand art being destroyed, and (d) a
ball rolling down a hill. (credit a: modification of work by Natalie Maynor; credit b: modification of work by USDA; credit ¢: modification of
work by “Athlex”/Flickr; credit d: modification of work by Harry Malsch)

Look at each of the processes shown, and decide if it is endergonic or exergonic. In each case, does enthalpy increase or
decrease, and does entropy increase or decrease?

An important concept in the study of metabolism and energy is that of chemical equilibrium. Most chemical reactions are
reversible. They can proceed in both directions, releasing energy into their environment in one direction, and absorbing it from
the environment in the other direction (Figure 8.3.4). The same is true for the chemical reactions involved in cell metabolism, such
as the breaking down and building up of proteins into and from individual amino acids, respectively. Reactants within a closed
system will undergo chemical reactions in both directions until a state of equilibrium is reached. This state of equilibrium is one
of the lowest possible free energy and a state of maximal entropy. Energy must be put into the system to push the reactants and
products away from a state of equilibrium. Either reactants or products must be added, removed, or changed. If a cell were a
closed system, its chemical reactions would reach equilibrium, and it would die because there would be insufficient free energy
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left to perform the work needed to maintain life. In a living cell, chemical reactions are constantly moving towards equilibrium,
but never reach it. This is because a living cell is an open system. Materials pass in and out, the cell recycles the products of
certain chemical reactions into other reactions, and chemical equilibrium is never reached. In this way, living organisms are in
a constant energy-requiring, uphill battle against equilibrium and entropy. This constant supply of energy ultimately comes from
sunlight, which is used to produce nutrients in the process of photosynthesis.

EXERGONIC REACTION: AG <O ENDERGONIC REACTION: AG > O
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Figure 8.3.4: Exergonic and endergonic reactions result in changes in Gibbs free energy. Exergonic reactions release energy; endergonic
reactions require energy to proceed.

Activation Energy

There is another important concept that must be considered regarding endergonic and exergonic reactions. Even exergonic
reactions require a small amount of energy input to get going before they can proceed with their energy-releasing steps. These
reactions have a net release of energy, but still require some energy in the beginning. This small amount of energy input necessary
for all chemical reactions to occur is called the activation energy (or free energy of activation) and is abbreviated Ea (Figure 8.3.5

).

Why would an energy-releasing, negative AG reaction actually require some energy to proceed? The reason lies in the steps that
take place during a chemical reaction. During chemical reactions, certain chemical bonds are broken and new ones are formed.
For example, when a glucose molecule is broken down, bonds between the carbon atoms of the molecule are broken. Since these
are energy-storing bonds, they release energy when broken. However, to get them into a state that allows the bonds to break,
the molecule must be somewhat contorted. A small energy input is required to achieve this contorted state. This contorted state
is called the transition state, and it is a high-energy, unstable state. For this reason, reactant molecules don't last long in their
transition state, but very quickly proceed to the next steps of the chemical reaction. Free energy diagrams illustrate the energy
profiles for a given reaction. Whether the reaction is exergonic or endergonic determines whether the products in the diagram
will exist at a lower or higher energy state than both the reactants and the products. However, regardless of this measure, the
transition state of the reaction exists at a higher energy state than the reactants, and thus, Ex is always positive.

Link to Learning

This interactive element is not available in this format. Visit the link or scan the QR code to access it online.

View this YouTube Video online

Watch an animation of the move from free energy to transition state at this site.
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Where does the activation energy required by chemical reactants come from? The source of the activation energy needed to push
reactions forward is typically heat energy from the surroundings. Heat energy (the total bond energy of reactants or products in a
chemical reaction) speeds up the motion of molecules, increasing the frequency and force with which they collide; it also moves
atoms and bonds within the molecule slightly, helping them reach their transition state. For this reason, heating up a system will
cause chemical reactants within that system to react more frequently. Increasing the pressure on a system has the same effect.
Once reactants have absorbed enough heat energy from their surroundings to reach the transition state, the reaction will proceed.

The activation energy of a particular reaction determines the rate at which it will proceed. The higher the activation energy, the
slower the chemical reaction will be. The example of iron rusting illustrates an inherently slow reaction. This reaction occurs slowly
over time because of its high Ea. Additionally, the burning of many fuels, which is strongly exergonic, will take place at a negligible
rate unless their activation energy is overcome by sufficient heat from a spark. Once they begin to burn, however, the chemical
reactions release enough heat to continue the burning process, supplying the activation energy for surrounding fuel molecules.
Like these reactions outside of cells, the activation energy for most cellular reactions is too high for heat energy to overcome at
efficient rates. In other words, in order for important cellular reactions to occur at appreciable rates (number of reactions per unit
time), their activation energies must be lowered (Figure 8.3.18.3.5); this is referred to as catalysis. This is a very good thing as far
as living cells are concerned. Important macromolecules, such as proteins, DNA, and RNA, store considerable energy, and their
breakdown is exergonic. If cellular temperatures alone provided enough heat energy for these exergonic reactions to overcome
their activation barriers, the essential components of a cell would disintegrate.

Art Connection

EXERGONIC REACTION: AG< O

Reaction is spontaneous

Activation energy of
uncatalyzed reaction

Activation energy of
catalyzed reaction

reactants

Gibbs Free Energy

products

Time

Figure 8.3.5: Activation energy is the energy required for a reaction to proceed, and it is lower if the reaction is catalyzed. The horizontal
axis of this diagram describes the sequence of events in time.

If no activation energy were required to break down sucrose (table sugar), would you be able to store it in a sugar bowl?

Summary

Energy comes in many different forms. Objects in motion do physical work, and kinetic energy is the energy of objects in motion.
Objects that are not in motion may have the potential to do work, and thus, have potential energy. Molecules also have potential
energy because the breaking of molecular bonds has the potential to release energy. Living cells depend on the harvesting of
potential energy from molecular bonds to perform work. Free energy is a measure of energy that is available to do work. The free
energy of a system changes during energy transfers such as chemical reactions, and this change is referred to as AG.

The AG of a reaction can be negative or positive, meaning that the reaction releases energy or consumes energy, respectively.
A reaction with a negative AG that gives off energy is called an exergonic reaction. One with a positive AG that requires energy
input is called an endergonic reaction. Exergonic reactions are said to be spontaneous, because their products have less energy
than their reactants. The products of endergonic reactions have a higher energy state than the reactants, and so these are
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nonspontaneous reactions. However, all reactions (including spontaneous -AG reactions) require an initial input of energy in order
to reach the transition state, at which they’ll proceed. This initial input of energy is called the activation energy.

Art Connections

Figure 8.3.3: Look at each of the processes shown, and decide if it is endergonic or exergonic. In each case, does enthalpy
increase or decrease, and does entropy increase or decrease?

Answer

A compost pile decomposing is an exergonic process; enthalpy increases (energy is released) and entropy
increases (large molecules are broken down into smaller ones). A baby developing from a fertilized egg is an
endergonic process; enthalpy decreases (energy is absorbed) and entropy decreases. Sand art being destroyed
is an exergonic process; there is no change in enthalpy, but entropy increases. A ball rolling downhill is an
exergonic process; enthalpy decreases (energy is released), but there is no change in enthalpy.

Figure 8.3.5: If no activation energy were required to break down sucrose (table sugar), would you be able to store it in a sugar
bowl?

Answer

No. We can store chemical energy because of the need to overcome the barrier to its breakdown.

Glossary

activation energy
energy necessary for reactions to occur

chemical energy
potential energy in chemical bonds that is released when those bonds are broken

endergonic
describes chemical reactions that require energy input

enthalpy
total energy of a system

exergonic
describes chemical reactions that release free energy

free energy
Gibbs free energy is the usable energy, or energy that is available to do work.

heat energy
total bond energy of reactants or products in a chemical reaction

kinetic energy
type of energy associated with objects or particles in motion

potential energy
type of energy that has the potential to do work; stored energy

transition state
high-energy, unstable state (an intermediate form between the substrate and the product) occurring during a
chemical reaction
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This page titled 8.3: Potential, Kinetic, Free, and Activation Energy is shared under a CC BY 4.0 license and was authored, remixed, and/or
curated by OpenStax.

e 6.2: Potential, Kinetic, Free, and Activation Energy by OpenStax is licensed CC BY 4.0.
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8.4: The Laws of Thermodynamics

Skills to Develop

e Discuss the concept of entropy
e Explain the first and second laws of thermodynamics

Thermodynamics refers to the study of energy and energy transfer involving physical matter. The matter and its environment
relevant to a particular case of energy transfer are classified as a system, and everything outside of that system is called the
surroundings. For instance, when heating a pot of water on the stove, the system includes the stove, the pot, and the water. Energy
is transferred within the system (between the stove, pot, and water). There are two types of systems: open and closed. An open
system is one in which energy can be transferred between the system and its surroundings. The stovetop system is open because
heat can be lost into the air. A closed system is one that cannot transfer energy to its surroundings.

Biological organisms are open systems. Energy is exchanged between them and their surroundings, as they consume energy-
storing molecules and release energy to the environment by doing work. Like all things in the physical world, energy is subject to
the laws of physics. The laws of thermodynamics govern the transfer of energy in and among all systems in the universe.

The First Law of Thermodynamics

The first law of thermodynamics deals with the total amount of energy in the universe. It states that this total amount of energy
is constant. In other words, there has always been, and always will be, exactly the same amount of energy in the universe. Energy
exists in many different forms. According to the first law of thermodynamics, energy may be transferred from place to place
or transformed into different forms, but it cannot be created or destroyed. The transfers and transformations of energy take
place around us all the time. Light bulbs transform electrical energy into light energy. Gas stoves transform chemical energy
from natural gas into heat energy. Plants perform one of the most biologically useful energy transformations on earth: that of
converting the energy of sunlight into the chemical energy stored within organic molecules (Figure 2.3.b.1). Some examples of
energy transformations are shown in Figure 8.4.1.

The challenge for all living organisms is to obtain energy from their surroundings in forms that they can transfer or transform
into usable energy to do work. Living cells have evolved to meet this challenge very well. Chemical energy stored within organic
molecules such as sugars and fats is transformed through a series of cellular chemical reactions into energy within molecules of
ATP. Energy in ATP molecules is easily accessible to do work. Examples of the types of work that cells need to do include building
complex molecules, transporting materials, powering the beating motion of cilia or flagella, contracting muscle fibers to create
movement, and reproduction.
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Figure 8.4.1: Shown are two examples of energy being transferred from one system to another and transformed from one form to another.
Humans can convert the chemical energy in food, like this ice cream cone, into kinetic energy (the energy of movement to ride a bicycle).
Plants can convert electromagnetic radiation (light energy) from the sun into chemical energy. (credit “ice cream”: modification of work by D.
Sharon Pruitt; credit “kids on bikes”: modification of work by Michelle Riggen-Ransom; credit “leaf”: modification of work by Cory Zanker)

The Second Law of Thermodynamics

A living cell’'s primary tasks of obtaining, transforming, and using energy to do work may seem simple. However, the second law
of thermodynamics explains why these tasks are harder than they appear. None of the energy transfers we've discussed, along
with all energy transfers and transformations in the universe, is completely efficient. In every energy transfer, some amount of
energy is lost in a form that is unusable. In most cases, this form is heat energy. Thermodynamically, heat energy is defined as
the energy transferred from one system to another that is not doing work. For example, when an airplane flies through the air,
some of the energy of the flying plane is lost as heat energy due to friction with the surrounding air. This friction actually heats the
air by temporarily increasing the speed of air molecules. Likewise, some energy is lost as heat energy during cellular metabolic
reactions. This is good for warm-blooded creatures like us, because heat energy helps to maintain our body temperature. Strictly
speaking, no energy transfer is completely efficient, because some energy is lost in an unusable form.

An important concept in physical systems is that of order and disorder (also known as randomness). The more energy that is lost
by a system to its surroundings, the less ordered and more random the system is. Scientists refer to the measure of randomness
or disorder within a system as entropy. High entropy means high disorder and low energy (Figure 8.4.2). To better understand
entropy, think of a student’s bedroom. If no energy or work were put into it, the room would quickly become messy. It would exist
in a very disordered state, one of high entropy. Energy must be put into the system, in the form of the student doing work and
putting everything away, in order to bring the room back to a state of cleanliness and order. This state is one of low entropy.
Similarly, a car or house must be constantly maintained with work in order to keep it in an ordered state. Left alone, the entropy
of the house or car gradually increases through rust and degradation. Molecules and chemical reactions have varying amounts of
entropy as well. For example, as chemical reactions reach a state of equilibrium, entropy increases, and as molecules at a high
concentration in one place diffuse and spread out, entropy also increases.

Scientific Connection: Transfer of Energy and the Resulting Entropy

Set up a simple experiment to understand how energy is transferred and how a change in entropy results.

1. Take a block of ice. This is water in solid form, so it has a high structural order. This means that the molecules cannot
move very much and are in a fixed position. The temperature of the ice is 8°C. As a result, the entropy of the system is
low.

2. Allow the ice to melt at room temperature. What is the state of molecules in the liquid water now? How did the energy
transfer take place? Is the entropy of the system higher or lower? Why?
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| 3. Heat the water to its boiling point. What happens to the entropy of the system when the water is heated?

All physical systems can be thought of in this way: Living things are highly ordered, requiring constant energy input to be
maintained in a state of low entropy. As living systems take in energy-storing molecules and transform them through chemical
reactions, they lose some amount of usable energy in the process, because no reaction is completely efficient. They also produce
waste and by-products that aren’t useful energy sources. This process increases the entropy of the system’s surroundings. Since
all energy transfers result in the loss of some usable energy, the second law of thermodynamics states that every energy transfer
or transformation increases the entropy of the universe. Even though living things are highly ordered and maintain a state of low
entropy, the entropy of the universe in total is constantly increasing due to the loss of usable energy with each energy transfer
that occurs. Essentially, living things are in a continuous uphill battle against this constant increase in universal entropy.
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Figure 8.4.2: Entropy is a measure of randomness or disorder in a system. Gases have higher entropy than liquids, and liquids have higher
entropy than solids.

Summary

In studying energy, scientists use the term “system” to refer to the matter and its environment involved in energy transfers.
Everything outside of the system is called the surroundings. Single cells are biological systems. Systems can be thought of as
having a certain amount of order. It takes energy to make a system more ordered. The more ordered a system is, the lower its

entropy. Entropy is a measure of the disorder of a system. As a system becomes more disordered, the lower its energy and the
higher its entropy become.

A series of laws, called the laws of thermodynamics, describe the properties and processes of energy transfer. The first law states
that the total amount of energy in the universe is constant. This means that energy can't be created or destroyed, only transferred
or transformed. The second law of thermodynamics states that every energy transfer involves some loss of energy in an unusable
form, such as heat energy, resulting in a more disordered system. In other words, no energy transfer is completely efficient and
tends toward disorder.

Glossary

entropy (S)
measure of randomness or disorder within a system

heat

energy energy transferred from one system to another that is not work (energy of the motion of molecules or
particles)
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thermodynamics
study of energy and energy transfer involving physical matter

This page titled 8.4: The Laws of Thermodynamics is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by OpenStax.

e 6.3: The Laws of Thermodynamics by OpenStax is licensed CC BY 4.0.
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8.5: ATP- Adenosine Triphosphate

Skills to Develop

e Explain the role of ATP as the cellular energy currency
e Describe how energy is released through hydrolysis of ATP

Even exergonic, energy-releasing reactions require a small amount of activation energy in order to proceed. However, consider
endergonic reactions, which require much more energy input, because their products have more free energy than their reactants.
Within the cell, where does energy to power such reactions come from? The answer lies with an energy-supplying molecule called
adenosine triphosphate, or ATP. ATP is a small, relatively simple molecule (Figure 8.5.1), but within some of its bonds, it contains
the potential for a quick burst of energy that can be harnessed to perform cellular work. This molecule can be thought of as the
primary energy currency of cells in much the same way that money is the currency that people exchange for things they need. ATP
is used to power the majority of energy-requiring cellular reactions.
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Figure 8.5.1: ATP is the primary energy currency of the cell. It has an adenosine backbone with three phosphate groups attached.

As its name suggests, adenosine triphosphate is comprised of adenosine bound to three phosphate groups (Figure 8.5.1).
Adenosine is a nucleoside consisting of the nitrogenous base adenine and a five-carbon sugar, ribose. The three phosphate
groups, in order of closest to furthest from the ribose sugar, are labeled alpha, beta, and gamma. Together, these chemical groups
constitute an energy powerhouse. However, not all bonds within this molecule exist in a particularly high-energy state. Both bonds
that link the phosphates are equally high-energy bonds (phosphoanhydride bonds) that, when broken, release sufficient energy to
power a variety of cellular reactions and processes. These high-energy bonds are the bonds between the second and third (or beta
and gamma) phosphate groups and between the first and second phosphate groups. The reason that these bonds are considered
“high-energy” is because the products of such bond breaking—adenosine diphosphate (ADP) and one inorganic phosphate group
(Pj)—have considerably lower free energy than the reactants: ATP and a water molecule. Because this reaction takes place with
the use of a water molecule, it is considered a hydrolysis reaction. In other words, ATP is hydrolyzed into ADP in the following
reaction:

ATP + HyO — ADP + P; + free energy

Like most chemical reactions, the hydrolysis of ATP to ADP is reversible. The reverse reaction regenerates ATP from ADP + Pj.
Indeed, cells rely on the regeneration of ATP just as people rely on the regeneration of spent money through some sort of income.
Since ATP hydrolysis releases energy, ATP regeneration must require an input of free energy. The formation of ATP is expressed
in this equation:

ADP + P; + free energy — ATP + HyO
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Two prominent questions remain with regard to the use of ATP as an energy source. Exactly how much free energy is released
with the hydrolysis of ATP, and how is that free energy used to do cellular work? The calculated AG for the hydrolysis of one mole
of ATP into ADP and Pj is —=7.3 kcal/mole (-30.5 kd/mol). Since this calculation is true under standard conditions, it would be
expected that a different value exists under cellular conditions. In fact, the AG for the hydrolysis of one mole of ATP in a living cell
is almost double the value at standard conditions: 14 kcal/mol (=57 kJ/mol).

ATP is a highly unstable molecule. Unless quickly used to perform work, ATP spontaneously dissociates into ADP + Pj, and the
free energy released during this process is lost as heat. The second question posed above, that is, how the energy released by
ATP hydrolysis is used to perform work inside the cell, depends on a strategy called energy coupling. Cells couple the exergonic
reaction of ATP hydrolysis with endergonic reactions, allowing them to proceed. One example of energy coupling using ATP
involves a transmembrane ion pump that is extremely important for cellular function. This sodium-potassium pump (Na*/K*
pump) drives sodium out of the cell and potassium into the cell (Figure 8.5.2). A large percentage of a cell's ATP is spent powering
this pump, because cellular processes bring a great deal of sodium into the cell and potassium out of the cell. The pump works
constantly to stabilize cellular concentrations of sodium and potassium. In order for the pump to turn one cycle (exporting three
Na* jons and importing two K* ions), one molecule of ATP must be hydrolyzed. When ATP is hydrolyzed, its gamma phosphate
doesn’t simply float away, but is actually transferred onto the pump protein. This process of a phosphate group binding to a
molecule is called phosphorylation. As with most cases of ATP hydrolysis, a phosphate from ATP is transferred onto another
molecule. In a phosphorylated state, the Na*/K* pump has more free energy and is triggered to undergo a conformational change.
This change allows it to release Na* to the outside of the cell. It then binds extracellular K*, which, through another conformational

change, causes the phosphate to detach from the pump. This release of phosphate triggers the K* to be released to the inside
of the cell. Essentially, the energy released from the hydrolysis of ATP is coupled with the energy required to power the pump and

transport Na* and K* ions. ATP performs cellular work using this basic form of energy coupling through phosphorylation.

Art Connection

Sodium-Potassium Pump

Extracellular fluid

Cytoplasm

ATP K* s
+Pi

Figure 8.5.2: The sodium-potassium pump is an example of energy coupling. The energy derived from exergonic ATP hydrolysis is used to
pump sodium and potassium ions across the cell membrane.

The hydrolysis of one ATP molecule releases 7.3 kcal/mol of energy (AG = -7.3 kcal/mol of energy). If it takes 2.1 kcal/mol of

energy to move one Na* across the membrane (AG = +2.1 kcal/mol of energy), how many sodium ions could be moved by the
hydrolysis of one ATP molecule?

Often during cellular metabolic reactions, such as the synthesis and breakdown of nutrients, certain molecules must be altered
slightly in their conformation to become substrates for the next step in the reaction series. One example is during the very
first steps of cellular respiration, when a molecule of the sugar glucose is broken down in the process of glycolysis. In the first
step of this process, ATP is required for the phosphorylation of glucose, creating a high-energy but unstable intermediate. This
phosphorylation reaction powers a conformational change that allows the phosphorylated glucose molecule to be converted to

®® 189 (8.5.2)



LibreTexts"

the phosphorylated sugar fructose. Fructose is a necessary intermediate for glycolysis to move forward. Here, the exergonic
reaction of ATP hydrolysis is coupled with the endergonic reaction of converting glucose into a phosphorylated intermediate in
the pathway. Once again, the energy released by breaking a phosphate bond within ATP was used for the phosphorylation of
another molecule, creating an unstable intermediate and powering an important conformational change.

Link to Learning

[=] [=]

: L
2 T

-"

m— Openstax COLLEGE"

=
i
1

See an interactive animation of the ATP-producing glycolysis process at this site.

Summary

ATP is the primary energy-supplying molecule for living cells. ATP is made up of a nucleotide, a five-carbon sugar, and three
phosphate groups. The bonds that connect the phosphates (phosphoanhydride bonds) have high-energy content. The energy
released from the hydrolysis of ATP into ADP + Pj is used to perform cellular work. Cells use ATP to perform work by coupling
the exergonic reaction of ATP hydrolysis with endergonic reactions. ATP donates its phosphate group to another molecule
via a process known as phosphorylation. The phosphorylated molecule is at a higher-energy state and is less stable than its
unphosphorylated form, and this added energy from the addition of the phosphate allows the molecule to undergo its endergonic
reaction.

Art Connections

Figure 8.5.2: The hydrolysis of one ATP molecule releases 7.3 kcal/mol of energy (AG = -7.3 kcal/mol of energy). If it takes 2.1

kcal/mol of energy to move one Na* across the membrane (AG = +2.1 kcal/mol of energy), how many sodium ions could be
moved by the hydrolysis of one ATP molecule?

Answer

Three sodium ions could be moved by the hydrolysis of one ATP molecule. The AG of the coupled reaction must
be negative. Movement of three sodium ions across the membrane will take 6.3 kcal of energy (2.1 kcal x 3

Na* ions = 6.3 kcal). Hydrolysis of ATP provides 7.3 kcal of energy, more than enough to power this reaction.
Movement of four sodium ions across the membrane, however, would require 8.4 kcal of energy, more than one
ATP molecule can provide.
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Glossary

ATP
adenosine triphosphate, the cell's energy currency

phosphoanhydride bond
bond that connects phosphates in an ATP molecule

This page titled 8.5: ATP- Adenosine Triphosphate is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by OpenStax.

e 6.4: ATP: Adenosine Triphosphate by OpenStax is licensed CC BY 4.0.
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8.6: Enzymes

Skills to Develop

e Describe the role of enzymes in metabolic pathways
e Explain how enzymes function as molecular catalysts
e Discuss enzyme regulation by various factors

A substance that helps a chemical reaction to occur is a catalyst, and the special molecules that catalyze biochemical reactions
are called enzymes. Almost all enzymes are proteins, made up of chains of amino acids, and they perform the critical task of
lowering the activation energies of chemical reactions inside the cell. Enzymes do this by binding to the reactant molecules, and
holding them in such a way as to make the chemical bond-breaking and bond-forming processes take place more readily. It is
important to remember that enzymes don’t change the AG of a reaction. In other words, they don’t change whether a reaction is
exergonic (spontaneous) or endergonic. This is because they don’t change the free energy of the reactants or products. They only
reduce the activation energy required to reach the transition state (Figure 8.6.1).

Activation Energy

Activation
energy

& | Activation (Y=X)
;l;a energy products
i ( X— Y] -

AH

reactants v

Reaction path

Reaction without catalyst
= = = = Reaction with catalyst

Figure 8.6.1: Enzymes lower the activation energy of the reaction but do not change the free energy of the reaction.

Enzyme Active Site and Substrate Specificity

The chemical reactants to which an enzyme binds are the enzyme’s substrates. There may be one or more substrates, depending
on the particular chemical reaction. In some reactions, a single-reactant substrate is broken down into multiple products. In
others, two substrates may come together to create one larger molecule. Two reactants might also enter a reaction, both become
modified, and leave the reaction as two products. The location within the enzyme where the substrate binds is called the enzyme’s
active site. The active site is where the “action” happens, so to speak. Since enzymes are proteins, there is a unique combination
of amino acid residues (also called side chains, or R groups) within the active site. Each residue is characterized by different
properties. Residues can be large or small, weakly acidic or basic, hydrophilic or hydrophobic, positively or negatively charged,
or neutral. The unique combination of amino acid residues, their positions, sequences, structures, and properties, creates a very
specific chemical environment within the active site. This specific environment is suited to bind, albeit briefly, to a specific
chemical substrate (or substrates). Due to this jigsaw puzzle-like match between an enzyme and its substrates (which adapts to
find the best fit between the transition state and the active site), enzymes are known for their specificity. The “best fit” results
from the shape and the amino acid functional group’s attraction to the substrate. There is a specifically matched enzyme for each
substrate and, thus, for each chemical reaction; however, there is flexibility as well.

The fact that active sites are so perfectly suited to provide specific environmental conditions also means that they are subject
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to influences by the local environment. It is true that increasing the environmental temperature generally increases reaction
rates, enzyme-catalyzed or otherwise. However, increasing or decreasing the temperature outside of an optimal range can affect
chemical bonds within the active site in such a way that they are less well suited to bind substrates. High temperatures will
eventually cause enzymes, like other biological molecules, to denature, a process that changes the natural properties of a
substance. Likewise, the pH of the local environment can also affect enzyme function. Active site amino acid residues have their
own acidic or basic properties that are optimal for catalysis. These residues are sensitive to changes in pH that can impair the
way substrate molecules bind. Enzymes are suited to function best within a certain pH range, and, as with temperature, extreme
pH values (acidic or basic) of the environment can cause enzymes to denature.

Induced Fit and Enzyme Function

For many years, scientists thought that enzyme-substrate binding took place in a simple “lock-and-key” fashion. This model
asserted that the enzyme and substrate fit together perfectly in one instantaneous step. However, current research supports a
more refined view called induced fit (Figure 8.6.2). The induced-fit model expands upon the lock-and-key model by describing a
more dynamic interaction between enzyme and substrate. As the enzyme and substrate come together, their interaction causes
a mild shift in the enzyme’s structure that confirms an ideal binding arrangement between the enzyme and the transition state of
the substrate. This ideal binding maximizes the enzyme’s ability to catalyze its reaction.

When an enzyme binds its substrate, an enzyme-substrate complex is formed. This complex lowers the activation energy of the
reaction and promotes its rapid progression in one of many ways. On a basic level, enzymes promote chemical reactions that
involve more than one substrate by bringing the substrates together in an optimal orientation. The appropriate region (atoms
and bonds) of one molecule is juxtaposed to the appropriate region of the other molecule with which it must react. Another
way in which enzymes promote the reaction of their substrates is by creating an optimal environment within the active site
for the reaction to occur. Certain chemical reactions might proceed best in a slightly acidic or non-polar environment. The
chemical properties that emerge from the particular arrangement of amino acid residues within an active site create the perfect
environment for an enzyme’s specific substrates to react.

You've learned that the activation energy required for many reactions includes the energy involved in manipulating or slightly
contorting chemical bonds so that they can easily break and allow others to reform. Enzymatic action can aid this process. The
enzyme-substrate complex can lower the activation energy by contorting substrate molecules in such a way as to facilitate bond-
breaking, helping to reach the transition state. Finally, enzymes can also lower activation energies by taking part in the chemical
reaction itself. The amino acid residues can provide certain ions or chemical groups that actually form covalent bonds with
substrate molecules as a necessary step of the reaction process. In these cases, it is important to remember that the enzyme will
always return to its original state at the completion of the reaction. One of the hallmark properties of enzymes is that they remain
ultimately unchanged by the reactions they catalyze. After an enzyme is done catalyzing a reaction, it releases its product(s).

Products

% o

Enzyme changes shape
Substrate slightly as substrate binds

Actwe site

EI> = =

Substrate entering Enzyme/substrate Enzyme/products Products leaving
active site of enzyme complex complex active site of enzyme

Figure 8.6.2: According to the induced-fit model, both enzyme and substrate undergo dynamic conformational changes upon binding. The
enzyme contorts the substrate into its transition state, thereby increasing the rate of the reaction.
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Control of Metabolism Through Enzyme Regulation

It would seem ideal to have a scenario in which all of the enzymes encoded in an organism’s genome existed in abundant supply
and functioned optimally under all cellular conditions, in all cells, at all times. In reality, this is far from the case. A variety of
mechanisms ensure that this does not happen. Cellular needs and conditions vary from cell to cell, and change within individual
cells over time. The required enzymes and energetic demands of stomach cells are different from those of fat storage cells, skin
cells, blood cells, and nerve cells. Furthermore, a digestive cell works much harder to process and break down nutrients during
the time that closely follows a meal compared with many hours after a meal. As these cellular demands and conditions vary, so
do the amounts and functionality of different enzymes.

Since the rates of biochemical reactions are controlled by activation energy, and enzymes lower and determine activation
energies for chemical reactions, the relative amounts and functioning of the variety of enzymes within a cell ultimately determine
which reactions will proceed and at which rates. This determination is tightly controlled. In certain cellular environments, enzyme
activity is partly controlled by environmental factors, like pH and temperature. There are other mechanisms through which cells
control the activity of enzymes and determine the rates at which various biochemical reactions will occur.

Regulation of Enzymes by Molecules

Enzymes can be regulated in ways that either promote or reduce their activity. There are many different kinds of molecules that
inhibit or promote enzyme function, and various mechanisms exist for doing so. In some cases of enzyme inhibition, for example,
an inhibitor molecule is similar enough to a substrate that it can bind to the active site and simply block the substrate from
binding. When this happens, the enzyme is inhibited through competitive inhibition, because an inhibitor molecule competes with
the substrate for active site binding (Figure 8.6.3). On the other hand, in noncompetitive inhibition, an inhibitor molecule binds to
the enzyme in a location other than an allosteric site and still manages to block substrate binding to the active site.

Enzyme Inhibition

Normal
enzyme

Noncompetitive inhibitor

Rate of reaction

Substrate concentration

Figure 8.6.3: Competitive and noncompetitive inhibition affect the rate of reaction differently. Competitive inhibitors affect the initial rate but
do not affect the maximal rate, whereas noncompetitive inhibitors affect the maximal rate.

Some inhibitor molecules bind to enzymes in a location where their binding induces a conformational change that reduces the
affinity of the enzyme for its substrate. This type of inhibition is called allosteric inhibition (Figure 8.6.4). Most allosterically
regulated enzymes are made up of more than one polypeptide, meaning that they have more than one protein subunit. When
an allosteric inhibitor binds to an enzyme, all active sites on the protein subunits are changed slightly such that they bind their
substrates with less efficiency. There are allosteric activators as well as inhibitors. Allosteric activators bind to locations on an
enzyme away from the active site, inducing a conformational change that increases the affinity of the enzyme’s active site(s) for
its substrate(s).
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Figure 8.6.4: Allosteric inhibitors modify the active site of the enzyme so that substrate binding is reduced or prevented. In contrast, allosteric
activators modify the active site of the enzyme so that the affinity for the substrate increases.

Everyday Connection: Drug Discovery by Looking for Inhibitors of Key Enzymes in Specific Pathways

Figure 8.6.5: Have you ever wondered how pharmaceutical drugs are developed? (credit: Deborah Austin)

Enzymes are key components of metabolic pathways. Understanding how enzymes work and how they can be regulated is
a key principle behind the development of many of the pharmaceutical drugs (Figure 8.6.5) on the market today. Biologists
working in this field collaborate with other scientists, usually chemists, to design drugs.

Consider statins for example—which is the name given to the class of drugs that reduces cholesterol levels. These
compounds are essentially inhibitors of the enzyme HMG-CoA reductase. HMG-CoA reductase is the enzyme that synthesizes
cholesterol from lipids in the body. By inhibiting this enzyme, the levels of cholesterol synthesized in the body can be reduced.
Similarly, acetaminophen, popularly marketed under the brand name Tylenol, is an inhibitor of the enzyme cyclooxygenase.
While it is effective in providing relief from fever and inflammation (pain), its mechanism of action is still not completely
understood.
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How are drugs developed? One of the first challenges in drug development is identifying the specific molecule that the
drug is intended to target. In the case of statins, HMG-CoA reductase is the drug target. Drug targets are identified through
painstaking research in the laboratory. Identifying the target alone is not sufficient; scientists also need to know how the
target acts inside the cell and which reactions go awry in the case of disease. Once the target and the pathway are identified,
then the actual process of drug design begins. During this stage, chemists and biologists work together to design and
synthesize molecules that can either block or activate a particular reaction. However, this is only the beginning: both if and
when a drug prototype is successful in performing its function, then it must undergo many tests from in vitro experiments to
clinical trials before it can get FDA approval to be on the market.

Many enzymes don’t work optimally, or even at all, unless bound to other specific non-protein helper molecules, either temporarily
through ionic or hydrogen bonds or permanently through stronger covalent bonds. Two types of helper molecules are cofactors
and coenzymes. Binding to these molecules promotes optimal conformation and function for their respective enzymes. Cofactors
are inorganic ions such as iron (Fe++) and magnesium (Mg++). One example of an enzyme that requires a metal ion as a
cofactor is the enzyme that builds DNA molecules, DNA polymerase, which requires bound zinc ion (Zn++) to function. Coenzymes
are organic helper molecules, with a basic atomic structure made up of carbon and hydrogen, which are required for enzyme
action. The most common sources of coenzymes are dietary vitamins (Figure 8.6.6). Some vitamins are precursors to coenzymes
and others act directly as coenzymes. Vitamin C is a coenzyme for multiple enzymes that take part in building the important
connective tissue component, collagen. An important step in the breakdown of glucose to yield energy is catalysis by a multi-
enzyme complex called pyruvate dehydrogenase. Pyruvate dehydrogenase is a complex of several enzymes that actually requires
one cofactor (a magnesium ion) and five different organic coenzymes to catalyze its specific chemical reaction. Therefore, enzyme
function is, in part, regulated by an abundance of various cofactors and coenzymes, which are supplied primarily by the diets of
most organisms.
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Figure 8.6.6: Vitamins are important coenzymes or precursors of coenzymes, and are required for enzymes to function properly. Multivitamin
capsules usually contain mixtures of all the vitamins at different percentages.

Enzyme Compartmentalization

In eukaryotic cells, molecules such as enzymes are usually compartmentalized into different organelles. This allows for yet another
level of regulation of enzyme activity. Enzymes required only for certain cellular processes can be housed separately along with
their substrates, allowing for more efficient chemical reactions. Examples of this sort of enzyme regulation based on location and

proximity include the enzymes involved in the latter stages of cellular respiration, which take place exclusively in the mitochondria,
and the enzymes involved in the digestion of cellular debris and foreign materials, located within lysosomes.

Feedback Inhibition in Metabolic Pathways

Molecules can regulate enzyme function in many ways. A major question remains, however: What are these molecules and

©® 196 (8.6.5)



LibreTextS“'

where do they come from? Some are cofactors and coenzymes, ions, and organic molecules, as you've learned. What other
molecules in the cell provide enzymatic regulation, such as allosteric modulation, and competitive and noncompetitive inhibition?
The answer is that a wide variety of molecules can perform these roles. Some of these molecules include pharmaceutical and
non-pharmaceutical drugs, toxins, and poisons from the environment. Perhaps the most relevant sources of enzyme regulatory
molecules, with respect to cellular metabolism, are the products of the cellular metabolic reactions themselves. In a most efficient
and elegant way, cells have evolved to use the products of their own reactions for feedback inhibition of enzyme activity. Feedback
inhibition involves the use of a reaction product to regulate its own further production (Figure 8.6.7). The cell responds to the
abundance of specific products by slowing down production during anabolic or catabolic reactions. Such reaction products may
inhibit the enzymes that catalyzed their production through the mechanisms described above.

Inhibition of the pathway

S 58 y‘k’ <

Intermediate Intermediate End
substrate substrate product
A B
”ﬂ.ﬁlﬁ.ﬁié.*
Enzyme 1 Enzyme 2 Enzyme 3

Figure 8.6.7: Metabolic pathways are a series of reactions catalyzed by multiple enzymes. Feedback inhibition, where the end product of the
pathway inhibits an upstream step, is an important regulatory mechanism in cells.

The production of both amino acids and nucleotides is controlled through feedback inhibition. Additionally, ATP is an allosteric
regulator of some of the enzymes involved in the catabolic breakdown of sugar, the process that produces ATP. In this way, when
ATP is abundant, the cell can prevent its further production. Remember that ATP is an unstable molecule that can spontaneously
dissociate into ADP. If too much ATP were present in a cell, much of it would go to waste. On the other hand, ADP serves as a
positive allosteric regulator (an allosteric activator) for some of the same enzymes that are inhibited by ATP. Thus, when relative
levels of ADP are high compared to ATP, the cell is triggered to produce more ATP through the catabolism of sugar.

Summary

Enzymes are chemical catalysts that accelerate chemical reactions at physiological temperatures by lowering their activation
energy. Enzymes are usually proteins consisting of one or more polypeptide chains. Enzymes have an active site that provides a
unique chemical environment, made up of certain amino acid R groups (residues). This unique environment is perfectly suited
to convert particular chemical reactants for that enzyme, called substrates, into unstable intermediates called transition states.
Enzymes and substrates are thought to bind with an induced fit, which means that enzymes undergo slight conformational
adjustments upon substrate contact, leading to full, optimal binding. Enzymes bind to substrates and catalyze reactions in four
different ways: bringing substrates together in an optimal orientation, compromising the bond structures of substrates so that
bonds can be more easily broken, providing optimal environmental conditions for a reaction to occur, or participating directly in
their chemical reaction by forming transient covalent bonds with the substrates.

Enzyme action must be regulated so that in a given cell at a given time, the desired reactions are being catalyzed and the
undesired reactions are not. Enzymes are regulated by cellular conditions, such as temperature and pH. They are also regulated
through their location within a cell, sometimes being compartmentalized so that they can only catalyze reactions under certain
circumstances. Inhibition and activation of enzymes via other molecules are other important ways that enzymes are regulated.
Inhibitors can act competitively, noncompetitively, or allosterically; noncompetitive inhibitors are usually allosteric. Activators can
also enhance the function of enzymes allosterically. The most common method by which cells regulate the enzymes in metabolic
pathways is through feedback inhibition. During feedback inhibition, the products of a metabolic pathway serve as inhibitors
(usually allosteric) of one or more of the enzymes (usually the first committed enzyme of the pathway) involved in the pathway
that produces them.
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Glossary

active site
specific region of the enzyme to which the substrate binds

allosteric inhibition
inhibition by a binding event at a site different from the active site, which induces a conformational change and
reduces the affinity of the enzyme for its substrate

coenzyme
small organic molecule, such as a vitamin or its derivative, which is required to enhance the activity of an enzyme

cofactor
inorganic ion, such as iron and magnesium ions, required for optimal regulation of enzyme activity

competitive inhibition
type of inhibition in which the inhibitor competes with the substrate molecule by binding to the active site of the
enzyme

denature
process that changes the natural properties of a substance

feedback inhibition
effect of a product of a reaction sequence to decrease its further production by inhibiting the activity of the first
enzyme in the pathway that produces it

induced fit
dynamic fit between the enzyme and its substrate, in which both components modify their structures to allow for
ideal binding

substrate
molecule on which the enzyme acts

This page titled 8.6: Enzymes is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by OpenStax.
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9: DNA STRUCTURE AND FUNCTION

9.1: The Structure of DNA
9.2: The Genetic Code
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9.1: The Structure of DNA

In the 1958s, Francis Crick and James Watson worked together at the University of Cambridge, England, to determine the
structure of DNA. Other scientists, such as Linus Pauling and Maurice Wilkins, were also actively exploring this field. Pauling had
discovered the secondary structure of proteins using X-ray crystallography. X-ray crystallography is a method for investigating
molecular structure by observing the patterns formed by X-rays shot through a crystal of the substance. The patterns give
important information about the structure of the molecule of interest. In Wilkins’ lab, researcher Rosalind Franklin was using X-ray
crystallography to understand the structure of DNA. Watson and Crick were able to piece together the puzzle of the DNA molecule
using Franklin's data (Figure 9.1.1). Watson and Crick also had key pieces of information available from other researchers such as
Chargaff’s rules. Chargaff had shown that of the four kinds of monomers (nucleotides) present in a DNA molecule, two types were
always present in equal amounts and the remaining two types were also always present in equal amounts. This meant they were
always paired in some way. In 1962, James Watson, Francis Crick, and Maurice Wilkins were awarded the Nobel Prize in Medicine
for their work in determining the structure of DNA.

(b)

Figure 9.1.1: Pioneering scientists (a) James Watson and Francis Crick are pictured here with American geneticist Maclyn McCarty. Scientist
Rosalind Franklin discovered (b) the X-ray diffraction pattern of DNA, which helped to elucidate its double helix structure. (credit a:
modification of work by Marjorie McCarty; b: modification of work by NIH)

Now let’s consider the structure of the two types of nucleic acids, deoxyribonucleic acid (DNA) and ribonucleic acid (RNA). The
building blocks of DNA are nucleotides, which are made up of three parts: a deoxyribose (5-carbon sugar), a phosphate group,
and a nitrogenous base (Figure 9.1.2). There are four types of nitrogenous bases in DNA. Adenine (A) and guanine (G) are double-
ringed purines, and cytosine (C) and thymine (T) are smaller, single-ringed pyrimidines. The nucleotide is named according to the
nitrogenous base it contains.
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Figure 9.1.2: (a) Each DNA nucleotide is made up of a sugar, a phosphate group, and a base. (b) Cytosine and thymine are pyrimidines.
Guanine and adenine are purines.

The phosphate group of one nucleotide bonds covalently with the sugar molecule of the next nucleotide, and so on, forming a
long polymer of nucleotide monomers. The sugar-phosphate groups line up in a “backbone” for each single strand of DNA, and
the nucleotide bases stick out from this backbone. The carbon atoms of the five-carbon sugar are numbered clockwise from the
oxygen as 1, 2, 3,4, and 5' (1 is read as “one prime”). The phosphate group is attached to the 5' carbon of one nucleotide and the
3' carbon of the next nucleotide. In its natural state, each DNA molecule is actually composed of two single strands held together
along their length with hydrogen bonds between the bases.

Watson and Crick proposed that the DNA is made up of two strands that are twisted around each other to form a right-handed
helix, called a double helix. Base-pairing takes place between a purine and pyrimidine: namely, A pairs with T, and G pairs with C.
In other words, adenine and thymine are complementary base pairs, and cytosine and guanine are also complementary base pairs.
This is the basis for Chargaff’s rule; because of their complementarity, there is as much adenine as thymine in a DNA molecule
and as much guanine as cytosine. Adenine and thymine are connected by two hydrogen bonds, and cytosine and guanine are
connected by three hydrogen bonds. The two strands are anti-parallel in nature; that is, one strand will have the 3' carbon of the
sugar in the “upward” position, whereas the other strand will have the 5' carbon in the upward position. The diameter of the DNA
double helix is uniform throughout because a purine (two rings) always pairs with a pyrimidine (one ring) and their combined
lengths are always equal (Figure 9.1.3).
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Figure 9.1.3: DNA (a) forms a double stranded helix, and (b) adenine pairs with thymine and cytosine pairs with guanine. (credit a: modification
of work by Jerome Walker, Dennis Myts)

The Structure of RNA

There is a second nucleic acid in all cells called ribonucleic acid, or RNA. Like DNA, RNA is a polymer of nucleotides. Each of
the nucleotides in RNA is made up of a nitrogenous base, a five-carbon sugar, and a phosphate group. In the case of RNA, the

five-carbon sugar is ribose, not deoxyribose. Ribose has a hydroxyl group at the 2' carbon, unlike deoxyribose, which has only a
hydrogen atom (Figure 9.1.4).

5"CH,OH _O OH 5'CH,OH _O OH

OH OH OH H
Ribose Deoxyribose
Figure 9.1.4: The difference between the ribose found in RNA and the deoxyribose found in DNA is that ribose has a hydroxyl group at the 2'
carbon.

RNA nucleotides contain the nitrogenous bases adenine, cytosine, and guanine. However, they do not contain thymine, which is
instead replaced by uracil, symbolized by a “U.” RNA exists as a single-stranded molecule rather than a double-stranded helix.
Molecular biologists have named several kinds of RNA on the basis of their function. These include messenger RNA (mRNA),
transfer RNA (tRNA), and ribosomal RNA (rRNA)—molecules that are involved in the production of proteins from the DNA code.

How DNA Is Arranged in the Cell

DNA is a working molecule; it must be replicated when a cell is ready to divide, and it must be “read” to produce the molecules,
such as proteins, to carry out the functions of the cell. For this reason, the DNA is protected and packaged in very specific ways.
In addition, DNA molecules can be very long. Stretched end-to-end, the DNA molecules in a single human cell would come to a
length of about 2 meters. Thus, the DNA for a cell must be packaged in a very ordered way to fit and function within a structure
(the cell) that is not visible to the naked eye. The chromosomes of prokaryotes are much simpler than those of eukaryotes in many
of their features (Figure 9.1.5). Most prokaryotes contain a single, circular chromosome that is found in an area in the cytoplasm
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called the nucleoid.

Nucleoid
Nucleus
(folded
Nucleolus chromosome)
Chromati =3
Eukaryote Prokaryote
Figure 9.1.5: A eukaryote contains a well-defined nucleus, whereas in prokaryotes, the chromosome lies in the cytoplasm in an area called the

nucleoid.

The size of the genome in one of the most well-studied prokaryotes, Escherichia coli, is 4.6 million base pairs, which would extend
a distance of about 1.6 mm if stretched out. So how does this fit inside a small bacterial cell? The DNA is twisted beyond the
double helix in what is known as supercoiling. Some proteins are known to be involved in the supercoiling; other proteins and
enzymes help in maintaining the supercoiled structure.

Eukaryotes, whose chromosomes each consist of a linear DNA molecule, employ a different type of packing strategy to fit their
DNA inside the nucleus (Figure 9.1.6). At the most basic level, DNA is wrapped around proteins known as histones to form
structures called nucleosomes. The DNA is wrapped tightly around the histone core. This nucleosome is linked to the next one by
a short strand of DNA that is free of histones. This is also known as the “beads on a string” structure; the nucleosomes are the
“beads” and the short lengths of DNA between them are the “string.” The nucleosomes, with their DNA coiled around them, stack
compactly onto each other to form a 30-nm-wide fiber. This fiber is further coiled into a thicker and more compact structure. At
the metaphase stage of mitosis, when the chromosomes are lined up in the center of the cell, the chromosomes are at their most
compacted. They are approximately 700 nm in width, and are found in association with scaffold proteins.

In interphase, the phase of the cell cycle between mitoses at which the chromosomes are decondensed, eukaryotic chromosomes
have two distinct regions that can be distinguished by staining. There is a tightly packaged region that stains darkly, and a less
dense region. The darkly staining regions usually contain genes that are not active, and are found in the regions of the centromere
and telomeres. The lightly staining regions usually contain genes that are active, with DNA packaged around nucleosomes but not
further compacted.
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Organization of Eukaryotic Chromosomes

DNA double
helix

DNA wrapped
around histone
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Figure 9.1.6: These figures illustrate the compaction of the eukaryotic chromosome.

CONCEPT IN ACTION

This interactive element is not available in this format. Visit the link or scan the QR code to access it online.

View this YouTube Video online

Watch this animation of DNA packaging.

Summary

The model of the double-helix structure of DNA was proposed by Watson and Crick. The DNA molecule is a polymer of nucleotides.
Each nucleotide is composed of a nitrogenous base, a five-carbon sugar (deoxyribose), and a phosphate group. There are four
nitrogenous bases in DNA, two purines (adenine and guanine) and two pyrimidines (cytosine and thymine). A DNA molecule is
composed of two strands. Each strand is composed of nucleotides bonded together covalently between the phosphate group of
one and the deoxyribose sugar of the next. From this backbone extend the bases. The bases of one strand bond to the bases
of the second strand with hydrogen bonds. Adenine always bonds with thymine, and cytosine always bonds with guanine. The
bonding causes the two strands to spiral around each other in a shape called a double helix. Ribonucleic acid (RNA) is a second
nucleic acid found in cells. RNA is a single-stranded polymer of nucleotides. It also differs from DNA in that it contains the sugar
ribose, rather than deoxyribose, and the nucleotide uracil rather than thymine. Various RNA molecules function in the process of
forming proteins from the genetic code in DNA.

Prokaryotes contain a single, double-stranded circular chromosome. Eukaryotes contain double-stranded linear DNA molecules
packaged into chromosomes. The DNA helix is wrapped around proteins to form nucleosomes. The protein coils are further coiled,
and during mitosis and meiosis, the chromosomes become even more greatly coiled to facilitate their movement. Chromosomes
have two distinct regions which can be distinguished by staining, reflecting different degrees of packaging and determined by
whether the DNA in a region is being expressed (euchromatin) or not (heterochromatin).

Glossary

deoxyribose
a five-carbon sugar molecule with a hydrogen atom rather than a hydroxyl group in the 2' position; the sugar
component of DNA nucleotides
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double helix
the molecular shape of DNA in which two strands of nucleotides wind around each other in a spiral shape

nitrogenous base
a nitrogen-containing molecule that acts as a base; often referring to one of the purine or pyrimidine components
of nucleic acids

phosphate group
a molecular group consisting of a central phosphorus atom bound to four oxygen atoms
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9.2: The Genetic Code

Skills to Develop

e Explain the “central dogma” of protein synthesis
¢ Describe the genetic code and how the nucleotide sequence prescribes the amino acid and the protein sequence

The cellular process of transcription generates messenger RNA (mRNA), a mobile molecular copy of one or more genes with an
alphabet of A, C, G, and uracil (U). Translation of the mRNA template converts nucleotide-based genetic information into a protein
product. Protein sequences consist of 20 commonly occurring amino acids; therefore, it can be said that the protein alphabet
consists of 20 letters (Figure 9.2.1). Each amino acid is defined by a three-nucleotide sequence called the triplet codon. Different
amino acids have different chemistries (such as acidic versus basic, or polar and nonpolar) and different structural constraints.
Variation in amino acid sequence gives rise to enormous variation in protein structure and function.
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Figure 9.2.1: Structures of the 28 amino acids found in proteins are shown. Each amino acid is composed of an amino group (NHJ ), a carboxyl

group (COO), and a side chain (blue). The side chain may be nonpolar, polar, or charged, as well as large or small. It is the variety of amino
acid side chains that gives rise to the incredible variation of protein structure and function.

The Central Dogma: DNA Encodes RNA; RNA Encodes Protein

The flow of genetic information in cells from DNA to mRNA to protein is described by the Central Dogma (Figure 9.2.2), which
states that genes specify the sequence of mRNAs, which in turn specify the sequence of proteins. The decoding of one molecule
to another is performed by specific proteins and RNAs. Because the information stored in DNA is so central to cellular function,
it makes intuitive sense that the cell would make mRNA copies of this information for protein synthesis, while keeping the DNA
itself intact and protected. The copying of DNA to RNA is relatively straightforward, with one nucleotide being added to the
mRNA strand for every nucleotide read in the DNA strand. The translation to protein is a bit more complex because three mRNA
nucleotides correspond to one amino acid in the polypeptide sequence. However, the translation to protein is still systematic and
colinear, such that nucleotides 1to 3 correspond to amino acid 1, nucleotides 4 to 6 correspond to amino acid 2, and so on.
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Figure 9.2.2: Instructions on DNA are transcribed onto messenger RNA. Ribosomes are able to read the genetic information inscribed on a
strand of messenger RNA and use this information to string amino acids together into a protein.

The Genetic Code Is Degenerate and Universal

Given the different numbers of “letters” in the mRNA and protein “alphabets,” scientists theorized that combinations of
nucleotides corresponded to single amino acids. Nucleotide doublets would not be sufficient to specify every amino acid because

there are only 16 possible two-nucleotide combinations (42). In contrast, there are 64 possible nucleotide triplets (43), which is
far more than the number of amino acids. Scientists theorized that amino acids were encoded by nucleotide triplets and that the
genetic code was degenerate. In other words, a given amino acid could be encoded by more than one nucleotide triplet. This was
later confirmed experimentally; Francis Crick and Sydney Brenner used the chemical mutagen proflavin to insert one, two, or three
nucleotides into the gene of a virus. When one or two nucleotides were inserted, protein synthesis was completely abolished.
When three nucleotides were inserted, the protein was synthesized and functional. This demonstrated that three nucleotides
specify each amino acid. These nucleotide triplets are called codons. The insertion of one or two nucleotides completely changed
the triplet reading frame, thereby altering the message for every subsequent amino acid (Figure 9.2.4). Though insertion of three
nucleotides caused an extra amino acid to be inserted during translation, the integrity of the rest of the protein was maintained.

Scientists painstakingly solved the genetic code by translating synthetic mRNAs in vitro and sequencing the proteins they
specified (Figure 9.2.3).
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Figure 9.2.3: This figure shows the genetic code for translating each nucleotide triplet in mRNA into an amino acid or a termination signal in a
nascent protein. (credit: modification of work by NIH)

In addition to instructing the addition of a specific amino acid to a polypeptide chain, three of the 64 codons terminate protein
synthesis and release the polypeptide from the translation machinery. These triplets are called nonsense codons, or stop codons.
Another codon, AUG, also has a special function. In addition to specifying the amino acid methionine, it also serves as the start
codon to initiate translation. The reading frame for translation is set by the AUG start codon near the 5' end of the mRNA.

The genetic code is universal. With a few exceptions, virtually all species use the same genetic code for protein synthesis.
Conservation of codons means that a purified mMRNA encoding the globin protein in horses could be transferred to a tulip cell, and
the tulip would synthesize horse globin. That there is only one genetic code is powerful evidence that all of life on Earth shares a

common origin, especially considering that there are about 1984 possible combinations of 20 amino acids and 64 triplet codons.

Link to Learning

Transcribe a gene and translate it to protein using complementary pairing and the genetic code at this site.
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Frameshift Mutations
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Figure 9.2.4: The deletion of two nucleotides shifts the reading frame of an mRNA and changes the entire protein message, creating a
nonfunctional protein or terminating protein synthesis altogether.

Degeneracy is believed to be a cellular mechanism to reduce the negative impact of random mutations. Codons that specify the
same amino acid typically only differ by one nucleotide. In addition, amino acids with chemically similar side chains are encoded
by similar codons. This nuance of the genetic code ensures that a single-nucleotide substitution mutation might either specify
the same amino acid but have no effect or specify a similar amino acid, preventing the protein from being rendered completely
nonfunctional.

Scientific Method Connection: Which Has More DNA: A Kiwi or a Strawberry?

Figure 9.2.5: Do you think that a kiwi or a strawberry has more DNA per fruit? (credit “kiwi”: "Kelbv"/Flickr; credit: “strawberry”: Alisdair
McDiarmid)

Question: Would a kiwifruit and strawberry that are approximately the same size (Figure 9.2.5) also have approximately the
same amount of DNA?

Background: Genes are carried on chromosomes and are made of DNA. All mammals are diploid, meaning they have two
copies of each chromosome. However, not all plants are diploid. The common strawberry is octoploid (8n) and the cultivated
kiwi is hexaploid (6n). Research the total number of chromosomes in the cells of each of these fruits and think about how this
might correspond to the amount of DNA in these fruits’ cell nuclei. Read about the technique of DNA isolation to understand
how each step in the isolation protocol helps liberate and precipitate DNA.

Hypothesis: Hypothesize whether you would be able to detect a difference in DNA quantity from similarly sized strawberries
and kiwis. Which fruit do you think would yield more DNA?

Test your hypothesis: Isolate the DNA from a strawberry and a kiwi that are similarly sized. Perform the experiment in at
least triplicate for each fruit.

1. Prepare a bottle of DNA extraction buffer from 980 mL water, 50 mL dish detergent, and two teaspoons of table salt.
Mix by inversion (cap it and turn it upside down a few times).

©@® 209 (9.2.4)



LibreTexts"

2. Grind a strawberry and a kiwifruit by hand in a plastic bag, or using a mortar and pestle, or with a metal bowl and the
end of a blunt instrument. Grind for at least two minutes per fruit.

3. Add 10 mL of the DNA extraction buffer to each fruit, and mix well for at least one minute.

4. Remove cellular debris by filtering each fruit mixture through cheesecloth or porous cloth and into a funnel placed in a
test tube or an appropriate container.

5. Pour ice-cold ethanol or isopropanol (rubbing alcohol) into the test tube. You should observe white, precipitated DNA.

6. Gather the DNA from each fruit by winding it around separate glass rods.

Record your observations: Because you are not quantitatively measuring DNA volume, you can record for each trial whether
the two fruits produced the same or different amounts of DNA as observed by eye. If one or the other fruit produced
noticeably more DNA, record this as well. Determine whether your observations are consistent with several pieces of each
fruit.

Analyze your data: Did you notice an obvious difference in the amount of DNA produced by each fruit? Were your results
reproducible?

Draw a conclusion: Given what you know about the number of chromosomes in each fruit, can you conclude that
chromosome number necessarily correlates to DNA amount? Can you identify any drawbacks to this procedure? If you had
access to a laboratory, how could you standardize your comparison and make it more quantitative?

Summary

Th

e genetic code refers to the DNA alphabet (A, T, C, G), the RNA alphabet (A, U, C, G), and the polypeptide alphabet (20 amino

acids). The Central Dogma describes the flow of genetic information in the cell from genes to mRNA to proteins. Genes are used

to

make mRNA by the process of transcription; mRNA is used to synthesize proteins by the process of translation. The genetic

code is degenerate because 64 triplet codons in mRNA specify only 20 amino acids and three nonsense codons. Almost every
species on the planet uses the same genetic code.

G

lossary

Central Dogma
states that genes specify the sequence of mRNAs, which in turn specify the sequence of proteins

codon
three consecutive nucleotides in mRNA that specify the insertion of an amino acid or the release of a polypeptide
chain during translation

colinear
in terms of RNA and protein, three “units” of RNA (nucleotides) specify one “unit” of protein (amino acid) in a
consecutive fashion

degeneracy
(of the genetic code) describes that a given amino acid can be encoded by more than one nucleotide triplet; the
code is degenerate, but not ambiguous

nonsense codon
one of the three mRNA codons that specifies termination of translation

reading frame
sequence of triplet codons in mRNA that specify a particular protein; a ribosome shift of one or two nucleotides in
either direction completely abolishes synthesis of that protein

This page titled 9.2: The Genetic Code is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by OpenStax.

15.1: The Genetic Code by OpenStax is licensed CC BY 4.0.
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10: CELLULAR RESPIRATION

10.1: Energy and Metabolism

10.2: Glycolysis

10.3: Citric Acid Cycle and Oxidative Phosphorylation
10.4: Fermentation

10.5: Connections to Other Metabolic Pathways

This page titled 10: Cellular Respiration is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by OpenStax.

e 4:How Cells Obtain Energy by OpenStax is licensed CC BY 4.0.
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10.1: Energy and Metabolism

Scientists use the term bioenergetics to describe the concept of energy flow (Figure 10.1.1) through living systems, such as cells.
Cellular processes such as the building and breaking down of complex molecules occur through stepwise chemical reactions.
Some of these chemical reactions are spontaneous and release energy, whereas others require energy to proceed. Just as living
things must continually consume food to replenish their energy supplies, cells must continually produce more energy to replenish
that used by the many energy-requiring chemical reactions that constantly take place. Together, all of the chemical reactions that
take place inside cells, including those that consume or generate energy, are referred to as the cell’'s metabolism.

PRODUCERS:
plants

DECOMPOSERS:
fungi, bacteria, worms

4
[ = ]

Figure 10.1.1: Ultimately, most life forms get their energy from the sun. Plants use photosynthesis to capture sunlight, and herbivores eat the
plants to obtain energy. Carnivores eat the herbivores, and eventual decomposition of plant and animal material contributes to the nutrient
pool.

Metabolic Pathways

Consider the metabolism of sugar. This is a classic example of one of the many cellular processes that use and produce energy.
Living things consume sugars as a major energy source, because sugar molecules have a great deal of energy stored within their
bonds. For the most part, photosynthesizing organisms like plants produce these sugars. During photosynthesis, plants use energy
(originally from sunlight) to convert carbon dioxide gas (CO2) into sugar molecules (like glucose: CeH1206). They consume carbon
dioxide and produce oxygen as a waste product. This reaction is summarized as:

6COs +6HyO0 — CgH150¢ + 6 O9

Because this process involves synthesizing an energy-storing molecule, it requires energy input to proceed. During the light
reactions of photosynthesis, energy is provided by a molecule called adenosine triphosphate (ATP), which is the primary energy
currency of all cells. Just as the dollar is used as currency to buy goods, cells use molecules of ATP as energy currency to perform
immediate work. In contrast, energy-storage molecules such as glucose are consumed only to be broken down to use their energy.
The reaction that harvests the energy of a sugar molecule in cells requiring oxygen to survive can be summarized by the reverse
reaction to photosynthesis. In this reaction, oxygen is consumed and carbon dioxide is released as a waste product. The reaction
is summarized as:

C@ngoﬁ +6 02 — 6H20 + 6002
Both of these reactions involve many steps.

The processes of making and breaking down sugar molecules illustrate two examples of metabolic pathways. A metabolic
pathway is a series of chemical reactions that takes a starting molecule and modifies it, step-by-step, through a series of
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metabolic intermediates, eventually yielding a final product. In the example of sugar metabolism, the first metabolic pathway
synthesized sugar from smaller molecules, and the other pathway broke sugar down into smaller molecules. These two opposite
processes—the first requiring energy and the second producing energy—are referred to as anabolic pathways (building polymers)
and catabolic pathways (breaking down polymers into their monomers), respectively. Consequently, metabolism is composed of
synthesis (anabolism) and degradation (catabolism) (Figure 10.1.2).

It is important to know that the chemical reactions of metabolic pathways do not take place on their own. Each reaction

step is facilitated, or catalyzed, by a protein called an enzyme. Enzymes are important for catalyzing all types of biological
reactions—those that require energy as well as those that release energy.

Metabolic pathways

Anabolic: Small molecules are built into large ones. Energy is required.

@ v = QOO0

Catabolic: Large molecules are broken down into small ones. Energy is released.

..‘. _ + Energy

Figure 10.1.2: Catabolic pathways are those that generate energy by breaking down larger molecules. Anabolic pathways are those that require
energy to synthesize larger molecules. Both types of pathways are required for maintaining the cell’s energy balance.

Energy

Thermodynamics refers to the study of energy and energy transfer involving physical matter. The matter relevant to a particular
case of energy transfer is called a system, and everything outside of that matter is called the surroundings. For instance, when
heating a pot of water on the stove, the system includes the stove, the pot, and the water. Energy is transferred within the
system (between the stove, pot, and water). There are two types of systems: open and closed. In an open system, energy can
be exchanged with its surroundings. The stovetop system is open because heat can be lost to the air. A closed system cannot
exchange energy with its surroundings.

Biological organisms are open systems. Energy is exchanged between them and their surroundings as they use energy from the
sun to perform photosynthesis or consume energy-storing molecules and release energy to the environment by doing work and
releasing heat. Like all things in the physical world, energy is subject to physical laws. The laws of thermodynamics govern the
transfer of energy in and among all systems in the universe.

In general, energy is defined as the ability to do work, or to create some kind of change. Energy exists in different forms. For
example, electrical energy, light energy, and heat energy are all different types of energy. To appreciate the way energy flows into
and out of biological systems, it is important to understand two of the physical laws that govern energy.

Thermodynamics

The first law of thermodynamics states that the total amount of energy in the universe is constant and conserved. In other words,
there has always been, and always will be, exactly the same amount of energy in the universe. Energy exists in many different
forms. According to the first law of thermodynamics, energy may be transferred from place to place or transformed into different
forms, but it cannot be created or destroyed. The transfers and transformations of energy take place around us all the time.
Light bulbs transform electrical energy into light and heat energy. Gas stoves transform chemical energy from natural gas into
heat energy. Plants perform one of the most biologically useful energy transformations on earth: that of converting the energy of
sunlight to chemical energy stored within organic molecules (Figure 10.1.1). Some examples of energy transformations are shown
in Figure 10.1.3.
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The challenge for all living organisms is to obtain energy from their surroundings in forms that they can transfer or transform into
usable energy to do work. Living cells have evolved to meet this challenge. Chemical energy stored within organic molecules such
as sugars and fats is transferred and transformed through a series of cellular chemical reactions into energy within molecules
of ATP. Energy in ATP molecules is easily accessible to do work. Examples of the types of work that cells need to do include
building complex molecules, transporting materials, powering the motion of cilia or flagella, and contracting muscle fibers to
create movement.

Energy Transformations

Chemical energy Light energy

9 | @

Kinetic energy

Chemical energy

Figure 10.1.3: Shown are some examples of energy transferred and transformed from one system to another and from one form to another. The
food we consume provides our cells with the energy required to carry out bodily functions, just as light energy provides plants with the means
to create the chemical energy they need. (credit "ice cream": modification of work by D. Sharon Pruitt; credit "kids": modification of work by
Max from Providence; credit "leaf": modification of work by Cory Zanker)

A living cell’s primary tasks of obtaining, transforming, and using energy to do work may seem simple. However, the second law
of thermodynamics explains why these tasks are harder than they appear. All energy transfers and transformations are never
completely efficient. In every energy transfer, some amount of energy is lost in a form that is unusable. In most cases, this form
is heat energy. Thermodynamically, heat energy is defined as the energy transferred from one system to another that is not work.
For example, when a light bulb is turned on, some of the energy being converted from electrical energy into light energy is lost as
heat energy. Likewise, some energy is lost as heat energy during cellular metabolic reactions.

An important concept in physical systems is that of order and disorder. The more energy that is lost by a system to its
surroundings, the less ordered and more random the system is. Scientists refer to the measure of randomness or disorder within
a system as entropy. High entropy means high disorder and low energy. Molecules and chemical reactions have varying entropy
as well. For example, entropy increases as molecules at a high concentration in one place diffuse and spread out. The second law
of thermodynamics says that energy will always be lost as heat in energy transfers or transformations.

Living things are highly ordered, requiring constant energy input to be maintained in a state of low entropy.

Potential and Kinetic Energy

When an object is in motion, there is energy associated with that object. Think of a wrecking ball. Even a slow-moving wrecking
ball can do a great deal of damage to other objects. Energy associated with objects in motion is called kinetic energy (Figure
10.1.4). A speeding bullet, a walking person, and the rapid movement of molecules in the air (which produces heat) all have kinetic
energy.

Now what if that same motionless wrecking ball is lifted two stories above ground with a crane? If the suspended wrecking ball
is unmoving, is there energy associated with it? The answer is yes. The energy that was required to lift the wrecking ball did not
disappear, but is now stored in the wrecking ball by virtue of its position and the force of gravity acting on it. This type of energy
is called potential energy (Figure 10.1.4). If the ball were to fall, the potential energy would be transformed into kinetic energy until
all of the potential energy was exhausted when the ball rested on the ground. Wrecking balls also swing like a pendulum; through
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the swing, there is a constant change of potential energy (highest at the top of the swing) to kinetic energy (highest at the bottom
of the swing). Other examples of potential energy include the energy of water held behind a dam or a person about to skydive out
of an airplane.

Figure 10.1.4: Still water has potential energy; moving water, such as in a waterfall or a rapidly flowing river, has kinetic energy. (credit "dam":
modification of work by "Pascal"/Flickr; credit "waterfall": modification of work by Frank Gualtieri)

Potential energy is not only associated with the location of matter, but also with the structure of matter. Even a spring on the
ground has potential energy if it is compressed; so does a rubber band that is pulled taut. On a molecular level, the bonds
that hold the atoms of molecules together exist in a particular structure that has potential energy. Remember that anabolic
cellular pathways require energy to synthesize complex molecules from simpler ones and catabolic pathways release energy when
complex molecules are broken down. The fact that energy can be released by the breakdown of certain chemical bonds implies
that those bonds have potential energy. In fact, there is potential energy stored within the bonds of all the food molecules we eat,
which is eventually harnessed for use. This is because these bonds can release energy when broken. The type of potential energy
that exists within chemical bonds, and is released when those bonds are broken, is called chemical energy. Chemical energy is
responsible for providing living cells with energy from food. The release of energy occurs when the molecular bonds within food
molecules are broken.

CONCEPT IN ACTION

Visit the site and select “Pendulum” from the “Work and Energy” menu to see the shifting kinetic and potential energy of a
pendulum in motion.

Free and Activation Energy

After learning that chemical reactions release energy when energy-storing bonds are broken, an important next question is the
following: How is the energy associated with these chemical reactions quantified and expressed? How can the energy released
from one reaction be compared to that of another reaction? A measurement of free energy is used to quantify these energy
transfers. Recall that according to the second law of thermodynamics, all energy transfers involve the loss of some amount of
energy in an unusable form such as heat. Free energy specifically refers to the energy associated with a chemical reaction that is
available after the losses are accounted for. In other words, free energy is usable energy, or energy that is available to do work.

If energy is released during a chemical reaction, then the change in free energy, signified as AG (delta G) will be a negative
number. A negative change in free energy also means that the products of the reaction have less free energy than the
reactants, because they release some free energy during the reaction. Reactions that have a negative change in free energy and
consequently release free energy are called exergonic reactions. Think: exergonic means energy is exiting the system. These
reactions are also referred to as spontaneous reactions, and their products have less stored energy than the reactants. An
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important distinction must be drawn between the term spontaneous and the idea of a chemical reaction occurring immediately.
Contrary to the everyday use of the term, a spontaneous reaction is not one that suddenly or quickly occurs. The rusting of iron is
an example of a spontaneous reaction that occurs slowly, little by little, over time.

If a chemical reaction absorbs energy rather than releases energy on balance, then the AG for that reaction will be a positive
value. In this case, the products have more free energy than the reactants. Thus, the products of these reactions can be thought
of as energy-storing molecules. These chemical reactions are called endergonic reactions and they are non-spontaneous. An
endergonic reaction will not take place on its own without the addition of free energy.

ART CONNECTION

© @
Figure 10.1.5: Shown are some examples of endergonic processes (ones that require energy) and exergonic processes (ones that release
energy). (credit a: modification of work by Natalie Maynor; credit b: modification of work by USDA; credit c: modification of work by Cory
Zanker; credit d: modification of work by Harry Malsch)

Look at each of the processes shown and decide if it is endergonic or exergonic.

There is another important concept that must be considered regarding endergonic and exergonic reactions. Exergonic reactions
require a small amount of energy input to get going, before they can proceed with their energy-releasing steps. These reactions
have a net release of energy, but still require some energy input in the beginning. This small amount of energy input necessary
for all chemical reactions to occur is called the activation energy.

CONCEPT IN ACTION

This interactive element is not available in this format. Visit the link or scan the QR code to access it online.

View this YouTube Video online

Watch an animation of the move from free energy to transition state of the reaction.

Enzymes

A substance that helps a chemical reaction to occur is called a catalyst, and the molecules that catalyze biochemical reactions are
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called enzymes. Most enzymes are proteins and perform the critical task of lowering the activation energies of chemical reactions
inside the cell. Most of the reactions critical to a living cell happen too slowly at normal temperatures to be of any use to the cell.
Without enzymes to speed up these reactions, life could not persist. Enzymes do this by binding to the reactant molecules and
holding them in such a way as to make the chemical bond-breaking and -forming processes take place more easily. It is important
to remember that enzymes do not change whether a reaction is exergonic (spontaneous) or endergonic. This is because they
do not change the free energy of the reactants or products. They only reduce the activation energy required for the reaction to
go forward (Figure 10.1.6). In addition, an enzyme itself is unchanged by the reaction it catalyzes. Once one reaction has been
catalyzed, the enzyme is able to participate in other reactions.

Activation Energy

Activation
energy praducts

Energy

reactants

Reaction path

——— Reaction without enzyme
= = = = Reaction with enzyme

Figure 10.1.6: Enzymes lower the activation energy of the reaction but do not change the free energy of the reaction.

The chemical reactants to which an enzyme binds are called the enzyme’s substrates. There may be one or more substrates,
depending on the particular chemical reaction. In some reactions, a single reactant substrate is broken down into multiple
products. In others, two substrates may come together to create one larger molecule. Two reactants might also enter a reaction
and both become modified, but they leave the reaction as two products. The location within the enzyme where the substrate
binds is called the enzyme’s active site. The active site is where the “action” happens. Since enzymes are proteins, there is a
unique combination of amino acid side chains within the active site. Each side chain is characterized by different properties.
They can be large or small, weakly acidic or basic, hydrophilic or hydrophobic, positively or negatively charged, or neutral. The
unique combination of side chains creates a very specific chemical environment within the active site. This specific environment
is suited to bind to one specific chemical substrate (or substrates).

Active sites are subject to influences of the local environment. Increasing the environmental temperature generally increases
reaction rates, enzyme-catalyzed or otherwise. However, temperatures outside of an optimal range reduce the rate at which an
enzyme catalyzes a reaction. Hot temperatures will eventually cause enzymes to denature, an irreversible change in the three-
dimensional shape and therefore the function of the enzyme. Enzymes are also suited to function best within a certain pH and
salt concentration range, and, as with temperature, extreme pH, and salt concentrations can cause enzymes to denature.

For many years, scientists thought that enzyme-substrate binding took place in a simple “lock and key” fashion. This model
asserted that the enzyme and substrate fit together perfectly in one instantaneous step. However, current research supports a
model called induced fit (Figure 10.1.7). The induced-fit model expands on the lock-and-key model by describing a more dynamic
binding between enzyme and substrate. As the enzyme and substrate come together, their interaction causes a mild shift in the
enzyme’s structure that forms an ideal binding arrangement between enzyme and substrate.
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CONCEPT IN ACTION

This interactive element is not available in this format. Visit the link or scan the QR code to access it online.

Bl
View this YouTube Video online " %23
“ K
uréﬁ i? 3

View an animation of induced fit.

When an enzyme binds its substrate, an enzyme-substrate complex is formed. This complex lowers the activation energy of
the reaction and promotes its rapid progression in one of multiple possible ways. On a basic level, enzymes promote chemical
reactions that involve more than one substrate by bringing the substrates together in an optimal orientation for reaction. Another
way in which enzymes promote the reaction of their substrates is by creating an optimal environment within the active site for the
reaction to occur. The chemical properties that emerge from the particular arrangement of amino acid R groups within an active
site create the perfect environment for an enzyme’s specific substrates to react.

The enzyme-substrate complex can also lower activation energy by compromising the bond structure so that it is easier to break.
Finally, enzymes can also lower activation energies by taking part in the chemical reaction itself. In these cases, it is important to
remember that the enzyme will always return to its original state by the completion of the reaction. One of the hallmark properties
of enzymes is that they remain ultimately unchanged by the reactions they catalyze. After an enzyme has catalyzed a reaction, it
releases its product(s) and can catalyze a new reaction.

Products

% if

Enzyme changes shape
Substrate slightly as substrate binds

Actwe site

::> = =

Substrate entering Enzyme/substrate Enzyme/product Products leaving
the active site of complex complex the active site of
the enzyme the enzyme

Figure 10.1.7: The induced-fit model is an adjustment to the lock-and-key model and explains how enzymes and substrates undergo dynamic
modifications during the transition state to increase the affinity of the substrate for the active site.

It would seem ideal to have a scenario in which all of an organism's enzymes existed in abundant supply and functioned optimally
under all cellular conditions, in all cells, at all times. However, a variety of mechanisms ensures that this does not happen. Cellular
needs and conditions constantly vary from cell to cell, and change within individual cells over time. The required enzymes of
stomach cells differ from those of fat storage cells, skin cells, blood cells, and nerve cells. Furthermore, a digestive organ cell
works much harder to process and break down nutrients during the time that closely follows a meal compared with many hours
after a meal. As these cellular demands and conditions vary, so must the amounts and functionality of different enzymes.

Since the rates of biochemical reactions are controlled by activation energy, and enzymes lower and determine activation
energies for chemical reactions, the relative amounts and functioning of the variety of enzymes within a cell ultimately determine
which reactions will proceed and at what rates. This determination is tightly controlled in cells. In certain cellular environments,
enzyme activity is partly controlled by environmental factors like pH, temperature, salt concentration, and, in some cases, cofactors
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or coenzymes.

Enzymes can also be regulated in ways that either promote or reduce enzyme activity. There are many kinds of molecules that
inhibit or promote enzyme function, and various mechanisms by which they do so. In some cases of enzyme inhibition, an
inhibitor molecule is similar enough to a substrate that it can bind to the active site and simply block the substrate from binding.
When this happens, the enzyme is inhibited through competitive inhibition, because an inhibitor molecule competes with the
substrate for binding to the active site.

On the other hand, in noncompetitive inhibition, an inhibitor molecule binds to the enzyme in a location other than the active site,
called an allosteric site, but still manages to block substrate binding to the active site. Some inhibitor molecules bind to enzymes
in a location where their binding induces a conformational change that reduces the affinity of the enzyme for its substrate. This
type of inhibition is called allosteric inhibition(Figure 10.1.8). Most allosterically regulated enzymes are made up of more than one
polypeptide, meaning that they have more than one protein subunit. When an allosteric inhibitor binds to a region on an enzyme,
all active sites on the protein subunits are changed slightly such that they bind their substrates with less efficiency. There are
allosteric activators as well as inhibitors. Allosteric activators bind to locations on an enzyme away from the active site, inducing
a conformational change that increases the affinity of the enzyme’s active site(s) for its substrate(s) (Figure 10.1.8).

Allosteric Inhibition Allosteric Activation
Enzyme Enzyme
; Allosteric
gfgve / site Altered
'\? active site \F
Inhibitor BAETvaOr
Substrate Substrate
Altered active site Active site

Figure 10.1.8: Allosteric inhibition works by indirectly inducing a conformational change to the active site such that the substrate no longer
fits. In contrast, in allosteric activation, the activator molecule modifies the shape of the active site to allow a better fit of the substrate.
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CAREERS IN ACTION: Pharmaceutical Drug Developer

Figure 10.1.9: Have you ever wondered how pharmaceutical drugs are developed? (credit: Deborah Austin)

Enzymes are key components of metabolic pathways. Understanding how enzymes work and how they can be regulated are
key principles behind the development of many of the pharmaceutical drugs on the market today. Biologists working in this
field collaborate with other scientists to design drugs (Figure 10.1.9).

Consider statins for example—statins is the name given to one class of drugs that can reduce cholesterol levels. These
compounds are inhibitors of the enzyme HMG-CoA reductase, which is the enzyme that synthesizes cholesterol from lipids in
the body. By inhibiting this enzyme, the level of cholesterol synthesized in the body can be reduced. Similarly, acetaminophen,
popularly marketed under the brand name Tylenol, is an inhibitor of the enzyme cyclooxygenase. While it is used to provide
relief from fever and inflammation (pain), its mechanism of action is still not completely understood.

How are drugs discovered? One of the biggest challenges in drug discovery is identifying a drug target. A drug target is a
molecule that is literally the target of the drug. In the case of statins, HMG-CoA reductase is the drug target. Drug targets are
identified through painstaking research in the laboratory. Identifying the target alone is not enough; scientists also need to
know how the target acts inside the cell and which reactions go awry in the case of disease. Once the target and the pathway
are identified, then the actual process of drug design begins. In this stage, chemists and biologists work together to design
and synthesize molecules that can block or activate a particular reaction. However, this is only the beginning: If and when a
drug prototype is successful in performing its function, then it is subjected to many tests from in vitro experiments to clinical
trials before it can get approval from the U.S. Food and Drug Administration to be on the market.

Many enzymes do not work optimally, or even at all, unless bound to other specific non-protein helper molecules. They may bond
either temporarily through ionic or hydrogen bonds, or permanently through stronger covalent bonds. Binding to these molecules
promotes optimal shape and function of their respective enzymes. Two examples of these types of helper molecules are cofactors
and coenzymes. Cofactors are inorganic ions such as ions of iron and magnesium. Coenzymes are organic helper molecules,
those with a basic atomic structure made up of carbon and hydrogen. Like enzymes, these molecules participate in reactions
without being changed themselves and are ultimately recycled and reused. Vitamins are the source of coenzymes. Some vitamins
are the precursors of coenzymes and others act directly as coenzymes. Vitamin C is a direct coenzyme for multiple enzymes that
take part in building the important connective tissue, collagen. Therefore, enzyme function is, in part, regulated by the abundance
of various cofactors and coenzymes, which may be supplied by an organism'’s diet or, in some cases, produced by the organism.

Feedback Inhibition in Metabolic Pathways
Molecules can regulate enzyme function in many ways. The major question remains, however: What are these molecules and

where do they come from? Some are cofactors and coenzymes, as you have learned. What other molecules in the cell provide
enzymatic regulation such as allosteric modulation, and competitive and non-competitive inhibition? Perhaps the most relevant
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sources of regulatory molecules, with respect to enzymatic cellular metabolism, are the products of the cellular metabolic
reactions themselves. In a most efficient and elegant way, cells have evolved to use the products of their own reactions for
feedback inhibition of enzyme activity. Feedback inhibition involves the use of a reaction product to regulate its own further
production (Figure 10.1.10). The cell responds to an abundance of the products by slowing down production during anabolic or
catabolic reactions. Such reaction products may inhibit the enzymes that catalyzed their production through the mechanisms
described above.

1stintermediate 2nd intermediate
substrate substrate End
product
/—) > — —> — — — —
Substrate Enzyme 1 Enzyme 2 Enzyme 3

\ 4

y&‘ <

Inhibition of process

Figure 10.1.10: Metabolic pathways are a series of reactions catalyzed by multiple enzymes. Feedback inhibition, where the end product of the
pathway inhibits an upstream process, is an important regulatory mechanism in cells.

The production of both amino acids and nucleotides is controlled through feedback inhibition. Additionally, ATP is an allosteric
regulator of some of the enzymes involved in the catabolic breakdown of sugar, the process that creates ATP. In this way, when
ATP is in abundant supply, the cell can prevent the production of ATP. On the other hand, ADP serves as a positive allosteric
regulator (an allosteric activator) for some of the same enzymes that are inhibited by ATP. Thus, when relative levels of ADP are
high compared to ATP, the cell is triggered to produce more ATP through sugar catabolism.

Section Summary

Cells perform the functions of life through various chemical reactions. A cell’'s metabolism refers to the combination of chemical
reactions that take place within it. Catabolic reactions break down complex chemicals into simpler ones and are associated with
energy release. Anabolic processes build complex molecules out of simpler ones and require energy.

In studying energy, the term system refers to the matter and environment involved in energy transfers. Entropy is a measure of
the disorder of a system. The physical laws that describe the transfer of energy are the laws of thermodynamics. The first law
states that the total amount of energy in the universe is constant. The second law of thermodynamics states that every energy
transfer involves some loss of energy in an unusable form, such as heat energy. Energy comes in different forms: kinetic, potential,
and free. The change in free energy of a reaction can be negative (releases energy, exergonic) or positive (consumes energy,
endergonic). All reactions require an initial input of energy to proceed, called the activation energy.

Enzymes are chemical catalysts that speed up chemical reactions by lowering their activation energy. Enzymes have an active
site with a unique chemical environment that fits particular chemical reactants for that enzyme, called substrates. Enzymes and

substrates are thought to bind according to an induced-fit model. Enzyme action is regulated to conserve resources and respond
optimally to the environment.

Art Connections
Figure 10.1.5: Look at each of the processes shown and decide if it is endergonic or exergonic.
Answer

A compost pile decomposing is an exergonic process. A baby developing from a fertilized egg is an endergonic
process. Tea dissolving into water is an exergonic process. A ball rolling downhill is an exergonic process.
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Glossary

activation energy
the amount of initial energy necessary for reactions to occur

active site
a specific region on the enzyme where the substrate binds

allosteric inhibition
the mechanism for inhibiting enzyme action in which a regulatory molecule binds to a second site (not the active
site) and initiates a conformation change in the active site, preventing binding with the substrate

anabolic
describes the pathway that requires a net energy input to synthesize complex molecules from simpler ones

bioenergetics
the concept of energy flow through living systems

catabolic
describes the pathway in which complex molecules are broken down into simpler ones, yielding energy as an
additional product of the reaction

competitive inhibition
a general mechanism of enzyme activity regulation in which a molecule other than the enzyme’s substrate is able
to bind the active site and prevent the substrate itself from binding, thus inhibiting the overall rate of reaction for
the enzyme

endergonic
describes a chemical reaction that results in products that store more chemical potential energy than the reactants

enzyme
a molecule that catalyzes a biochemical reaction

exergonic
describes a chemical reaction that results in products with less chemical potential energy than the reactants, plus
the release of free energy

feedback inhibition
a mechanism of enzyme activity regulation in which the product of a reaction or the final product of a series of
sequential reactions inhibits an enzyme for an earlier step in the reaction series

heat energy
the energy transferred from one system to another that is not work

kinetic energy
the type of energy associated with objects in motion

metabolism
all the chemical reactions that take place inside cells, including those that use energy and those that release
energy

noncompetitive inhibition
a general mechanism of enzyme activity regulation in which a regulatory molecule binds to a site other than the
active site and prevents the active site from binding the substrate; thus, the inhibitor molecule does not compete
with the substrate for the active site; allosteric inhibition is a form of noncompetitive inhibition

potential energy
the type of energy that refers to the potential to do work

substrate
a molecule on which the enzyme acts
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thermodynamics
the science of the relationships between heat, energy, and work
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10.2: Glycolysis

Even exergonic, energy-releasing reactions require a small amount of activation energy to proceed. However, consider endergonic
reactions, which require much more energy input because their products have more free energy than their reactants. Within the
cell, where does energy to power such reactions come from? The answer lies with an energy-supplying molecule called adenosine
triphosphate, or ATP. ATP is a small, relatively simple molecule, but within its bonds contains the potential for a quick burst of
energy that can be harnessed to perform cellular work. This molecule can be thought of as the primary energy currency of cells in
the same way that money is the currency that people exchange for things they need. ATP is used to power the majority of energy-
requiring cellular reactions.

ATP in Living Systems

A living cell cannot store significant amounts of free energy. Excess free energy would result in an increase of heat in the cell,
which would denature enzymes and other proteins, and thus destroy the cell. Rather, a cell must be able to store energy safely
and release it for use only as needed. Living cells accomplish this using ATP, which can be used to fill any energy need of the cell.
How? It functions as a rechargeable battery.

When ATP is broken down, usually by the removal of its terminal phosphate group, energy is released. This energy is used to do
work by the cell, usually by the binding of the released phosphate to another molecule, thus activating it. For example, in the
mechanical work of muscle contraction, ATP supplies energy to move the contractile muscle proteins.

ATP Structure and Function

At the heart of ATP is a molecule of adenosine monophosphate (AMP), which is composed of an adenine molecule bonded to
both a ribose molecule and a single phosphate group (Figure 10.2.1). Ribose is a five-carbon sugar found in RNA and AMP is one
of the nucleotides in RNA. The addition of a second phosphate group to this core molecule results in adenosine diphosphate
(ADP); the addition of a third phosphate group forms adenosine triphosphate (ATP).
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Figure 10.2.1: The structure of ATP shows the basic components of a two-ring adenine, five-carbon ribose, and three phosphate groups.

The addition of a phosphate group to a molecule requires a high amount of energy and results in a high-energy bond. Phosphate
groups are negatively charged and thus repel one another when they are arranged in series, as they are in ADP and ATP. This
repulsion makes the ADP and ATP molecules inherently unstable. The release of one or two phosphate groups from ATP, a process
called hydrolysis, releases energy.
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Glycolysis

You have read that nearly all of the energy used by living things comes to them in the bonds of the sugar, glucose. Glycolysis is
the first step in the breakdown of glucose to extract energy for cell metabolism. Many living organisms carry out glycolysis as part
of their metabolism. Glycolysis takes place in the cytoplasm of most prokaryotic and all eukaryotic cells.

Glycolysis begins with the six-carbon, ring-shaped structure of a single glucose molecule and ends with two molecules of a three-
carbon sugar called pyruvate. Glycolysis consists of two distinct phases. In the first part of the glycolysis pathway, energy is used
to make adjustments so that the six-carbon sugar molecule can be split evenly into two three-carbon pyruvate molecules. In the
second part of glycolysis, ATP and nicotinamide-adenine dinucleotide (NADH) are produced (Figure 10.2.2).

If the cell cannot catabolize the pyruvate molecules further, it will harvest only two ATP molecules from one molecule of glucose.
For example, mature mammalian red blood cells are only capable of glycolysis, which is their sole source of ATP. If glycolysis is

interrupted, these cells would eventually die.
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Figure 10.2.2: In glycolysis, a glucose molecule is converted into two pyruvate molecules.

Summary

ATP functions as the energy currency for cells. It allows cells to store energy briefly and transport it within itself to support
endergonic chemical reactions. The structure of ATP is that of an RNA nucleotide with three phosphate groups attached. As ATP
is used for energy, a phosphate group is detached, and ADP is produced. Energy derived from glucose catabolism is used to
recharge ADP into ATP.

Glycolysis is the first pathway used in the breakdown of glucose to extract energy. Because it is used by nearly all organisms on
earth, it must have evolved early in the history of life. Glycolysis consists of two parts: The first part prepares the six-carbon ring
of glucose for separation into two three-carbon sugars. Energy from ATP is invested into the molecule during this step to energize
the separation. The second half of glycolysis extracts ATP and high-energy electrons from hydrogen atoms and attaches them to

NAD*. Two ATP molecules are invested in the first half and four ATP molecules are formed during the second half. This produces
a net gain of two ATP molecules per molecule of glucose for the cell.

Glossary

ATP
(also, adenosine triphosphate) the cell’'s energy currency

glycolysis
the process of breaking glucose into two three-carbon molecules with the production of ATP and NADH
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10.3: Citric Acid Cycle and Oxidative Phosphorylation

The Citric Acid Cycle

In eukaryotic cells, the pyruvate molecules produced at the end of glycolysis are transported into mitochondria, which are sites
of cellular respiration. If oxygen is available, aerobic respiration will go forward. In mitochondria, pyruvate will be transformed
into a two-carbon acetyl group (by removing a molecule of carbon dioxide) that will be picked up by a carrier compound called
coenzyme A (CoA), which is made from vitamin Bs. The resulting compound is called acetyl CoA. (Figure 10.3.1). Acetyl CoA can
be used in a variety of ways by the cell, but its major function is to deliver the acetyl group derived from pyruvate to the next
pathway in glucose catabolism.
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Figure 10.3.1: Pyruvate is converted into acetyl-CoA before entering the citric acid cycle.

Like the conversion of pyruvate to acetyl CoA, the citric acid cycle in eukaryotic cells takes place in the matrix of the mitochondria.
Unlike glycolysis, the citric acid cycle is a closed loop: The last part of the pathway regenerates the compound used in the
first step. The eight steps of the cycle are a series of chemical reactions that produces two carbon dioxide molecules, one ATP

molecule (or an equivalent), and reduced forms (NADH and FADH>2) of NAD™ and FAD*, important coenzymes in the cell. Part of
this is considered an aerobic pathway (oxygen-requiring) because the NADH and FADH2 produced must transfer their electrons
to the next pathway in the system, which will use oxygen. If oxygen is not present, this transfer does not occur.

Two carbon atoms come into the citric acid cycle from each acetyl group. Two carbon dioxide molecules are released on each turn
of the cycle; however, these do not contain the same carbon atoms contributed by the acetyl group on that turn of the pathway.
The two acetyl-carbon atoms will eventually be released on later turns of the cycle; in this way, all six carbon atoms from the
original glucose molecule will be eventually released as carbon dioxide. It takes two turns of the cycle to process the equivalent
of one glucose molecule. Each turn of the cycle forms three high-energy NADH molecules and one high-energy FADH2 molecule.
These high-energy carriers will connect with the last portion of aerobic respiration to produce ATP molecules. One ATP (or an
equivalent) is also made in each cycle. Several of the intermediate compounds in the citric acid cycle can be used in synthesizing
non-essential amino acids; therefore, the cycle is both anabolic and catabolic.

Oxidative Phosphorylation

You have just read about two pathways in glucose catabolism—glycolysis and the citric acid cycle—that generate ATP. Most of the
ATP generated during the aerobic catabolism of glucose, however, is not generated directly from these pathways. Rather, it derives
from a process that begins with passing electrons through a series of chemical reactions to a final electron acceptor, oxygen.
These reactions take place in specialized protein complexes located in the inner membrane of the mitochondria of eukaryotic
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organisms and on the inner part of the cell membrane of prokaryotic organisms. The energy of the electrons is harvested and
used to generate a electrochemical gradient across the inner mitochondrial membrane. The potential energy of this gradient is
used to generate ATP. The entirety of this process is called oxidative phosphorylation.

The electron transport chain (Figure 10.3.2a) is the last component of aerobic respiration and is the only part of metabolism that
uses atmospheric oxygen. Oxygen continuously diffuses into plants for this purpose. In animals, oxygen enters the body through
the respiratory system. Electron transport is a series of chemical reactions that resembles a bucket brigade in that electrons are
passed rapidly from one component to the next, to the endpoint of the chain where oxygen is the final electron acceptor and water
is produced. There are four complexes composed of proteins, labeled I through IV in Figure 10.3.2¢, and the aggregation of these
four complexes, together with associated mobile, accessory electron carriers, is called the electron transport chain. The electron
transport chain is present in multiple copies in the inner mitochondrial membrane of eukaryotes and in the plasma membrane
of prokaryotes. In each transfer of an electron through the electron transport chain, the electron loses energy, but with some
transfers, the energy is stored as potential energy by using it to pump hydrogen ions across the inner mitochondrial membrane
into the intermembrane space, creating an electrochemical gradient.

ART CONNECTION
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Figure 10.3.2: (a) The electron transport chain is a set of molecules that supports a series of oxidation-reduction reactions. (b) ATP
synthase is a complex, molecular machine that uses an H* gradient to regenerate ATP from ADP. (c) Chemiosmosis relies on the potential
energy provided by the H* gradient across the membrane.

Cyanide inhibits cytochrome c oxidase, a component of the electron transport chain. If cyanide poisoning occurs, would you
expect the pH of the intermembrane space to increase or decrease? What affect would cyanide have on ATP synthesis?

Electrons from NADH and FADH> are passed to protein complexes in the electron transport chain. As they are passed from one
complex to another (there are a total of four), the electrons lose energy, and some of that energy is used to pump hydrogen
ions from the mitochondrial matrix into the intermembrane space. In the fourth protein complex, the electrons are accepted by
oxygen, the terminal acceptor. The oxygen with its extra electrons then combines with two hydrogen ions, further enhancing the
electrochemical gradient, to form water. If there were no oxygen present in the mitochondrion, the electrons could not be removed
from the system, and the entire electron transport chain would back up and stop. The mitochondria would be unable to generate
new ATP in this way, and the cell would ultimately die from lack of energy. This is the reason we must breathe to draw in new
oxygen.

In the electron transport chain, the free energy from the series of reactions just described is used to pump hydrogen ions across
the membrane. The uneven distribution of H* ions across the membrane establishes an electrochemical gradient, owing to the
H* jons’ positive charge and their higher concentration on one side of the membrane.

Hydrogen ions diffuse through the inner membrane through an integral membrane protein called ATP synthase (Figure 10.3.2
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b). This complex protein acts as a tiny generator, turned by the force of the hydrogen ions diffusing through it, down their
electrochemical gradient from the intermembrane space, where there are many mutually repelling hydrogen ions to the matrix,
where there are few. The turning of the parts of this molecular machine regenerate ATP from ADP. This flow of hydrogen ions
across the membrane through ATP synthase is called chemiosmosis.

Chemiosmosis (Figure 10.3.2¢) is used to generate 90 percent of the ATP made during aerobic glucose catabolism. The result
of the reactions is the production of ATP from the energy of the electrons removed from hydrogen atoms. These atoms were
originally part of a glucose molecule. At the end of the electron transport system, the electrons are used to reduce an oxygen
molecule to oxygen ions. The extra electrons on the oxygen ions attract hydrogen ions (protons) from the surrounding medium,
and water is formed. The electron transport chain and the production of ATP through chemiosmosis are collectively called
oxidative phosphorylation.

ATP Yield

The number of ATP molecules generated from the catabolism of glucose varies. For example, the number of hydrogen ions that
the electron transport chain complexes can pump through the membrane varies between species. Another source of variance
stems from the shuttle of electrons across the mitochondrial membrane. The NADH generated from glycolysis cannot easily enter

mitochondria. Thus, electrons are picked up on the inside of the mitochondria by either NAD* or FAD*. Fewer ATP molecules are

generated when FAD™ acts as a carrier. NAD* is used as the electron transporter in the liver and FAD* in the brain, so ATP yield
depends on the tissue being considered.

Another factor that affects the yield of ATP molecules generated from glucose is that intermediate compounds in these pathways
are used for other purposes. Glucose catabolism connects with the pathways that build or break down all other biochemical
compounds in cells, and the result is somewhat messier than the ideal situations described thus far. For example, sugars other
than glucose are fed into the glycolytic pathway for energy extraction. Other molecules that would otherwise be used to harvest
energy in glycolysis or the citric acid cycle may be removed to form nucleic acids, amino acids, lipids, or other compounds.
Overall, in living systems, these pathways of glucose catabolism extract about 34 percent of the energy contained in glucose.

CAREERS IN ACTION: Mitochondrial Disease Physician

What happens when the critical reactions of cellular respiration do not proceed correctly? Mitochondrial diseases are genetic
disorders of metabolism. Mitochondrial disorders can arise from mutations in nuclear or mitochondrial DNA, and they result
in the production of less energy than is normal in body cells. Symptoms of mitochondrial diseases can include muscle
weakness, lack of coordination, stroke-like episodes, and loss of vision and hearing. Most affected people are diagnosed in
childhood, although there are some adult-onset diseases. Identifying and treating mitochondrial disorders is a specialized
medical field. The educational preparation for this profession requires a college education, followed by medical school with
a specialization in medical genetics. Medical geneticists can be board certified by the American Board of Medical Genetics
and go on to become associated with professional organizations devoted to the study of mitochondrial disease, such as the
Mitochondrial Medicine Society and the Society for Inherited Metabolic Disease.

Summary

The citric acid cycle is a series of chemical reactions that removes high-energy electrons and uses them in the electron transport
chain to generate ATP. One molecule of ATP (or an equivalent) is produced per each turn of the cycle.

The electron transport chain is the portion of aerobic respiration that uses free oxygen as the final electron acceptor for electrons
removed from the intermediate compounds in glucose catabolism. The electrons are passed through a series of chemical
reactions, with a small amount of free energy used at three points to transport hydrogen ions across the membrane. This
contributes to the gradient used in chemiosmosis. As the electrons are passed from NADH or FADH> down the electron transport
chain, they lose energy. The products of the electron transport chain are water and ATP. A number of intermediate compounds
can be diverted into the anabolism of other biochemical molecules, such as nucleic acids, non-essential amino acids, sugars, and
lipids. These same molecules, except nucleic acids, can serve as energy sources for the glucose pathway.
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Art Connections

Figure 10.3.2: Cyanide inhibits cytochrome c oxidase, a component of the electron transport chain. If cyanide poisoning occurs,
would you expect the pH of the intermembrane space to increase or decrease? What affect would cyanide have on ATP synthesis?

Answer

After cyanide poisoning, the electron transport chain can no longer pump electrons into the intermembrane space.
The pH of the intermembrane space would increase, and ATP synthesis would stop.

Glossary

acetyl CoA
the combination of an acetyl group derived from pyruvic acid and coenzyme A which is made from pantothenic
acid (a B-group vitamin)

ATP synthase
a membrane-embedded protein complex that regenerates ATP from ADP with energy from protons diffusing
through it

chemiosmosis
the movement of hydrogen ions down their electrochemical gradient across a membrane through ATP synthase to
generate ATP

citric acid cycle
a series of enzyme-catalyzed chemical reactions of central importance in all living cells that harvests the energy
in carbon-carbon bonds of sugar molecules to generate ATP; the citric acid cycle is an aerobic metabolic pathway
because it requires oxygen in later reactions to proceed

electron transport chain
a series of four large, multi-protein complexes embedded in the inner mitochondrial membrane that accepts
electrons from donor compounds and harvests energy from a series of chemical reactions to generate a hydrogen
ion gradient across the membrane

oxidative phosphorylation
the production of ATP by the transfer of electrons down the electron transport chain to create a proton gradient
that is used by ATP synthase to add phosphate groups to ADP molecules
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10.4: Fermentation

In aerobic respiration, the final electron acceptor is an oxygen molecule, Oo. If aerobic respiration occurs, then ATP will be
produced using the energy of the high-energy electrons carried by NADH or FADH3 to the electron transport chain. If aerobic

respiration does not occur, NADH must be reoxidized to NAD™* for reuse as an electron carrier for glycolysis to continue. How is
this done? Some living systems use an organic molecule as the final electron acceptor. Processes that use an organic molecule

to regenerate NAD" from NADH are collectively referred to as fermentation. In contrast, some living systems use an inorganic
molecule (other than oxygen) as a final electron acceptor to regenerate NAD*; both methods are anaerobic (do not require
oxygen) to achieve NAD™ regeneration and enable organisms to convert energy for their use in the absence of oxygen.

Lactic Acid Fermentation

The fermentation method used by animals and some bacteria like those in yogurt is lactic acid fermentation (Figure 10.4.1).
This occurs routinely in mammalian red blood cells and in skeletal muscle that has insufficient oxygen supply to allow aerobic
respiration to continue (that is, in muscles used to the point of fatigue). In muscles, lactic acid produced by fermentation must be
removed by the blood circulation and brought to the liver for further metabolism. The chemical reaction of lactic acid fermentation

is the following:

Pyruvic acid + NADH < lactic acid + NAD*

The enzyme that catalyzes this reaction is lactate dehydrogenase. The reaction can proceed in either direction, but the left-to-
right reaction is inhibited by acidic conditions. This lactic acid build-up causes muscle stiffness and fatigue. Once the lactic acid
has been removed from the muscle and is circulated to the liver, it can be converted back to pyruvic acid and further catabolized

for energy.

ART CONNECTION

Lactic Acid Fermentation

Clucose

2 Pyruvate

2 Lactate

I < Fermentation | I < Glycolysis |

Figure 10.4.1: Lactic acid fermentation is common in muscles that have become exhausted by use.

Tremetol, a metabolic poison found in white snake root plant, prevents the metabolism of lactate. When cows eat this plant,
Tremetol is concentrated in the milk. Humans who consume the milk become ill. Symptoms of this disease, which include
vomiting, abdominal pain, and tremors, become worse after exercise. Why do you think this is the case?
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Alcohol Fermentation

Another familiar fermentation process is alcohol fermentation (Figure 10.4.2), which produces ethanol, an alcohol. The alcohol
fermentation reaction is the following:

Pyruvic acid » CO, + Acetaldehyde

Acetaldehyde » Ethanol

NADH NAD*

Figure 10.4.2: The reaction resulting in alcohol fermentation is shown.

In the first reaction, a carboxyl group is removed from pyruvic acid, releasing carbon dioxide as a gas. The loss of carbon
dioxide reduces the molecule by one carbon atom, making acetaldehyde. The second reaction removes an electron from NADH,

forming NAD" and producing ethanol from the acetaldehyde, which accepts the electron. The fermentation of pyruvic acid by
yeast produces the ethanol found in alcoholic beverages (Figure 10.4.3). If the carbon dioxide produced by the reaction is not
vented from the fermentation chamber, for example in beer and sparkling wines, it remains dissolved in the medium until the
pressure is released. Ethanol above 12 percent is toxic to yeast, so natural levels of alcohol in wine occur at a maximum of 12
percent.

Figure 10.4.3: Fermentation of grape juice to make wine produces CO3 as a byproduct. Fermentation tanks have valves so that pressure inside
the tanks can be released.

Anaerobic Cellular Respiration

Certain prokaryotes, including some species of bacteria and Archaea, use anaerobic respiration. For example, the group of
Archaea called methanogens reduces carbon dioxide to methane to oxidize NADH. These microorganisms are found in soil and
in the digestive tracts of ruminants, such as cows and sheep. Similarly, sulfate-reducing bacteria and Archaea, most of which are

anaerobic (Figure 10.4.4), reduce sulfate to hydrogen sulfide to regenerate NAD* from NADH.
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Figure 10.4.4: The green color seen in these coastal waters is from an eruption of hydrogen sulfide. Anaerobic, sulfate-reducing bacteria
release hydrogen sulfide gas as they decompose algae in the water. (credit: NASA image courtesy Jeff Schmaltz, MODIS Land Rapid Response

Team at NASA GSFC)
CONCEPT IN ACTION

This interactive element is not available in this format. Visit the link or scan the QR code to access it online.

View this YouTube Video online

Visit this site to see anaerobic cellular respiration in action.

Other fermentation methods occur in bacteria. Many prokaryotes are facultatively anaerobic. This means that they can switch
between aerobic respiration and fermentation, depending on the availability of oxygen. Certain prokaryotes, like Clostridia
bacteria, are obligate anaerobes. Obligate anaerobes live and grow in the absence of molecular oxygen. Oxygen is a poison
to these microorganisms and kills them upon exposure. It should be noted that all forms of fermentation, except lactic acid
fermentation, produce gas. The production of particular types of gas is used as an indicator of the fermentation of specific
carbohydrates, which plays a role in the laboratory identification of the bacteria. The various methods of fermentation are used

by different organisms to ensure an adequate supply of NAD™ for the sixth step in glycolysis. Without these pathways, that step
would not occur, and no ATP would be harvested from the breakdown of glucose.

Section Summary

If NADH cannot be metabolized through aerobic respiration, another electron acceptor is used. Most organisms will use some

form of fermentation to accomplish the regeneration of NAD*, ensuring the continuation of glycolysis. The regeneration of NAD*

in fermentation is not accompanied by ATP production; therefore, the potential for NADH to produce ATP using an electron
transport chain is not utilized.

Art Connections

Figure 10.4.1: Tremetol, a metabolic poison found in white snake root plant, prevents the metabolism of lactate. When cows eat
this plant, Tremetol is concentrated in the milk. Humans who consume the milk become ill. Symptoms of this disease, which
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include vomiting, abdominal pain, and tremors, become worse after exercise. Why do you think this is the case?

Answer

The illness is caused by lactic acid build-up. Lactic acid levels rise after exercise, making the symptoms worse.
Milk sickness is rare today, but was common in the Midwestern United States in the early 18080s.

Glossary
anaerobic cellular respiration

the use of an electron acceptor other than oxygen to complete metabolism using electron transport-based
chemiosmosis

fermentation

the steps that follow the partial oxidation of glucose via glycolysis to regenerate NAD*; occurs in the absence of
oxygen and uses an organic compound as the final electron acceptor
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10.5: Connections to Other Metabolic Pathways

You have learned about the catabolism of glucose, which provides energy to living cells. But living things consume more than
just glucose for food. How does a turkey sandwich, which contains protein, provide energy to your cells? This happens because
all of the catabolic pathways for carbohydrates, proteins, and lipids eventually connect into glycolysis and the citric acid cycle
pathways (Figure 10.5.1). Metabolic pathways should be thought of as porous—that is, substances enter from other pathways, and
other substances leave for other pathways. These pathways are not closed systems. Many of the products in a particular pathway
are reactants in other pathways.

Connections of Other Sugars to Glucose Metabolism

Glycogen, a polymer of glucose, is a short-term energy storage molecule in animals. When there is adequate ATP present, excess
glucose is converted into glycogen for storage. Glycogen is made and stored in the liver and muscle. Glycogen will be taken out
of storage if blood sugar levels drop. The presence of glycogen in muscle cells as a source of glucose allows ATP to be produced
for a longer time during exercise.

Sucrose is a disaccharide made from glucose and fructose bonded together. Sucrose is broken down in the small intestine, and
the glucose and fructose are absorbed separately. Fructose is one of the three dietary monosaccharides, along with glucose and
galactose (which is part of milk sugar, the disaccharide lactose), that are absorbed directly into the bloodstream during digestion.
The catabolism of both fructose and galactose produces the same number of ATP molecules as glucose.

Connections of Proteins to Glucose Metabolism

Proteins are broken down by a variety of enzymes in cells. Most of the time, amino acids are recycled into new proteins. If there
are excess amino acids, however, or if the body is in a state of famine, some amino acids will be shunted into pathways of glucose
catabolism. Each amino acid must have its amino group removed prior to entry into these pathways. The amino group is converted
into ammonia. In mammals, the liver synthesizes urea from two ammonia molecules and a carbon dioxide molecule. Thus, urea is
the principal waste product in mammals from the nitrogen originating in amino acids, and it leaves the body in urine.

Connections of Lipids to Glucose Metabolism

The lipids that are connected to the glucose pathways are cholesterol and triglycerides. Cholesterol is a lipid that contributes to
cell membrane flexibility and is a precursor of steroid hormones. The synthesis of cholesterol starts with acetyl CoA and proceeds
in only one direction. The process cannot be reversed, and ATP is not produced.

Triglycerides are a form of long-term energy storage in animals. Triglycerides store about twice as much energy as carbohydrates.
Triglycerides are made of glycerol and three fatty acids. Animals can make most of the fatty acids they need. Triglycerides can
be both made and broken down through parts of the glucose catabolism pathways. Glycerol can be phosphorylated and proceeds
through glycolysis. Fatty acids are broken into two-carbon units that enter the citric acid cycle.
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Figure 10.5.1: Glycogen from the liver and muscles, together with fats, can feed into the catabolic pathways for carbohydrates.

EVOLUTION IN ACTION: Pathways of Photosynthesis and Cellular Metabolism

Photosynthesis and cellular metabolism consist of several very complex pathways. It is generally thought that the first cells
arose in an aqueous environment—a “soup” of nutrients. If these cells reproduced successfully and their numbers climbed
steadily, it follows that the cells would begin to deplete the nutrients from the medium in which they lived, as they shifted the
nutrients into their own cells. This hypothetical situation would have resulted in natural selection favoring those organisms
that could exist by using the nutrients that remained in their environment and by manipulating these nutrients into materials
that they could use to survive. Additionally, selection would favor those organisms that could extract maximal value from the
available nutrients.

An early form of photosynthesis developed that harnessed the sun’s energy using compounds other than water as a source
of hydrogen atoms, but this pathway did not produce free oxygen. It is thought that glycolysis developed prior to this time
and could take advantage of simple sugars being produced, but these reactions were not able to fully extract the energy
stored in the carbohydrates. A later form of photosynthesis used water as a source of hydrogen ions and generated free
oxygen. Over time, the atmosphere became oxygenated. Living things adapted to exploit this new atmosphere and allowed
respiration as we know it to evolve. When the full process of photosynthesis as we know it developed and the atmosphere
became oxygenated, cells were finally able to use the oxygen expelled by photosynthesis to extract more energy from the
sugar molecules using the citric acid cycle.

Summary

The breakdown and synthesis of carbohydrates, proteins, and lipids connect with the pathways of glucose catabolism. The
carbohydrates that can also feed into glucose catabolism include galactose, fructose, and glycogen. These connect with glycolysis.
The amino acids from proteins connect with glucose catabolism through pyruvate, acetyl CoA, and components of the citric acid
cycle. Cholesterol synthesis starts with acetyl CoA, and the components of triglycerides are picked up by acetyl CoA and enter the
citric acid cycle.
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