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1.1: Definition and a Short History of Biotechnology

Overview of biotechnology

Biotechnology is a multidisciplinary field that combines biology and technology in order to develop products and processes that
improve the quality of life and the environment. It involves the manipulation of living organisms or their components, using them
to solve problems and produce useful products. Biotechnology plays an essential role in our everyday life, from the production
of medicine, to the food we eat, to the clothes we wear. It applications range of from agriculture to medicine, energy production,
chemical processing, industrial manufacturing, and bioremediation.

Learning Objectives

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

¢ list some of the areas of biotechnology
e outline some of the major events in the history of biotechnology
e describe the interdisciplinary nature of biotechnology

Areas of Biotechnology

Biotechnology profoundly impacts our everyday lives. Its broad scope encompasses several key areas that contribute to the quality
of human life worldwide. Some of the areas of biotechnology in use today are:

Medical and Health Biotechnology ("Red Biotechnology)
Agricultural Biotechnology ("Green Biotechnology)

Food Biotechnology ("Yellow" Biotechnology

Industrial and Manufacturing Biotechnology ("White Biotechnology)
Marine Biotechnology ("Blue" Biotechnology)

Environmental Biotechnology ("Gray" Biotechnology)

Land Management Biotechnology ("Brown" Biotechnology)
Bio-defense Biotechnology ("Black Biotechnology)

NGO WON

Many of these areas will be discussed in subsequent chapters in this textbook.

Brief History of Biotechnology

Throughout history, humans have used biology to manipulate living organisms, from altering bacteria to enhance fermentation, to
the selective breeding of plants or animals to improve desired traits. Such careful manipulation of their biology has created the
modern organisms we see and use today. If one were to compare the modern apple with its ancestral counterpart, one would be
shocked at the difference. Ancestral apples were small and tart (Figure 1.1.1). Through selective breeding principles, the modern
apple is significantly larger and sweeter. These breeding principles are an example of how biotechnology can be used to change
an organism.

©@® 2 (1.1.1)
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Figure 1.1.1: Wild Siberian crabapples are very similar to the early apples that were eaten by humans. Biotechnology, using selective breeding,
has increased the size of apples and their sweetness and produced the modern varieties enjoyed today. (Siberian crabapple by Jackie
Diectrich; CC-BY-NC 3.0).

The identification of bacteria and their role in fermentation and disease, together with technological advancements in biology,
such as the development of pure bacterial cultures, paved the way for the development of modern biotechnology. With the
discovery of DNA and its role in heredity and genetics, new means for manipulating living organisms became available. In 1973,
the first genetically-modified organism (GMO) was created by Stanley Cohen and Herbert Boyer, who used biotechnology
procedures to introduce foreign DNA into a bacterial genome. In 1977, Herbert Boyer and Keiichi Itakura succeeded in inducing
genetically-modified bacteria to produce the first human protein (i.e., somatostatin). Their recombinant somatostatin was found
to be identical to its natural counterpart and their studies marked the start of the biotechnology industry. One year later, the first
synthetic “human” insulin was produced using genetically-engineered E. coli bacteria. In 1982, Humulin®, human insulin used for
diabetes, was the first medication developed using biotechnology and the first recombinant pharmaceutical approved by the FDA
for commercial use in the United States (Figure 1.1.2).
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Figure 1.1.2: A vial of the first Humulin® solution developed by Genentech and licensed to Eli Lilly (Humulin R by National Museum of
American History; CCO)

The importance of biotechnology and its creation of Humulin® cannot be understated. Prior to the advent of biotechnology,
scientists relied either on chemically synthesized human therapeutics made in the laboratory, or on a microbe or animal that
naturally produced the desired compound. Prior to 1982, Type I diabetics used insulin extracted from cows and pigs. These
animal-derived insulin therapies induced minor allergic reactions in some patients. Furthermore, fears emerged that demand for
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insulin would soon outstrip the supply from pigs and cows. Through biotechnology and its creation of Humulin®, diabetic patients
now had the option to use genetically-engineered insulin that was cheaper, safer, and could be mass produced.

The 1970s were marked by the development of the first commercial method for sequencing DNA. Developed by Frederick Sanger
in 1977, the "Sanger method", or dideoxy sequencing, revolutionized biotechnology by allowing scientists to determine the precise
order of nucleotides in DNA. In the following decades, advancements in sequencing technologies, such as the development of
automated sequencing machines in the 1980s and the introduction of next-generation sequencing (NGS) in the early 2000s,
exponentially increased sequencing speed and reduced costs for those working in the biotechnology field. The Human Genome
Project, completed in 2003, marked a monumental achievement, providing a complete map of the human genome and ushering
in a new era of genomics. Today, sequencing technologies continue to evolve, with techniques enabling real-time sequencing and
expanding our understanding of genetics and its applications in medicine, agriculture, and beyond.

The 1980s was a decade of significant breakthroughs in the production of more advanced and refined GMOs. The first patent for
a GMO was issued in 1980 to Ananda Chakrabarty, who engineered Pseudomonas sp. bacteria to breakdown crude oil spills as
a means of bioremediation. Their patent became the first one to be granted to a living organism and paved the way for future
biotechnology patents on modified plants, animals, and other organisms. This GMO would later be used in the 1989 cleanup of
the Exxon oil spill at Prince William Sound, Alaska. In 1981, the first genetically-modified animal, also known as a transgenic
animal, was produced in mice. Two years later, genetic modifications using biotechnology were being applied to sheep, pigs, and
cattle, significantly impacting the livestock industry. In 1983, the first transgenic plant, a tobacco plant resistant to antibiotics,
was introduced to the agriculture market. Two years later, Agracetus received the first patent for its genetically-modified cotton.
Since then, GMOs have become widespread in many research fields and commercial markets. In 2020, genetically-modified
plants accounted for about 55 percent of the total harvested cropland in the United States. Most of the corn, soybeans and
cotton planted in the US have been genetically-modified either to resist pest or to be resistant to herbicides (Figure 1.1.3). Today,
genetically modifying flies, fish, or mice are a common and essential tool in research labs.
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Figure 1.1.3: Adoption of genetically-modified crops in the United States from 1996 to 2023. The percentage of acres planted with crops (i.e.
percent of planted crop acres) as a function of time (in years) was plotted for Herbicide-Tolerant (HT) soybeans (teal squares), cotton (blue
squares), and corn (orange squares). Insect resistant varieties containing genes from the soil bacterium Bacillus thuringiensis (Bt) were also
plotted (Bt-corn, purple squares; Bt-cotton, green squares). The graph shows increases over time in the percent of planted crop acres for all
HT- and Bt-varieties from 1996 to 2010, with the percentage of acres planted leveling off to close to 190% from 2010 to 2023. (Genetically
modified crops by Patricia Zuk, CC BY 4.9; adapted from Adoption of genetically engineered crops by USDA Economic Research Service,
Public Domain)

Advancements in biotechnology are currently growing at an exponential rate with improvements in techniques, such as the
evolution of sequencing methods mentioned above, or creation of new methodologies constantly occurring.

The Interdisciplinary Nature of Biotechnology

Biotechnology exemplifies the interdisciplinary nature of science by its merging of diverse scientific and engineering fields
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to address complex biological challenges. At its core, biotechnology integrates molecular biology, cell biology, genetics, and
microbiology with other life science areas, like virology, in order to understand and manipulate living organisms at the molecular
level. Chemistry and biochemistry play crucial roles in understanding the biochemical pathways and interactions within cells.
Physics provides advanced techniques like X-ray crystallography and nuclear magnetic resonance, which are essential for
elucidating the structures of biomolecules. Engineering principles are applied to the design of bioprocesses, bioreactors, and
medical devices. Additionally, computer science and bio-informatics are indispensable for managing and analyzing the vast
amounts of data generated in biotechnology research, enabling the modeling of biological systems and the development of
algorithms for gene sequencing and drug design. This synergy of disciplines fosters innovation, leading to advancements in
healthcare, agriculture, environmental protection, and industrial processes, ultimately improving quality of life and sustainability.

Key Concepts

Biotechnology has been used for breeding livestock and crops long before people understood the scientific basis of this
field. A better understanding of cellular and molecular biology and rapid advances in new technologies has led to the growth
of biotechnology. Today, biotechnology is an interdisciplinary field incorporating numerous STEM fields, including biology,
biochemistry, physics, engineering, and computer science.
Some important concepts to remember are:

o there are numerous areas of biotechnology, including medical, agricultural, food, and industrial

e genetically-modified organisms (GMOs) were first created using biotechnology in 1973

e bacteria were the first GMOs to be created and used in biotechnology

e the first synthetic drug to be made through biotechnology was human insulin

¢ the first patented GMO was issued in 1980
e GMO animals are often called transgenic animals

Glossary

Biodiversity - the variety of life on Earth, including all living organisms, ecosystems, and genetic diversity

Bioremediation - the use of living organisms, such as bacteria, fungi, or plants, to clean up and remove environmental
contaminants from soil, water, and air

Biotechnology - the use of biological systems, organisms, or derivatives to develop or create useful products and technologies

Genetic engineering - the direct modification of an organism’s DNA using biotechnology; often done to introduce new traits, to
improve resistance to disease, or to produce beneficial products

Genetically-modified organism (GMO) - any organism whose DNA has been altered using genetic engineering techniques

Interdisciplinary - the integration and combination of knowledge, methods, and perspectives from two or more different
disciplines or fields of study

Transgenic - an alternate term used for a GMO; often used to refer to genetically-modified animals

This page titled 1.1: Definition and a Short History of Biotechnology is shared under a CC BY 4.0 license and was authored, remixed, and/or
curated by LibreTexts.
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1.2: 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 1.2.1: 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 1.2.2). 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.
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Figure 1.2.2: 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 1.2.3). 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 1.2.3: 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 1.2.4), 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 1.2.4: 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 1.2.5). 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 1.2.5: 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 1.2.1

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 1.2.6) 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 1.2.6: 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

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

ion - an atom or compound that does not contain equal numbers of protons and electrons, and therefore has a net charge
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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2.1: 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 2.1.1). 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 2.1.1: 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 2.1.2)—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.

ART CONNECTION
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Figure 2.1.2: 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 2.1.3). 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 2.1.3: The age of remains that contain carbon and are less than about 50,000 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 2.1.2), 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 2.1.4 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 2.1.4: 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 2.1.5).

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 2.1.5: 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 2.1.6). 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 2.1.6: 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.

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

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

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

ion - an atom or compound that does not contain equal numbers of protons and electrons, and therefore has a net charge
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

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/
b3cle1d2-83...4-e119a8aafbdd).
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This page titled 2.1: The Building Blocks of Molecules is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by
OpenStax.

e 2.1: The Building Blocks of Molecules by OpenStax is licensed CC BY 4.0.
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2.2: Water

Biotech Focus

Strategies for Cleaner Water

Industrial activities produces a large amount of wastewater containing pollutants such as pesticides or industrial dyes. Using
biotechnology, wastewater treatment can be more efficient, sustainable and cost effective. Several strategies have been
developed, using microorganisms, enzymes, or plants specifically engineered to break down pollutants and contaminants,
ultimately making the water safer for consumption.

For more information about the different approaches to treat water, read Biological wastewater treatment technology:
Advancement and drawbacks

Introduction

Do you ever wonder why scientists spend time looking for water on other planets? It is because water is essential to life; even
minute traces of it on another planet can indicate that life could or did exist on that planet. Water is one of the more abundant
molecules in living cells. Approximately 608-70 percent of the human body is made up of water. It is critical our viability by serving
many essential functions (Figure 2.2.1). In humans, water forms saliva and keeps mucosal membranes moist. It allows the body's
cells to grow, reproduce and survive. Water flushes out wastes through urination. It provides lubrication to joints. It is needed
by the brain to manufacture hormones and neurotransmitters and acts as a shock absorber for the brain, spinal cord, and fetus.
Without water, life simply would not exist.

What Does Water do for You?

Needed by the brain to
™ manufacture hormones

e
Forms saliva A j and neurotransmitters
(digestion) h 14
) (
Keeps mucosal h
membranes moist Regulates body )
t temperature (sweating
i = and respiration)
Allows body's cells  [F5 &= ﬁé
fogrow reprodn.]ce ﬁ: Acts as a shock absorber
and survive | : :
= },é for brain and spinal cord

Flushes body waste, §

mainly in urine Converts food to

components needed for

Lubricates joints

‘Water is the major
component of most

survival - digestion

Helps deliver oxygen
all over the body

body parts

Figure 2.2.1: The functions of water. Water is the major component of most body parts and serves a number of essential functions like keeping
membrane moist, flushing wastes from the body, lubricating joints, and regulates body temperature. (The water in you: What water does for
your body by USGS.gov, public domain)

Water has several important properties, including:

it is polar

it has the ability to form hydrogen bonds
it is a solvent

it has high cohesion

it has high adhesion

ol wN
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6. it moderates temperature

Learning Objectives

Water is one of the most abundant molecules on Earth. By the end of this section, you will be able to:

e Describe the properties of water that are critical to maintaining life
e Explain why water is an excellent solvent

e Provide examples of water’s cohesive and adhesive properties

e Discuss the role of acids, bases, and buffers in homeostasis

The Polarity of Water & Hydrogen Bonding

The bonds between the oxygen (O) and hydrogen (H) atoms in the water molecule are known as covalent bonds. Electrons are
shared between two atoms in a covalent bond. Oxygen has 6 electrons in its outermost shell and hydrogen has only 1 electron.
As a result, oxygen shares each of its outer electrons with a hydrogen atom. While there is no overall charge to a water molecule,
the shared electrons are found more closely associated with the center of the oxygen atom than they are with the center of a
hydrogen atom. This results in "unequal sharing" of electrons within the covalent bond and produces a slight positive charge on
each hydrogen atom and a slight negative charge on the oxygen atom. Because of these charges, the slightly positive hydrogen
atoms repel each other and form the unique shape (Figure 2.2.2).

‘ons within their shell o

Kﬁx“ (o8 ) 5

6+

ired electrons
'een oxygen _
wydrogen

Hydrog

6+

Figure 2.2.2: Left image: The electron configuration in a molecule of water produces polar covalent bonds. The two hydrogen electrons are
"pulled" closer to the center of the oxygen atom, making the hydrogen atoms slightly positive in charge and the oxygen atom slightly negative.
This "unequal sharing" of electrons is known as a polar covalent bond. (Electron sharing by Kareen Martin, CC BY-NC 4.0)

Right image: Hydrogen bonds form and reform between the partial positive end of one water molecule (i.e., the hydrogen atom) and the partial
negative charge of an adjacent water molecule (i.e. the oxygen atom.) The partial charge in a polar bond is denoted with the Greek letter
"delta". A molecule of water can interact with 4 hydrogen bonds with 4 other molecules of water. (Hydrogen bonds by Kareen Martin, CC BY-NC
4.9)

As a result of the positive and negative charges in the different parts of the water molecule, each water molecule attracts other
water molecules (Figure 2.2.2). These attractions create hydrogen bonds between water molecules. Hydrogen bonds are weak
interactions that form between a hydrogen with a partial positive charge of one molecule and another atom with a partial negative
charge. The partial charge in a polar bond is denoted with the Greek letter "delta". Hydrogen bonds can break and reform easily
giving water's fluidity.
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Concept in Action

Animation: How polarity makes water behave strangely

This interactive element is not available in this format. Visit the link or scan the QR code to access it online. E,..- a2 ;;;E
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Water is an Excellent Solvent

The slight positive and negative charges of water molecules enables them to easily dissolve ionic compounds and polar molecules
through their formation of hydrogen bonds with surrounding water molecules. A compound that dissolves in water is referred to
as hydrophilic (“water-loving”). Because nonpolar molecules do not have partial positive or partial negative charges, they are not
attracted to water molecules, explaining why oil separates when added to water. Or vinegar, a polar substance, does not mix with
olive oil (a non-polar substance) as seen in Figure 2.2.3. These nonpolar compounds are called hydrophobic (“water-fearing”).

Figure 2.2.3: Balsamic vinegar (black), a polar compound and olive oil (yellow), a non polar one, do not mix. (Plate with vinegar by Tim Ereneta,
CC BY-NC 2.0)

Because water is capable of dissolving another substance, it is considered to be a solvent. The compounds dissolved in a solvent
are called solutes. When polar and ionic compounds are dissolved in water, hydrogen bonds will form between the charged
compounds and adjacent water molecules, resulting in the compound becoming surrounded by a layer of water molecules. This
layer is called a hydration shell and it serves to keep solutes separated or dispersed in the water. For example, when table salt
(NaCl) is dissolved in water (Figure 2.2.4), the sodium and chloride ions separate, or dissociate, in the water, and hydration shells
form around each ion. Each positively-charged sodium ion is surrounded by negatively-charged oxygen atoms in water molecules.
Each negatively-charged chloride ion is surrounded by positively-charged hydrogen atoms.
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Figure 2.2.4: When table salt (NaCl) is mixed in water, each ion becomes surrounded by a hydration shell of water molecules. (Hydration shell
by Kareen Martin, CC BY-NC 4.0)
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The polarity of the water molecule makes it an effective solvent and is important in its many roles in living systems. However, one
common mistake or misconception about water is that it dissolves everything because it is the “universal solvent." Water has the
ability to dissolve many substances but the term “universal solvent" is misleading. Water is able to dissolve other polar molecules
and ions but cannot dissolve non-polar compounds.

Water Moderates Temperature

Temperature is defined as a measure of the motion, or the kinetic energy of molecules. There is a direct relationship between
kinetic energy and temperature. As kinetic energy increases, temperature increases. However, water is able to moderate changes
in temperature within organisms and in the environment. This is because water has a high specific heat capacity. Specific
heat is defined as the amount of energy it takes to raise 1 gram of water by 1 degree Celsius. Water's high specific heat capacity
means that it takes a lot of energy to raise the temperature of water by a single degree, and it is the result of hydrogen bonding.
Increasing kinetic energy disrupts the hydrogen bonds found between water molecules. Because these bonds can break and re-
form rapidly, water can absorb large increases in energy before its temperature will change. In fact, water has the highest specific
heat capacity of any liquid.

As energy input continues, the balance between hydrogen-bond formation and destruction swings toward the destruction side.
More bonds are broken than are formed. This process results in the release of individual water molecules in gas form in a process
called evaporation. As with specific heat capacity, it takes a significant amount of energy to convert liquid water to gaseous water
(i.e. steam). This is because water has a high heat of vaporization. Evaporation of sweat, which is 90 percent water, allows for
cooling of an organism, because breaking hydrogen bonds requires an input of energy and takes heat away from the body.

As kinetic energy decreases and temperatures drop, less energy is present to break the hydrogen bonds between water molecules.
At a specific temperature, these hydrogen bonds will remain intact and begin to form a rigid, lattice-like structure as the water
solidifies into ice (Figure 2.2.5). When water freezes, the distance between the water molecules increases, making ice less dense
then liquid water. This means that ice floats (Figure 2.2.5). In lakes, ponds, and oceans, ice will form on the surface of the water,
creating an insulating barrier to protect the animal and plant life beneath from freezing in the water. If this did not happen, plants
and animals living in water would freeze in a block of ice and could not move freely, making life in cold temperatures difficult or
impossible.
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WATER ICE

Figure 2.2.5: Hydrogen bonding makes ice less dense than liquid water. The lattice structure of ice, seen on the right side, makes it less dense
than the freely flowing molecules of liquid water, (left side) enabling it to float on water. (Icebergs by Ben-Zin, public domain, Water and Ice
Structure by Kareen Martin, CC BY-NC 4.9)

Water Is "Sticky" (Cohesion and Adhesion)

Water has both high cohesion and high adhesion. In cohesion, water molecules at a liquid-air interface are attracted to each
other (because of hydrogen bonding), keeping the molecules close together and well organized (Figure 2.2.6). The hydrogen bonds
found between water molecules at the surface are stronger than those below them, giving rise to surface tension, the capacity
of a substance to withstand rupture when placed under tension or stress. Because of cohesion and surface tension, it is possible
to “float” a steel needle on top of a glass of water if the needle is placed gently and does not break the surface tension. This is
possible even though the needle is denser than the water. Small insects such as the water strider can walk on water because their
weight is not enough to break the surface tension. (Figure 2.2.6).

-0 —-0-E

Surface tension—molecules at the surface
form stronger honds

Figure 2.2.6: Left image - surface tension in water is due to cohesion (i.e. attraction) between water molecules at the surface of the water as
adjacent water molecules form strong hydrogen bonds between one another. (Surface tension by USGS.gov, public domain)
Right image - a "water strider" is able to walk on top of water due to a combination of high surface tension of water and long, hydrophobic legs
to help them stay above water. (Water strider by Unsplash, CCO)

Water also exhibits adhesion, which is the attraction of two different molecules to one another. This can be observed when water
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“climbs” up a straw placed in a glass of water. Because of adhesion, the water molecules are attracted to the plastic of the straw
and form bonds with it. It is important to distinguish that adhesion and cohesion are related to one another but are not the same
thing. Adhesion takes place because of the interaction between water molecules and another molecule; cohesion takes place
because of the interaction between water molecules. Cohesive and adhesive forces are important for sustaining life. For example,
because of these forces, water can flow up from the roots to the tops of plants to feed the plant (Figure 2.2.7).

ADHESION
Drop clinging
to the leaf

COHESION
Water forming
a drop

Figure 2.2.7: Left: Cohesion between water molecules allows a drop to form and cohesion results in the drop clinging to the tip of a leaf. Right:
With the help of adhesion and cohesion, water can work its way all the way up to the branches and leaves at the top of trees. (Cohesion and
Adhesion by Kareen Martin, CC BY-NC 4.9)

Buffers, pH, Acids, and Bases

The pH of a solution is a measure of its acidity or basicity and is determined by the concentration of hydrogen ions in that
solution. The overall concentration of hydrogen ions is inversely related to its pH. The more H+ present, the lower the pH the more
acidic the solution is; conversely, the fewer hydrogen ions, the higher the pH and the more basic (i.e. alkaline) the solution is.
Acidity and basicity is measured using the pH scale (Figure 2.2.8). The pH scale ranges from ® to 14. A change of one unit on the
pH scale represents a change in the concentration of hydrogen ions by a factor of 18; a change in two units represents a change
in the hydrogen ion concentration by a factor of 180. Thus, small changes in pH represent large changes in the concentrations
of hydrogen ions. Pure water is neutral. It is neither acidic nor basic, and has a pH of 7.0. Anything below 7.0 (from 0.0 to 6.9)
is acidic, and anything above 7.0 (from 7.1 to 14.0) is alkaline. Most cells operate within a very narrow window of the pH scale,
typically ranging only from 7.2 to 7.6.
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pH Examples

Liquid drain cleaner
(pH=14)

Bleaches, oven cleaner, lye
(pH=13.5)

P Ammonia solution
(pH=10.5-11.5)
&

Baking soda
(pH=9.5)
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Sea water
(pH=8)
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Blood
7 —— Neutral (ohe7.4)
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Milk, urine, saliva
(pH=6.3-6.6)

Black coffee
(pH=5)

Grapefruit juice, soda,
tomato juice
(pH=2.5-3.5)

Lemon juice, vinegar
(pH=2)

§
f

Battery acid, hydrochloric acid
(pH=0)

AélD
Figure 2.2.8: The pH scale ranges from O to 14, and most solutions fall within this range. Anything below 7.8 is acidic, and anything above 7.0 is
alkaline, or basic. The pH values of common substances like milk, saliva, coffee and blood are shown. (pH Scale by OpenStax College, CC BY
3.9)

An acid is a substance that donates hydrogen ions (H+) and lowers pH. (Figure 2.2.9). The stronger the acid, the more readily
it donates H+. For example, hydrochloric acid and lemon juice are very acidic and readily give up H+ when added to water.
Conversely, a base is a substance that accepts H+ ions and raises pH. A base can also be defined as a substance that donates
hydroxide ions (OH-). The OH- ions from the base combine with H+ from the acid to produce water, which raises a substance’s
pH. Sodium hydroxide (NaOH) and many household cleaners are very alkaline and give up OH- rapidly when placed in water,
thereby raising the pH.

Add Hydrochloric Acid HCI Add Sodium Hydroxide NaOH
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O ¢ OH o OH- O OH OH
7 N\ H* e H* / H*
H H v o H H e H H . -
o = 2N 0 P
+ / N\ : .
/ N\ H A OH" ,°\ Na
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H H H H H H

¥_/

BASIC SOLUTION
pH 8-14

NEUTRAL SOLUTION
pH7

ACIDIC SOLUTION
pH 1-6

Figure 2.2.9: Left image - in an acidic solution (e.g. hydrochloric acid/HCl), ionic dissociation gives rise to an excess of H*. The pH of an acidic
solution ranges between 1.and 6. Center image - in a neutral solution, water molecules dissociate into an equal number of hydrogen ions (H*)
and hydroxide ions (OH") and recombine to reform water. The resulting pH is 7.8. Right image - in a basic solution (e.g. sodium hydroxide/

NaOH), ionic dissociation gives rise to an excess of OH™ that can combine with H* to produce water molecules. As a result, the number of H*
decreases and the pH of the solution becomes basic. The pH of a basic solution ranges comprised between 8 and 14. (pH Solutions by Kareen
Martin, CC BY-NC 4.8)

Organisms can maintain the pH of their cells and fluids within a relatively narrow range using buffers. A buffer is a solution
that resists pH changes when small amounts of acid or base are added. In other words, buffers readily absorb excess H+ or
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OH-, maintaining the pH of the organism at a desired level. Carbon dioxide (CO3) is part of a prominent buffer system used by
many organisms called the carbonic acid-bicarbonate buffer system. This buffer system involves carbonic acid (H2CO3) and

bicarbonate (HCO3~) anion (Figure 2.2.10). If too a solution has too much H+, bicarbonate will combine with the H+ to create
carbonic acid and limit the decrease in pH of the solution. Likewise, if too much OH- is introduced into a solution, carbonic acid
will rapidly dissociate into bicarbonate and H+ ions. The H+ ions can combine with the OH- ions, limiting the increase in pH.

H'+ HCO;3 ™ H,CO3 H,O + CO,

Figure 2.2.10: Carbonic acid acts as a buffer. Water and carbon dioxide (CO2) combine to form carbonic acid (H2CO3). Carbonic acid

dissociates to form H+ and bicarbonate ions (HCO3™). When an acid is added to a fluid, HCO3™ react with the excess H* to form carbonic acid
and prevent a drop in pH. When a base is added, carbonic acid donates H+ to neutralize the excess OH- and form more carbonic acid
(modified from Buffer by CNX OpenStax; CC BY 4.0).

Many organisms rely upon this buffering system to maintain the pH of their blood plasma (and tissue fluids) between 7.2 and 7.4.
If the blood becomes too acidic, the organism will increase its respiration rate to remove more carbon dioxide and decrease the
concentration of carbonic acid. This will decrease the amount of H+ in the blood produced by carbonic acid dissociation. If the
blood becomes too basic, the organism can slow its breathing rate, increasing carbonic acid levels and lowering pH through the
production of more H+.

Key Concepts

Water has many properties that are critical to maintaining life. These properties of water are intimately connected to the
biochemical and physical processes performed by living organisms, and life would be very different if these properties were
altered, if it could exist at all.

Some important concepts to remember:

o Water is a polar molecule, allowing for the formation of hydrogen bonds with other molecules, including other water
molecules

e Water is an excellent solvent. Its hydrogen bonds allow ions and other polar molecules to dissolve in water

o Water stabilizes temperature. The hydrogen bonds between water molecules cause the water to have a high heat
capacity, meaning it takes considerable added heat to raise its temperature.

e The evaporation of water takes considerable amounts of energy; this allows organisms to cool their internal temperatures

o Water is less dense when in solid form; this means that ice floats

e The attraction of water molecules to one another at the surface of a volume of water is called cohesion; cohesion
produces surface tension

e The attraction between a water molecule and another molecule is called adhesion

e The pH of a solution is a measure of hydrogen ion concentration

e Acids and bases can change pH values, but buffers tend to moderate the changes they cause

Glossary

Acid - a substance that increases the concentration of hydrogen ions (H®) in a solution (i.e. a H+ donor)

Adhesion - the attraction between molecules of different substances; caused by intermolecular forces such as hydrogen bonding,
van der Waals forces, or dipole interactions

Base - a substance that increases the concentration of hydroxide ions (OH®) or accepts protons (H®) in a solution (i.e. an OH-
donor)

Buffer - a solution that resists changes in pH when small amounts of acid or base are added; helps to maintain a stable pH in
biological and chemical systems
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Cohesion - the attraction between molecules of the same substance due to intermolecular forces like hydrogen bonding, van der
Waals forces, or dipole interactions

Evaporation - the process by which a liquid turns into a gas at a temperature below its boiling point; it occurs at the surface of
the liquid, where molecules with sufficient kinetic energy escape into the air as vapor

Hydrophilic - a substance that is attracted to and dissolves in water

Hydrophobic - a substance that repels water and does not dissolve in it

Kinetic energy - the energy of motion

pH scale - a measurement system used to express how acidic or basic a solution is; ranges from 0 to 14
Solute - a substance that dissolves in a solvent

Solvent - a solution that dissolves a solute

Surface tension - a property of liquids that causes the surface to act like a membrane; a result of strong cohesive attraction
between water molecules at the surface of the liquid

Temperature - a measure of the average kinetic energy of the particles in a substance

Attributions

text adapted from Open Stax Biology 2e, licensed CC BY-4.0

This page titled 2.2: Water is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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2.3: Macromolecules

Biotech Focus

The study of how macromolecules are made can be difficult. Initial studies in this area were made possible through

radiolabeling. In radiolabeling, radioactive isotopes, like carbon-14 (14C), sulfur-35 (358) and phosphorus-32 (32P), are added
to cells so that these isotopes are incorporated into the macromolecules being made. For DNA synthesis, researchers will

rely upon 32p incorporation into nucleotides. Protein synthesis uses 355, while carbohydrate synthesis can be studied using

4C. Thanks to its sensitivity, radiolabeling allows researchers to track, quantify, and analyze the behavior of macromolecules
in biological systems.

Introduction

A macromolecule is a large, complex molecule that is essential to the viability and function of cells. There are four major classes
of biological macromolecules, carbohydrates, lipids, proteins, and nucleic acids, and each is an important component of the
cell. Combined, these molecules make up the majority of a cell's dry mass. They perform a wide variety of functions, including
energy storage, structural support, cellular communication, and genetic information transfer. Understanding the structure of a
macromolecule is key to comprehending complex biological processes, from cellular metabolism, to the transfer of genetic
information.

Figure 2.3.1: Portrait of a man made out of fruits and vegetables by Giuseppe Arcimboldo. (Arcimboldo, Public Domain)

Concept in Action

Video: Macromolecules

This interactive element is not available in this format. Visit the link or scan the QR code to access it online. -g,,.-;; ’r:--f‘.;
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Learning Objectives

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

e Describe the relationship between a monomer and a polymer
e Understand the synthesis of macromolecules
e Explain dehydration and hydrolysis reactions

Synthesis of macromolecules

Biological macromolecules are large molecules, necessary for life, that are built from smaller organic molecules. Biological
macromolecules are organic, meaning they contain carbon and are bound to hydrogen, and may contain oxygen, nitrogen, and
additional minor elements. Most (but not all) biological macromolecules are polymers. A polymer is a molecule made up of
smaller subunits, called monomers. Think of a polymer as being like a necklace, a series of beads strung together. Typically
all the monomers in a polymer tend to be the same, or at least very similar to each other, linked to one another over and over
again to build up the larger macromolecule. The monomer used depends on the macromolecule. Table 2.3.1 outlines the types of
monomers used to construct a carbohydrate, protein, and nucleic acid.

Table 2.3.1: Types of monomer forming organic molecules

Monomer Polymer (Macromolecule)

"Necklace"

"Bead"

Monosaccharide | Carbohydrate
Amino Acid Protein

Nucleotide Nucleic Acid (DNA and RNA)

Monomers combine with each to make the polymer through the formation of covalent bonds. In doing so, the monomers release
water molecules as byproducts. This type of reaction is known as dehydration synthesis, which means “to put together while
losing water.” When performed in a test tube, the release of water results in condensation on the side of the test tube. As such,
dehydration synthesis reactions are also known as condensation reactions.

CH,0OH CH,OH CH,0OH CH,OH

(0] 0] 0]
O OH . OH OH 4+ H0
(OH HD OH HO 0 OH

OH OH OH

Figure 2.3.2: Dehydration synthesis reactions create bonds through the removal of a water molecule. In the dehydration synthesis reaction
depicted above, two molecules of glucose combine together to form the disaccharide maltose. A hydroxyl (OH) is removed from carbon 1 of
one glucose and combines with a hydrogen (H) removed from carbon 4 of the second glucose, to create a molecule water (dotted circle). A

new covalent bond forms between the two glucose molecules. Additional monomers may join by the same process, growing the chain and

forming a polymer. (Dehydration synthesis by Kareen Martin; CC BY 4.09)

In a dehydration synthesis reaction (Figure 2.3.2), 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 using dehydration synthesis, the growing chain of repeating monomers forms the polymer. Since dehydration
reactions involve the formation of new bonds, they require an input of energy. Different types of monomers can combine in many
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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.

Because polymers form through the removal of water molecules, water is required to break them down. The bonds found within
a polymer can be broken through a reaction called hydrolysis, which means “to split with water”. The hydrolysis reaction is a
reaction in which a water molecule is added to a bond, resulting in the breaking of the bond (Figure 2.3.3); one product of the
reaction gains a hydrogen atom (H+) and the other gains a hydroxyl molecule (OH-). Because hydrolysis reactions break bonds,
they will release energy.

CH,OH CH,OH CH,OH CH,OH

0 0 0 0
OH OH + HO > OH + OH
HO 0 OH HO OH HO OH
OH OH OH OH

Figure 2.3.3: Hydrolysis reactions break bonds through the addition of a water molecule. In the hydrolysis reaction shown here, the addition of
water breaks down the disaccharide maltose to form two glucose monomers. One of the new molecules gains a hydrogen atom, while the other
gains a hydroxyl (-OH) group. Note that this reaction is the reverse of the dehydration synthesis reaction. (Hydrolysis by Kareen Martin;
modified from Synthesis of Biological Macromolecules; CC BY 4.9)

Dehydration and hydrolysis reactions are catalyzed, or “sped up,” by specific enzymes. In biological organisms, these enzymes
are specific to the macromolecule. For instance, the carbohydrates amylose, sucrose, lactose, and maltose are broken down by
the enzymes amylase, sucrase, lactase, and maltase, respectively. DNA polymers are created by a class of enzymes called DNA
polymerases. A discussion of each of the four biological macromolecules, how they are made and how they are degraded, can be
found in the remaining pages of this chapter.

Key Concepts

Biological macromolecules are important cellular components and perform a wide array of functions necessary for the
survival and growth of living organisms.

Some important concepts to remember are:

e a polymer is a large macromolecule made up of subunits called monomers

e the monomers of a polymer are joined together through a dehydration synthesis reaction, which removes a molecule
water to form the bond

e a monomer can be removed from a polymer through a hydrolysis reaction, which breaks a bond through the addition of
a water molecule

o the four major classes of biological macromolecules are carbohydrates, lipids, proteins, and nucleic acids

¢ most biological macromolecules can be considered polymers

Glossary

Catalyst - a substance that speeds up chemical reactions without being
consumed, often refers to enzymes in biological systems

Dehydration - to remove water

Dehydration synthesis - a chemical reaction in which two molecules combine to form a larger molecule, while removing a water
molecule (H20); also known as a condensation reaction
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Enzyme - a biological catalyst that speeds up a chemical reaction; not consumed by the chemical reaction
Hydrolysis - to break with water ("hydro" = water; "lysis" = to break)

Macromolecule - a large molecule; often used interchangeably with polymer

Monomer - a small molecule that when combined with one another forms a polymer

Polymer - a large molecule made up of repeating units called monomers

This page titled 2.3: Macromolecules is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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2.4: Carbohydrates

Biotech Focus

Carbohydrates are not only important components of foods, but they are essential macromolecules that perform a range of
critical biological functions in cells. In addition to providing structure to cells (in plants) and being a source of cellular energy
(in all cells), some carbohydrates have been approved for the treatment of various diseases. However, their use is very limited.
To learn why and read about the future potential of carbohydrates as medicine, check out the article Exploring Carbohydrates
for Therapeutics: A Review on Future Directions.

Introduction

Carbohydrates play essential roles in the human body as well as in other organisms. They are an important source of energy to
cells and also provide structural support.

Learning Objectives

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

e Discuss the role of carbohydrates in cells and in the extracellular materials of animals and plants
e Explain the basic composition of a carbohydrate

e List the major types of carbohydrates

e Explain how monosaccharides are classified

e Explain the major forms of monosaccharides

e Explain the different types of common monosaccharides, disaccharides, and polysaccharides

¢ Explain the difference between a dehydration synthesis reaction and a hydrolysis reaction

Molecular Structures

Carbohydrates are biological molecules made of carbon, hydrogen, and oxygen. This composition gives carbohydrates their name:
they are made up of carbon (carbo-) plus water (-hydrate). Carbohydrates can be represented by the stoichiometric formula
(CH20),, where n is the number of carbons in the molecule. In other words, there is as number of carbon atoms in a carbohydrate
molecule equals that of oxygen atoms and there are twice as many hydrogen atoms as carbon.

Carbohydrates can be classified into three categories:
1. monosaccharides

2. disaccharides
3. polysaccharides

Monosaccharides
Monosaccharides (mono- = “one”; sacchar- = “sugar”) are the simplest form of a carbohydrate and are often referred to as
simple sugars. They typically range in size from three to seven carbons (Figure 2.4.1). Most monosaccharide names end with the
suffix "-ose" (e.g. glucose). They can be classified in several ways, one of which is based on the number of carbons.
Examples of carbohydrates classified using this method are:

¢ triose sugars (three carbons)

¢ pentose sugars (five carbons)
¢ hexose sugars (six carbons)
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Figure 2.4.1: Monosaccharides can be classified based on the number of carbons in the backbone. The triose sugar, glyceraldehyde, (C3HgO3)
has three carbons (carbons are highlighted in red). The pentose sugar, ribose, (CsH1905) has five sugars. The hexose sugar, glucose,
(CeH1206) is made of 6 carbons. (Monosaccharides by Kareen Martin; CC BY 4.0)

A monosaccharide is composed of carbon, oxygen, and hydrogen atoms. Most of the oxygen atoms in the monosaccharide can be
found in hydroxyl (OH) groups. However, one oxygen atom is found as part of a functional group called a carbonyl (C=0) (Figure
2.4.2). The position of the carbonyl group is another way to classify a monosaccharide.

Using this method, there are two types of monosaccharides:

1. Aldose: the carbonyl (C=0) is located at the end of the sugar, forming an aldehyde group
2. Ketose: The carbonyl (C=0) is located within the molecule, forming a ketone group

Aldose Ketose
H H
|
| H-C-0OH
H-C-0OH
H-C~OH H-C—OH
| |
H H

Glyceraldehyde Dihydroxyacetone

Figure 2.4.2: Monosaccharides can be classified based on the position of their carbonyl group (C=0) in the carbon chain (red boxes). Aldose
sugars (e.g. glyceraldehyde) have a carbonyl group at the end of the carbon chain, and ketose sugars (e.g. dihydroxyacetone) have a carbonyl
group in the middle of the carbon chain. (Aldose vs Ketose by Kareen Martin; CC BY 4.9)

The most common monosaccharides found in cells are the hexose sugars glucose, fructose, and galactose and the pentose
sugars ribose and deoxyribose. Both ribose and deoxyribose are found in nucleic acids. Galactose can be found as part of
lactose (i.e. milk sugar) and fructose is a component of the disaccharide in sucrose, which is found in fruit. Glucose is an important
source of energy to eukaryotic cells. During cellular respiration, energy is released from glucose, and that energy is used to help
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make adenosine triphosphate (ATP). Plants synthesize glucose using carbon dioxide and water, and glucose in turn is used for
energy requirements for the plant. In plants and certain algae excess glucose is stored as starch that is broken down by humans
and other animals that feed on these materials. In animals and certain fungi, excess glucose is stored as glycogen.

The chemical formula for glucose, galactose, and fructose is CeH1206. While their chemical formulae are identical, their structures
are different (Figure 2.4.3). Compounds that have the same molecular formulae, but have different structures are known as
structural isomers. Therefore, glucose, galactose and fructose are structural isomers of one another.

H 0 H e} H
AN X |
c c
| I H-C-0H
H-C-0OH H-C-0OH l
| I H-C=0
HO-C-H HO-C-H [
| I o
H-C-0OH HO-C-H H-C-COH
H-C-0H H-C-0OH H-C-0H
H-C-0OH H-C-0H H-C-OH
| I |
H H H
Glucose Galactose Fructose

Figure 2.4.3: Hexose sugars. Glucose, galactose, and fructose are all hexose sugars with the same chemical formula (CeH1206). They are known
as structural isomers, meaning they have the same chemical formula but a different arrangement of atoms. (Structural Isomers of Glucose by
Kareen Martin; CC BY 4.0)

When placed into aqueous solutions, monosaccharides form ring-shaped molecules (Figure 2.4.4). The ring form of a
monosaccharide is more stable than its linear counterpart. This is because the reactive carbonyl function group found in the
linear form is no longer exposed and becomes "trapped" in the ring.

CH.OH CH,OH
CH,OH
= OH
CH,OH
H OH OH H OH
Glucose Fructose Galactose
(a) Hexoses
HOCH, OH HOCH; OH
H H H H
OH H OH OH
Deoxyribose Ribose

(b) Pentoses

Figure 2.4.4: Monosaccharides can be found in ring forms. The ring forms of the hexose sugars glucose, fructose, and galactose are shown at
the top of the figure and the pentose sugars deoxyribose and ribose are shown below. (Carbohydrate Ring Forms by Kareen Martin; CC BY 4.9)

The linear molecule is converted into a ring form when the hydroxyl group on the fifth carbon reacts with the carbonyl group on
the first carbon. Numbering of the carbons in the resulting ring-shaped monosaccharide begins with the carbon to the right of
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the oxygen and proceeds in a clock-wise fashion (Figure 2.4.5).

Glucose: Linear to Ring

CH,0H

Figure 2.4.5: Transformation of linear glucose to the ring form. Conversion of a linear glucose molecule to its ring form occurs when the
hydroxyl group at the 5th carbon reacts with the carbonyl group on the 1st carbon (left image, dotted red arrow). The linear form begins to
convert to its ring conformation, with a bond forming between the 5th and 1st carbon (middle image, arrow). The hydrogen from the 5th carbon
(shown in red) bonds to the oxygen at the 1st carbon to form a hydroxyl group. The ring formation of glucose has a specific numbering scheme
with the 1st carbon located to the right of the oxygen (right image). (Glucose Linear to Ring by Patricia Zuk, CC BY 4.9)

Glucose and galactose in their ring structure, differ in the orientation of the hydroxyl group (OH) at the fourth carbon, with glucose
having this functional group located below the plane of the ring. Furthermore, glucose can have two different arrangements of the
hydroxyl group around the first carbon. If the hydroxyl group at carbon 1 found is below the plane of the ring, 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 (B) position (Figure 2.4.6). The beta-form is more
stable than the alpha form and is typically found in large polymers like cellulose, whereas the alpha form can be found in plant
starches like amylose. Fructose, with its unique shape does not have alpha and beta conformations.

H
Glucose Galactose

ShiyH CH,OH

w Clucose p Glucose

Figure 2.4.6: Monosaccharide conformations. Glucose and galactose can be distinguished using the hydroxyl groups located at carbon four
(blue circles). The alpha and beta forms of glucose can be distinguished using the hydroxyl groups located at carbon one (red squares).
(Glucose and Galactose Forms by Kareen Martin, CC BY 4.9)
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Disaccharides

The joining of two monosaccharides forms a disaccharide (di- = “two”; sacchar- = “sugar” ). Disaccharides are formed through
dehydration synthesis and result in the formation of a glycosidic bond between the two monosaccharide subunits. During this
process, the hydroxyl group (-OH) of one monosaccharide combines with a hydrogen atom of another monosaccharide, releasing
a molecule of water (H20) and forming a covalent bond between atoms in the two sugar molecules (Figure 2.4.7).

Common disaccharides are:
¢ sucrose - formed by joining glucose to fructose

¢ lactose - formed by joining glucose to galactose
¢ maltose - formed by joining glucose to glucose

Glucose Fructose Sucrose

CH,OH 1 CH,0H

Glycosidic bond

Figure 2.4.7: Sucrose is a disaccharide made of a monomer of glucose and a monomer of fructose. Sucrose is formed through a dehydration
reaction that forms a glycosidic linkage between carbon 1in glucose and carbon 2 in fructose. The components of the water molecule removed
to make the bond is shown with a dotted circle. (Sucrose Formation by Kareen Martin; CC BY 4.9)

The breakdown of these disaccharides is done through a hydrolysis reaction and will yield glucose plus either galactose or
fructose. In cells, this hydrolytic breakdown is catalyzed by enzymes. For example, the enzyme sucrase catalyzes the breakdown
of sucrose into glucose and fructose Figure 2.4.8).

Sucrose Glucose Fructose
6CH,OH 1 CH,OH éCH,OH ! CH,OH
Sucrase
5 0 —
4 OH 1
HO 3 2
OH

Figure 2.4.8: Sucrose breakdown by sucrase. The enzyme sucrase catalyzes the hydrolytic breakdown of sucrose into the monomers glucose
and fructose. The location of the incorporated water molecule is shown with blue boxes. (Sucrose Breakdown by Patricia Zuk, CC BY 4.9)
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Polysaccharides

The joining of three of more monosaccharides creates a polysaccharide (poly- = “many”). Each polysaccharide is made of
either a few or hundreds of monosaccharides with each joined through a dehydration synthesis reaction. Unlike simple sugars,
polysaccharides are not soluble in water and do not taste very sweet. This is because the majority of polysaccharides found
in living organisms are made of glucose monomers. Starch, glycogen, cellulose, and chitin are examples of polysaccharides.
Starch and glycogen are considered storage polysaccharides owing to their roles in energy utilization. Cellulose and chitin are
examples of structural polysaccharides that are incorporated into the structure of the organism.

Starch is the stored form of glucose made by plants and can be found in two forms: amylose and amylopectin (Figure 2.4.9
). Amylose is the simplest of these two forms with the alpha form of glucose linked by glycosidic bonds found between the first
carbon of one glucose monomer and the fourth carbon of the next monomer (i.e. 1-4 glycosidic linkages). This creates a starch
with a helical (i.e. coiled) conformation. Amylopectin has regions of coils, in addition to branch points that are formed by glycosidic
bonds that form between the first carbon of one glucose monomer and the sixth carbon of another (i.e. 1-6 glycosidic linkages).
Excess glucose in plants is stored as starch in different plant parts, including the roots and seeds. The starch that is consumed
by animals is broken down into smaller molecules, such as glucose. The cells can then utilize the glucose.

Amylose Amylopectin

L . B <

INZ 77 /2 7%
S
X

(o) (o]
OH OH | ; OH ) )
(0) O
| | OH
OH n OH

CH,0H CH,0H CH,0H
a-glucose  OH _
o, o]
OH OH OH
(o) (o)
OH "
OH

CH,0H CH,OH CH,OH

a-glucose gy
CH,0H

O,

OH OH n OH

Figure 2.4.9: Amylose and amylopectin. The starch molecules amylose and amylopectin are composed of a-glucose subunits. Amylose (left
image) is a simple, coiled starch made of a-glucose monomers joined through 1-4 glycosidic linkages (red box). Amylopectin (right image) is
made of a-glucose monomers joined through 1-4 glycosidic linkages, in addition to 1-6 glycosidic linkages (blue box). The 1-6 glycosidic
linkages produce a branch point in this starch. (Amylose and Amylopectin by Patricia Zuk, CC BY 4.9; modified from Carbohydrates, CC BY-SA
4.0)

The main polysaccharide of vertebrates is glycogen. Glycogen is a complex, branched polysaccharide whose monomers are the
beta form of glucose (Figure 2.4.10) Glycogen is the animal equivalent of starch. Branch points are the result of 1-6 glycosidic
bonds, with the coiled sections being the result of 1-4 glycosidic bonds. Excess glucose is converted into glycogen by the cells of
the liver and skeletal muscle. When glucose levels in an organism drop, glycogen is broken down to release glucose.
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Figure 2.4.10: Glycogen structure. Glycogen is a highly branched molecule made of B-glucose monomers connected by 1-4 glycosidic linkages
(solid ed box) and 1-6 glycosidic linkages (dotted red box). The 1-6 glycosidic linkage will produce a branch point in the molecule. Glycogen is
the animal equivalent of starch and usually stored in liver and muscle cells. (Glycogen Structure by Kareen Martin; CC BY 4.0)

Cellulose is one of the most abundant natural biopolymers. The cell walls of plants are mostly made of cellulose, which provides
structural support to the cell. Wood and paper are mostly cellulosic in nature. The chemical formula for cellulose is (CeH1905)n,
where n is the number of glucose monomers. Cellulose is made up of glucose monomers that are linked by 1-4 glycosidic bonds.
(Figure 2.4.11). While this is the same glycosidic linkage found in starch, in cellulose the glucose monomer is the beta form and
every other beta-glucose monomer in cellulose is flipped in its orientation. This allows for the creation of extremely long chains
of glucose that are rigid and have a high tensile strength—two parameters that are important to plant cells.

Cellulose 2

CH,OH @ CH,OH @
O (0]
. OH -
‘o 0 o o) o’
0 0
beta-glucose @ CH,0H @ CH,0H

Figure 2.4.11: Cellulose structure. In cellulose, glucose monomers (beta form) are linked in unbranched chains (left image). Because of the way
the beta-glucose subunits are joined, every glucose monomer is flipped relative to the next one (OH groups at carbon 3 shown circled in red).
Cellulose is found in the cell walls of plants and gives them rigidity as seen in celery (right image). (Cellulose Structure by Kareen Martin; CC
BY 4.9)

A Y

Cellulose passing through the digestive system is called dietary fiber. While the glucose-glucose bonds 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. In these animals, certain species of bacteria reside in the digestive system and secrete the
enzyme cellulase. The appendix in some ruminants also contains bacteria that break down cellulose. Cellulases can break down
cellulose into glucose monomers that can be used as an energy source by the animal.
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Carbohydrates serve other functions in different animals. Arthropods, such as insects, spiders, and crabs, have an outer skeleton,
called the exoskeleton, which protects their internal body parts. This exoskeleton is made of the biological macromolecule chitin,
which is a nitrogenous carbohydrate. Chitin is made of repeating units of N-acetylglucosamine (GlcNAc), a modified sugar
derived from glucose and containing nitrogen. (Figure 2.4.12).

Figure 2.4.12: Chitin structure. Chitin is a polysaccharide made of repeating units of N-acetylglucosamine (GlcNAc). N-acetylglucosamine is a
modified glucose monomer that has an amine and acetyl group (shown in the green box) bound to the 2nd carbon. Insects like the ladybug
shown on the right, have a hard outer exoskeleton made of chitin. (Chitin Structure by Kareen Martin; CC BY 4.9)

While the polysaccharides discussed in this page are all built of glucose monomers, differences in their molecular structure allow
for the different functions of energy storage (starch and glycogen) and structural support and protection (cellulose and chitin).

Key Concepts

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.

Some important concepts to remember are:

e Carbohydrates are classified as monosaccharides, disaccharides, and polysaccharides depending on the number of
monomers in the molecule

e The monomer of a carbohydrate is the monosaccharide

¢ Monosaccharides are linked together by glycosidic bonds that are formed as a result of dehydration synthesis reactions

¢ Disaccharides are formed by joining two monosaccharides by a glycosidic bond

e Polysaccharides are formed by joining numerous monosaccharides by glycosidic bonds

e Glucose, galactose, and fructose are common monosaccharides

¢ Common disaccharides include lactose, maltose, and sucrose

e Starch and glycogen are storage polysaccharides, made of glucose and found in plants and animals, respectively.

e Cellulose and chitin are structural polysaccharides

Glossary

Carbohydrate - a macromolecule composed of carbon, hydrogen, and oxygen; primarily used for energy storage and structural
functions.

Cellulose - a structural polysaccharide found in the cell walls of plants; composed of glucose molecules linked by glycosidic
bonds; indigestible by humans but important as dietary fiber.

Disaccharide - a carbohydrate composed of two monosaccharides linked by a glycosidic bond, such as sucrose, lactose, and
maltose.
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Fiber - a type of carbohydrate that is not digested by human enzymes but aids in digestion and overall health; found in plant-
based foods.

Fructose - a monosaccharide found in fruits and honey; often referred to as fruit sugar.
Glucose - a monosaccharide that serves as the primary source of energy for cells; often referred to in humans as as blood sugar.

Glycogen - a polysaccharide that serves as the primary storage form of glucose in animals and humans; stored mainly in the liver
and muscles.

Glycosidic bond - a covalent bond that links carbohydrate molecules together; formed between the hydroxyl groups of two sugars.
Lactose - a disaccharide composed of glucose and galactose; commonly found in milk and dairy products.

Monosaccharide - the simplest form of carbohydrate, consisting of a single sugar unit, such as glucose, fructose, or galactose.
Polymer - a large molecule made up of repeating units called monomers

Polysaccharide - a complex carbohydrate composed of multiple monosaccharide units, such as starch, cellulose, and glycogen.

Starch - a polysaccharide found in plants that serves as their main form of energy storage; examples include amylose and
amylopectin.

Sucrose - a disaccharide made up of glucose and fructose; commonly known as table sugar.

Attribution

text modified from OpenStax Biology 2e carbohydrates and OpenStax Biology 2e Biological Molecules

This page titled 2.4: Carbohydrates is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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2.5: Lipids

Statins are among the most widely-prescribed medications in the United States due to their ability to decrease LDL-
cholesterol and lower the risk of developing cardiovascular diseases. Their development started with the works of Drs. Brown
and Goldstein on the underlying mechanisms of cholesterol metabolism, for which they were awarded the 1985 Nobel Prize
in Physiology or Medicine. Their findings eventually led to the discovery of the first statins by the Japanese biochemist Akira
Endo and the subsequent development of statin drugs.

Learn more about the history, mechanism, and side effects of statins by watching the video below.

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

Introduction

Lipids include a diverse group of compounds that are largely non-polar in nature. This is because they are hydrocarbons that
include mostly non-polar 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. 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 the following:

triglycerides (fats, oils)

phospholipids

steroids (cholesterol, bile salts, hormones)
fatty acids (omega family)

fat-soluble vitamins

eicanosoids (prostaglandins, leukotrienes)
lipoproteins (HDL, LDL)

waxes

pigments

Learning Objectives

Lipids are a diverse group of non-polar macromolecules. By the end of this section, you will be able to:

VPN, WN

e 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

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

¢ Explain the how cholesterol helps to maintain the fluid nature of the plasma membrane
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Figure 2.5.1: The hydrophobic lipids found in the fur of aquatic mammals, such as this river otter, protect them from the elements by repelling
water.

Triglycerides: Fats and Oils

A triglyceride molecule consists of two main components: glycerol and fatty acids. A solid triglyceride is referred to as a fat. A
liquid triglyceride is known as an oil

e Glycerol is an organic compound (alcohol) with three carbons, five hydrogens, and three hydroxyl (OH) groups.
e 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.

To form a triglyceride, three fatty acids attach to the glycerol molecule through three separate dehydration synthesis reactions.
The bond that forms between a fatty acid and the glycerol is called an ester linkage or ester bond (Figure 2.5.2). To form an
ester bond, a hydrogen from the glycerol's hydroxyl group and a hydroxyl group from the fatty acid's carboxyl group are removed to
form a molecule of water. During triglyceride synthesis a total of three water molecules are formed and released and three ester
bonds are created.
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Figure 2.5.2: The triglyceride. A triglyceride is composed of three fatty acids and a glycerol backbone. Glycerol is a 3-carbon
molecule with each carbon bound to a hydroxyl group. A fatty acid is a long chain of carbon and hydrogen with a carboxylic acid
(-COOH) on one end. In triglyceride synthesis, the hydroxyl group (OH) fatty acid's carboxyl group combines with a hydrogen (H)

from the glycerol's hydroxyl group (dotted circle), forming a molecule of water and resulting in the formation of an ester bond
between the fatty acid and the glycerol (see arrow). Two more fatty acids bind to the remaining two hydroxyl groups of the
glycerol. A total of three water molecules are formed. (Triglyceride Formation by Kareen Martin; CC BY 4.0)

The three fatty acids in the triglyceride may be similar to or different from one another. Some fatty acids have common names
that specify their origin. For example, palmitic acid, is a fatty acid derived from the palm tree. Arachidic acid is derived from
Arachis hypogea, the scientific name for peanuts. Fatty acids can be classified as saturated and unsaturated. In a saturated fatty
acid, all carbons in the hydrocarbon chain are linked to each other through single bonds. Because of this, saturated fatty acids are
said to be "saturated" with hydrogen; in other words, the number of hydrogen atoms attached to the carbon skeleton is maximized
and no more hydrogen may be added to the carbon atoms of the chain. The saturated fatty acid is a long, linear molecule. Stearic
acid is an example of a saturated fatty acid (Figure 2.5.3).
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Figure 2.5.3: The saturated fatty acid. Stearic acid is a saturated fatty acid with an 18-carbon chain. All bonds between the carbons are single
bonds. (Stearic acid by Openstax; CC BY 4.9)

In an unsaturated fatty acid, the hydrocarbon chain contains one or multiple carbon-carbon double bonds. In other words,
carbons are not saturated with hydrogens. Oleic acid is an example of an unsaturated fatty acid (Figure 2.5.4). If there is one
double bond in the molecule, then it is known as a monounsaturated fatty acid (e.g., found in olive oil), and if there is more than
one double bond, then it is known as a polyunsaturated fatty acid (e.g., found in canola oil). Only one of the three fatty acids
needs to be unsaturated for the triglyceride to be classified as unsaturated.
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Figure 2.5.4: The unsaturated fatty acid. Oleic acid is an unsaturated fatty acid with an 18-carbon chain. It has one double bond between the
9th and 10th carbons. (Oleic acid by Openstax; CC BY 4.0)

The position of the hydrogen atoms around the carbon-carbon double bond can be used to further classify the unsaturated fatty
acid as either cis or trans. If hydrogen atoms are present in the same plane at this bond (i.e. on the same side of the double
bond), the unsaturated fatty acid is called a cis fatty acid (Figure 2.5.5). The cis double bond causes a bend or a “kink” in
the fatty acid. This bend prevents triglycerides from packing tightly on top of one another and results in a liquid triglyceride at
room temperature, otherwise known as an oil (Figure 2.5.5). Olive oil, corn oil, canola oil, and cod liver oil are examples of cis
unsaturated fats. If the hydrogen atoms at the double bond are on two different planes (i.e. across the double bond), the fatty acid
is called a trans fatty acid. Because of the position of these hydrogen atoms, the trans fatty acid is a long, straight molecule. A
triglyceride made of trans fatty acids or saturated fatty acids tend to be solid at room temperature because these long, straight
fatty acids can be densely packed on top of one another. A solid triglyceride is called a fat. Examples of animal fats are stearic
acid and palmitic acid (common in meat) and the fat butyric acid found in butter. Mammals store fats in specialized cells called
adipocytes, where globules of fat occupy most of the cell’'s volume.
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Figure 2.5.5: Comparison of saturated and unsaturated fatty acids. The saturated fatty acid stearic acid has an 18-carbon chain with a carboxyl
group (-COOH) at the left end. All bonds between the carbons are single bonds. Oleic acid is made from stearic acid through the creation of a
carbon-carbon double bond between the 9th and 18th carbons. In cis-oleic acid, the hydrogen atoms are on the same side of the double bond
causing a kink in the chain. In trans-oleic acid, the hydrogen atoms are on opposite side of the double bond and the fatty acid is linear.
(Comparison of saturated and unsaturated fatty acids by Openstax; CC BY 4.9)

In the food industry, oils are artificially hydrogenated to increase their shelf-life and give them a semi-solid consistency that
desirable for many processed foods. In hydrogenation, hydrogen gas is bubbled through polyunsaturated oils to solidify them.
During this hydrogenation process, some double bonds of the cis conformation in the hydrocarbon chain may be converted to
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.

Like carbohydrates, fats (i.e. triglycerides) 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.
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Phospholipids

Phospholipids are modified triglycerides. Like triglycerides, they are composed of non-polar fatty acid chains attached to a
glycerol backbone. However, instead of three fatty acids, the phospholipid has only two fatty acids, with the third carbon of the
glycerol bound to a phosphate group (Figure 2.5.6). This phosphate group is modified with a functional group that may be
charged or polar in nature. The functional group determines the chemical and physical properties of the phospholipid and can
range from something as simple as a hydroxyl group (e.g. phosphatidic acid) to more complex compounds like carbon rings (e.g.
phosphatidylinositol).
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Figure 2.5.6: The phospholipid. A phospholipid is a molecule with two fatty acids (i.e., the hydrophobic tails) and a modified phosphate group
attached to a glycerol backbone. The phosphate group may be modified by the addition of charged or polar functional groups (indicated with
an 'R'). The glycerol and phosphate group are called the hydrophilic head group. (Phospholipid structure by Openstax; CC BY 4.0)

The phospholipid is comprised of both hydrophobic and hydrophilic regions. The modified phosphate group bound to the glycerol
backbone is often called the polar head group of the phospholipid and the two fatty acids are called the hydrophobic tails. The
hydrophobic and hydrophilic nature of the phospholipid makes it an amphipathic molecule. It also means that when added to an
aqueous environment, phospholipids will spontaneously arrange themselves into a phospholipid bilayer, with the hydrophobic
fatty acids tails facing away from water (towards the inside of the bilayer) and the hydrophilic head groups facing out towards the
aqueous environment (Figure 2.5.7). In a cell, the phospholipid bilayer makes up the majority of the plasma membrane and they
are responsible for its dynamic nature.
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Figure 2.5.7: The phospholipid bilayer. The phospholipids of the phospholipid bilayer orient themselves so that the hydrophilic head groups

face the aqueous solution and the hydrophobic tails face inward. (Phospholipid bilayer by Openstax; CC BY 4.09)

Steroids

A steroid is a lipid with a fused ring structure. Although they do not resemble the other lipids, they are grouped with them because
they are also hydrophobic and insoluble in water. All steroids have four linked carbon rings and are modified with specific function
groups that determine their function (Figure 2.5.8).

Cortisol

Figure 2.5.8: The steroid. Steroids such as cholesterol (top) and cortisol (bottom) are composed of four fused hydrocarbon rings modified
through the addition of specific functional groups (indicated with the boxes). (Steroid structure by Openstax; CC BY 4.0; modified by Patricia
Zuk)

The most common steroid is cholesterol. As with all steroids, cholesterol is made of four fused carbon rings, giving the molecule
rigidity. A hydrocarbon chain fused to one ring makes the molecule mostly non-polar and a hydroxyl group at the other end makes
the molecule slightly polar. As such, cholesterol is an amphipathic molecule. Cholesterol is mainly synthesized by animals in the
cells of the liver or it can be ingested through food. Although cholesterol is often spoken of in negative terms by lay people, it
is necessary for proper functioning of the body. For example, cholesterol is a component of the phospholipid bilayer and is the
precursor to many steroid hormones such as testosterone, estradiol, cortisol, and aldosterone. It is also the precursor to Vitamin
D and to bile salts, which help in the emulsification and absorption of fats.
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Fatty Acids

Essential fatty acids are fatty acids that are not synthesized by an organism but must be obtained through the diet. There
are two main types of essential fatty acids: omega-3 and omega-6. Omega-3 fatty acids (e.g. alpha-linoleic acid) are a type of
polyunsaturated fat that have their first double bond between the third and fourth carbon from the end of the fatty acid chain
(Figure 2.5.9). Examples of omega-3 fatty acids are alpha-linoleic acid (ALA) and docosahexaenoic acid (DHA). Omega-6 fatty
acids are also a type of polyunsaturated fat. The omega-6 fatty acid has its first double bond at the sixth carbon from the end of
the fatty acid chain.

COOH

Figure 2.5.9: The omega-3 fatty acid. Omega-3 fatty acids have a double bond located at the third carbon from the end of the hydrocarbon
chain (circled). (Omega-3 structure by Openstax; CC BY 4.9; modified by Patricia Zuk)

Salmon, trout, and tuna are good sources of omega-3 fatty acids. Research shows that omega-3 fatty acids are important in brain
function and normal growth and development. They may also prevent heart disease, decrease inflammation, and reduce the risk
of cancer.

Key Concepts

Lipids are a class of macromolecules that are nonpolar and hydrophobic in nature. Major types include triglycerides,
phospholipids, fatty acids, and steroids.

Some major concepts to remember are:

e Fats and oils are a stored form of energy and are also known as triacylglycerols or triglycerides.

o Triglycerides are made up of three fatty acids bound to a glycerol.

e 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.

e Phospholipids have a glycerol backbone to which two fatty acid chains and a phosphate-containing group are attached.
Phospholipids form the bilayers that make up the plasma membrane.

e Steroids are made of four fused carbon rings modified through the addition of functional groups.

e Cholesterol is the most basic type of steroid

e Modifications to cholesterol result in the production of the steroid hormones (e.g. sex hormones, aldosterone, cortisol)

¢ Omega-3 and omega-6 fatty acids are known as essential fatty acids
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Glossary

Amphipathic - a molecule that has both hydrophilic and hydrophobic regions

Cis - a term used in chemistry and biochemistry to describe the arrangement of atoms or functional groups in a molecule, such
as an unsaturated fatty acid

Cis isomer - an isomer that has similar or identical functional groups positioned on the same side of a double bond
Cholesterol - a lipid made of fused carbon rings bound to unique functional groups; a precursor for steroid hormones and bile

Eicosanoids - a group of signaling molecules derived from fatty acids; include the prostaglandins and leukotrienes; involved in
inflammation and immunity

Essential fatty acid - a fatty acid that must be obtained through the diet

Fat - a triglyceride that is solid at room temperature

Fatty acid - a hydrocarbon chain with a carboxyl (-COOH) group at one end; can be be saturated or unsaturated
Glycerol - a three-carbon molecule that serves as the backbone of triglycerides and phospholipids
Hydrogenation - a chemical process in which hydrogen is added to unsaturated fats or other organic compounds
Hydrophobic - a property of molecules that repel water; characteristic of the fatty acid tails in lipids

Lipid Bilayer - a double-layered structure formed by phospholipids in agqueous environments, making up the fundamental
structure of cell membranes

Lipoprotein - a complex of lipids and proteins that transports fats through the bloodstream, including HDL (high-density
lipoprotein) and LDL (low-density lipoprotein)

Oil - a triglyceride that is liquid at room temperature

Omega fatty acid - a type of polyunsaturated fatty acid that play essential roles in human health; categorized based on the
position of the first double bond from the methyl (CHs) end of the hydrocarbon chain

Phospholipid - a modified triglyceride made of two fatty acids "tails" and a polar "head group" attached to a glycerol backbone
Pigment - a lipid that absorbs specific wavelengths of light

Polar head group - the hydrophilic (water-attracting) part of an amphipathic molecule, such as a phospholipid

Polymer - a large molecule made up of repeating units called monomers

Saturated fatty acid - a fatty acid in which all carbons in the hydrocarbon chain are linked to each other through single bonds
Steroid - a lipid made of four fused carbon rings modified with specific functional groups

Trans - a term used in chemistry and biochemistry to describe the arrangement of atoms or functional groups in a molecule, such
as an unsaturated fatty acid

Trans isomer - an isomer that has similar or identical functional groups positioned on the opposite side of a double bond

Trans fat - a fat containing artificially modified unsaturated fatty acids with a trans configuration; often found in processed foods
and linked to health risks

Triglyceride - a lipid made of three fatty acids attached to a glycerol backbone

Unsaturated fatty acid - a fatty acid in which carbon-carbon double bonds can be found
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Wax - a type of lipid that is highly water-resistant and protects various structures in plants, animals and microbes; made of long-
chain fatty acids bound to long-chain alcohols rather than glycerol
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2.6: Nucleic Acids

Biotech Focus

£ >

Figure 2.6.1: Mary Maynard Daly. (CCO)

Marie Maynard Daly's early research provided key insights into how DNA is structured and regulated within the cell nucleus.
She particularly identified the four nucleic acid bases of DNA (adenine, guanine, thymine and cytosine) leading the way to
understanding the structure of DNA. She continued to make significant contributions to science by identifying histones, the
proteins around which DNA is wrapped within cells and by researching the relationship between cholesterol and heart disease
among others.

If you would like to know more, read: Marie Maynard Daly: A National Historic Chemical Landmark

Introduction

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. The two main types of nucleic acids are deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA).

Learning Objectives

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

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

DNA and RNA are Nucleic Acids

DNA is the genetic material found in all living organisms, ranging from single-celled bacteria to multi-cellular mammals. In
eukaryotes, the majority of DNA is found in the nucleus, with smaller amounts found in the organelles, such as the chloroplasts,
and mitochondria. In prokaryotes, the DNA is not enclosed in a membranous envelope but is found in a section of the cytoplasm
called the nucleoid. More about the structure and function of DNA can be found in Chapter 3.1 DNA Structure.
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The other type of nucleic acid, RNA, plays critical roles in the gene expression and its regulation. In eukaryotic cells, because
the DNA molecules never leave the nucleus, an intermediary nucleic acid is needed to communicate with the rest of the cell. This
intermediary is RNA. There are several kinds of RNA, with more being discovered. The most studied RNA types are mRNA, tRNA,
and rRNA - all of which play key roles in protein synthesis. For more about the the types of RNA and their functions, go to Chapter
3.3 Transcription of RNA.

Nucleotides are the Building Blocks of DNA and RNA

DNA and RNA are polymers known as polynucleotides. The building blocks of DNA and RNA are monomers called nucleotides.
Each nucleotide is made up of three components (Figure 2.6.2):

1. a nitrogenous base
2. a pentose (five-carbon) sugar
3. a phosphate group

To build a nucleotide, the pentose sugar is linked to a specific nitrogenous base at its first carbon and to one or more phosphate
groups at its fifth carbon. The base and sugar linked together are called a nucleoside. Adding the phosphate group(s) creates a
nucleotide.
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Figure 2.6.2: Nucleotide structure. Left image: a nucleotide is made up a nitrogenous base (green box), a pentose sugar (blue box), and one or

more phosphate groups (pink box). Carbon residues in the pentose are numbered clockwise from the oxygen as 1 "prime" (1') through 5 "prime"

(5') . The base attaches to the 1' carbon of the pentose sugar, and the phosphate is attached to the 5’ carbon. Two types of pentose sugars are

found in nucleotides, deoxyribose (DNA) and ribose (RNA). Top right image: the nitrogenous bases are classified as either purines and

pyrimidines. The purine bases, adenine and guanine and the pyrimidine base, cytosine, are found in DNA and RNA. The pyrimidine base
thymine is found only in DNA while the pyrimidine, uracil, is only found in RNA. Bottom right image: deoxyribose is similar in structure to

ribose, but it has an H instead of an OH at the 2' position. (Nucleotide Structure by Patricia Zuk, CC BY 4.0; modified from Molecular structure

of a nucleotide by Openstax, CC BY-NC 4.0)

The nitrogenous bases are organic molecules containing carbon and nitrogen. Because of the presence of an amino group with
the potential of binding an extra hydrogen, the nitrogenous base is capable of decreasing the hydrogen ion concentration in its
environment, thus acting as a base. The nitrogenous bases of nucleic acids are adenine (A), guanine (G) cytosine (C), thymine
(T), and uracil. These nitrogenous bases are classified as either purines or pyrimidines. The primary structure of a purine (i.e.
adenine and guanine) is two carbon-nitrogen rings, while the pyrimidine (cytosine, thymine, uracil) has a single carbon-nitrogen
ring (Figure 2.6.2). The nitrogenous base is specific to the nucleic acid. DNA contains A, T, G, and C, whereas RNA contains A, U,
G, and C.

The pentose sugar in DNA is called deoxyribose, and in RNA, the sugar is ribose. The carbon atoms of the sugar are numbered

clockwise from the oxygen within the ring. They are numbered from 1' to 5' (e.g. 1" is read as “one prime”). The use of the term
"prime" to number the carbons in the pentose sugar is meant to distinguish between these carbons and those found in the rings
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of the nitrogenous base. While the overall structure of deoxyribose and ribose are the same, there is an important difference -
deoxyribose lacks an oxygen at the 2' carbon.

DNA and RNA nucleotides are named based on the nitrogenous base, the type of sugar and the number of phosphate groups.
For example, adenosine triphosphate (ATP) is an RNA nucleotide with an adenine base and three phosphate groups attached to
the ribose sugar. The DNA nucleotide counterpart would be deoxynucleotide triphosphate (dATP). If these nucleotides have only
one phosphate group bound to the pentose sugar, they would be named adenosine monophosphate (AMP) and deoxynucleotide
monophosphate (dAMP), respectively. Table 2.6.1 below summarizes the nomenclature for DNA and RNA nucleotides.

Table 2.6.1: Nucleotide Nomenclature

Nucleoside Name Number of Abbreviation Name
phosphates
adenosine/deoxyadenosine
1 AMP/dAMP adenosine monophosphate/deoxyadenosine
monophosphate
2 ADP/dADP
adenosine diphosphate/deoxyadenosine diphosphate
3 ATP/dATP
adenosine triphosphate/deoxyadenosine diphosphate
guanosine/deoxyguanosine
1 GMP/dGMP | guanosine monophosphate/deoxyguanosine
monophosphate
2 GDP/dGDP
guanosine diphosphate/deoxyguanosine diphosphate
3 GTP/dGTP
guanosine triphosphate/deoxyguanosine triphosphate
cytidine/deoxycytidine
1 CMP/dCMP | cytidine monophosphate/deoxycytidine
monophosphate
2 CDP/dCDP
cytidine diphosphate/deoxycytidine diphosphate
3 CTP/dCTP
cytidine triphosphate/deoxycytidine triphosphate
deoxythymidine (found in DNA
only) 1 dTMP deoxythymidine monophosphate
2 dTDP deoxythymidine diphosphate
3 dTTP deoxythymidine triphosphate
uridine (found in RNA only)
1 UMP uridine monophosphate
2 UDP uridine diphosphate
3 UTP uridine triphosphate

Phosphodiester Bonds Join Nucleotides

Nucleotides join to one another through phosphodiester bonds (Figure 2.6.3). In phosphodiester bond formation, the hydroxyl on
the 3' carbon of one nucleotide forms a bond with the phosphate group closest to the pentose sugar in another nucleotide. When
the diphosphate or triphosphate forms of the nucleotides are used in this reaction, water is not released and it is not considered a
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dehydration synthesis reaction. However, if a monophosphate nucleotide is used, water is removed through dehydration synthesis.
When forming DNA and RNA, the phosphodiester bond forms in a specific direction. Specifically, the bond forms between the
phosphate group(s) of an incoming nucleotide and the 3' hydroxyl of the existing polynucleotide chain. Because of this, one end
of a nucleic acid has an exposed phosphate group and is named the "5' end" while the other end has a 3' hydroxyl and is called
the "3' end". The phosphodiester bond is said to form "in the 5' to 3' direction".
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Figure 2.6.3: The phosphodiester bond forms in a specific direction. Left image: the addition of the monophosphate form of the nucleotide
(bottom) to a nucleotide chain (top) via a phosphodiester bond. Bond formation involves the removal of a water molecule (atoms shown in
blue). Right image: the addition of the triphosphate form (bottom) to the nucleotide chain (top). The phosphodiester bond forms as a result of
a "nucleophilic attack" by the 3' OH group (blue) on the first phosphate group of the incoming nucleotide. This attack removes the remaining
two phosphate groups (green). The atoms involved in the phosphodiester bond are shown in red. The direction of phosphodiester bond
formation from 5' to 3' is indicated with an arrow. (Phosphodiester bond by Patricia Zuk, CC BY 4.09)

DNA is Double-Helix Structure

DNA exists as a double-helix (Figure 2.6.4), consisting of two long strands of DNA polynucleotides that twist like a "spiral
staircase". In the DNA helix, the sugars and phosphates are found on the outside of the helix, not unlike the rails of the spiral
staircase. The nitrogenous bases project to the interior of the helix, like the steps. The two polynucleotide strands of the helix run
in opposite directions, or anti-parallel to one another, meaning that the 5’ end of one strand will be next to the 3' end of the other
strand. The bases from each nucleotide chain pair up with one another and are bound to each other by hydrogen bonds. This
base pairing is restricted in the DNA helix and is known as complementary base pairing. In this pairing scheme, purines pair
with pyrimidines. Specifically, adenine (A, the purine) pairs with thymine (T, the pyrimidine) through the formation of two hydrogen
bonds and guanine (G, the purine) pairs with cytosine (C, the pyrimidine) through the formation of three hydrogen bonds. What
results is a DNA helix in which the two DNA strands are complementary to each other. This complementary base pairing has
implications for cellular processes like DNA replication. During DNA replication, each of the DNA strands are "copied" to produce
two new DNA helices. However, the term copy is misleading, as a identical copy is not made rather a complementary copy is. For
example, if the sequence of one strand is AATTGGCC, the complementary strand would have the sequence TTAACCGG. For more
information about DNA replication, read Chapter 3.2 Replication of DNA.
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Figure 2.6.4: The DNA Helix. (A) Two phosphate-sugar backbones (curved blue lines) run on the outside of the DNA helix with the bases
(adenine, thymine, guanine, cytosine) projecting to the inside. The two DNA strands run "anti-parallel" to one another. (B) Each base from one
strand interacts with a "complementary" base from the opposing strand via hydrogen bonding (dotted black lines); adenine pairs with thymine

and cytosine pairs with guanine. (DNA Helix by Jerome Walker and Denis Myts, Concepts of Biology; CC BY-SA 4.09)

Comparison between DNA and RNA

Like DNA, RNA is a polynucleotide chain made up of nucleotides joined by phosphodiester bonds that form in the 5' to 3' direction.
However, RNA does differ from DNA in several aspects. Table 2.6.2 below outlines these differences.

Table 2.6.2: Differences between DNA and RNA

DNA RNA
Function Stores and carries genetic information Transfers genetic information; involved in
protein synthesis
Types One type Several types
Location Mostly in the nucleus; some in organelles | Nucleus and cytoplasm
Structure Double-stranded; forms a helix Usually single-stranded

Pentose Sugar Deoxyribose (lacks an oxygen at the 2'

carbon)

Ribose (has an oxygen at the 2' carbon

Pyrimidine bases Cytosine, thymine Cytosine, uracil

Purine bases Adenine, guanine Adenine, guanine

Key Concepts

DNA and RNA comprise the two types of nucleic acids found in cells. DNA provides the code for a cell's activities, while RNA
is involved in translating that code into proteins that carry out these activities.

Some important concepts to remember:

e Both DNA and RNA are made from nucleotides

¢ Nucleotides contain a five-carbon sugar backbone, one to three phosphate groups, and a nitrogenous base.
¢ Nucleotides are joined to one another by a phosphodiester bond.

e Phosphodiester bonds form in the 5' to 3' direction.
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e The bases of nucleic acids are adenine (A), guanine (G), cytosine (C), thymine (T), and uracil (U).

e The bases of DNA are A, G, C, and T; the bases of RNA are A, G, C, U.

e Bases are classified as purines (A, G) or pyrimidines (C, T, U)

e The nitrogen bases A pairs with its complementary base T (or U in RNA); the base C pairs with its complement G
e DNA is found as a double-stranded helix, made of two "anti-parallel" DNA strands

e Most RNA is single-stranded

Glossary

Adenine (A) - a nitrogenous base found in DNA and RNA; pairs with thymine (T) in DNA and uracil (U) in RNA.
Anti-parallel - the orientation of the two strands of DNA in opposite directions, one running 5' to 3' and the other 3' to 5'.

Complementary base pairing - the specific hydrogen bonding between complementary nitrogenous bases in nucleic acids (A-
T/U, C-G).

Cytosine (C) - a nitrogenous base found in DNA and RNA,; pairs with guanine (G).

Deoxyribonucleic Acid (DNA) - a double-stranded nucleic acid that carries genetic information and directs cellular functions.
Deoxyribose - the five-carbon sugar found in DNA; lacks an oxygen atom at the 2' carbon.

Double helix - the spiral-shaped structure of DNA, consisting of two complementary strands.

Guanine (G) - a nitrogenous base found in DNA and RNA; pairs with cytosine (C).

Hydrogen bond - a weak bond found between the positively-charged hydrogen of one molecule and a negatively-charge atom of
another molecule (usually O or N); holds complementary nitrogenous bases together in DNA and RNA.

Nitrogenous base - an organic molecule found bound to the pentose sugar of a nucleic acid.

Nucleic Acid - a macromolecule composed of nucleotides, essential for storing and transmitting genetic information (DNA and
RNA).

Nucleotide - the basic building block of nucleic acids, consisting of a nitrogenous base, a sugar, and a phosphate group.
Pentose sugar - a 5-carbon sugar.

Phosphate group - a functional group that links nucleotides together in the sugar-phosphate backbone of nucleic acids.
Polymer - a large molecule made up of repeating units called monomers

Purines - a category of nitrogenous bases with a double-ring structure; adenine (A) and guanine (G).

Pyrimidines - a category of nitrogenous bases with a single-ring structure; cytosine (C), thymine (T), and uracil (U).
Ribonucleic Acid (RNA) - a single-stranded nucleic acid involved in protein synthesis and gene expression.

Ribose - the five-carbon sugar found in RNA; has an oxygen atom at the 2' carbon.

Sugar-Phosphate backbone - the repeating structure of sugar and phosphate groups that forms the framework of DNA and RNA
strands.

Thymine (T) - a nitrogenous base found in DNA; pairs with adenine (A); replaced by uracil (U) in RNA.

Uracil (U) - a nitrogenous base found only in RNA; pairs with adenine (A) instead of thymine.

This page titled 2.6: Nucleic Acids is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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2.7: Proteins

Biotech Focus

Figure 2.7.1: Rosalyn Yalow in her laboratory. (Rosalyn Yalow; CCO)

In 1977, Rosalyn Sussman Yalow received the Nobel prize in medicine for the development of the radioimmunoassay (RIA).
An RIA is a highly sensitive method that uses radioactive-labeled antibodies to measure very low concentration of specific
proteins. For example, RIA is used to detect narcotic drugs, viral antigens, hormones, early stage of cancer. RIA can be used
for the early diagnosis of diseases such as thyroid disorders, diabetes, and various cancers, enabling timely interventions and
treatment plans.

If you would like to read more about Rosalyn Sussman Yalow and her research, you can click on the following link: Rosalyn
Yalow and radioimmunoassay.

Introduction

Proteins are one of the most abundant organic molecules in living systems. In the adult human, proteins make up 12 to 18% of
the body's mass. 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 that is determined by
the genetic code. To learn how the genetic code specifies amino acid sequence, go to Chapter 3.4: Translation of the polypeptide.

Learning Objectives

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

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

©@® 60 (2.7.1)


https://en.wikipedia.org/wiki/Rosalyn_Sussman_Yalow#/media/File:Rosalyn_Yalow.jpg
https://creativecommons.org/public-domain/cc0/
https://www.sciencehistory.org/education/scientific-biographies/rosalyn-yalow-and-solomon-berson/
https://www.sciencehistory.org/education/scientific-biographies/rosalyn-yalow-and-solomon-berson/
https://bio.libretexts.org/Courses/West_Los_Angeles_College/Biotechnology/03%3A_Molecular_Biology_Fundamentals/3.04%3A_Translation_of_the_polypeptide

LibreTextS“'

Types and Functions of Proteins

There are a wide variety of proteins that serve a diverse set of cellular functions. Some of these are shown in Table 2.7.1.

Table 2.7.1: Protein Types and Functions

Type

Catalytic (e.g. enzymes)

Transport

Structural

Regulatory (e.g. hormones,
neurotransmitters, growth factors,
receptors)

Examples

Amylase, DNA polymerase,
hexokinase

Hemoglobin, albumin

Actin, tubulin, keratin

Insulin, substance P, epidermal
growth factor (EGF), EGF receptor

Functions

Help in digestion of food by
catabolizing nutrients into monomeric
units

Catalyze metabolic reactions
Synthesize molecular compounds
Repair damage

Produce energy

Carry substances throughout the
organism

Form the structural framework of cells
and tissues

Coordinate the activity of different
organ systems

e Detect signals and trigger cellular
responses
e Form cell signaling pathways

Immunological Immunoglobulins, interferons
e Protect the organism from foreign

pathogens and cancerous cells

Contractile Actin, myosin
o Mediate muscle contraction
Storage Legume storage proteins, egg white
(albumin) e Provide nourishment in early
development

Enzymes, which are produced by living cells, are catalysts in biochemical reactions. A catalyst is a substance that speeds up a
chemical reaction without being consumed by that reaction. Because they increase the rate of a reaction, enzymes are considered
to be biologic catalysts. Each enzyme is specific for the substrate (a reactant that binds to an enzyme) that it acts on. Enzymes
catabolize a wide variety of chemical reactions, including catabolic (i.e. decomposition), anabolic (i.e. synthesis), substitution, and
redox reactions. 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.

Hormones (and other signaling molecules) act by binding to proteins called receptors. Receptors are proteins found either on the

surface of a cell or inside of a cell. The receptor binds to a specific molecule called a ligand. Once bound the receptor triggers a
biological response inside of the cell. Examples of ligands include hormones, neurotransmitters, growth factors, and drugs.
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Amino Acids are the Building Blocks of Proteins

The building block of a protein is the amino acid (Figure 2.7.2). The name "amino acid" is derived from the fact that they contain
an amine group and a carboxyl acid group in their basic structure. Each amino acid consists of a central carbon atom, also known
as the alpha (a) carbon, bonded to the following:

a carboxyl group (COOH) that will donate protons when the amino acid is in an aqueous solution

an amino group (NH2) that will receive proteins from the environment

a hydrogen atom

a "side chain" or "R group" that distinguishes one amino acid from another. For each amino acid, the R group (or side
chain) is different (Figure).

HPwnN o

Amino group Carboxyl group

R

o carbon -7 :
Side

chain

Figure 2.7.2: The amino acid. An amino acid has an alpha carbon to which an amino group, a carboxyl group, a hydrogen, and a side chain are
attached. The side chain varies for different amino acids, and is designated with an “R".

All proteins are made up using the same 20 types of amino acids arranged in a unique sequence according to the genetic code.
When in an aqueous environment, the amino acid has a slightly positively charged end (the amine group) and a slightly negatively
charged end (the carboxyl group). However, it is the R group that determines the overall physical and chemical characteristic of
the amino acid.

Based on the R chain, amino acids are classified into the following groups (Figure 2.7.3):

¢ non-polar (hydrophobic) - have side chains that are non-polar and uncharged; amino acids such as valine and leucine

¢ polar (hydrophilic) - have side chains that are polar and uncharged; amino acids such as serine, threonine, arginine,
glutamine

o electrically charged acidic - have side chains that are positively charged at physiological pH; amino acids glutamic acid
and aspartic acid

o electrically charged basic have side chains that are negatively charged at physiological pH; amino acids histidine, lysine,
arginine
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Figure 2.7.3: The 20 amino acids found in proteins each have different R groups (side chain) that determine whether they are non-polar, polar,
acidic, or basic. Nonpolar (or hydrophobic) amino acids include glycine, alanine, phenylalanine, and tyrosine. Polar (or hydrophilic) amino acids
are uncharged (i.e., neutral) and include serine, threonine, and cysteine. The three positively-charged amino acids are lysine, arginine, and
histidine. The negatively-charged amino acids are aspartic acid (i.e., aspartate) and glutamic acid (i.e., glutamate). (Amino acid types; by isk,
CCO 1.9)

Amino acids can 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.

Individual amino acids are linked together through a covalent bond called a peptide bond. Formation of the peptide bond results
in the production of a water molecule and is a dehydration synthesis reaction. To form a peptide bond, the hydroxyl from

the carboxyl group of one amino acid and the hydrogen from the amino group of the incoming amino acid combine, forming a
molecule of water (Figure 2.7.4).

H | o H H 0 H R I 0
N\ 4 \ 4 4
pN=C=C (e SN=T=C mmmm) N-C-C-N-C-C

H ! TOH HY | OH H | | OH

Ri T —_ R. Ry Re
Amino Acid 1 l Amino Acid 2 Peptide Bond
H,0
H O/H H o H H ’ H oi H H ;
H | O N | | 1 | //0 :
| ,N- ? C-N- ? C N C CHN- c C}N—C—C\ ;
'K | R I OH
i Ry | Rz Ry | Ry | Rs 1
N terminus C terminus

A 5 amino acid peptide

Figure 2.7.4: Peptide bond formation. Top image: Peptide bond formation is a dehydration synthesis reaction. When the peptide bond forms,
the carbon from the carboxyl group of the first amino acid becomes attached to the nitrogen from the amino group of the second amino acid.
The OH from the carboxyl group and an H from the amino group form a molecule of water (dotted circle). Bottom image: a chain of 5 amino
acids bound by peptide bonds form a short peptide. Since peptide bonds are formed between carboxyl and amino group, the peptide starts
with an amino group, called N-terminus, and ends with a carboxyl group called C-terminus. (Peptide bond formation by Kareen Martin; CC BY
4.0)

The joining of two amino acids through a peptide bond produces a dipeptide. The joining of three amino acids produces a
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tripeptide. Joining from 4 to 9 amino acids results in a peptide. Joining more than 10 amino acids produces a polypeptide.
A polypeptide can be relatively small (e.g. about 50 amino acids) or could be comprised of thousands of amino acids. . 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 been folded into a unique three-dimensional
structure. In addition, after protein synthesis (i.e. translation), most proteins have been modified through post-translational
modifications of the polypeptide chain. They may undergo cleavage, phosphorylation, or may require the addition of other
chemical groups. Only after these modifications and folding is complete is the protein functional.

Protein Structure

The shape of a protein is critical to its function. For example, an enzyme binds a substrate at a site known as the active site. If the
shape of the active site is altered because of changes in protein structure, the enzyme may be unable to bind to the substrate.
Protein structure is described using four levels of conformation:

primary - the amino acid sequence of the polypeptide strand

secondary - results in regions of alpha-helical coils and beta-pleated sheets

tertiary - the 3D shape of the protein

quaternary - produced through the interaction between more than two polypeptide chains

HpPwnN o

Primary Structure

The primary structure of a protein is the specific order of amino acids found in the polypeptide. These amino acids are linked
together via peptide bonds. Each polypeptide has a free amino group at one end. This end is called the N terminus, or the
amino terminus. The other end of the polypeptide has a free carboxyl group, which is known as the C terminus, or the carboxy
terminus (Figure 2.7.5).
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Figure 2.7.5: The hormone insulin. Insulin is a protein hormone made of two peptide chains (A and B) linked by disulfide bonds (black lines).
Each amino acid is indicated by its three-letter abbreviation. The A chain is 21 amino acids long with an N terminal amino acid (N) of glycine
(Gly) and a C terminal amino acid (C) of asparagine (Asn). The B chain is 3® amino acids long and has the amino acid phenylalanine (Phe) as
the N terminus amino acid and the amino acid alanine (Ala) as the C-terminus amino acid. (Insulin by Patricia Zuk, CC BY 4.9; modified from

Primary structure of proteins by Openstax, CC BY-NC 4.0)

The unique sequence found in the primary structure is determined by the gene encoding the protein. A change in the gene's
DNA sequence may lead to a change in the amino acid sequence of the protein. A change in just one amino acid in the primary
structure can ultimately affect the protein’s overall structure and function. Sickle cell anemia (see Figure 2.7.9 below) is a disease
caused by a single amino acid change in the primary structure of a hemoglobin polypeptide.
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Secondary Structure

Local folding of the polypeptide in certain regions gives rise to the secondary structure of the protein. The most common
secondary structures in proteins are the a-helix and B-pleated sheet (Figure 2.7.6). An o-helix coils like a spring and is produced
when a hydrogen bond forms between the oxygen atom in the carbonyl group (C=0) of one amino acid and a hydrogen atom (H)
in the amide (N=H) group of another amino acid that is four amino acids farther along the chain. Every helical turn in an a-helix
has 3.6 amino acids. The R groups (the variant groups) of the polypeptide protrude out from the a-helix chain. In the B-pleated
sheet, sections of the polypeptide lie top of one another together and form “pleats”. These pleats are formed by hydrogen bonding
between the carbonyl group in one section of the polypeptide and the amide groups of another section lying adjacent to it. The R
groups extend above and below the folds of the pleat.
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Figure 2.7.6: Secondary protein structure. The a-helix and B-pleated sheet make up the secondary structure of a protein. Both form because of
hydrogen bonding between carbonyl (C=0) and amide (N=H) groups in the polypeptide backbone. Certain amino acids will form an a-helix,
while others will form a B-pleated sheet. In an a-helix, hydrogen bonding occurs between the carbonyl group of one amino acid and the amide
group of the amino acid that occurs four residues later. In a beta-pleated sheet, hydrogen bonding occurs between these two functional
groups that are found on different sections of the polypeptide.

Tertiary Structure

Proteins have different shapes; some proteins are globular whereas others are fibrous in nature. The folding of the protein into
a specific 3-dimensional shape produces its tertiary structure. Tertiary structure is primarily due to interactions between the R
groups of the amino acids that make up the protein.

The R group interactions that contribute to tertiary structure include (Figure 2.7.7):

1. hydrogen bonding
. ionic bonding - form between basic and acidic R groups.

3. hydrophobic interactions - occur between non-polar, hydrophobic R groups; hydrophobic interactions result in the
positioning of hydrophobic amino acids in the interior of the protein, leaving hydrophilic amino acids on the outside to
interact with surrounding water molecules.

4. Disulfide bonds - occur between the sulfur atoms of cysteine amino acids in the presence of oxygen; stabilizes the 3D
structure of the protein
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Figure 2.7.7: Protein tertiary structure. The tertiary structure of a protein is determined by a variety of chemical interactions that occur between
the R groups of specific amino acids. These interactions include hydrophobic interactions, ionic bonding, hydrogen bonding and disulfide
linkages.

All of these interactions combined together determine the final tertiary structure (i.e. the three-dimensional shape) of the protein.
Protein shape is critical to its function. When a protein loses its tertiary structure, it may no longer be functional. Changes in
temperature, pH, and exposure to chemicals may lead to permanent changes in the shape of the protein, leading to loss of
function. The loss of "natural" shape is known as denaturation.

Quaternary Structure

Some proteins are formed from several polypeptides, also known as subunits, and the interaction of these subunits is the
quaternary structure of the protein. Weak interactions between the subunits, such as hydrogen bonds, help to stabilize the
overall structure.

The four levels of protein structure (primary, secondary, tertiary, and quaternary) are illustrated below in Figure 2.7.8.

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

‘ @8 pattern

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

Alpha helix

Figure 2.7.8: The four levels of protein structure. The primary structure is the amino acid sequence. Secondary structure is a regular folding
pattern due to hydrogen bonding. Two types of secondary structure are shown: a 3 pleated sheet, which is flat with regular ripples, and an a-
helix, which coils like a spring. Tertiary structure is the three-dimensional folding pattern of the protein due to interactions between amino acid
side chains. Quaternary structure is the interaction of two or more polypeptide chains.

©@® 66 (2.7.7)



LibreTextS"

Concept in Action

Video: Protein Structure and Function
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Protein Structure and Disease: Sickle Cell Anemia

A functional protein requires that each of its structural levels is correct. Changes to one level of structure can impact another.
In sickle cell anemia, the hemoglobin B chain has a single amino acid substitution, causing a change in protein structure and
function and leading the disease known as sickle cell anemia. Hemoglobin, a transport protein that carries oxygen in the blood,
is comprised of four polypeptide chains: two a chains and two 3 chains. In sickle cell, a genetic mutation changes the hydrophobic
amino acid, valine, in the primary structure of the B chain to the charged and acidic amino acid, glutamic acid (Figure 2.7.9). This
change in the primary structure results in changes to remaining structural levels. The tertiary structure of the B chain subunits are
altered and this affects how these subunit assemble with their a hemoglobin partners. The abnormal quaternary structure results
in hemoglobin with a lower oxygen-carrying capacity.

Sickle-Cell
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Structure Val His Leu Thr Pro Glu Glu Val His Leu Thr Pro Mal Glu

Secondary
and Tertiary
Structures

Quaternary Normal
Structure Hemoglobin

Sickle-Cell
Hemoglobin

Proteins )
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Each Carries i toCarry Oxygen
Oxygen is Reduced

Figure 2.7.9: Hemoglobin structure and sickle-cell anemia. The B chain of hemoglobin is 147 residues in length, yet a single amino acid
substitution leads to sickle cell anemia. In the normal B hemoglobin polypeptide, the amino acid at position six is glutamate. In sickle cell,
this glutamate is replaced by a valine. This produces abnormal secondary and tertiary structures. When the abnormal B hemoglobin combines
with its a hemoglobin partners to produce the resulting quaternary structure is altered. The abnormal hemoglobin proteins aggregate into
fibers that causes the red blood cells to be rigid and have a crescent shape. These red blood cells tend to clog capillaries and decrease the
flow of blood through tissues. (Hemoglobin and Sickle Cell by Kareen Martin, CC BY 4.9; adapted from Sickle Cell Anemia by BruceBlaus, CC
BY-SA 4.9)

Furthermore, once the oxygen is offloaded to the tissues, the hemoglobin molecules aggregate with one another to form long
fibers. This results in the distortion of red blood cells, which become stiffer and assume a crescent or “sickle” shape, clogging
arteries (Figure 2.7.10). This can lead to myriad serious health problems such as breathlessness, dizziness, headaches, and
abdominal pain for those affected by this disease.
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Figure 2.7.10: In this blood smear, visualized at 535x magnification using bright field microscopy, sickle cells are crescent shaped, while
normal cells are disc-shaped. (Sickle Cell Anemia - Peripheral blood smear by Ed Uthman, CC BY 2.0)

Denaturation and Protein Folding

Each protein has its own unique shape that is produced and maintained by chemical interactions. If the protein is subject
to changes in temperature, pH, or exposure to chemicals, these interactions may be disrupted, causing a change in protein
structure and shape. Disruptions in secondary to quaternary structure may result, with the polypeptide maintaining only its
primary structure. This loss of "natural structure" is called denaturation. Denaturation is often reversible because the primary
structure of the polypeptide is conserved. If the denaturing agent is removed, the protein can resume its additional structural
levels and function. However, sometimes denaturation is irreversible, leading to a permanent 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.

Key Concepts

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.

Some important concepts to remember:

e The building blocks of proteins (monomers) are amino acids.

e 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.

e There are 20 commonly occurring amino acids, each of which differs in the R group.

e Each amino acid is linked to its neighbors by a peptide bond.

¢ A long chain of amino acids is known as a polypeptide.

e Proteins are organized at four levels: primary, secondary, tertiary, and (optional) quaternary.
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The primary structure is the unique sequence of amino acids.

—_

2. The local folding of the polypeptide to form structures such as the a helix and B-pleated sheet constitutes the
secondary structure.

3. The overall three-dimensional structure is the tertiary structure.

4. When two or more polypeptides combine to form the complete protein structure, the configuration is known as the

quaternary structure of a protein.

e 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.

Glossary

Alpha helix (o helix) - a common secondary structure of proteins; characterized by a coiled, helical shape; stabilized by hydrogen
bonds

Amino acid - the building blocks of proteins; consist of a central carbon, an amino group, a carboxyl group, and a side chain (R
group)

Beta-pleated sheet (B-pleated sheet) - a secondary structure in proteins where sections of the polypeptide lie parallel or
antiparallel to one another; held together by hydrogen bonds

Catalyst - a compound that speeds up a chemical reaction without being consumed by the reaction
Chaperone proteins - proteins that assist in the proper folding of other proteins, preventing aggregation or mis-folding

Denaturation - the process by which a protein loses its native shape due to external stress, such as heat, pH changes, or
chemicals; often results in loss of function

Disulfide Bond - a strong covalent bond formed between sulfur atoms in cysteine residues, stabilizing protein structure
Enzyme - a protein that acts as a biological catalyst to speed up chemical reactions without being consumed.
Essential amino acids - amino acids that must be obtained from the diet because the body cannot synthesize them

Hydrophobic interactions - interactions between R groups of amino acids that place non-polar amino acids in the interior of a
protein; one of the interactions that result in a protein's tertiary structure

Peptide bond - a covalent bond linking amino acids together in a polypeptide chain; formed through dehydration synthesis
Polymer - a large molecule made up of repeating units called monomers

Polypeptide - a long chain of amino acids linked by peptide bonds; can be processed to form a protein

Primary structure - the linear sequence of amino acids in a polypeptide chain

Protein - a large, complex molecule made up of several amino acids joined together through peptide bonds

Protein folding - the process by which a polypeptide folds into its functional three-dimensional structure; produces the tertiary
structure of a protein

Quaternary structure - the level of protein structure formed by the interaction of multiple polypeptide subunits

Secondary structure - the local folding of a polypeptide into structures such as alpha helices and beta sheets; stabilized by
hydrogen bonds

Tertiary structure - the overall three-dimensional shape of a polypeptide, determined by interactions between amino acid side
chains

©® 69 (2.7.10)



LibreTexts"

Transport protein - a protein that helps move substances across membranes or within the bloodstream, such as hemoglobin

Attribution

Figures taken from OpenStax 3.4 Proteins
e Figure 2.7.2
e Figure 2.7.6

e Figure 2.7.7
e Figure 2.7.8

This page titled 2.7: Proteins is shared under a CC BY 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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3: CELLS AND VIRUSES
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3.1: 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 3.1.1 will be discussed later.

[P e, En el SIS - SRR PTG T RS T e i R
Figure 3.1.1: 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 3.1.2).
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 3.1.2: 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 3.1.3) 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
3.1.4), 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 3.1.4: 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 3.1.5) 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 3.1.5: 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 3.1.6), which contains the instructions for the functioning of
the organism that contains it.

Figure 3.1.6: 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 3.1.7: 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 3.1.7), 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 3.1.8).
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Figure 3.1.8: 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 3.1.9). 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 3.1.9: 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 3.1.10). 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
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Cyanobacteria Ciliates
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Figure 3.1.10: 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 3.1.11: 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 3.1.11). 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 3.1.12) 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 3.1.12: 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
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
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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

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/
b3cle1d2-83...4-e119a8aafbdd).
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3.2: Prokaryotic Cells

Learning Objectives

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

¢ Name examples of prokaryotic and eukaryotic organisms
e Compare and contrast prokaryotic and eukaryotic cells

e Describe the relative sizes of different cells

e Explain why cells must be small

Cells fall into one of two broad categories: prokaryotic and eukaryotic. We classify only the predominantly single-celled organisms
Bacteria and Archaea as prokaryotes (pro- = “before”; -kary- = “nucleus”). Animal cells, plants, fungi, and protists are all
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 cytosol within the cell in which there are other cellular
components; 3) DNA, the cell's genetic material; and 4) ribosomes, which synthesize proteins. However, prokaryotes differ from
eukaryotic cells in several ways.

A prokaryote is a simple, mostly 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 in the cell's central part: the
nucleoid (Figure 4.5).

Cell
membrane

Flagellum

Ribasome

Chromosome Nucleoid region
(DNA)

Figure 4.5 This figure shows the generalized structure of a prokaryotic cell. All prokaryotes have chromosomal DNA localized in a
nucleoid, ribosomes, a cell membrane, and a cell wall. The other structures shown are present in some, but not all, bacteria.

Most prokaryotes have a peptidoglycan cell wall and many have a polysaccharide capsule (Figure 4.5). 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. Pili exchange
genetic material during conjugation, the process by which one bacterium transfers genetic material to another through direct
contact. Bacteria use fimbriae to attach to a host cell.
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Career Connection

Career Connection

MicrobiologistThe most effective action anyone can take to prevent the spread of contagious illnesses is to wash their
hands. Why? Because microbes (organisms so tiny that they can only be seen with microscopes) are ubiquitous. They live
on doorknobs, money, your hands, and many other surfaces. If someone sneezes into his hand and touches a doorknob, and
afterwards you touch that same doorknob, the microbes from the sneezer's mucus are now on your hands. If you touch your
hands to your mouth, nose, or eyes, those microbes can enter your body and could make you sick.

However, not all microbes (also called microorganisms) cause disease; most are actually beneficial. You have microbes in
your gut that make vitamin K. Other microorganisms are used to ferment beer and wine.

Microbiologists are scientists who study microbes. Microbiologists can pursue a number of careers. Not only do they work in
the food industry, they are also employed in the veterinary and medical fields. They can work in the pharmaceutical sector,
serving key roles in research and development by identifying new antibiotic sources that can treat bacterial infections.

Environmental microbiologists may look for new ways to use specially selected or genetically engineered microbes to remove
pollutants from soil or groundwater, as well as hazardous elements from contaminated sites. We call using these microbes
bioremediation technologies. Microbiologists can also work in the bioinformatics field, providing specialized knowledge and
insight for designing, developing, and specificity of computer models of, for example, bacterial epidemics.

Cell Size

At 0.1to 5.0 um in diameter, prokaryotic cells are significantly smaller than eukaryotic cells, which have diameters ranging from 10
to 100 um (Figure 4.6). The prokaryotes' small size allows ions and organic molecules that enter them to quickly diffuse to other
parts of the cell. Similarly, any wastes produced within a prokaryotic cell can quickly diffuse. This is not the case in eukaryotic
cells, which have developed different structural adaptations to enhance intracellular transport.

Flu

i BV o

Mitochondria Human Chicken

J\ el
ESS Protein (7 Q;@ % R

Atom %
2 )
m b .
Plant Frog
Lipids cell egg Ostrich
Bacteria €gg
Relative sizes on a logarithmic scale
| | | | | 1 | | | | |

0.1 nm 1nm 10 nm 100 nm 1um 10 pm 100 ym 1mm 10 mm 100 mm im
L

T
Naked eye

T
Light microscope
L 1

T
Electron microscope

Figure 4.6 This figure shows relative sizes of microbes on a logarithmic scale (recall that each unit of increase in a logarithmic
scale represents a 10-fold increase in the quantity measured).

Small size, in general, is necessary for all cells, whether prokaryotic or eukaryotic. Let's examine why that is so. First, we'll consider
the area and volume of a typical cell. Not all cells are spherical in shape, but most tend to approximate a sphere. You may

remember from your high school geometry course that the formula for the surface area of a sphere is 4nr2, while the formula

for its volume is 4mre/3. Thus, as the radius of a cell increases, its surface area increases as the square of its radius, but its
volume increases as the cube of its radius (much more rapidly). Therefore, as a cell increases in size, its surface area-to-volume
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ratio decreases. This same principle would apply if the cell had a cube shape (Figure 4.7). If the cell grows too large, the plasma
membrane will not have sufficient surface area to support the rate of diffusion required for the increased volume. In other words,
as a cell grows, it becomes less efficient. One way to become more efficient is to divide. Other ways are to increase surface area
by foldings of the cell membrane, become flat or thin and elongated, or develop organelles that perform specific tasks. These
adaptations lead to developing more sophisticated cells, which we call eukaryotic cells.

Visual Connection

Visual Connection

|
I Tmm 2mm

Figure 4.7 Notice that as a cell increases in size, its surface area-to-volume ratio decreases. When there is insufficient surface

area to support a cell’s increasing volume, a cell will either divide or die. The cell on the left has a volume of 1 mm? and a

surface area of 6 mmz, with a surface area-to-volume ratio of 6 to 1; whereas, the cell on the right has a volume of 8 mm?3

and a surface area of 24 mmz, with a surface area-to-volume ratio of 3 to 1.

Prokaryotic cells are much smaller than eukaryotic cells. What advantages might small cell size confer on a cell? What advantages
might large cell size have?

This page titled 3.2: Prokaryotic Cells 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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3.3: Eukaryotic Cells

Learning Objectives

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

e Describe the structure of eukaryotic cells

e Compare animal cells with plant cells

¢ State the role of the plasma membrane

e Summarize the functions of the major cell organelles

Have you ever heard the phrase “form follows function?” It's a philosophy that many industries follow. In architecture, this means
that buildings should be constructed to support the activities that will be carried out inside them. For example, a skyscraper
should include several elevator banks. A hospital should have its emergency room easily accessible.

Our natural world also utilizes the principle of form following function, especially in cell biology, and this will become clear as we
explore eukaryotic cells (Figure 4.8). Unlike prokaryotic cells, eukaryotic cells have: 1) a membrane-bound nucleus; 2) numerous
membrane-bound organelles such as the endoplasmic reticulum, Golgi apparatus, chloroplasts, mitochondria, and others; and 3)
several, rod-shaped chromosomes. Because a membrane surrounds eukaryotic cell’s nucleus, it has a “true nucleus.” The word
“organelle” means “little organ,” and, as we already mentioned, organelles have specialized cellular functions, just as your body's
organs have specialized functions.

At this point, it should be clear to you that eukaryotic cells have a more complex structure than prokaryotic cells. Organelles allow
different functions to be compartmentalized in different areas of the cell. Before turning to organelles, let’s first examine two
important components of the cell: the plasma membrane and the cytoplasm.

Visual Connection

Visual Connection
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Figure 4.8 These figures show the major organelles and other cell components of (a) a typical animal cell and (b) a typical
eukaryotic plant cell. The plant cell has a cell wall, chloroplasts, plastids, and a central vacuole—structures not in animal cells.
Most cells do not have lysosomes or centrosomes.

If the nucleolus were not able to carry out its function, what other cellular organelles would be affected?

The Plasma Membrane

Like prokaryotes, eukaryotic cells have a plasma membrane (Figure 4.9), a phospholipid bilayer with embedded proteins that
separates the internal contents of the cell from its surrounding environment. A phospholipid is a lipid molecule with two fatty acid
chains and a phosphate-containing group. The plasma membrane controls the passage of organic molecules, ions, water, and
oxygen into and out of the cell. Wastes (such as carbon dioxide and ammonia) also leave the cell by passing through the plasma

membrane.
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Figure 4.9 The eukaryotic plasma membrane is a phospholipid bilayer with proteins and cholesterol embedded in it.

The plasma membranes of cells that specialize in absorption fold into fingerlike projections that we call microvilli (singular =
microvillus); (Figure 4.10). Such cells typically line the small intestine, the organ that absorbs nutrients from digested food. This is
an excellent example of form following function. People with celiac disease have an immune response to gluten, which is a protein
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.

Microvilli
|

— Side
cell
INSsic
sma
inte:

Plasma membrane Nucleus

Figure 4.10 Microvilli, as they appear on cells lining the small intestine, increase the surface area available for absorption. These
microvilli are only on the area of the plasma membrane that faces the cavity from which substances will be absorbed. (credit
"micrograph": modification of work by Louisa Howard)

The Cytoplasm

The cytoplasm is the cell's entire region between the plasma membrane and the nuclear envelope (a structure we will discuss
shortly). It is comprised of organelles suspended in the gel-like cytosol, the cytoskeleton, and various chemicals (Figure 4.8). 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 in the cytoplasm. Glucose and other simple sugars, polysaccharides, amino
acids, nucleic acids, fatty acids, and derivatives of glycerol are also there. Ions of sodium, potassium, calcium, and many other
elements also dissolve in the cytoplasm. Many metabolic reactions, including protein synthesis, take place in the cytoplasm.
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The Nucleus

Typically, the nucleus is the most prominent organelle in a cell (Figure 4.8). The nucleus (plural = nuclei) houses the cell's DNA
and directs the synthesis of ribosomes and proteins. Let’s look at it in more detail (Figure 4.11).

Endoplasmic
reticulum

Nucleolus

Chromatin

Nucleoplasm

Nuclear pore

Nuclear envelope

Figure 4.11 The nucleus stores chromatin (DNA plus proteins) in a gel-like substance called the nucleoplasm. The nucleolus is a
condensed chromatin region where ribosome synthesis occurs. We call the nucleus' boundary the nuclear envelope. It consists of
two phospholipid bilayers: an outer and an inner membrane. The nuclear membrane is continuous with the endoplasmic reticulum.
Nuclear pores allow substances to enter and exit the nucleus.

The Nuclear Envelope

The nuclear envelope is a double-membrane structure that constitutes the nucleus' outermost portion (Figure 4.11). Both the
nuclear envelope's inner and outer membranes are phospholipid bilayers.

The nuclear envelope is punctuated with pores that control the passage of ions, molecules, and RNA between the nucleoplasm
and cytoplasm. The nucleoplasm is the semi-solid fluid inside the nucleus, where we find the chromatin and the nucleolus.

Chromatin and Chromosomes

To understand chromatin, it is helpful to first explore chromosomes, structures within the nucleus that are made up of DNA, the
hereditary material. You may remember that in prokaryotes, DNA is organized into a single circular chromosome. In eukaryotes,
chromosomes are linear structures. Every eukaryotic species has a specific number of chromosomes in the nucleus of each
cell. For example, in humans, the chromosome number is 46, while in fruit flies, it 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, proteins attach to chromosomes, and they resemble an unwound, jumbled bunch of threads. We call
these unwound protein-chromosome complexes chromatin (Figure 4.12). Chromatin describes the material that makes up the
chromosomes both when condensed and decondensed.
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Figure 4.12 (a) This image shows various levels of chromatin's organization (DNA and protein). (b) This image shows paired
chromosomes. (credit b: m