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1.1: The Structure of DNA

4b Learning Objectives

o Identify the sugar, phosphate, nitrogenous base, 5' and 3' carbons in a nucleotide and the key difference between DNA and
RNA.

o Explain the structure of the double helix, including the role of hydrogen bonds and covalent (phosphodiester) bonds.

o Explain why the abundance of A is roughly equal to T and G is roughly equal to C in DNA.

o Using the rules of base pairing, predict the complementary (or anti-parallel) strand of DNA for a given sequence.

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

DNA and RNA

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

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

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

DNA and RNA are made up of monomers known as nucleotides. The nucleotides combine with each other to form a
polynucleotide, DNA or RNA. Each nucleotide is made up of three components: a nitrogenous base, a pentose (five-carbon) sugar,
and a phosphate group (Figure 1.1.1). Each nitrogenous base in a nucleotide is attached to a sugar molecule, which is attached to
one or more phosphate groups.

https://bio.libretexts.org/@go/page/162700



https://libretexts.org/
https://creativecommons.org/licenses/by-sa/4.0/
https://bio.libretexts.org/@go/page/162700?pdf
https://bio.libretexts.org/Courses/University_of_Massachusetts_Boston/Bio_252_254%3A_Genetics/01%3A_SPOC_I_-_DNA_and_Chromosome_Structure/1.01%3A__The_Structure_of_DNA

LibreTexts"

Cytosing Thymine (in DNA)  Uracil (in RN&)
c T u

Purines
NHz o
1 1
C;l ey C’N ool
H Jl | H |
— CH e C,
\': ~nF \H SN,

Adenine Guanine

A G

-l T b

—— =1
Q = 0
L} I ==

0"=P—0-+—CH; o —F' a CH;
| 1
o — Deoxyribose o
| or ribose

sugar 3' carbon 2' carbvon
Phosphate

HOCH; _o. OH HOCH; _o OH
H H H H
H H H H
0O H O aH
Deoxyribose {in DNA) Ribose (in DNA)

Figure 1.1.1: A nucleotide is made up of three components: a nitrogenous base, a pentose sugar, and one or more phosphate groups.
Carbon residues in the pentose are numbered 1’ through 5’ (the prime distinguishes these residues from those in the base, which are
numbered without using a prime notation). The base is attached to the 1' position of the ribose, and the phosphate is attached to the
5' position. The pentose sugar is deoxyribose in DNA and ribose in RNA. Deoxyribose has an H instead of an OH at the 2' position
as in ribose. Bases can be divided into two categories: purines and pyrimidines. Purines have a double ring structure, and
pyrimidines have a single ring. (Copyright OpenStax)
The nitrogenous bases, important components of nucleotides, are organic molecules and are so named because they contain carbon
and nitrogen. They are bases because they contain an amino group that has the potential of binding an extra hydrogen, and thus,
decreasing the hydrogen ion concentration in the environment, making it more basic. Each nucleotide in DNA contains one of four

possible nitrogenous bases: adenine (A), guanine (G) cytosine (C), and thymine (T).

Adenine and guanine are classified as purines. The primary structure of a purine is two carbon-nitrogen rings. Cytosine, thymine,
and uracil are classified as pyrimidines which have a single carbon-nitrogen ring as their primary structure (Figure 1.1.1). Each of
these basic carbon-nitrogen rings has different functional groups attached to it. In molecular biology shorthand, the nitrogenous
bases are simply known by their symbols A, T, G, C, and U. DNA contains A, T, G, and C whereas RNA contains A, U, G, and C.

The pentose sugar in DNA is deoxyribose, and in RNA, the sugar is ribose (Figure 1.1.1). The difference between the sugars is the
presence of the hydroxyl group on the second carbon of the ribose and hydrogen on the second carbon of the deoxyribose (so
deoxyribose is "missing" an -OH group). The carbon atoms of the sugar molecule are numbered as 1', 2, 3', 4, and 5' (1’ is read as
“one prime”).

https://bio.libretexts.org/@go/page/162700
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Figure 1.1.2: Animation highlighting carbons 1' through 5' on dexoyribose. (SWLeacock)

The phosphate residue is attached to the hydroxyl group of the 5' carbon of one sugar and the hydroxyl group of the 3" carbon of
the sugar of the next nucleotide, which forms a 5'-3' phosphodiester linkage. The phosphodiester linkage is not formed by simple
dehydration reaction like the other linkages connecting monomers in macromolecules: its formation involves the removal of two
phosphate groups. A polynucleotide may have thousands of such phosphodiester linkages.

Chargaff's Rules

When Watson and Crick set out in the 1940’s to determine the structure of DNA, it was already known that DNA is made up of a
series four different types of molecules, called bases or nucleotides: adenine (A), cytosine (C), thymine (T), guanine (G). Watson
and Crick also knew of Chargaff’s Rules, which were a set of observations about the relative amount of each nucleotide that was
present in almost any extract of DNA. Chargaff had observed that for any given species, the abundance of A was the same as T, and
G was the same as C. This was essential to Watson & Crick’s model.

v/ Example 1.1.1

Chargaff determined the composition of nucleic acids in samples from a variety of species, including prokaryotes and
eukaryotes. In one bacterial sample, the proportion of adenine was 15.5% (data adapted from Vischer et al, 1949). What
proportion of guanine would have been present in this sample and why?

Solution

Because A pairs with T, the amount of T should be roughly equal to A, or approximately 15.5% percent. Thus, A + T = 15.5 +
15.5 = 31%.

The percent of G + C = 100% - 31% = 69%. Because G pairs with C, the amount of each of these should be roughly equal, so
approximately 34.5% each.

DNA Double-Helix Structure

Using proportional metal models of the individual nucleotides, Watson and Crick deduced a structure for DNA that was consistent
with Chargaff’s Rules and with x-ray crystallography data that was obtained (with some controversy) from another researcher
named Rosalind Franklin. In Watson and Crick’s famous double helix, each of the two strands contains DNA bases connected
through covalent (phosphodiester) bonds to a sugar-phosphate backbone. Because one side of each sugar molecule is always
connected to the opposite side of the next sugar molecule, each strand of DNA has polarity: these are called the 5’ (5-prime) end
and the 3’ (3-prime) end, in accordance with the nomenclature of the carbons in the sugars. The two strands of the double helix run
in anti-parallel (i.e. opposite) directions, with the 5’ end of one strand adjacent to the 3’ end of the other strand. The double helix
has a right-handed twist, (rather than the left-handed twist that is often represented incorrectly in popular media). The DNA bases
extend from the backbone towards the center of the helix, with a pair of bases from each strand forming hydrogen bonds that help
to hold the two strands together. Under most conditions, the two strands are slightly offset, which creates a major groove on one
face of the double helix, and a minor groove on the other.

https://bio.libretexts.org/@go/page/162700
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X Rules of base pairing

o A pairs with T (or U if RNA)
e G pairs with C

Because of the structure of the bases, A can only form hydrogen bonds with T, and G can only form hydrogen bonds with C
(remember Chargaff’s Rules). Each strand is therefore said to be complementary to the other, and so each strand also contains
enough information to act as a template for the synthesis of the other. This complementary redundancy is important in DNA
replication and repair. If the sequence of one strand is AATTGGCC, the complementary strand would have the sequence
TTAACCGG. During DNA replication, each strand is copied, resulting in a daughter DNA double helix containing one parental
DNA strand and a newly synthesized strand.

nitrogenous bases:
EE adenine
=X thymine
B guanine

\ =X cytosine

base
pair

major
groove

minor
groove
7 sugar-
phosphate
backbone 5
(a) (b) (c)
Figure 1.1.2:Watson and Crick proposed the double helix model for DNA. (a) The sugar-phosphate backbones are on the outside of
the double helix and purines and pyrimidines form the “rungs” of the DNA helix ladder. (b) The two DNA strands are antiparallel
to each other. (c) The direction of each strand is identified by numbering the carbons (1 through 5) in each sugar molecule. The 5'
end is the one where carbon #5 is not bound to another nucleotide; the 3' end is the one where carbon #3 is not bound to another
nucleotide and has a free hydroxyl group. (OpenStax-CNX)

X 3D structure of a DNA double helix

Spin the double helix to see the orientation of the sugars and phosphates in the backbone (ribbon in the model), the base pairs,
major and minor grooves! (PDB ID = 1bna https://www.rcsh.org/3d-view/1BNA)
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Implications of DNA structure

As for most biological molecules, the structure is important to the function, and the function of DNA is to contain information.
Important properties that are derived from the DNA structure are:

e A complementary strand can always be synthesized from a single strand, due to the arrangement of hydrogen bonds between
GC and AT bases.

¢ Hydrogen bonds stabilize the double helix, but can be broken when DNA needs to be accessed.

o The order of bases contains the information needed to code for amino acids in proteins during translation.

o Even sequences of DNA that do not encode amino acids can still provide information by interacting with proteins that function
in DNA packaging and regulation. The major and minor grooves of DNA may determine which sequences are visible to DNA

interacting proteins, G ET m W|th DN A

IF YOU LOOK THROUGH THE WINDOWS, WHAT DO YOU SEE

hydrogen bond Acceptor

hydrogen bond dOnor
yDrogen

MetHyl
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Figure 1.1.3: The significance of major and minor grooves in a DNA double helix. A DNA double helix twists in a right-handed
fashion, just as the fingers on the right hand are "pointing" to the right when the right hand forms a "thumbs up." The predominant
structure of a double helix results in major and minor grooves. The bases within the double helix interact with each other via
hydrogen bonds, but the different bases pairs have different combinations atoms exposed in the major grooves. Proteins that
recognize DNA sequences often do so by interacting with particular combinations of base pairs in major grooves based on these
exposed atoms. In the minor grooves AT and TA base pairs appear the same , likewise GC and CG look the same in the minor
groove. (Copyright By Biochemlife - Own work, CC BY-SA 4.0, https://commons.wikimedia.org/w/inde...curid=73107644)

Thinking ahead exercise 1.1.1

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

Answer
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Adenine is larger than cytosine and will not be able to base pair properly with the guanine on the opposing strand, causing
the double helix to bulge at that position. DNA repair enzymes may recognize the bulge and replace the incorrect

nucleotide.

? Thinking ahead exercise 1.1.2

If the two DNA strands were connected by covalent bonds rather than hydrogen bonds, what problems might occur, if any?

Answer
Covalent bonds are much stronger than hydrogen bonds and not as easily broken. If the DNA strands were connected by
covalent bonds, then it would be much more difficult to unwind the double helix. This would be problematic for processes

that require unwinding of the DNA molecule, such as replication and transcription.

We will see this video in lecture and discuss it:

Contributors and Attributions

e Connie Rye (East Mississippi Community College), Robert Wise (University of Wisconsin, Oshkosh), Vladimir Jurukovski
(Suffolk County Community College), Jean DeSaix (University of North Carolina at Chapel Hill), Jung Choi (Georgia Institute
of Technology), Yael Avissar (Rhode Island College) among other contributing authors. Original content by OpenStax (CC BY
4.0; Download for free at ).

Access for free at htt

. (Mount Royal University) The content on this page is licensed under CC SA 3.0

licensing guidelines.
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1.2: Chromosomes and chromatin

4b Learning Objectives

¢ Understand that chromosomes contain genes, which are DNA sequences that encode products and describe how the
positions of individual genes on a given chromosome are related to their positions on the homolog of that chromosome.

o Discuss how DNA is packaged in the chromosomes in terms of histones, nucleosomes, and chromatin (heterochromatin and
euchromatin).

o Explain the meaning of ploidy (haploid, diploid) and how it relates to the number of homologues of each chromosome.

e Compare prokaryotic and eukaryotic chromosomes.

e Interpret a karyotype.

What is a chromosome?

Chromosomes are units of DNA stored within cells. In prokaryotes, these units are most often circular, whereas in eukaryotes the
units are typically linear.

Genes are sequences within chromosomes that contain information in the sequence of nucleotide bases that encodes a product
(RNA or a protein).

Features and Compaction of Circular Chromosomes

The bacterial chromosome is typically one molecule of double-stranded, helical DNA. In most bacteria, the two ends of
the double-stranded DNA covalently bond together to form both a physical and genetic circle. The chromosome is
generally around 1000 um long and frequently contains as many as 3,500 genes. E. coli, a bacterium that is 2-3 pm in
length, has a chromosome approximately 1400 um long.

X What does it mean to be haploid?

Prokaryotic cells usually have one only copy of their chromosome(s) and therefore one copy of each gene on the chromosome.

To enable a macromolecule this large to fit within the bacterium, proteins bind to the DNA, segregating the DNA
molecule into around 50 chromosomal domains and making it more compact. Prokaryotes primarily compact chromosomes
by supercoiling, the process of twisting a piece of DNA that causes it to "fold up" on itself. Think of an old-fashioned phone cord
or piece of string that you keep twisting. Supercoiling is not random, but is controlled by enzymes (topoisomerases) that can add or
remove "twists" in the double helix to loosen or tighten the chromosome compaction.

(e o~

Figure 1.2.1 Electron Micrograph of a Bacterial Chromosome shows loops of DNA attached to a central core of proteins
to compact the circular chromosome (From Microbiology (Kaiser))
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Video: Representing Bacterial DNA

Video 1.2.1: How we represent prokaryotic chromosomes and the location of genes (Map adapted from Duan et al, 2013

)

Features of Linear Chromosomes

Linear chromosomes contain structural features such as centromeres and telomeres. In most cases, each chromosome contains one
centromere. These sequences are bound by proteins that will link the centromere to microtubules that facilitate chromosome
movement during cell division. Under the microscope, centromeres of metaphase chromosomes can sometimes appear as
constrictions in the body of the chromosome. If a centromere is located near the middle of a chromosome, it is metacentric,
whereas a telocentric centromere is at, or near, the very end of the chromosome. Some organisms also do not have a single
centromere but are holocentric. Telomeres are repetitive sequences near the ends of linear chromosomes, and are important in
maintaining the length of the chromosomes during replication, and protecting the ends of the chromosomes from alterations.

Homologous chromosomes are typically pairs of similar, but non-identical, chromosomes in which one member of the pair comes
from the male parent, and the other comes from the female parent. Homologs contain the same gene loci in the same order. Non-
homologous chromoesomes contain different gene loci, and are usually distinguishable based on cytological features such as
length, centromere position, and banding patterns produced by staining.

X What does it mean to be diploid?

Most eukaryotic organisms are diploid, meaning they have two sets of chromosomes. The diploid number is represented by 2n.
Remember this means that each cell has:

e two homologs of each chromosome
o two copies of each gene

The number of non-homologous chromosomes varies by organism.

Levels of compaction in eukaryotes

If stretched to its full length, the DNA molecule of the largest human chromosome would be 85mm. Yet during mitosis and
meiosis, this DNA molecule is compacted into a chromosome approximately 5pm long (17,000 times smaller!). Although this
compaction makes it easier to transport DNA within a dividing cell, it also makes DNA less accessible for other cellular functions
such as DNA synthesis and transcription. Thus, chromosomes vary in how tightly DNA is packaged, depending on the stage of the
cell cycle and also on the level of gene activity required in any particular region of the chromosome.

There are several different levels of structural organization in eukaryotic chromosomes, with each successive level contributing to
the further compaction of DNA. The compaction of DNA requires proteins and the combination of proteins and DNA is
chromatin. For more loosely compacted DNA, only the first few levels of organization may apply. Each level involves a specific
set of proteins that associate with the DNA to compact it. First, proteins called the core histones act as spool around which DNA is
coiled twice to form a structure called the nucleosome, which is composed of eight polypeptides, two copies of histone proteins
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H2A, H2B, H3, and H4. Nucleosomes are formed at regular intervals along the DNA strand, giving the molecule the appearance of
“beads on a string”.

At the next level of organization, histone H1 helps to compact the DNA strand and its nucleosomes into a 30nm fiber. Subsequent
levels of organization involve the addition of scaffold proteins that wind the 30nm fiber into coils, which are in turn wound around
other scaffold proteins.

DNA  nuclecsome geﬁﬂﬁg n 30nm fiber interphase metaphase
|| ] || 1 | 1 ] i I i || 1
add core histones add H1 histones add scaffold proteins  more scaffold proteins

Figure 1.2.3: Successive stages of chromosome compaction depend on the introduction of additional proteins. (Wikipedia-R.
Wheeler-GFDL) Bottom: 3D structure of Drosophila nucleosome surrounding by a DNA double helix (PDB ID=2NQB
https://www.rcsb.org/3d-view/2NQB/1)

Chromatin Packaging Varies Within a Chromosome: Euchromatin & Heterochromatin

Classically, there are two major types of chromatin, but these are more the ends of a continuous and varied spectrum. Euchromatin
is more loosely packed, and tends to contain genes that are being transcribed (or actively being utilized by the cell). For example,
there might be widely-spaced nucleosomes within a euchromatin region, leaving more of the DNA accessible for proteins that
interact with that region. In contrast, heterochromatin usually contains densely-packed nucleosomes, is often rich in repetitive
sequences, and tends not to contain genes that are actively being transcribed. Within these regions, nucleosomes might be close
together, restricting protein access to DNA. Both the centromeres and telomeres are usually heterochromatin, whereas other regions
of chromosomes can be switched from heterochromatin to euchromatin or vice versa, often by proteins that modify histones and
nucleosomes.
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Keeping chromosomes organized in nuclei

During interphase, the decondensed chromosomes often have specific locations within the nucleus and relative to one another,
which has been studied using a technique called FISH, fluorescent in situ hybridization. In FISH, fluorescently-tagged probes
(pieces of single-stranded DNA) recognize complementary sequences specific to each chromosome and allow visualization of
specific chromosome locations within a nucleus full of DNA.

& Breaking down terms to understand FISH:

F = fluorescent because a small molecule that is excited by a certain wavelength of light is attached to the probe
IS = in situ is a Latin term that means "in the original place" because the experiment examines something within a cell

H = hybridization because the probe and the cellular DNA are complementary and therefore bind each other (or hybridize)

Figure 1.2.2 Chromosomes in a Human Nucleus Identified with Fluorescent Probes (CC-BY Bolzer et al., PLoS Biology 2005
(https://doi.org/10.1371/journal.pbio.0030157)

? Exercise 1.2.1

How do DNA probes recognize sequences of DNA in cells in this experiment?

Answer

The rules of base pairing A-T and G-C and anti-parallel orientation! The probes are complementary to sequences of DNA
specific to each chromosome.

Karyotypes

Chromosomes stain with some types of dyes, which is how they got their name (chromosome means “colored body”). Certain dyes
stain some regions along a chromosome more intensely than others, giving some chromosomes a banded appearance when stained.
A karyotype is a representation of a complete set of chromosomes. Karyotypes are usually determined by isolating mitotic
chromosomes to view them as a karyogram. Chemicals that arrest the cells in metaphase of mitosis are used and then the
chromosomes are released from nuclei, usually onto a slide. Chromosomes at this stage are at the most compact state. The images
of these chromosomes can be captured digitally and arranged into pairs based on size, centromere position, and banding pattern to
examine the complete set of chromosomes in the cell.
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Figure 1.2.4: Karyotypes from a metaphase chromosome preparation from a spiny frog Quasipaa boulengeri (CC-BY Qing et al.,
2012 PLoS Biology https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0046163). Chromosomes are released from
nuclei and randomly dispersed (left). Images of each chromosome are digitally arranged into homologous pairs (right).

? Exercise 1.2.1

Based on the above karyotype from the spiny frog, what is the diploid (2n) number of this species?

Answer

2n =26

? Thinking ahead 1.2.2

A karyotype is a representation of a complete set of chromosomes. These chromosomes are typically extracted from a cell
arrested in metaphase of mitosis. Why do you think the chromosomes are extracted during the mitotic phase instead of
interphase?

Answer

During interphase, chromosomes are in a decondensed configuration. However, during mitosis, chromosomes become
highly condensed (17,000 times smaller than during interphase). It is much easier to extract chromosomes from a cell when
they are tightly packaged as opposed to being in a loose configuration.

Additional resources

For additional information about karyotyping: https://www.nature.com/scitable/topicpage/karyotyping-for-chromosomal-
abnormalities-298/
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This page titled 1.2: Chromosomes and chromatin is shared under a CC BY-SA license and was authored, remixed, and/or curated by Brian
White, University of Massachusetts Boston.

¢ 1.2: Chromosomes and chromatin by Stefanie West Leacock is licensed CC BY-SA 4.0.
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2: SPOC II- Genomes

4b Learning Objectives

o Distinguish between genes, chromosomes, and genomes.

e Describe the range in the size of genomes and numbers of genes between species.
o Distinguish between SNPs and STRs as variations in DNA sequence.

o List applications of the field of genomics.

What is a genome?
The complete set of an organism's genetic information is the genome.
Variation exists when sequences of bases differ between chromosomes. Some examples of types of variation include:
o differences between the base sequence of homologous chromosomes in an individual

o differences between the base sequence of chromosomes in two individuals

o differences in base sequences between two different species

o differences in numbers of chromosomes between species

o differences in arrangement of similar sequences between species (synteny)

» differences in base sequence individuals with and without a disease or trait

....and more

The study of sequences at the whole genome level is known as genomics.

Why study genomes?

Understanding genomes has a variety of applications including:

e comparing species to understand gene function and evolution
o understanding health differences between individuals

o performing research into gene function using model organisms
o identifying individuals or species

Genome sequencing projects
The first organismal genome to be sequenced was the prokaryote H. influenzae in 1995 (Fleischmann et
al, 1995).

Determining the sequence of the entire human genome took more than two decades from its initial official start in 1990 to the draft
sequence published in 2001 and the refinement of that draft sequence over the next several years (review key dates in the timeline
here: https://www.genome.gov/about-nhgri/Brief-History-Timeline#one). Sequences produced by genome projects are referred to

as reference genomes.

X Competing genome projects?

The results of human genome sequencing efforts were published at the same time in Nature (results of the International Human
Genome Sequencing Consortium) and Science (by Craig Venter and colleagues with Celera Genomics) in February 2001.
These two groups had taken somewhat different approaches to sequencing efforts.

However, there were still some "gaps" in the sequence. For example, regions that are highly repetitive or similar to other
chromosomes are difficult to sequence precisely. The next-generation sequencing techniques described previously have facilitated
obtaining complete chromosome sequences for some of these missing regions. Recently, the complete sequence of an X
chromosome from "telomere-to-telomere" was published (Miga et al., 2020), followed by a complete assembly of chromosome 8
(Logsdon et al., 2021).
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Whose genome was the first sequenced?

For the Celera project, refer to the Sources of DNA and Sequencing Methods section of this paper
https://science.sciencemag.org/content/291/5507/1304.long.

For the International consortium  project, the sample collection is reported in  this  paper
https://www.nature.com/articles/35057062.

Answer

Celera enrolled 21 donors initially, but only 5 of these were used for the complete sequencing. What factors determined
which samples were selected?

For the International consortium, volunteer donors were solicited from areas near research labs. After sample collection and
processing all identifying information was removed. Many more samples were collected than were actually used. So truly,
we don't know whose genome is included!

How big are genomes? And does it matter?

Genomes vary in size and complexity. Bacterial genomes are the smallest in numbers of base pairs, followed by fungi and algae.
Beyond these organisms, genome size does not necessarily increase with complexity. Plants have some of the largest genomes
(often because they have more than two sets of chromosomes). However, regardless of the total genome size, most organisms does
not have much more than 25,000 genes, so total size does not necessarily increase gene number.

Mycoplasma . in I) f-’

Gram positive bacteria -

Gram negative bacteria .

Fungl! Moulds -

Algan _-

Worms -

Crustaceans _

Echinoderms -

tosacts, -

Mollusks -

Birds l

Bony fish _

Cartilaginous fish -

Reptiles -

Mammals .

Amphibians _

Flowering Plants I
108 107 10° 10° 10" 10"

Figure 2.1: Genome sizes (in base pairs) vary by organism. (CC:BY-SA Abizar via Wikipedia Commons)

X Explore genome data

Remember that much genome research is funded by grants from governments and is made publicly accessible. Some databases
that maintain genome information are:

o National Center for Biotechnology Information (NCBI) Genome Data Viewer https://www.ncbi.nlm.nih.gov/gdv/
o European Molecular Biology Laboratory's European Bioinformatics Institute Ensembl https://www.ensembl.org/index.html
o University of Californai Santa Cruz Genomics Institute https://genome.ucsc.edu/

Variation: SNPs and STRs

Genome sequencing projects reveal the reference genome that is largely shared between species or individuals, but they also reveal
variation. Although other types of variation exist, two major classes include single nucleotide polymorphisms (SNPs) and short
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tandem repeats (STRs). SNPs are positions along chromosomes that can vary in the nucleotide at that position. STRs are repeats
of a few nucleotides that can vary in the number of repeats.

The Human Genome Viewer

The Human Genome Project included much more than just the sequence of one human's genome. Since the project started, data has
been added from a huge number of humans and many annotations have been added. There is so much data available that
specialized viewers have been developed to allow people to explore these massive datasets. One of these viewers, The Genome
Data Viewer from the National Institutes of Health, is free to all users.

The remaining Graded Problems in this section will show you how to use the Genome Data Viewer (GDV). We will also use this
software in class.

You can access the Genome Data Viewer from link.

The video below may help with the steps below:

1) Click on the link above to load the GDV. You will see something like this:
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Genome Data Viewer

o]« [evme

2) You type the name (or other relevant information) into the Search Bar and click the arrow (or press the Return key). For this
problem, enter "HBA1" and press return. You should see something like this (if you don't see the same list in the "Genes" tab,

check to be sure you entered "HBA1" (no quotes) into the search bar). If you hover the mouse over the HBA1 entry, a window will
pop up as shown below:

Search assembly (( NC_000016.10: 176,596 - 177,606
=
b |
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HBA1 Chr16: 176,680 - 177,522 Gene: HBAL Details 3
EGFR Chr7: 55.019.017 - 55.211 628 Location: Chr16: 176,680 - 177,522

e e Description: hemoglobin subunit alpha 1
LOC106804613 Chrl6: 174,618 - 177,541 Also known as:  ECYT7 HBA-T3 HBH METHBA

i 3 Summary: The human aipha globin gene cluster located on chromosome 16 spans about 30 kb and incl
CENNEL Chr3: 31,199,505-41,240, 443 udes seven loci; 5'- zeta - pseudozeta - mu - pseudoalpha-1 - alpha-2 - alpha-1 - theta - 3. T
PTEN Chr10: 87,863,625 - 87,971,930 he alpha-2 (HBAZ) and alpha-1 (HBA1) c... more
DTER AA N121T710AT7 1. 70 AV _ 107 7

The pop-up contains a lot of useful information. In this case, it tells us that the gene is ("Description™) the hemoglobin subunit
alpha 1 - one of the two components of the protein hemoglobin that carries oxygen in the blood.

For our purposes, it is also useful to know which chromosome carries this gene. This is in the "Location" entry. The chromosome
number or name is preceeded by "Chr" which is short for "Chromosome".

3) Click on the "HBA1" entry at the top of the list in the Genes tab. You should see something like this. Be sure that the "Gene" tag
in the top blue part (arrow) says "HBA1"; if it doesn't, try clicking on the HBA1 entry again in the list in the Genes tab.
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Next, look at the panel to the right. It contains a wealth of data about this gene.
The most important part of this is the top green line (in the figure above, it is labeled "NM_000558.5").

o The black or white arrows in the gene show the direction of transcription (left to right or right to left)
o The thick parts are exons, the thin parts are introns.

o The darker parts of the exons indicate the coding region (the part that encodes the amino acids in the protein).

If you hover the mouse over the top green line, you should see something like this:
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= D] 2| HBAL
Gene: HEAL
Name: hamoglobin subunit alpha 1
RNA title: mRNA-hemoglobin subunit zlpha 1
Protein title: hzmeglobin subunit alphs
Merged features: MM 000558.5 and NP 000549.1
Location: 176,660,,177,522
[Lerwifi]
Span on NC_000016.10: 243 nt
Aligned length; 577 nt
CDS length: 425 nt
Protein length: 147 a5
TAM_O00558.5]
Exon: 1af 3

There are several important parts to this:

e Span on ... - this gives the size of the gene in nucleotides (nt). In this case, it is 843 nucleotides long.
o Protein length - gives the size of the protein in amino acids (aa).
o Exon - says that there are 3 exons.

4) To see more detail about the gene and to scroll along the chromosome, you use these controls:

NC_000016.10 = C:l l:f>| ), I @, T

o the arrows scroll left and right
o the "-" in the magnifying glass zooms out
o the "+" in the other magnifying glass zooms in

The next step is to zoom in on the gene and explore some particular mutations.

Click on the "+" in the controls until you see this in the "Cited Variations" part of the window - it is right below the last of the green
lines.

Cited Variations, dbSNP bl57 v2

rs28928875 B G/A/C rs3444091°9 B C/A/G/T  rs33926206 B A/C/E rs34988734 B C/T  rs3476
TGACCAARCEL... rs34019158 W C/A/6 rs63750676 B G/A/C rs28928876 B C/R/G/T  rs33991779

rs33521647 W A/C/G/T rs3407185€c W T/6 rs33996798 W C/R/G/T  rs1061009 B C/R/G rsi
B C/A/G/T rs33969953 W T/A/C/6 rs34936612 B C/R/G rs35548338 W T/6 rs33911166 W A/C/G/
87 B C/G/T rs33964623 W A/C/G rs33915947 B G/A/C/T rs33914476 W 6/C/
129 B R/G rs34586185 W G/A rs33976776 B A/C/G rs34868036 O
rs33977363 B G/A/C/T rs35239527 B 6/T rs3i
rs339912232 W A/C/G rs281864870 W C/R/6/T
rs387906544 W C/6 rs33944813 W A/C/G/T

rsi7467568 B C/T
rs34684963 W T,

Each of the red squares corresponds to a different mutation in the gene.
The red square aligns vertically with its location in the gene.

If you hover the mouse over a red square, you'll see something like this (the details will differ depending on which one you

choose):
EEiEsien w T

& D rs34684963
o Variation ID: rs34584563
.’L::.’T b Variation Type: SNV, length 1
cee Alleles: T/C
B/T [ Genamic locations]

51009 @ (/A6 rs24 GCF_000001405.40: NC_000016.10 @ 177108

33911168 B A/C/5/T| GCF_000001405.25: NC_000016.8 @ 227107

E64451 W ASE a [Links & Toois]

EEHI4AT0 W G/C/T SNP summary: rs34584963

isinond LAk ClinVar (1): rs34581963
- Y PubMed (1): rs34584963

There are three important parts to this panel:

e Variation Type - in this case, SNV (single nucleotide variation) of length 1. This means "this variation changes only one base
in the DNA"
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o Alleles - this gives the specific change in the format "(original base)/(mutant form or forms)"
e PubMed - this is a link to any scientific publications about this variant (we'll use this in class).
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3.1: Mitosis

4} Learning Objectives

o List and describe the key events that occur during the cell cycle and mitosis.
e Describe the movement of chromosomes and chromatids during mitosis and the role of microtubules.
o Determine the chromosome content of cells during various stages given information about the n or 2n number of the cell.

) > e SR
Figure 3.1.1: DNA released from human chromosome. It shows a bit (no more than 3%) of the single molecule of DNA released
from a single human chromosome. (The chromosome was treated to remove its histones). Remembering that this is 3% of the DNA
of only one of the 46 chromosomes in the human diploid cell, you can appreciate the problem faced by the cell of how to separate
without error these great lengths of DNA without creating horrible tangles. (courtesy J. R. Paulson and U. C. Laemmli)

=TT = :

The solution to this challenge is:

1. Duplicate each chromosome during the S phase of the cell cycle.

2. This produces dyads, each made up of 2 identical sister chromatids. These are held together by a ring of proteins called cohesin.
3. Condense the chromosomes into a compact form. This requires ATP and protein complexes called condensins.

4. Separate the sister chromatids and

5. Distribute these equally between the two daughter cells

Cell Cycle

The cell cycle is an ordered series of events involving cell growth and cell division that produces two new daughter cells. Cells on
the path to cell division proceed through a series of precisely timed and carefully regulated stages of growth, DNA replication, and
division that produces two identical (clone) cells. The cell cycle has two major phases: interphase and the mitotic phase. During
interphase, the cell grows and DNA is replicated. During the mitotic phase, the replicated DNA and cytoplasmic contents are
separated, and the cell divides.

https://bio.libretexts.org/@go/page/163099
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Mitotic phase
Interphase
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con of 2 daughter
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Figure 3.1.2: The cell cycle consists of interphase and the mitotic phase. During interphase, the cell grows and the nuclear DNA is
duplicated. Interphase is followed by the mitotic phase. During the mitotic phase, the duplicated chromosomes are segregated and
distributed into daughter nuclei. The cytoplasm is usually divided as well, resulting in two daughter cells. (OpenStaxCNX)
The cell cycle is an ordered series of events involving cell growth and cell division that produces two new daughter cells. Cells on
the path to cell division proceed through a series of precisely timed and carefully regulated stages of growth, DNA replication, and
division that produces two identical (clone) cells. The cell cycle has two major phases: interphase and the mitotic phase. During
interphase, the cell grows and DNA is replicated. During the mitotic phase, the replicated DNA and cytoplasmic contents are
separated, and the cell divides.

Interphase

During interphase, the cell undergoes normal growth processes while also preparing for cell division. In order for a cell to move
from interphase into the mitotic phase, many internal and external conditions must be met. The three stages of interphase are called
Gl, S, and Gz.

G, Phase (First Gap)

The first stage of interphase is called the G, phase (first gap) because, from a microscopic aspect, little change is visible. However,
during the G stage, the cell is quite active at the biochemical level. The cell is accumulating the building blocks of chromosomal
DNA and the associated proteins as well as accumulating sufficient energy reserves to complete the task of replicating each
chromosome in the nucleus.

S Phase (Synthesis of DNA)

Throughout interphase, nuclear DNA remains in a semi-condensed chromatin configuration. In the S phase, DNA replication can
proceed through the mechanisms that result in the formation of identical pairs of DNA molecules—sister chromatids—that are
firmly attached to the centromeric region via proteins called cohesins.

X Counting chromosomes and chromatids

Note that the two sister chromatids, which are held together by cohesin proteins, are still counted as a single chromosome until
they are split apart during mitosis.

@ https://bio.libretexts.org/@go/page/163099
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The centrosome is also duplicated during the S phase. The two centrosomes will give rise to the mitotic spindle, the apparatus that
orchestrates the movement of chromosomes during mitosis. At the center of each animal cell, the centrosomes of animal cells are
associated with a pair of rod-like objects, the centrioles, which are at right angles to each other. Centrioles help organize cell
division. Centrioles are not present in the centrosomes of other eukaryotic species, such as plants and most fungi.

G, Phase (Second Gap)

In the G, phase, the cell replenishes its energy stores and synthesizes proteins necessary for chromosome manipulation. Some cell
organelles are duplicated, and the cytoskeleton is dismantled to provide resources for the mitotic phase. There may be additional
cell growth during G,. The final preparations for the mitotic phase must be completed before the cell is able to enter the first stage
of mitosis.

X What's in the gaps?

What specific types of proteins does the cell need to make during G;? During G,?

Mitosis
The mitotic phase is a multistep process during which the duplicated chromosomes are aligned, separated, and move into two new,

identical daughter cells. The first portion of the mitotic phase is called karyokinesis, or nuclear division. The second portion of the
mitotic phase, called cytokinesis, is the physical separation of the cytoplasmic components into the two daughter cells.

Mitosis is divided into a series of phases—prophase, prometaphase, metaphase, anaphase, and telophase—that result in the division
of the cell nucleus. Karyokinesis is also called mitosis.

Prophase

Prometaphase

Metaphase

Telophase

Cytokinesis

+ Chromosomes
condense and
become visible

+ Spindle fibers
emerge from the
centrosomes

« Nuclear envelope
breaks down

* Nucleolus
disappears

5pum

* Chromosomes
continue to
condense

« Kinetochores
appear at the
centromeres

« Mitotic spindle
microtubules
attach to
kinetochores

* Centrosomes
move toward
opposite poles
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of the cell
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chromatid is
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originating from
opposite poles

5um
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|
MITOSIS

Figure 3.1.3: Karyokinesis (or mitosis) is divided into five stages—prophase, prometaphase, metaphase, anaphase, and telophase.
The pictures at the bottom were taken by fluorescence microscopy (hence, the black background) of cells artificially stained by
fluorescent dyes: blue fluorescence indicates DNA (chromosomes) and green fluorescence indicates microtubules (spindle
apparatus). (credit “mitosis drawings”: modification of work by Mariana Ruiz Villareal; credit “micrographs”: modification of
work by Roy van Heesbeen; credit “cytokinesis micrograph”: Wadsworth Center/New York State Department of Health; scale-bar
data from Matt Russell)
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Video 3.1.2: Real Microscopic Mitosis (Medical Research Community via www.youtube.com/watch?v=L61Gp_d7evo)

Prophase

During prophase, the nuclear envelope starts to dissociate into small vesicles, and the membranous organelles (such as the Golgi
complex or Golgi apparatus, and endoplasmic reticulum), fragment and disperse toward the periphery of the cell. The nucleolus
disappears (disperses). The centrosomes begin to move to opposite poles of the cell. Microtubules that will form the mitotic spindle
extend between the centrosomes, pushing them farther apart as the microtubule fibers lengthen. The sister chromatids begin to coil
more tightly with the aid of condensin proteins and become visible under a light microscope.

Prometaphase and Metaphase

During prometaphase, many processes that were begun in prophase continue to advance. The remnants of the nuclear envelope
fragment. The mitotic spindle continues to develop as more microtubules assemble and stretch across the length of the former
nuclear area. Chromosomes become more condensed and discrete. Each sister chromatid develops a protein structure called a
kinetochore in the centromeric region. The proteins of the kinetochore attract and bind mitotic spindle microtubules. As the spindle
microtubules extend from the centrosomes, some of these microtubules come into contact with and firmly bind to the kinetochores.
Once a mitotic fiber attaches to a chromosome, the chromosome will be oriented until the kinetochores of sister chromatids face the
opposite poles. Eventually, all the sister chromatids will be attached via their kinetochores to microtubules from opposing poles.
Spindle microtubules that do not engage the chromosomes are called polar microtubules. These microtubules overlap each other
midway between the two poles and contribute to cell elongation. Astral microtubules are located near the poles, aid in spindle
orientation, and are required for the regulation of mitosis.

Mitotic spindle
microtubules

Centromeric
region

Kinetochore

Sister chromatids

Figure 3.1.4: During prometaphase, mitotic spindle microtubules from opposite poles attach to each sister chromatid at the
kinetochore. In anaphase, the connection between the sister chromatids breaks down, and the microtubules pull the chromosomes
toward opposite poles.

During metaphase, all the chromosomes are aligned in a plane called the metaphase plate, or the equatorial plane, midway between
the two poles of the cell. The sister chromatids are still tightly attached to each other by cohesin proteins. At this time, the
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chromosomes are maximally condensed.

Anaphase

During anaphase, the cohesin proteins degrade, and the sister chromatids separate at the centromere. Each chromatid, now called a
chromosome, is pulled rapidly toward the centrosome to which its microtubule is attached. The cell becomes visibly elongated
(oval shaped) as the polar microtubules slide against each other at the metaphase plate where they overlap.

Telophase

During telophase, the chromosomes reach the opposite poles and begin to decondense (unravel), relaxing into a chromatin
configuration. The mitotic spindles are depolymerized into tubulin monomers that will be used to assemble cytoskeletal
components for each daughter cell. Nuclear envelopes form around the chromosomes, and nucleosomes appear within the nuclear
area.

Exercise 3.1.1

Which of the following is the correct order of events in mitosis?

1. Sister chromatids line up at the metaphase plate. The kinetochore becomes attached to the mitotic spindle. The nucleus
reforms and the cell divides. Cohesin proteins break down and the sister chromatids separate.

2. The kinetochore becomes attached to the mitotic spindle. Cohesin proteins break down and the sister chromatids separate.
Sister chromatids line up at the metaphase plate. The nucleus reforms and the cell divides.

3. The kinetochore becomes attached to the cohesin proteins. Sister chromatids line up at the metaphase plate. The
kinetochore breaks down and the sister chromatids separate. The nucleus reforms and the cell divides.

4. The kinetochore becomes attached to the mitotic spindle. Sister chromatids line up at the metaphase plate. Cohesin proteins
break down and the sister chromatids separate. The nucleus reforms and the cell divides.

Answer

4

Exercise 3.1.2

Chemotherapy drugs such as vincristine and colchicine disrupt mitosis by binding to the protein tubulin (the subunit of
microtubules) and interfering with microtubule assembly and disassembly. Exactly what mitotic structure is targeted by these
drugs and what effect would that have on cell division?

Answer

The mitotic spindle is formed of microtubules. Microtubules are polymers of the protein tubulin; therefore, it is the mitotic
spindle that is disrupted by these drugs. Without a functional mitotic spindle, the chromosomes will not be sorted or
separated during mitosis. The cell will arrest in mitosis and die.

Cytokinesis

Cytokinesis, or “cell motion,” is the second main stage of the mitotic phase during which cell division is completed via the physical
separation of the cytoplasmic components into two daughter cells. Division is not complete until the cell components have been
apportioned and completely separated into the two daughter cells. Although the stages of mitosis are similar for most eukaryotes,
the process of cytokinesis is quite different for eukaryotes that have cell walls, such as plant cells.

In cells such as animal cells that lack cell walls, cytokinesis follows the onset of anaphase. A contractile ring composed of actin
filaments forms just inside the plasma membrane at the former metaphase plate. The actin filaments pull the equator of the cell
inward, forming a fissure. This fissure, or “crack,” is called the cleavage furrow. The furrow deepens as the actin ring contracts, and
eventually the membrane is cleaved to separate the two new cells.
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In plant cells, a new cell wall must form between the daughter cells. During interphase, the Golgi apparatus accumulates enzymes,
structural proteins, and glucose molecules prior to breaking into vesicles and dispersing throughout the dividing cell. During
telophase, these Golgi vesicles are transported on microtubules to form a phragmoplast (a vesicular structure) at the metaphase
plate. There, the vesicles fuse and coalesce from the center toward the cell walls; this structure is called a cell plate. As more
vesicles fuse, the cell plate enlarges until it merges with the cell walls at the periphery of the cell. Enzymes use the glucose that has
accumulated between the membrane layers to build a new cell wall. The Golgi membranes become parts of the plasma membrane
on either side of the new cell wall.

Animal cell

Cleavage
furrow

Contractile
ring

Plant cell

Golgi vesicles

Figure 3.1.5: During cytokinesis in animal cells, a ring of actin filaments forms at the metaphase plate. The ring contracts, forming
a cleavage furrow, which divides the cell in two. In plant cells, Golgi vesicles coalesce at the former metaphase plate, forming a
phragmoplast. A cell plate formed by the fusion of the vesicles of the phragmoplast grows from the center toward the cell walls,
and the membranes of the vesicles fuse to form a plasma membrane that divides the cell in two.

Exercise 3.1.3

Consider the events of interphase and mitosis. What cell cycle events will be affected in a cell that produces mutated (non-
functional) condensin proteins?

Answer

If condensin is not functional, chromosomes are not packaged after DNA replication in the S phase of interphase. It is likely
that the proteins of the centromeric region, such as the kinetochore, would not form. Even if the mitotic spindle fibers could
attach to the chromatids without packing, the chromosomes would not be sorted or separated during mitosis.

Contributors and Attributions

e Connie Rye (East Mississippi Community College), Robert Wise (University of Wisconsin, Oshkosh), Vladimir Jurukovski
(Suffolk County Community College), Jean DeSaix (University of North Carolina at Chapel Hill), Jung Choi (Georgia Institute
of Technology), Yael Avissar (Rhode Island College) among other contributing authors. Original content by OpenStax (CC BY
4.0; Download for free at http://cnx.org/contents/185c¢hf87-c¢72...f21b5eabd@9.87).

o Figure 3.1.1:

e John W. Kimball. This content is distributed under a Creative Commons Attribution 3.0 Unported (CC BY 3.0) license and
made possible by funding from The Saylor Foundation.
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How to "count" the chromosomes

After DNA replication copies the chromosomes during S phase, sister chromatids remain held together by cohesin proteins. These
sisters are still "counted" as one chromosome, until they separate during anaphase of mitosis, which ensures that each of the two
new cells inherits one copy (sister chromatid) of each chromosome.

Video 3.1.3 : Following chromosome movements in mitosis

v Example 3.1.1

If a cell has 10 chromosomes (total), how many chromosomes will be present during metaphase of mitosis? During anaphase?
In the two daughter cells?

Solution

10 chromosomes (each made of two sister chromatids because DNA replication occurred in S phase before mitosis) are present
during metaphase.

20 chromosomes are present during anaphase because the sister chromatids have been pulled apart.

After telophase and cytokinesis, the new daughter cells will each have 10 chromosomes, which is identical to the parental cell.

? Exercise 3.1.4

Brown bears (Ursus arctos) have 74 (2n=74) chromosomes per diploid cell. How many chromosomes and sister chromatids are
present at each of the following stages: G1, G, anaphase of mitosis, and after cytokinesis?
Answer
# Chromosomes # Chromatids

Gy 74 74

Gz 74 148

Anaphase of Mitosis 148 148

Cytokinesis 74 74

Human cells have 23 pairs of chromosomes. How many chromosomes are present during metaphase? During anaphase? In the
cells that have completed mitosis?
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Answer
Metaphase: 46 chromosomes
Anaphase: 92 chromosomes
After mitosis: Each cell has 46 chromosomes.

This page titled 3.1: Mitosis is shared under a not declared license and was authored, remixed, and/or curated by Brian White, University of
Massachusetts Boston.

o 1.4: Mitosis by Stefanie West Leacock has no license indicated.
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3.2: Meiosis

4) Learning Objectives

e Describe and draw the key events and stages of meiosis that lead to haploid gametes.

o Recall that homologous chromosomes separate during meiosis I (a reductional division) and that sister chromatids separate
during meiosis II (an equational division).

o Compare mitosis and meiosis.

o Compare the processes of oogenesis and spermatogenesis in humans, including the chromosome complements of the
gametes.

Most eukaryotes replicate sexually - a cell from one individual joins with a cell from another to create the next generation. For this
to be successful, the cells that fuse must contain half the number of chromosomes as in the adult organism. Otherwise, the number
of chromosomes would double with each generation! The reduction in chromosome number is achieved by the process of meiosis.
In meiosis, there are usually two steps, Meiosis I and II. In Meiosis I homologous chromosomes segregate, while in Meiosis II
sister chromatids segregate. Most multicellular organisms use meiosis to produce gametes, the cells that fuse to make offspring.
Some single celled eukaryotes such as yeast also use meiosis.

Meiosis begins similarly to mitosis (a cell has replicated its chromosomes and grown large enough to divide), but requires two
rounds of division. In the first, known as meiosis I, the homologous chromosomes separate and segregate. During meiosis II the
sister chromatids separate and segregate. Note how meosis I and II are both divided into prophase, metaphase, anaphase, and
telophase. After two rounds of cytokinesis, four cells will be produced, each with a single copy of each chromosome.

Meiosis is divided into two stages designated by the roman numerals I (one) and II (two). Meiosis I is called a reductional
division, because it reduces the number of chromosomes inherited by each of the daughter cells. Meiosis I is further divided into
Prophase I, Metaphase I, Anaphase I, and Telophase I, which are roughly similar to the corresponding stages of mitosis, except that
in Prophase I and Metaphase I, homologous chromosomes pair with each other, or synapse, and are called bivalents. This is an
important difference between mitosis and meiosis, because it affects the segregation of alleles, and also allows for recombination to
occur through crossing-over, as described later. During Anaphase I, one member of each pair of homologous chromosomes
migrates to each daughter cell (1N). Meiosis II resembles mitosis, with one sister chromatid from each chromosome separating to
produce two daughter cells. Because Meiosis II, like mitosis, results in the segregation of sister chromatids, Meiosis II is called an
equational division.

Meiosis |

In meiosis I replicated, homologous chromosomes pair up, or synapse, during the pachytene stage of prophase I, line up in the
middle of the cell during metaphase I, and separate during anaphase I. For this to happen the homologous chromosomes need to be
brought together while they condense during prophase I. These attachments are formed in two ways. Proteins bind to both
homologous chromosomes along their entire length and form the synaptonemal complex (synapse means junction). These proteins
hold the chromosomes in a transient structure called a bivalent. The proteins are released when the cell enters anaphase I, so that
the homologous chromosomes can be separated.
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Figure 3.2.1: Meiosis is a process in which a diploid cell divides into 4 haploid cells. At the end of Meiosis there are four
genetically different cells. The diagram shows Meiosis as a non-cyclic process. (CC BY SA Ali Zifan via
https://commons.wikimedia.org/wiki/File:Meiosis_Stages.svg)

Chromosome condensation during meiosis

As meiosis proceeds, chromatin becomes increasingly condensed. In some organisms, the DNA becomes so condensed that it
appears as a spot of DNA instead of a line under the microscope. As you might expect from condensed chromatin, little
transcriptional activity occurs during these stages of meiosis, so cells must produce the needed mRNAs in advance of meiosis.

Figure 3.2.2: Staining of DNA during meiosis in Arabidopsis shows an increasing degree of chromosome condensation at different
stages of prophase I (A-C). Subsequent phases of meiosis are metaphase I (D), telophase I (E), metaphase II (F), anaphase II (G),
and telophase II (H). (Copyright CC by Chelysheva et al. (2008) The Arabidopsis BLAP75/Rmil Homologue Plays Crucial Roles
in Meiotic Double-Strand Break Repair. PLoS Genet 4(12): e1000309.)

Homologous Recombination

Within the synaptonemal complex during prophase 1, homologous recombination, or crossing over, occurs. These are places where
DNA endonucleases break two non-sister chromatids in similar locations and then covalently reattach non-sister chromatids
together to create a crossover between non-sister chromatids (4.1.1: Homologous recombination). This reorganization of
chromatids will persist for the remainder of meiosis and result in recombination of alleles in the gametes.

Crossovers function to hold homologous chromosomes together during meiosis I so that they segregate successfully; they also
cause the reshuffling of allele combinations to create genetic diversity, which can have an important effect on evolution.

Meiosis Il

At the completion of meiosis I there are two haploid cells, each with one, replicated copy of each chromosome (1n). Because only
one copy of each homolog is present, bivalents are not formed. In metaphase of meiosis II, the chromosomes will once again be
brought to the middle of the cell, but this time it is the sister chromatids that will segregate during anaphase II.

After cytokinesis there will be four cells, each containing only one unreplicated chromosome of each type. Meiosis II resembles
mitosis in that the number of chromosomes per cell is unchanged - both are equational cell divisions — but in meiosis IT all four
cells have different genetic composition. There will be allelic differences among the gametes.

Outcomes of meiosis

The outcome of meiosis is a cell or cells with half the number of chromosomes as the starting cell. But what combinations of
chromosomes are possible?

The homologous chromosomes separate during meiosis I, but the separation of the pairs of homologs is independent of other
homologs. As an example in the figure below, for a cell with two pairs of chromosomes (2n=4), there can be four possible
combinations of the four chromosomes. When we add recombination and additional pairs of chromosomes, there are almost infinite
combinations of chromosomes in gametes.
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Metaphase Il

Gametes

Chromosome Arrangement 1

Genetic Genetic
arrangement 1 arrangement 2

Chromosome Arrangement 2

Genetic Genetic
arrangement 3 arrangement 4

Figure 3.2.2: Random, independent assortment during metaphase I can be demonstrated by considering a cell with a set of two
chromosomes (n = 2). In this case, there are two possible arrangements at the equatorial plane in metaphase I. The total possible
number of different gametes is 2n, where n equals the number of chromosomes in a set. In this example, there are four possible
genetic combinations for the gametes. With n = 23 in human cells, there are over 8 million possible combinations of paternal and
maternal chromosomes. (CC-BY OpenStax [| )

Watch the video below to follow how 4 pair of chromosomes are passed during meiosis I and II.

Video 3.21: How to count the number of chromosomes during the different phases of meiosis is explained.
(www.youtube.com/watch?v=vCyioky YkMw&¢t=3s)

Gamete maturation

In animals and plants, the cells produced at the end of meiosis need to mature before they become functional gametes.
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Spermatogenesis

In most male animals, the four products of meiosis are called spermatids. They change morphology to develop tails and become
functional sperm cells. In the meiotic steps of spermatogenesis, the cell divisions are equal, with the meiotic spindle aligned with
the center of the cell, and the cells have equal amounts of cytoplasm, much like an average cell that has undergone mitosis. The
streamlined, minimal-cytoplasm mature sperm is a product of post-meiotic differentiation, in which it gains the flagellar tail, and
ejects most of its cytoplasmic material, keeping only some mitochondria to power the flagella and an acrosomal vesicle that
contains the enzymes and other molecules needed to reach and fuse with (i.e. fertilize) a mature egg.
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Figure 3.2.3: Spermatogenesis begins with spermatogonia that divide by mitosis to produce primary spermatocytes, which undergo
meiosis I to produce seconary spermatocytes. These cells undergo meiosis II to produce spermatids that undergo differentiation to
produce mature sperm and residual bodies with unneeded cellular material.

Oogenesis

In female animals, the gametes are oocytes. Each mature ovum (egg) will need to be as large possible to contain the maximum
amount of cytoplasm including organelles, proteins, mRNAs, and nutrients to support the embryo after fertilization. To create large
oocytes, only one of the four products of meiosis becomes an egg. The other three cells end up as tiny "disposable" cells called
polar bodies, essentially little "packages" of extra DNA and very little cytoplasm. These cells are not viable and will eventually be
degraded.

X How can you make a really small cell?

The asymmetric distribution of cytoplasm in the first meiotic division for oocytes is due to the position of the meiotic spindle
in the periphery of the cell rather than centered. During oogenesis, chromosomes do not line up in the middle of the cell during

metaphase I or II. Because the center of the spindle determines the position of the contractile ring for cytokinesis, one small
and one large cell are produced.
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Figure 3.2.4: Representation of typical stages of oogenesis in animals. Primary oocytes divide asymmetrically by positioning the
meiotic spindle near the periphery of the oocyte to produce a polar body and secondary oocyte. The secondary oocyte also divides
asymmetrically to produce a polar body and mature ovum.

Timing of Spermatogenesis and Oogenesis

In addition to the differences in gamete size and number, in mammals the timing of meiosis differs between males and females. In
males, germ cells are pre-meiotic at birth and do not enter meiosis until the onset of puberty. Mitosis maintains a population of
precursor cells, so that sperm production can continue throughout adulthood. In females, germ cells enter meiosis I during
embryonic development. These primary oocytes remain arrested ("stuck") in meiosis I until puberty. After this time, one primary
oocyte per month (roughly for humans, depends upon cycle length for other mammals) completes meiosis I, enters meiosis II and is
ovulated. Actually, meiosis II is only completed if the oocyte is successfully fertilized! The timing of meiotic arrest can differ
between different species. For example, in the nematode C. elegans, oocytes are arrested in late prophase of meiosis I and only
complete meiosis I and II rapidly after fertilization.

A note about plants

In plants, the products of meiosis reproduce a few times using mitosis as they develop into functional male or female gametes.

Fertilization

The purpose of gametes is to allow reproduction generation after generation. By uniting two gametes with half the number of
chromosomes, the full chromosome number is restored each generation. Remember that homologous recombination and assortment
of chromosomes create a genetically diverse population of gametes.

X Fertilization restores the diploid number

oocyte (n) + sperm (n) = zygote (2n)

Errors in meiosis

Like any biological process, errors can occur during meiosis. If homologous chromosomes or sister chromatids are not correctly
distributed during meiosis (known as nondisjunction), gametes can have too many or too few chromosomes (5.1: Changes in
Chromosome Number).

Contributors and Attributions

e Dr. Todd Nickle and Isabelle Barrette-Ng (Mount Royal University) The content on this page is licensed under CC SA 3.0
licensing guidelines.

e 15.8: Meiosis

o Stefanie Leacock, University of Arkansas-Little Rock
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https://bio.libretexts.org/@go/page/163100



https://libretexts.org/
https://creativecommons.org/licenses/by-sa/4.0/
https://bio.libretexts.org/@go/page/163100?pdf
https://bio.libretexts.org/Courses/University_of_Massachusetts_Boston/Bio_252_254%3A_Genetics/03%3A_SPOC_III_-_Mitosis_and_Meiosis/3.02%3A_Meiosis
https://creativecommons.org/licenses/by-sa/
https://intro.bio.umb.edu/BW/
https://bio.libretexts.org/@go/page/25729
https://ualr.edu/cals/profile/stefanie-leacock/
https://creativecommons.org/licenses/by-sa/4.0/

Li brelexts"
CHAPTER OVERVIEW

4: SPOC IV - DNA Replication
4.1: DNA replication

4.2: Tn vitro applications of DNA replication
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4.1: DNA replication

&b Learning Objectives

e Summarize the process of DNA replication, including bidirectional synthesis and explain the Meselson-Stahl experiment
that demonstrated semiconservative replication.

o Recall that sister chromatids are identical copies of each other produced during S phase.

e Understand how DNA polymerase proofreads using exonuclease activity.

o Explain how telomerase replicates ends of chromosomes and the cellular significance of chromosome shortening,
addressing the specific function of telomerase RNA.

o Compare prokaryotic and eukaryotic DNA replication.

DNA Replication

When the cell enters S (synthesis) phase in the cell cycle, all the chromosomal DNA must be replicated. DNA polymerases
synthesize new strands by adding nucleotides to the 3'-OH group present on the previous nucleotide using the separated single
strands of DNA as templates. This process generates two new double-stranded molecules, called sister chromatids, from one double
helix. But how are the new and old strands distributed? The answer to this question was elucidated by classic experiments by
Meselson and Stahl.

Videos about the experiment that demonstrated semiconservative DNA replication

Video 4.1.1: THE MOST BEAUTIFUL EXPERIMENT IN BIOLOGY: Meselson & Stahl, The Semi-Conservative Replication of
DNA. (Copyright YourekaScience via )

Figure 4.1.2: Matthew Meselson (Harvard): The Semi-Conservative Replication of DNA. (iBiology Science Stories via

)
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The Mechanisms of Replication

Like many molecular events we will study, replication can be divided into three stages: initiation, elongation, and termination.

Initiation

DNA polymerase does not begin at random locations on chromosomes. DNA replication in both prokaryotes and eukaryotes begins
at an origin of replication (Ori), which are specific sequences at specific positions on chromosomes. In E. coli, the OriC origin is
~245 bp in size. Chromosome replication begins with the binding of an initiator protein (DnaA) to an AT-rich sequence (for
example TTATCCACA in E. coli) in the OriC and melts (disrupts the hydrogen bonding between) the two strands. Helicase
enzymes will be added to unwind additional DNA from this point.

In prokaryotes, with a small, simple, circular chromosome, only one origin of replication is needed to replicate the whole genome.
For example, E. coli has a ~4.5 Mb genome (chromosome) that can be duplicated in ~40 minutes assuming a single origin, bi-
directional replication, and a speed of ~1000 bases/second/fork for the polymerase. At least five prokaryotic DNA polymerases
have been discovered to date with DNA Polymerase IIT (Pol IIT) being the primary polymerase for replication. Pol I is used
primarily to fill in gaps created during lagging strand synthesis (described below) or through error-correcting mechanisms. DNA
polymerase II, IV and V are used to synthesize DNA when certain types of repair is needed at other times in the cellular life cycle.

X Thinking about sequences

Why would an initiator protein binding site in the OriC be an AT-rich region?

Hint: Think about the number of hydrogen bonds between AT and GC base pairs.

In eukaryotes, with multiple linear chromosomes, more than one origin of replication is required per chromosome to duplicate the
whole chromosome set in the 8-hours of S-phase of the cell cycle. For example, the human diploid genome has 46 chromosomes (6
x 10° base pairs). Even the shortest chromosomes are ~50 Mbp long and so could not possibly be replicated from one origin.
Additionally, the rate of replication fork movement is slower than in prokaryotes, only ~100 base/second. Thus, eukaryotes contain
multiple origins of replication distributed over the length of each chromosome to enable the duplication of each chromosome
within S-phase.

Replicon 1 . Replicon 2 . Replicon 3

Origin 1 Origin 2 Origin 3 i

Black Represents Parental DNA Strands
Red Represents Newly Synthesized DNA Strands

Figure 4.1.1: Schematic of a eukaryote chromosome showing multiple origins (1, 2, 3) of replication, each defining a replicon (1, 2,
3). Replication may start at different times in S-phase. Here #1 and #2 begin first then #3. As the replication forks proceed
bidirectionally, they create “replication bubbles” that meet and form larger bubbles. The end result is two semi-conservatively
replicated duplex DNA strands, with the parental strands in black and the newly-synthesized strands in red. (Original-Locke-
CC:AN)

Elongation

As DNA polymerase proceeds along the template, the nucleotide that base pairs with each base on the template is covalently
bonded to the 3' end of the growing strand. Note that the energy is provided by the nucleotide triphosphate itself; two phosphates
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are released and one phosphate remains as a part of the phosphodiester bond.

Termination

In prokaryotes, elongation proceeds bidirectionally until the replication forks meet. RNA primers are removed by a specialized
DNA polymerase and then DNA is synthesized in their place. The resulting DNA fragments are then "sealed" together with DNA
ligase, an enzyme that forms covalent phosphodiester bonds between two nucleotides.

In eukaryotes, replication also proceeds bidirectionally until adjacent forks meet, or the fork encounters the end of the
chromosome.

X Implications and limitations of the 5'-to-3' activity of DNA polymerase

Recall that enzymes are specific to their substrates. In the case of DNA polymerase, the structure only allows it to add
nucleotides to the hydroxyl (-OH) group on the 3' carbon of an existing DNA strand, which presents some questions:

1. If the enzyme can only add nucleotides to an existing DNA strand (meaning that it cannot take two free nucleotides and
attach them), how will it get started?

2. Because DNA is double stranded, each strand needs to be used as a template, but these strands are antiparallel and DNA
polymerase replicates both strands via one complex of proteins. How can one complex make new DNA in opposite directions?

3. How will the 3' end be replicated when there is no longer a place for a primer on the complementary strand?

Obstacle #1: How to begin

Once oriC has been opened and the helicases have attached to the two sides of the replication fork, the replication machine, aka the
replisome can begin to form. However, before the DNA polymerases take positions, they need to be primed. DNA polymerases are
unable to join two individual free nucleotides together to begin forming a nucleic acid; they can only add onto a pre-existing strand
of at least two nucleotides. Therefore, a specialized RNA polymerase (RNAP’s do not have this limitation) known as primase is a
part of the replisome, and reads creates a short RNA strand termed the primer for the DNA polymerase to add onto. Although only
a few nucleotides are needed, the prokaryotic primers may be as long as 60 nt depending on the species. The helicase will continue
to travel in front of the fork to unwind new DNA and allow primase to add new primers as needed.

Obstacle #2: Make two strands in opposite directions at the same time

Because DNA is being unwound in the direction of fork movement, both strands need to be synthesized in the unwound region at
the same time.The two subunits of DNA polymerase that are adding nucleotides are actually tethered together, so they cannot travel
in opposite directions.

Figure 4.1.2: An origin of replication. The sequence specific DNA duplex is melted then the primase synthesizes RNA primers from
which bidirectional DNA replication begins as the two replication forks head off in opposite directions. The leading and lagging
strands are shown along with Okazaki fragments. Note the 5’ and 3’ orientation of all strands. (Original-Locke-CC:AN)
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Helicase opens up the double stranded DNA and leads the rest of the replication machine along. Because nucleic acids are
polymerized by adding the 5’ phosphate of a new nucleotide to the 3’ hydroxyl of the previous nucleotide, one of the strands, called
the leading strand, is being synthesized in the same direction that the replication machine moves. No problem there.

The other strand is problematic: looked at linearly, the newly synthesized strand would be going 3’ to 5’ in the direction of helicase
movement, but DNA polymerases cannot add nucleotides to the 5’ end (remember that it has the phosphate, not a a hydroxyl). How
do cells resolve this problem? In the current model, the replication machine consists of the helicase, primases, and two DNA
polymerase III holoenzymes moving in the same physical direction (following the helicase). In fact, the Pol IIT complexes are
physically linked.

Direction of Replication Machine Movement

Y

Leading Strand Template Strand

DMA helicase

Lagging Strand

Figure 4.1.3: DNA Replication in prokaryotes. DNA polymerase III is a multi-subunit holoenzyme. The blue ring represents the 3

subunit (also known as the  clamp), a dimer of semicircular subunits that has a central hole through which the DNA is threaded.

The core polymerase, via an a-f interaction, is attached to this f clamp so that it stays on the DNA longer, increasing the

processivity of Pol III to over 5000nt.
For the other strand to be replicated, the strand must be fed into the polymerase backwards, by looping the DNA around. Moving
behind DNA helicase, primase quickly synthesizes a short primer before having to move forward with the replisome and
synthesizing again, leaving intermittent primers in its wake. Thus, Pol III is forced to synthesize only short fragments of the
chromosome at a time, called Okazaki fragments after their discoverers, Reiji and Tsuneko Okazaki. Pol III begins synthesizing by
adding nucleotides onto the 3’ end of a primer and continues until it hits the 5’ end of the next primer. Pol III does not (and can not)
connect the strand it is synthesizing with the 5’ end of the RNA primer.

DNA replication is called a semi-discontinuous process because while the leading strand is being synthesized continuously, the
lagging strand is synthesized in fragments. This leads to two major problems: first, there are little bits of RNA left behind in the
newly made strands (just at the 5’ end for the leading strand, in many places for the lagging); and second, Pol III can only add free
nucleotides to a fragment of single stranded DNA; it cannot connect another fragment. Therefore, the new “strand” is not whole,
but riddled with missing phosphodiester bonds.

The first problem is resolved by DNA polymerase I. Unlike Pol III, Pol I is a monomeric protein and acts alone, without additional
proteins. There are also 10-20 times as many Pol I molecules as there are Pol III molecules, because they are needed for so many
Okazaki fragments. DNA Polymerase I has three activities.

1. Like Pol III, it can synthesize a DNA strand based on a DNA template,

2. Also like Pol 1T, it is a 3’-5’ proofreading exonuclease.

3. Unlike Pol III, it is also a 5’-3” exonuclease. The 5’-3’ exonuclease activity is crucial in removing the RNA primer. The 5’-3’
exonuclease binds to double- stranded DNA that has a single-stranded break in the phosphodiester backbone such as what
happens after Okazaki fragments have been synthesized from one primer to the next, but cannot be connected. This 5’-3’
exonuclease then removes the RNA primer. The polymerase activity then adds new DNA nucleotides to the upstream Okazaki
fragment, filling in the gap created by the removal of the RNA primer. The proofreading exonuclease acts just like it does for
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Pol III, immediately removing a newly incorporated incorrect nucleotide. After proofreading, the overall error rate of nucleotide
incorporation is approximately 1 in 107.

Even though the RNA has been replaced with DNA, this still leaves a fragmented strand. The last major player in the DNA
replication story finally appears: DNA ligase. This enzyme has one simple but crucial task: it catalyzes the attack of the 3’~-OH
from one fragment on the 5’ phosphate of the next fragment, generating a phosphodiester bond.

Video 4.1.3: Mechanism of DNA replication. (DNA Learning Center via )

Obstacle #3: How to copy the end?

The ends of linear chromosomes present a problem — at each end one strand cannot be completely replicated because there is no
primer to extend. Although the loss of such a small sequence would not be a problem, the continued rounds of replication would
result in the continued loss of sequence from the chromosome end to a point where it would begin to lose essential gene sequences.
Thus, this DNA must be replicated. Most eukaryotes solve this problem with a specialized DNA polymerase called telomerase, in
combination with a regular polymerase. Telomerases are RNA-directed DNA polymerases that are riboproteins, as they are
composed of both protein and RNA. These enzymes contain a small piece of RNA that serves as a portable and reusable template
from which the complementary DNA is synthesized. The RNA in human telomerases uses the sequence 3'-AAUCCC-5' as the
template, and thus human telomeric DNA has the complementary sequence 5-TTAGGG-3' repeated thousands of times. After
telomerase has made the first strand, a primase synthesizes an RNA primer and a DNA polymerase then makes a complement of the
extended sequence.

X Telomerase = non-coding RNA + reverse transcriptase protein

In humans, the gene for the telomerase RNA is named TERC (telomerase RNA component) and is found on chromosome 3.
This gene therefore encodes a product (an RNA) but not a protein!

The gene for the protein is named TERT (telomerase reverse transcriptase) and is found on chromosome 5.

These independently-encoded and independently-produced gene products must assemble to perform their function.

Note that_the number of repeats, and thus the size of the telomere, is not set, but may fluctuate after each round of the cell cycle.
Because there are many repeats at the end, this fluctuation maintains a length buffer — sometimes it’s longer, sometimes it’s shorter
— but the average length will be maintained over the generations of cell replication.
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Figure 4.1.4: Telomere replication showing the completion of the leading strand and incomplete replication of the lagging strand.

The gap is replicated by the extension of the 3’ end by telomerase and then filled in by extension from an RNA primer. (Original-

Locke-CC:AN)
In the absence of telomerase, as is the case in human somatic cells, repeated cell division leads to telomere shortening. If a critical
limit is reached, the cells enter a senescence phase of non-growth. The activation of telomerase expression, which often occurs in
cancer cells, permits a cell and its descendants to become immortal because their telomeres will not reach the critical limit. Cells
that can be grown in culture, such as HeLa cells that overexpress telomerase can be propagated essentially indefinitely. HeLa cells,
which were originally isolated from an African-American cancer patient, Henrietta Lacks, without her consent, have been kept in
culture since 1951.

DNA polymerase proofreading

DNA polymerase incorporates the correct nucleotides into each new strand based on the favorable hydrogen bonding that occurs
between bases that that bind using the rules of base pairing (A-T and G-C). If an incorrect base is incorporated, the structure of the
double helix will be distorted and will often be detected by the enzyme if it has not proceeded too far down the strand. DNA
polymerase has 3' to 5' exonuclease activity to remove nucleotides through the mismatch and then repeat synthesis of that region of
the strand with the correct nucleotides. As a result of this proofreading ability, DNA polymerases have very low error rates,
allowing organisms to successfully pass genetic information from cell to cell and from generation to generation.

? Thinking ahead 4.1.1

If a nucleotide that was missing the OH group at the 3’ end was added to the growing strand by DNA polymerase, what do you
think would happen to replication?

(a) Replication would continue as normal

(b) Replication would stop as another nucleotide cannot be added to this nucleotide

Answer

(b) Replication would stop as another nucleotide cannot be added to this nucleotide. Deoxyribose nucleotides that are
missing the 3' OH are called dideoxyribose nucleotides and are utilized in Sanger DNA sequencing. The lack of a free OH
prevents DNA polymerase from adding on another nucleotide, causing DNA synthesis to terminate.

Contributors and Attributions
Todd Nickle and Isabelle Barrette-Ng Online Open Genetics

E.V. Wong, Cells - Molecules and Mechanisms
(https://bio.libretexts.org/Bookshelves/Cell_and_Molecular_Biology/Book%3A_Cells_-

https://bio.libretexts.org/@go/page/163962



https://libretexts.org/
https://bio.libretexts.org/@go/page/163962?pdf
http://opengenetics.net/open_genetics.html
https://bio.libretexts.org/Bookshelves/Cell_and_Molecular_Biology/Cells_-_Molecules_and_Mechanisms_(Wong)/07%3A_DNA/7.03%3A_Prokaryotic_Replication

Li breTexts*

_Molecules_and_Mechanisms_(Wong)/7%3A_DNA/7.3%3A_Prokaryotic_Replication)

This page titled 4.1: DNA replication is shared under a not declared license and was authored, remixed, and/or curated by Brian White, University
of Massachusetts Boston.

e 1.5: DNA replication by Stefanie West Leacock has no license indicated.

https://bio.libretexts.org/@go/page/163962


https://libretexts.org/
https://bio.libretexts.org/@go/page/163962?pdf
https://bio.libretexts.org/Bookshelves/Cell_and_Molecular_Biology/Cells_-_Molecules_and_Mechanisms_(Wong)/07%3A_DNA/7.03%3A_Prokaryotic_Replication
https://bio.libretexts.org/Courses/University_of_Massachusetts_Boston/Bio_252_254%3A_Genetics/04%3A__SPOC_IV_-_DNA_Replication/4.01%3A_DNA_replication
https://bio.libretexts.org/Courses/University_of_Massachusetts_Boston/Bio_252_254%3A_Genetics/04%3A__SPOC_IV_-_DNA_Replication/4.01%3A_DNA_replication?no-cache
https://intro.bio.umb.edu/BW/
https://bio.libretexts.org/@go/page/31680
https://ualr.edu/cals/profile/stefanie-leacock/

LibreTexts"
4.2: In vitro applications of DNA replication

4b Learning Objectives

e Compare cellular DNA replication with the human applications of PCR and sequencing methods.

o Explain the role of primers, Tag polymerase, and the temperature cycles in PCR.

o Explain the relationship between the structure of dideoxynucleotides and their function in sequencing reactions.

o Describe the process of traditional (Sanger) sequencing.

e Give an example of a NextGen sequencing method and briefly explain how it differs from traditional sequencing.

Understanding and adapting cellular DNA replication has led to innovations that have had an immeasurable impact on research,
biotechnology, and medicine. Both polymerase chain reaction (PCR) and DNA sequencing are in vitro applications of cellular
DNA replication.

PCR

Molecular cloning was the first method available to isolate a gene of interest and make many copies of it to obtain sufficient
amounts of the DNA to study. Today, there is a faster and easier way to obtain large amounts of a DNA sequence of interest: the
polymerase chain reaction (PCR). PCR allows one to use the power of DNA replication to amplify DNA enormously in a short
period of time. As you know, cells replicate their DNA before they divide, and in doing so, double the amount of the cell’s DNA.
PCR essentially mimics cellular DNA replication in the test tube, repeatedly copying the target DNA over and over, to produce
large quantities of the desired DNA.

Selective Replication

In contrast to cellular DNA replication, which amplifies all of a cell’s DNA during a replication cycle, PCR does targeted
amplification to replicate only a segment of DNA bounded by the two primers that determine where DNA polymerase begins
replication. Each cycle of PCR involves three steps, denaturing, annealing and extension, each of which occurs at a different

temperature.
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Figure 4.2.1: Steps in the polymerase chain reaction. Image by Aleia Kim
The Starting Materials

Since PCR is, basically, replication of DNA in a test-tube, many of the usual ingredients needed for DNA replication are required:

o A template (the DNA containing the target sequence that is being copied)

o Primers (to initiate the synthesis of the new DNA strands)

o Thermostable DNA polymerase (to carry out the synthesis). The polymerase needs to be heat stable, because heat is used to
separate the template DNA strands in each cycle.

e dNTPs (DNA nucleotides to build the new DNA strands).
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o The template is the DNA that contains the target you want to amplify (the "target" is the specific region of the DNA you want to
amplify).

The primers are short synthetic single-stranded DNA molecules whose sequence is complementary to a region flanking the target
sequence. These DNA molecules can be chemically-synthesized to produce any given base sequence to use as primers. Primers are
present in millions of fold excess over the template, because each new DNA strand will begin from a primer. Therefore, it is
necessary to know a little bit of the template sequence on either side of the region of DNA to be amplified. DNA polymerases and
dNTPs are commercially available from biotechnology supply companies.

1. The first step of the process involves separating the strands of the target DNA by heating to near boiling.

2. Next, the solution is cooled to a temperature that favors complementary DNA sequences finding each other and making base
pairs, a process called annealing. Since the primers are present in great excess, the complementary sequences they target are
readily found and base-paired to the primers. These primers direct the synthesis of DNA. Only where a primer anneals to a
DNA strand will replication occur, since DNA polymerases require a primer to begin synthesis of a new strand.

3. In the third step in the process, the DNA polymerase replicates DNA by extension from the 3’ end of the primer, making a new
DNA strand. At the end of the first cycle, there are twice as many DNA molecules, just as in cellular replication. But in PCR,
steps 1-3 are repeated, usually for between 25 and 30 cycles. At the end of the process, there is a theoretical yield of 230 (over 1
billion times) more DNA than there was to start. (This enormous amplification power is the reason that PCR is so useful for
forensic investigations, where very tiny amounts of DNA may be available at a crime scene.)

The temperature cycles are controlled in a thermocycler, which repeatedly raises and lowers temperatures according to the set
program. Since each cycle can be completed in a couple of minutes, the entire amplification can be completed very rapidly. The
resulting DNA is analyzed on a gel to ensure that it is of the expected size, and depending on what it is to be used for, may also be
sequenced, to be certain that it is the desired fragment.

Video 4.2.1: PCR amplification uses repeated temperature cycling to denature double-stranded DNA, anneal primers, and
synthesize copies of double-stranded DNA. (Copyright DNA Learning Center via youtube.com)
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| will show this video in lecture if there's time

v/ Example 4.2.1

PCR is used for one type of test for SARS-CoV-2, the virus associated with COVID-19. Why would this tool be helpful to
detect the virus? What materials would be needed to perform this test?

Solution

Because PCR exponentially amplifies the number of copies of genetic material, even when only a small amount of genetic
material is present, many copies can be produced and detected. In this case, a small amount of virus would be extremely hard
to detect without PCR. However, this virus has an RNA (not DNA) genome, so an extra step must convert RNA to DNA, then
copies can be made!

You would need: a sample of cells from an individual to isolate genetic material from, Taq polymerase and appropriate buffer,
dNTPs, primers specific to the virus genetic sequence

DNA sequencing

DNA sequencing determines the order of bases in a piece of DNA, a whole chromosome, or even a whole genome. Remember that
DNA obeys the rules of base pairing, so determining the sequence of one strand means that we know the other strand as well. DNA
sequencing is an application of DNA replication, because DNA strands are built using nucleotides or methods that allow the
scientist to visualize which base was incorporated at each position.

Dideoxy sequencing (also known as Sanger sequencing)

The original method developed by Sanger and others relied on variant nucleotides (dANTPs), dideoxynucleotides (ddNTPs), which
are also known as chain terminators. Remember, that DNA synthesis always proceeds from 5' to 3' by attaching the phosphate of
the incoming nucleotide to the 3' OH of the previous nucleotide. When that hydroxyl group is absent as in a dideoxynucleotide,
synthesis ends.

o] o}
OCH, base OCH; base

H H OH H
dideoxynucleotide (ddNTP) deoxynucleotide (dNTP)
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Figure 4.2.4: A dideoxynucleotide has a hydrogen on the 3' carbon, whereas a deoxynucletide has a hydroxyl group.
( , CCBY 4.0, )

When a combination of dNTPs and ddNTPs are included, a mixture of DNA sequences of different lengths is produced. Each
fragment ends with a labeled didexoynucledotide. Note that this process first utilized radioactively-labeled nucleotides; only one
type of radioactively-labeled dideoxynucleotide (ddATP, ddGTP, ddTTP, or ddCTP) could be included in each reaction, meaning
four individual reactions had to be performed. The use of fluorescent labels for the dideoxynucleotides simplified this process,
allowing all four bases to be sequenced in a single reaction. Ordering the mixture of fragments by size using electrophoresis and
reading the wavelength of each label using a laser will reveal the order of bases.

The reagents needed for a sequencing reaction include:

o Template DNA (the DNA you want to know the sequence of)

o A mixture of all four deoxynucleotides (dATP, dCTP, dGTP, AND dTTP)

¢ Fluorescently-labeled dideoxynucleotide (ddATP, ddCTP, ddGTP, OR ddTTP)

¢ DNA polymerase (and buffer for efficient enzyme function)

o DNA oligonucleotide primer (complementary to the sequence 5' of the unknown sequence)

Video 4.2.2: See how the mixture of fragments produced by this reaction can be used to determine a sequence of DNA in this video.
Note that whether a dNTP or ddNTP is incorporated at each position occurs at random. By chance, all possible fragments lengths
will be generated in a successful sequencing reaction. (Copyright SWLeacock own work)

Visualizing the sequence

After the sequencing reaction is completed, the randomly-terminated fragments are separated by size using electrophoresis. If the
reaction proceeded optimally, the products are a mixture of fragments with each base represented at the end of a fragment. Each
fragment ends with a fluorescently-labeled dideoxyribonucleotide. The smallest fragments will migrate the fastest and pass by a
laser that will detect the intensity of the fluorescence and record the corresponding base. The results can be visualized in a plot that
represents the peaks of fluorescence intensity at each size.
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DMNA sequence data from an automated sequencing machine

Figure 4.2.5: DNA sequence data from an automated sequencing machine. (Public domain via )
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? Exercise 4.2.1

1. Starting at the A at nucleotide 450 in the figure above, give 20 nucleotides of sequence that recorded? (Show the 5' and 3'
ends.)

2. Based on your answer above, what was the sequence of the template DNA strand? (Show the 5' and 3' ends.)

Answer

1. 5’ ACAGTCCATGGGAGTCGCAA 3'
2. 3'TGTCAGGTACCCTCAGCGTT 5'

Next-generation sequencing
Traditional Sanger sequencing is still used for some sequencing applications, particularly for small pieces of DNA. However,
newer technologies have improved the speed and lowered the cost of DNA sequencing.

Three of these next-generation technologies (named for the companies that developed them) are highlighted here, but others exist

and new ones are likely.

lllumina Sequencing by Synthesis

Video 4.2.3: The Illumina method uses sequencing-by-synthesis by creating clusters of DNA fragment copies. Incorporation of
different nucleotides produces fluorescent signals as the DNA polymerase synthesizes DNA complementary to the fragments.

(Illumina via youtube.com)

Pacific Biosciences

Video 4.2.4: In PacBio sequencing, adaptor sequences are added to the ends of double-stranded DNA to create circular molecules.
These molecules are then used as templates for DNA polymerase to synthesize new DNA strands; the sequence is read as light is
emitted when each new nucleotide is added. (Pacific Biosciences )
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Nanopore

Videos 4.2.4: Nanopore sequencing uses a current to detect which bases are passing through a small pore. (National DNA Database
and Oxford Nanopore Technologies )

X Compare and contrast

o Compare and contrast cellular DNA replication with DNA sequencing, addressing how DNA sequencing depends on the
rules of base pairing, DNA structure, and DNA synthesis.
o Compare and contrast traditional sequencing and next-generation methods.

? Exercise 4.2.1

Which platform of next generation sequencing does not involve sequencing the DNA as it is being synthesized by a DNA
polymerase?

A. Sanger sequencing
B. Illumina sequencing
C. Pacific Biosciences sequencing

D. Nanopore sequencing

Answer

D. In Oxford Nanopore sequencing a double-stranded DNA is separated and one strand is processed through the "pore" and
changes in current are measured as nucleotides pass through the channel. DNA polymerase is not synthesizing the strand
while it is being sequenced.
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This page titled 4.2: In vitro applications of DNA replication is shared under a not declared license and was authored, remixed, and/or curated by
Brian White, University of Massachusetts Boston.

o 1.6: In vitro applications of DNA replication by Stefanie West Leacock has no license indicated.
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5: SPOC V - Transcription and mRNA Processing

5.1: Overview of Transcription

5.2: RNA processing
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5.1: Overview of Transcription

Learning Objectives

o Identify the key steps of transcription, the function of the promoter and the function of RNA polymerase.

o Distinguish between coding (RNA-like) and non-coding (template) strands of DNA. Understand that within a single piece
of DNA, either strand can be used as the template for different genes, but the RNA will still be produced from 5° - 3°.

e Draw a line diagram showing a segment of DNA from a gene and its RNA transcript, indicating which DNA strand is the
template, the direction of transcription and the polarities of all DNA and RNA strands.

o Give examples of non-coding RNA molecules.

What is transcription?

Consider that all of the cells in a multicellular organism have arisen by division from a single fertilized egg and therefore, all have
the same DNA. Division of that original fertilized egg produces, in the case of humans, over a trillion cells, by the time a baby is
produced from that egg (that's a lot of DNA replication!). Yet, we also know that a baby is not a giant ball of a trillion identical
cells, but has the many different kinds of cells that make up tissues like skin and muscle and bone and nerves. How did cells that
have identical DNA turn out so different?

The answer lies in gene expression, which is the process by which the information in DNA is used. Although all the cells in a baby
have the same DNA, each different cell type uses a different subset of the genes in that DNA to direct the synthesis of a distinctive
set of RNAs and proteins. The first step in gene expression is transcription, the process of copying information from DNA
sequences into RNA sequences. This process is also known as DNA-dependent RNA synthesis. When a sequence of DNA is
transcribed, only one of the two DNA strands is copied into RNA, when this RNA encodes a protein is it known as messenger RNA
(mRNA).
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Figure 5.1.1: Structure of a single strand of RNA

Important features of transcription

e All RNA, mRNA as well as tRNA, rRNA, microRNA and more, is produced by transcription.
e Only one strand of DNA is used as a template by enzymes called RNA polymerases

o RNA is synthesized from 5' to 3'.

o RNA polymerases do not need primers to begin transcription.

o The four ribonucleotide triphosphates (rNTPs) are ATP, GTP, UTP, and CTP.

e RNA polymerases begin transcription at DNA sequences called promoters.

o RNA polymerases end transcription at sequences called terminators.

In transcription, an RNA polymerase uses only one strand of DNA, called the template strand, of a gene to catalyze synthesis of a
complementary, antiparalle]l RNA strand. RNA polymerases use ribose nucleotide triphosphate (NTP) precursors, in contrast to
DNA polymerases, which use deoxyribose nucleotide (ANTP) precursors (compared on page 1.1: The Structure of DNA). In
addition, RNAs incorporate uracil (U) nucleotides into RNA strands instead of the thymine (T) nucleotides used in DNA. RNA
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polymerases differ from DNA polymerases in that they do not require primers. With the help of transcription initiation factors,
RNA polymerase locates the transcription start site of a gene and begins synthesis of a new RNA strand from scratch by joining the
two ribonucleotides that are complementary to the first two bases of the template strand.

Overview of the Stages of Transcription

The basic steps of transcription are initiation, elongation, and termination. Here we can identify several of the DNA sequences that
characterize a gene. The promoter is the binding site for RNA polymerase. It usually lies 5’ to, or upstream of the transcription start
site. Binding of the RNA polymerase positions the enzyme to near the transcription start site, where it will start unwinding the
double helix and begin synthesizing new RNA. The transcribed grey DNA region in each of the three panels are the transcription
unit of the gene. Termination sites are typically 3’ to, or downstream from the transcribed region of the gene. By convention,
upstream refers to DNA 5’ to a given reference point on the DNA (e.g., the transcription start-site of a gene). Downstream then,
refers to DNA 3’ to a given reference point on the DNA.

The Three Steps of Transcription
(Initiation, Elongation,Termination)

1JINITIATION: a. RNA polymerases bind to promoter:
b. transcription begins at ‘start site’:

promoter DNA to be transcribed

2.[ELONGATION:

Termination
site

RNA elongation continues until...

3.[TERMINATION: |

..........
..............

Figure 5.1.2: Three steps of transcription. (Copyright )

RNA polymerase

Building an RNA strand is very similar to building a DNA strand. This is not surprising, knowing that DNA and RNA are very
similar molecules. What enzyme carries out transcription? Transcription is catalyzed by the enzyme RNA Polymerase. "RNA
polymerase" is a general term for an enzyme that makes RNA. There are many different RNA polymerases.

Figure 5.1.3:T7 RNA Polymerase (blue) making RNA (green) using DNA template (brown)

Like DNA polymerases, RNA polymerases synthesize new strands only in the 5' to 3' direction, but because they are making RNA,
they use ribonucleotides (i.e., RNA nucleotides) rather than deoxyribonucleotides. Ribonucleotides are joined in exactly the same
way as deoxyribonucleotides, which is to say that the 3'OH of the last nucleotide on the growing chain is joined to the 5' phosphate
on the incoming nucleotide.
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One important difference between DNA polymerases and RNA polymerases is that the latter do not require a primer to start making
RNA. Once RNA polymerases are in the right place to start copying DNA, they just begin making RNA by stringing together RNA
nucleotides complementary to the DNA template.

This, of course, brings us to an obvious question- how do RNA polymerases "know" where to start copying on the DNA. Unlike
the situation in replication, where every nucleotide of the parental DNA must eventually be copied, transcription, as we have
already noted, only copies selected genes into RNA at any given time.What indicates to an RNA polymerase where to start copying
DNA to make a transcript? Signals in DNA indicate to RNA polymerase where it should start (and end) transcription. These signals
are special sequences in DNA that are recognized by the RNA polymerase or by proteins that help RNA polymerase determine
where it should bind the DNA to start transcription. A DNA sequence at which the RNA polymerase binds to start transcription is
called a promoter.

A promoter is generally situated upstream of the gene that it controls. What this means is that on the DNA strand that the gene is
on, the promoter sequence is "before" the gene. Remember that, by convention, DNA sequences are read from 5' to 3'. So the
promoter lies 5' to the start point of transcription.

Also notice that the promoter is said to "control" the gene it is associated with. This is because expression of the gene is dependent
on the binding of RNA polymerase to the promoter sequence to begin transcription. If the RNA polymerase and its helper proteins
do not bind the promoter, the gene cannot be transcribed and it will therefore, not be expressed.

Transcription

start site
Gene -35 sequence -10 sequence +1
fmET CAATTTTTCTATTOGAGGAATGAGGAGAACTCCCTATAATGCGCCTCOMTC
HRNA CAACGTAACACTTITACAGCGGCGCGTCATTTGATATGATGCGCCCCHCT
o AAATGAGCTGTTGACAATTAATCATCGAACTAGTTAACTAGTACGCARG
araBAD GGATCCTACCTGACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATIRG
arac GCCOGTGATTATAGACACTTITTGTTACGCGTTTTTGTCATGGCTTTGERTC
hina TTCCAAAACGTGITTTTITGTITG T TAATTCGGTGTAGACTTGTAAMCCTA

Figure 5.1.4: Promoter Sequences

What is special about a promoter sequence? In an effort to answer this question, scientists looked at many genes and their
surrounding sequences. It makes sense that because the same RNA polymerase has to bind to many different promoters, the
promoters should have some similarities in their sequences. Sure enough, common sequence patterns were seen to be present in
many promoters. We will first take a look at prokaryotic promoters. When prokaryotic genes were examined, the following features
commonly emerged:

o A transcription start site (this the base in the DNA across from which the first RNA nucleotide is paired).

e A -10 sequence: this is a 6 bp region centered about 10 bp upstream of the start site. The consensus sequence at this position is
TATAAT. In other words, if you count back from the transcription start site, which by convention, is called the +1, the sequence
found at -10 in the majority of promoters studied is TATAAT).

¢ A -35 sequence: this is a sequence at about 35 basepairs upstream from the start of transcription. The consensus sequence at this
position is TTGACA.

What is the significance of these sequences? It turns out that the sequences at -10 and -35 are recognized and bound by a subunit of
prokaryotic RNA polymerase before transcription can begin.

The RNA polymerase of E. coli, for example, has a subunit called the sigma (¢) subunit (or sigma factor) in addition to the core
polymerase, which is the part of the enzyme that actually makes RNA. Together, the sigma subunit and core polymerase make up
what is termed the RNA polymerase holoenzyme. The sigma subunit of the polymerase can recognize and bind to the -10 and -35
sequences in the promoter, thus positioning the RNA polymerase at the right place to initiate transcription. Once transcription
begins, the core polymerase and the sigma subunit separate, with the core polymerase continuing RNA synthesis and the sigma
subunit wandering off to escort another core polymerase molecule to a promoter. The sigma subunit can be thought of as a sort of
usher that leads the polymerase to its "seat" on the promoter.
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Figure 5.1.5:Transcription initiation in E. coli

As already mentioned, an RNA chain, complementary to the DNA template, is built by the RNA polymerase by the joining of the 5'
phosphate of an incoming ribonucleotide to the 3'OH on the last nucleotide of the growing RNA strand. How does the polymerase
know where to stop? A sequence of nucleotides called the terminator is the signal to the RNA polymerase to stop transcription and
dissociate from the template.

Although the process of RNA synthesis is the same in eukaryotes as in prokaryotes, there are some additional issues to keep in
mind in eukaryotes. One is that in eukaryotes, the DNA template exists as chromatin, where the DNA is tightly associated with
histones and other proteins. The "packaging" of the DNA must therefore be opened up to allow the RNA polymerase access to the
template in the region to be transcribed.

A second difference is that eukaryotes have multiple RNA polymerases, not one as in bacterial cells. The different polymerases
transcribe different genes. For example, RNA polymerase I transcribes the ribosomal RNA genes, while RNA polymerase III copies
tRNA genes. The RNA polymerase we will focus on most is RNA polymerase II, which transcribes protein-coding genes to make
mRNAs.
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Figure 5.1.6: Assembly of basal transcription complex and initiation of transcription

All three eukaryotic RNA polymerases need additional proteins to help them get transcription started. In prokaryotes, RNA
polymerase by itself can initiate transcription (remember that the sigma subunit is a subunit of the prokaryotic RNA polymerase).
The additional proteins needed by eukaryotic RNA polymerases are referred to as transcription factors.

Finally, in eukaryotic cells, transcription is separated in space and time from translation. Transcription happens in the nucleus, and
the mRNAs produced are processed further before they are sent into the cytoplasm. Protein synthesis (translation) happens in the
cytoplasm. In prokaryotic cells, mRNAs can be translated as they are coming off the DNA template, and because there is no
nucleus, transcription and protein synthesis occur in a single cellular compartment.

Like genes in prokaryotes, eukaryotic genes also have promoters. Eukaryotic promoters commonly have a TATA box, a sequence
about 25 base pairs upstream of the start of transcription that is recognized and bound by proteins that help the RNA polymerase to
position itself correctly to begin transcription. (Some eukaryotic promoters lack TATA boxes, and have, instead, other recognition
sequences to help the RNA polymerase find the spot on the DNA where it spot on the DNA where it binds and initiates
transcription.)

We noted earlier that eukaryotic RNA polymerases need additional proteins to bind promoters and start transcription. What are
these additional proteins that are needed to start transcription? General transcription factors are proteins that help eukaryotic RNA
polymerases find transcription start sites and initiate RNA synthesis. We will focus on the transcription factors that assist RNA
polymerase II. These transcription factors are named TFIIA, TFIIB and so on (TF= transcription factor, II=RNA polymerase II, and
the letters distinguish individual transcription factors).

Transcription in eukaryotes requires the general transcription factors and the RNA polymerase to form a complex at the TATA box
called the basal transcription complex or transcription initiation complex. This is the minimum requirement for any gene to be
transcribed. The first step in the formation of this complex is the binding of the TATA box by a transcription factor called the TATA
Binding Protein or TBP. Binding of the TBP causes the DNA to bend at this spot and take on a structure that is suitable for the
binding of additional transcription factors and RNA polymerase. As shown in the figure at left, a number of different general
transcription factors, together with RNA polymerase (Pol II) form a complex at the TATA box.
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The final step in the assembly of the basal transcription complex is the binding of a general transcription factor called TFIIH.
TFIIH is a multifunctional protein that has helicase activity (i.e., it is capable of opening up a DNA double helix) as well as kinase
activity. The kinase activity of TFIIH adds a phosphate onto the C-terminal domain (CTD) of the RNA polymerase. This
phosphorylation appears to be the signal that releases the RNA polymerase from the basal transcription complex and allows it to
move forward and begin transcription.

Contributors and Attributions

o and (Oregon State University)

Either DNA strand can be a template

The promoter is the sequence of DNA that encodes the information about where to begin transcription for each gene. Depending on
the promoter, either strand of DNA can be used as the template strand.

Watch this video to see how either strand of DNA can be used as a template for different genes on the same chromosome.

template vs. non-template strands summary

e The template strand is the one that RNA polymerase uses as the basis to build the RNA. This strand is also called the non-
coding strand or the antisense strand.

o The non-template strand has the identical sequence of the RNA (except for the substituion of U for T). This strand is also
called the coding strand or sense strand.

Major Types of Cellular RNA
Cells make several different kinds of RNA:

o mRNAs that code for proteins

o rRNAS that form part of ribosomes

¢ tRNAs that serve as adaptors between mRNA and amino acids during translation
e MicroRNAs that regulate gene expression

o Other small RNAs that have a variety of functions.

Contributors and Attributions
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This page titled 5.1: Overview of Transcription is shared under a CC BY license and was authored, remixed, and/or curated by Brian White,
University of Massachusetts Boston.

e 2.1: Overview of Transcription by Stefanie West Leacock is licensed CC BY 4.0.
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5.2: RNA processing

Learning Objectives

o List three mRNA-processing events that occur after transcription in eukaryotes and identify the purpose of each process.
o Explain how alterative splicing produces multiple distinct mRNAs from a single gene.

MRNA processing in eukaryotes

Transcription is the mechanism by which the information in genes (DNA) is used to produce RNA. The newly-made RNA, also
known as the primary transcript (the product of transcription is known as a transcript) or pre-mRNA, is further processed before it
is functional. Transcripts that encode proteins will proceed to the ribosome for translation. In bacterial cells, the mRNA can be
translated directly as it comes off the DNA template. In eukaryotic cells, RNA synthesis, which occurs in the nucleus, is separated
from the protein synthesis machinery, which is in the cytoplasm. In addition, eukaryotic genes have introns, which are non-coding
regions that interrupt the gene’s coding sequence. The primary RNA copied from genes containing introns will also therefore have
regions that interrupt the coding sequence of the gene. These regions must be removed before the mRNA is sent out of the nucleus
to be used to direct protein synthesis. The process of removing the introns and rejoining the coding sections or exons, of the
mRNA, is called splicing. Proteins that interact with the cap, mRNA, and poly(A) tail allow the mature mRNA to be exported
through nuclear pores into the cytoplasm for translation.

What are the processing steps for messenger RNAs?

In eukaryotic cells, pre-mRNAs undergo three main processing steps:
o Capping at the 5' end

o Addition of a poly(A) tail at the 3' end

o Splicing to remove introns

Gene

Gene | ——— = =3 ]
(DNA) — | — |
Promoter | Exon 1 Intran Exon 2 Intron Exon 3 Intron Exon 4
Transcription Transcription
start site
y
Primary transcript 5[ L] | Ti— |3
5'UTR Exon 1 Exon 2 Exon 3 Exon 4 a'UTR

Capping, splicing and polyadenylation

y

Mature mRAMA 7-mG cap @[] 10 i 11 1A seozon
Exon 1 Exon2 Exan3  Exond

Figure 5.2.1: Summary of steps in processing eukaroytic messenger RNAs

Capping

In the capping step of mRNA processing, a methylated-guanosine (7-methyl-G) is linked to the phosphates at the 5' end of the
mRNA. The cap protects the 5' end of the mRNA from degradation by nucleases and also helps to position the mRNA correctly on
the ribosomes during protein synthesis.
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Figure 5.2.2: The mRNA capping structure is a methylated G nucleotide that is linked with triphosphates to the 5 ' nucleotide
instead of via a phosphodiester bond.

Poly(A) tail addition

The 3' end of a eukaryotic mRNA is first trimmed, then an enzyme called Poly(A) Polymerase adds a "tail" of about 200 ‘A’
nucleotides to the 3' end. There is evidence that the poly(A) tail plays a role in efficient translation of the mRNA, as well as in the
stability of the mRINA. The cap and the poly(A) tail on an mRNA indicate that the mRNA is complete (i.e., not defective).

Splicing

In many cases, splicing now appears to occur as the transcript is being synthesized. Introns are removed from the pre-mRNA by the
activity of a complex called the spliceosome. The spliceosome is made up of proteins and small nuclear RNAs (snRNAs) that
associate to form protein-RNA enzymes called small nuclear ribonucleoproteins or snRNPs (pronounced SNURPS). The splicing
machinery must be able to recognize sequences that are specific to splice junctions (i.e., the end of each exon and the start of the
next) in order to correctly cut out the introns and join the exons together to make the mature, spliced mRNA.

Introns vs Exons: Which one is "in" ?

e The word intron comes from the word intervening; these are the intervening sequences that break up the coding sequence.
You can remember that introns are "in the way" of the coding sequence.
o The word exon comes from the word expressed; these sequences are present in the mature mRNA.

What signals indicate where an intron starts and ends? The base sequence at the start (5' or left end, also called the splice donor or
donor site) of an intron is GU while the sequence at the 3' or right end (also called the splice acceptor or acceptor site) is AG. There
is also a third important sequence within the intron, called a branch point, that is important for splicing. These sequences interact
with the snRNAs
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Figure 5.2.3: Summary of splicing. Ribonucleoprotein complexes (snRNPs) bind exon-intron boundaries at splice donor and splice
acceptor sites. The branch point A nucleotide attacks the 5' splice site cutting the mRNA at that position and forming a loop. The
spliceosome joins the end of one exon to the start of the next exon and the intron is excised.

There are two main steps in splicing:
o In the first step, the pre-mRNA is cut at the 5' splice site (the junction of the 5' exon and the intron). The 5' end of the intron
then is joined to the branch point within the intron. This generates the lariat-shaped molecule characteristic of the splicing

process
o In the second step, the 3' splice site is cut, and the two exons are joined together, and the intron is released.

Exercise 5.2.1

Draw a diagram of a section of DNA that has a gene with three exons and two introns. Draw the corresponding primary
transcript and mature mRNA. Label the promoter, transcription start site, exons, introns, splice donors (SD) and splice
acceptors (SA), transcription termination, 5' cap, and polyA tail.

Answer

Your gene diagram should look something like this:

e
. EL £3
‘ 1.3 AN 4;; \'Iu
g1 D SA €1 S SA E3

ot e zs -

For a walk-through of creating the diagram, you can view this video:
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Exercise 5.2.2

Where does eukaryotic mRNA processing occur?

A. All three steps occur in the nucleus.

B. All three steps occur in the cytoplasm.

C. The cap and tail are added in the nucleus, but splicing occurs in the cytoplasm.
D. Splicing occurs in the nucleus, but the cap and tail are added in the cytoplasm.

Answer

A.

Alternative Splicing

Many pre-mRNAs have a large number of exons that can be spliced together in different combinations to generate different mature
mRNAs. This is called alternative splicing, and allows the production of many different proteins using relatively few genes,
because a single RNA can, by combining different exons during splicing, create many different protein coding messages. Because
of alternative splicing, each gene in our DNA gives rise, on average, to three different proteins.

Alternative splicing may also be used to change or downregulate protein production from a gene, by retaining and intron that
includes a premature stop codon, which will end protein synthesis before the final protein can be completed. This role for
alternative splicing may be useful for organisms that need to respond to a changing environment, such as temperature or light for
plants. Profiling of mRNAs after cold treatment in tea plants revealed that 28.8% of alternatively spliced genes retained an intron
(Li et al, 2020).
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Figure 5.2.4: Splicing and protein diversity

tRNAs and rRNAs are Processed After Transcription

In addition to mRNA processing, non-coding eukaryotic RNAs are processed (trimmed, chemically modified) from large precursor
RNAs to mature, functional RNAs. These precursor RNAs (pre-RNAs, or primary transcripts) contain in their sequences the
information necessary for their function in the cell. Both prokaryotes and eukaryotes process their ribosomal and transfer RNAs.

e Pre-rRNA (ribosomal RNA) is cleaved and/or trimmed (not spliced because the pieces become separate rRNAs) to make

multiple, shorter mature rRNAs.
o Pre-tRNAs (transfer RNA) are trimmed, some bases within the transcript are chemically modified and 3' bases (not encoded by

the tRNA gene) are enzymatically added to the 3'-end.

Eukaryotic Transcript Processing
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Figure 5.2.1: Left: Many eukaryotic genes are ‘split’ into coding regions (exons, blue) and non-coding intervening regions (introns,
white). Transcription generates a primary mRNA transcript (pre-mRNA) that contains both exons and introns. Primary transcripts
are spliced to remove the introns from the exons; exons are then ligated into a continuous mature mRNA. (Copyright Gerald
Bergtrom via 10.2: Overview of Transcription)
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6: SPOC VI - Translation

6.1: Genetic Code and Translation

This page titled 6: SPOC VI - Translation is shared under a not declared license and was authored, remixed, and/or curated by Brian White,
University of Massachusetts Boston.
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6.1: Genetic Code and Translation

Learning Objectives

o Identify the key steps of translation and the role of tRNAs, aminoacyl tRNA synthetases, and ribosomal RNAs.

o Use the codon table to determine the sequence of amino acids that will be produced from a DNA or mRNA sequence.
e Use the codon table to determine which amino acid will be carried by a tRNA, given the anticodon sequence.

o Identify untranslated regions and include these regions in gene diagrams.

o Explain how some antibiotics affect ribosomes to kill bacteria.

Overview of translation

Genes contain the instructions a cell needs to make proteins. Making proteins from DNA requires a two-step process:

1. Transcription: the process of copying the gene’s DNA into RNA
2. Translation: the process of using RNA to synthesize a sequence of amino acids to form a polypeptide (or protein)

DNA Strand 3’ .
| DURGRERTNNENR

TRANSCRIPTION

Amino Acid

Figure 6.1.1. Summary of transcription and translation showing the relationship of DNA and RNA nucleotides with amino acids
(CC BY-NC-SA)
Important Players in Translation
messenger RNA(mRNA): RNA copy of DNA that contains the instructions to make a protein
transfer RNA (tRNA): RNA molecule responsible for delivering amino acids to the ribosome

amino acids: The basic building block of a protein. There are 20 different amino acids, each has an amino group (NH,) and a
carboxyl group (COOH), but differs in its functional group (also known as side chain or R group). An infographic showing all the
amino acids can be found at this link (https://www.compoundchem.com/wp-content/uploads/2014/09/20-Common-Amino-Acids-

Physiological-Structures.pdf).
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Amino Acid Structure
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Amino Acid

Examples of Amino Acid Structures
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NH, Nr, NH,
H—C—COOH H—C—COOH H—C—COOH
| |
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i
CH, cH,

Figure 6.1.2. (CC BY-NC-SA)
protein: A chain of amino acids, also known as a polypeptide; some proteins require multiple polypeptides to function.

ribosome: The organelle on which mRNA is translated into protein. Consists of a large (60S) and small subunit (40S) which are
made up of ribosomal RNA (rRNA) and proteins.

The Genetic Code: Translating RNA into Protein

How does the nucleotide sequence of RNA specify the specific order of amino acids in a protein? The answer lies in what is known

as the genetic code.

o If each RNA base codes for just 1 amino acid, RNA could code for only 4 amino acids (not enough to include all 20 amino
acids).

o If two RNA bases code for 1 amino acid, RNA could code for 16 amino acids (still not enough to include all 20 amino acids).

o If three RNA bases code for 1 amino acid, RNA could code for 64 amino acids (more than enough to include all 20 amino
acids). Thus, the genetic code is a triplet code in which three nucleotides in RNA specify one amino acid in protein.

In the 1960s, the mRNA code for each amino acid was determined experimentally; today, tables are used to find the amino acid
encoded by each codon. Remember that each codon must be read 5' to 3'.
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Figure 6.1.3: A codon table shows the amino acid specified by each codon. The codon AUG is the start signal for translation which
places the amino acid, methionine (Met) at the beginning of each protein. Three codons, UAA, UAG, and UGA, called stop
codons, act as signals to terminate translation. (Copyright: General Biology at OpenStax)

The role of transfer RNA

Consider nucleic acids and amino acids as different languages. DNA and RNA speak the language of nucleic acids (A, U/T, G and
C); whereas proteins speak the language of amino acids. The tRNA (transfer RNA) is the "interpreter” in the cell because it is the
molecule that speaks both languages!

Sets of three nucleotides that code for a specific amino acid are known as codons. These codons are recognized by, and base pair
with, the tRNA molecule with the complementary sequence called anticodon. tRINA molecules act as translators because they are
able to read the nucleic acid words (as mRINA codons) and deliver the corresponding words (as amino acids). There is at least one
tRNA for each of the 20 amino acids (some amino acids bind to 2 or 3 different tRNAs, so cells may contain as many as 32
different tRINAs). The secondary structure of the tRNA relies on complementary sequences within a single tRNA to fold into a
function structure with the anticodon loop at the fold opposite the amino acid on the 3' end. Enzymes called aminoacyl-tRNA
synthetases catalyze the attachment of the correct amino acid to each tRNA, this process is known as tRNA charging.
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Figure 6.1.4: Two representations of tRNA structure. At left, the classic clover-leaf, splayed out for simplicity. At right, a more
accurate representation of the tRNA in pseudo-3D. (E.V. Wong CC-BY-NC-SA 10.5: tRNA are Rather Odd Ducks)
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Exercise 6.1.1
If a tRNA has the anticodon sequence 5' UAC 3', what amino acid will it be carrying?

Answer
Valine (val)

To see this how this problem is solved, watch this video:

The Steps of Translation

Ribosome
P site:
Peptidyl-tRNA
binding site
A site:
E site: Aminoacyl tRNA binding site
Exit site

Large Subunit
mRNA binding site Mgearena

Small Subunit

Figure 6.1.5: Summary of ribosome structure and positions of E, P, and A sites. (CC BY-NC-SA)

Translation Initiation: The small subunit binds to a site upstream (on the 5' side) of the start of the mRNA. It proceeds to scan the
mRNA in the 5'-to-3' direction until it encounters the START codon (AUG). Nearby sequences help position the small subunit by
base-pairing with a part of the ribosomal RNA (rRNA)Ak. In prokaryotes, this sequence, called the Shine-Dalgarno sequence, is
upstream of the AUG. Typically, the Shine-Dalgarno sequence is AAGAAG and then a space of 5-8 nucleotides and then the AUG.
In eukaryotes, a consensus sequence (Kozak sequence) immediately before the AUG. In humans, there are two main classes of
these sequences (AUG is underlined): GCCGCCAUG and AAAAAAAUG. Note that, while they are required for translation to
start, neither the Shine-Dalgarno nor the Kozak sequences are translated into amino acids.

Important note: The first amino acid added - the methionine - is always at the amino-terminus (abbreviated "N-terminus" or "N-")
of the protein sequence. Thus, all proteins are first made with a methionine at their N-terminus. In some proteins, this amino acid is
later removed so that the protein can adopt its proper structure.

When the small subunit and mRNA are correctly positioned with a tRNA, the large subunit attaches and the initiator tRNA, which

carries methionine (Met), binds to the P site on the ribosome.
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Large
Ribosomal
Initiator Subunit
tRNA
mRNA UAC
5 - ¥
i!f Small
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Figure 6.1.6. Translation Initiation: The assembly of the small ribosomal subunit, nRNA and initiator tRNA is followed by the
addition of the large ribosomal subunit. The initiator tRNA has sequence UAC that is complementary to AUG in the mRNA. (CC
BY-NC-SA)

Elongation: A tRNA bound to its amino acid (known as an aminoacyl-tRNA) that is able to base pair with the next codon on the
mRNA arrives at the A site. The ribosome catalyzes the formation of a peptide bond between the preceding amino acid (Met at the
start of translation) in the P site and the amino acid held by the tRNA in the A site. The initiator tRNA moves to the E site and the
ribosome translocates (moves down) one codon downstream. This shifts the more most recent tRNA from the A site to the P site,
opening up the A site for the arrival of a new aminoacyl-tRNA. Polypeptide synthesis repeats, the tRNA residing in the E site is
released from the complex, the tRNAs in the P site and A site shift over and the next amino acid is added to the growing
polypeptide chain. This cycle repeats until a stop codon is reached.

1. Codon recognition

Figure 6.1.7: The elongation cycle of translation begins with codon recognition in the A site by a tRNA with a complementary
anticodon, then peptide bond formation and transfer of the amino acid to the A site tRNA, then translocation of the ribosome
toward the 3 end of the mRNA for the next codon to be in the A site. (CC BY-NC-SA)

Remembering what happens in the E, P, and A sites

o P = peptidyl because the P site holds the tRNA with the growing peptide
e A = aminoacyl because the A site holds the incoming amino acid that will accept the transfer of the peptide from the P site

o E = exit site because the tRNA from the P site will exit the ribosome through this site after peptide bond formation and
translocation

Termination: Translation ends when the ribosome reaches a STOP codon (UAA, UAG or UGA). There are no tRNA molecules
with anticodons complementary to stop codons, instead protein release factors (RF) recognize these codons when they arrive at the

A site. Binding of a release factor causes the polypeptide (protein) to be released from the ribosome. The ribosome subunits
dissociate (split) from each other and can be reassembled later for another round of protein synthesis.
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(UGA, UAA or UAG)

Figure 6.1.8: During termination release factor proteins enter the A site and the small and large ribosomal subunits dissociate from
each other and the mRNA. The newly made polypeptide is released. (CC BY-NC-SA)

Important note: When the ribosome reaches the stop codon, the protein is released from the ribosome and the last amino acid
added leaves a free carboxyl group which forms the carboxyl terminus (also called the "C-terminus" or "-C"). Thus, all proteins are
synthesized from amino- (N-) to carboxyl- (-C) termini.

Translation tutorial modified from:

Translation Tutorial by Dr. Katherine Harris is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0

Unported License.

Funded by the U.S. Department of Education, College Cost Reduction and Access (CCRAA) grant award # P031C080096.

Untranslated regions (UTRS)

In both prokaryotes and eukaryotes, the start codon for translation (AUG) is not at the +1 site where transcription begins. Similarly,
the stop codon for translation is not at the 3' end of the mRNA. This genetic architecture leads to two regions of the mRNA that are
called the 5' and 3' untranslated regions (UTRs). To understand what a UTR is, review these key steps of translation initiation and
termination.

o For initiation, the small ribosomal subunit moves along the mRINA from 5' to 3' until it is positioned at the start codon. Then the
large subunit load onto the complex with the initiator tRNA carrying methionine. Then the ribosome translates the RNA in the
5'to 3' direction, therefore all the nucleotides prior to the start codon were skipped, or untranslated.

o For termination, when the ribosome encounters a stop codon, there is not a tRNA with a complementary codon. Instead release
factor proteins bind in that site and disrupt the complex, causing the mRNA and ribosome to disassociate. Therefore, any
nucleotides after the stop codon cannot be translated, because the ribosome no longer moves along this part of the mRINA.

Example 6.1.1

Consider a relatively small gene, the SRY gene on the human Y chromosome. The SRY mRNA is 828 nucleotides. If each
amino acid is coded by 3 nucleotides (nt) and the entire mRNA encoded amino acids, the translated protein would be 276
amino acids.

However, the SRY protein is 204 amino acids. How many nucleotides are in the untranslated regions?
Solution

If 1 amino acid is encoded by 3 nucleotides, then 204 amino acids x 3 nucleotides = 612 nucleotides to encode a 204 amino
acid protein. Adding 3 nucleotides for the stop codon adds 3 more nucleotides (612 + 3) = 615 nucleotides of coding sequence.

The SRY mRNA is 828 nucleotides, so the remaining (828 - 615) 213 nucleotides must be in untranslated regions. The
nucleotides upstream (5' of) the AUG start codon are the 5' UTR and the nucleotides downstream of the stop codon (in this
gene, UAG) are the 3' UTR.
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SRY mRNA: NCBI Reference Sequence; NM_003140.3

Agadgugagquuug FaaUARgUULCTRAl RIRRIRLCI aTe erY
CUCUCEIGIIINT A A3UTANAUGCUUC AU ANICAS Ao
AL Cagquocagoulgqusa adadaallalilc o CuCICCggadaa goiiciioemacosid

nugSacugasagouguIacusuadgquaucagugugasacgygagaiaacaguaaaggoaac
JUECEQUaUEgaguUgasgogaccralgascg taulcalcguguggucucdcgausagaqgao
QUaddauggousUAgaAtadUtcoEgasUSCESARCLCAYATALCAGCARYCATCLGYHaLE
Coagugradsalgsrillacudgasdicgaaiadlgyooallcilscaydadacacagadalla
caggooaigeacagadagansaacesgaaiualaamlalcgascucgucggal gy cgands
ngougoryaagaanugacuulgoulccoyoagalocogouusgguacicugoagogaagi
geaanlggacaacaggquuglacagddalsasilgquangalagesacacacicagas uggag

cacoaguuaggocaculacegootalcadcgoagyciagouratogroagoasooggacnge

acagrodcuggacazagcn ACEAUCTOIUadcallyJoUaACAdadscouacCUaga

UgCUCCULILUUECaUEal L QUUoUCACUUUSdUs LT LLUag UL dcsanatuguilLl

ClLUudCucuggoUdsidiadggooidddilcaldilca

2UTR e Coding sequence m&
73 nt 615 nt 134 nt

Why have untranslated regions?

Figure 6.1.11: Homo sapiens SRY mRNA sequence and gene diagram (https://www.ncbi.nlm.nih.gov/nuccore/NM_003140.3)
with start codon AUG highlighted in green, stop codon UAG highlighted in pink, and remaining coding sequence highlighted
in yellow. Gene diagram is labeled with 79 nucleotide of 5' UTR, 615 nucleotides of coding sequence, and 134 nucleotides of
3'UTR. (Image CC-BY S. Leacock)

Untranslated regions often function in RNA stability, translation initiation, or other aspects of post-transcriptional regulation;

however the complete function of most untranslated regions is not entirely known.

The importance of ribosomal RNA

The ribosome itself is made of both ribosomal proteins and rRNA (ribosomal RNA). In a Perspective from 2000 titled "The
Ribosome is a Ribozyme," (https://science.sciencemag.org/content/289/5481/878) Thomas Cech describes how the crystal structure
of the ribosome advanced our understanding of the roles of the rRNA and protein components of this critical complex. The crystal
structure of the large ribosomal subunit from the archean Haloarcula marismortui at high resolution was published in 2000
(https://science.sciencemag.org/content/289/5481/905 Ban et al.). Venkatraman Ramakrishnan, Thomas A. Steitz and Ada E.
Yonath later shared the 2009 Nobel Prize in Chemistry for their contributions to our understanding of this structure. This structure
revealed that the active site, where the peptide bond forms between the amino acids in the P and A sites, is largely not proteins,
which most cellular catalysts are, but instead ribosomal RNA. A ribozyme is the term for an RNA that can catalyze an enzymatic

reaction. Therefore, the ribosome is a ribozyme.
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Structure of the 50S ribosomal subunit assembly (intermediate state 1) from E. coli K-12 (https://www.rcsb.org/structure/6GC7)
with ribosomal RNA in orange and proteins in other colors.

Antibiotics and the ribosome

In general, protein synthesis inhibitors work at different stages of prokaryotic mRNA translation into proteins like initiation,
elongation (including aminoacyl tRNA entry, proofreading, peptidyl transfer, and ribosomal translocation), and termination. The
following is a list of common antibacterial drugs and the stages which they target.

o Linezolid acts at the initiation stage, probably by preventing the formation of the initiation complex, although the mechanism is
not fully understood.

o Tetracyclines and Tigecycline (a glycylcycline related to tetracyclines) block the A site on the ribosome, preventing the binding
of aminoacyl tRNAs.

e Aminoglycosides, among other potential mechanisms of action, interfere with the proofreading process, causing an increased
rate of error in synthesis with premature termination.

o Chloramphenicol blocks the peptidyl transfer step of elongation on the 50S ribosomal subunit in both bacteria and
mitochondria.

e Macrolides, clindamycin, and aminoglycosides have evidence of inhibition of ribosomal translocation.

o Streptogramins also cause premature release of the peptide chain.

By targeting different stages of the mRNA translation, antimicrobial drugs can be changed if resistance develops to one or many of
the drugs.

Contributor:

o General Microbiology Boundless from:
https://bio.libretexts.org/Courses/Northwest_University/MKBN211%3A_Introductory_Microbiology_(Bezuidenhout)/07%3A_
Antimicrobial_Drugs/7.02%3A_Functions_of_Antimicrobial_Drugs/7.2.04%3A _Inhibiting Protein_Synthesis

Thinking about antibiotics and specificity

Antibiotics are used to treat bacterial infections. Consider these questions:

o Why are antibiotics not prescribed for viral infections?

o If humans have ribosomes as well, why would the antibiotics not inhibit the human ribosomes and prevent our own protein
production?

o What does antibiotic resistance mean and how does it arise?

e Does the same antibiotic treat all types of bacterial infections? Why or why not?

e How does studying the structure of the ribosome help us to understand the effectiveness of antibiotics?

This page titled 6.1: Genetic Code and Translation is shared under a not declared license and was authored, remixed, and/or curated by Brian
White, University of Massachusetts Boston.

e 2.3: Genetic Code and Translation by Stefanie West Leacock has no license indicated.
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CHAPTER OVERVIEW

7: SPOC VIl - Mutation

7.1: Origins of Mutations

7.2: Consequences of mutations

This page titled 7: SPOC VII - Mutation is shared under a not declared license and was authored, remixed, and/or curated by Brian White,
University of Massachusetts Boston.
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7.1: Origins of Mutations

Learning Objectives

o Identify some causes and types of mutations.
o Define mutagen and predict the effects of mutagens on DNA sequences.

Introduction to mutations

Mutations have a bad reputation, BUT they are ESSENTIAL to life! Watch the video for an introduction to why understanding
mutations is so important for us.

Video 7.1.1: Introduction to mutations. (CC-BY Leacock )

Types of mutations

Mutations may involve the loss (deletion), gain (insertion) of one or more base pairs, or else the substitution of one or more base
pairs with another DNA sequence of equal length. These changes in DNA sequence can arise in many ways, some of which are
spontaneous and due to natural processes, while others are induced by humans intentionally (or unintentionally) using mutagens.
There are many ways to classify mutagens, which are the agents or processes that cause mutation or increase the frequency of
mutations. We will classify mutagens here as being (1) biological, (2) chemical, or (3) physical.

Mutations of biological origin

A major source of spontaneous mutation is errors that arise during DNA replication. DNA polymerases are usually very accurate in
adding a base to the growing strand that is the exact complement of the base on the template strand. However, occasionally, an
incorrect base is inserted. Usually, the DNA polymerase proofreading activity will recognize and repair mispaired bases, but
nevertheless, some errors become permanently incorporated in a daughter strand, and so become mutations that will be inherited by
the cell’s descendents.

—_ A

— A —T—

. A

- A — A —T—
—r— T —T— P
e —c—

T - 6—
—_T

Figure 7.1.1: Mispairing of bases (e.g. G with T) can occur due to tautomerism, alkylating agents, or other effects. As a result, in
this example the AT base pair in the original DNA strand will become permanently substituted by a GC based pair in some progeny.
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The mispaired GT pair will likely be repaired or eliminated before further rounds of replication. (Original-Deyholos-CC:AN)

Another type of error introduced during replication is caused by a rare, temporary misalignment of a few bases between the
template strand and daughter strand (Figure 7.1.2). This strand-slippage causes one or more bases on either strand to be
temporarily displaced in a loop that is not paired with the opposite strand. If this loop forms on the template strand, the bases in the
loop may not be replicated, and a deletion will be introduced in the growing daughter strand. Conversely, if a region of the
daughter strand that has just been replicated becomes displaced in a loop, this region may be replicated again, leading to an
insertion of additional sequence in the daughter strand, as compared to the template strand.

ARGTGCGCGCGCGA

) TTCACGCGCGCGCT
| & & }

& &€ e
ARGTGCGCGC AAGTGCGCGC AARGTGCGCGC
TTCACGCGCECGCGCT TTCACGCGCGCGCT TTCACGCGCECGCT

fore]

= AAGTGCGCGCGA [~ AAGTGCGCGCGCGA (= AAGTGCGCGCGCGA
TTCACGCGCGCT mmy TTCACGCGCGCGCT = TTCACGCGCGCGE Tm—

&

s AAGTGCGCGCGA “ AAGTGCGCGCGCGA -+ AAGTGCGCGCGCECEA
TTCACGCGCGCT TTCACGCGCGCGCT TTCACGCGCGCGCGCT
ARGTGCGCGCGCGA AAGTGCGCGCGCGA AAGTGCGCGCGCGA
TTCACGCGCGCGCT TTCACGCGCGCGCT+ TTCACGCGCOLGET 4=t

Figure 7.1.5 Strand-slippage can occur occasionally during replication, especially in regions with short, repeated sequences. This

can lead to either deletion (left) or insertion (right) of sequences compared to the products of normal replication (center), depending

on whether the template strand or daughter strand “loops-out” during replication. (Original-Deyholos-CC:AN)
Regions of DNA that have several repeats of the same few nucleotides in a row are especially prone to this type of error during
replication. Thus regions with short tanderm repeats (STRs or short sequence repeats SSRs) are tend to be highly polymorphic,
and are therefore particularly useful in genetics. They are also called microsatellites.

Mutations can also be caused by the insertion of viruses, transposable elements (transposons), see below, and other types of DNA
that are naturally added at more or less random positions in chromosomes. The insertion may disrupt the coding or regulatory
sequence of a gene, including the fusion of part of one gene with another. These insertions can occur spontaneously, or they may
also be intentionally stimulated in the laboratory as a method of mutagenesis called transposon-tagging. For example, a type of
transposable element called a P element is widely used in Drosophila as a biological mutagen. T-DNA, which is an insertional
element modified from a bacterial pathogen, is used as a mutagen in some plant species.

Mutations due to Transposable Elements

Transposable elements (TEs) are also known as mobile genetic elements, or more informally as jumping genes. They are
present throughout the chromosomes of almost all organisms. These DNA sequences have a unique ability to be cut or copied from
their original location and inserted into new locations in the genome. This is called transposition. These insert locations are not
entirely random, but TEs can, in principle, be inserted into almost any region of the genome. TEs can therefore insert into genes,
disrupting its function and causing a mutation. Researchers have developed methods of artificially increasing the rate of
transposition, which makes some TEs a useful type of mutagen. However, the biological importance of TEs extends far beyond
their use in mutant screening. TEs are also important causes of disease and phenotypic instability, and they are a major mutational
force in evolution.

There are two major classes of TEs in eukaryotes:

¢ Class I elements include retrotransposons; these transpose by means of an RNA intermediate. The TE transcript is reverse
transcribed into DNA before being inserted elsewhere in the genome through the action of enzymes such as integrase.

o Class II elements are known also as transposons. They do not use reverse transcriptase or an RNA intermediate for
transposition. Instead, they use an enzyme called transposase to cut DNA from the original location and then this excised
dsDNA fragment is inserted into a new location.
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Figure 7.1.6 Diagrams of the two main types of transposable elements. (TEs) Class I elements transpose via an ssRNA intermediate,

which is reverse transcribed to dsDNA prior to insertion of this copy in a new site in the genome. Class II elements do not involve

an RNA intermediate; most Class II elements are cut from their original location as dsDNA, prior to being inserted into a new site

in the genome. Although the diagram shows TEs being inserted on the same chromosome as they originated from, TEs can also

move to other chromosomes within the same cell.
TEs are relatively short DNA sequences (100-10,000 bp), and encode no more than a few proteins (if any). Normally, the protein-
coding genes within a TE are all related to the TE’s own transposition functions. These proteins may include reverse
transcriptase, transposase, and integrase. However, some TEs (of either Class I or IT) do not encode any proteins at all. These non-
autonomous TEs can only transpose if they are supplied with enzymes produced by other, autonoemous TEs located elsewhere in
the genome. In all cases, enzymes for transposition recognize conserved nucleotide sequences within the TE, which dictate where
the enzymes begin cutting or copying.

The human genome consists of nearly 45% TEs, the vast majority of which are families of Class I elements called LINEs (long
intersperse nuclear elements) and SINEs (short interspersed nuclear elements). The short, Alu type of SINE occurs in more
than one million copies in the human genome (compare this to the approximately 21,000, non-TE, protein-coding genes in
humans). Indeed, TEs make up a significant portion of the genomes of almost all eukaryotes. Class I elements, which usually
transpose via an RNA copy-and-paste mechanism, tend to be more abundant than Class II elements, which mostly use a cut-and-
paste mechanism. But even the cut-paste mechanism can lead to an increase in TE copy number. For example, if the site vacated
by an excised transposon is repaired with a DNA template from a homologous chromosome that itself contains a copy of a
transposon, then the total number of transposons in the genome will increase.

Besides greatly expanding the overall DNA content of genomes, TEs contribute to genome evolution in many other ways. As
already mentioned, they may disrupt gene function by insertion into a gene’s coding region or regulatory region. More interestingly
adjacent regions of chromosomal DNA are sometimes mistakenly transposed along with the TE; this can lead to gene duplication.
The duplicated genes are then free to evolve independently, leading in some cases to the development of new functions. The
breakage of strands by TE excision and integration can disrupt genes, and can lead to chromosome rearrangement or deletion if
errors are made during strand rejoining. Furthermore, having so many similar TE sequences distributed throughout a chromosome
sometimes allows mispairing of regions of homologous chromosomes at meiosis, which can cause unequal crossing-over, resulting
in deletion or duplication of large segments of chromosomes. Thus, TEs are a potentially important evolutionary force, and may not
be included as merely “junk DNA”, as they once were.

Video 7.1.2: Jumping Gene Caught in the Act (dnalc.org via )
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Are my genes always jumping?!

If the human genome is 45% transposable elements and these elements can move around, then how does our genome stay
relatively constant?

Some factors that help keep the genome (mostly) intact include:

o Many of the TE elements have acquired mutations that render them unable to transpose.
e Regulatory RNAs called piRNAs (piwi-related RNAs) appear to suppress transposition.

o In which tissue(s) would you expect piRNAs to be most active?

Mutations of Chemical Origins

Many chemical compounds, whether natural or synthetic, can react with DNA to cause mutations. In some of these reactions the
chemical structure of particular bases may change, so that they are misread during replication. In others the chemical mutagens
distort the double helix causing it to be replicated inaccurately, while still others may cause breaks in chromosomes that lead to
deletions and other types of aberrations. The following are examples of two classes of chemical mutagens that are important in
genetics and medicine: alkylating agents, and intercalating agents.

Mutations of physical origin

Anything that damages DNA by transferring energy to it can be considered a physical mutagen. Usually this involves radioactive
particles, x-rays, or UV light. The smaller, fast moving particles may cause base substitutions or delete a single bases, while larger,
slightly slower particles may induce larger deletions by breaking the double stranded helix of the chromosome. Physical mutagens
can also create unusual structures in DNA, such as the thymine dimers formed by UV light. Thymine dimers disrupt normal base-
pairing in the double helix, and may block replication altogether if not repaired by the cell’s DNA repair enzymes.

Contributors and Attributions

e Dr. Todd Nickle and Isabelle Barrette-Ng (Mount Royal University) The content on this page is licensed under CC SA 3.0
licensing guidelines.
e L. V. Wong Axolotl Academica Publishing (Biology) at Axolotl Academica Publishing

e Mutations. (2021, January 3). Retrieved August 6, 2021, from https://bio.libretexts.org/@go/page/5184 " Mutations" by
OpenStax, LibreTexts is licensed under CC BY (11.5: Mutations).

This page titled 7.1: Origins of Mutations is shared under a CC BY-SA license and was authored, remixed, and/or curated by Brian White,
University of Massachusetts Boston.

« 3.1: Origins of Mutations by Stefanie West Leacock is licensed CC BY-SA 4.0.
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7.2: Consequences of mutations

Learning Objectives

o Understand how mutations in DNA sequence can have effects at many stages in the expression of a gene.
o Classify mutations in coding regions as silent, nonsense, missense, or frameshift.

Gene Expression and Mutations

Mutations always start as changes to DNA sequence. However, their effects will be very different depending on where they are
located relative to the different functional parts of a gene. Figure 7.2.1 below, shows the major functional parts of an eukaryotic
gene. Note that a prokaryotic gene has all the same elements except that prokaryotic genes lack introns, mRNA caps, and polyA

tails.
Start Codon Stop Codon
ntron 5 Terminator

D NAI. . |
T A Y J e m— l_Y_]'—ﬁ J

Promoter 5 ) 5

el ; Cod P

region UTR D = splice donor, r:gil:E OTR

A = splice acceptor
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5 _Gw Exon Exon Exdn AAARRABAARAAAAA-3'

The effect of a mutation will depend upon the function of the DNA sequence that has been altered.

Mutations in Non-Coding Regions

It is important to remember the functions of each part of a gene when considering the possible effects of a mutation in that part.
You may find it useful to review the chapters on Transcription, Splicing, and Translation if this section is not clear.

e Mutations far from the gene. Many genomes, including the human genome, have large sections of DNA between genes that are
far from any functional part of any gene. Mutations here are unlikely to have an effect on gene function.

o Mutations in the Promoter region can change the DNA sequence so that it is no-longer recognized by RNA polymerase. In that
case, mutations could result in reduced mRNA production (without any change in sequence) or no mRNA production at all from
the mutant gene.

e Mutations in the 5'-UTR are unlikely to have an effect on gene function unless they interfere with the Shine-Dalgarno or Kozak
sequences.

o Mutations in introns are unlikely to have an effect on gene function unless they interfere with the splice donor or acceptor sites.

e Mutations in the 3'-UTR are unlikely to have an effect on gene function.

o Mutations in the terminator can sometimes lead to the production of mRNAs that are rapidly degraded; thus reducing mRNA
levels.

However, it is also important to remember that genes are complicated things and there are (very interesting) exceptions to all of the
above.

Mutations in Coding Regions

When mutations occur in coding sequences, we can predict the effect on the primary structure of the protein using the codon table.

o Silent mutations: do not change the encoded amino acid

¢ Nonsense mutations: change a codon to a STOP codon

¢ Missense mutations: change a codon to a codon for a DIFFERENT amino acid
o Frameshift mutations: add or remove bases to change all downstream codons
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point mutation: substitution of a single base

silent: has no effect on the protein sequence
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Figure 7.2.2: Mutations can lead to changes in the protein sequence encoded by the DNA. (] OSC_Microbio_11_05_EffMut.jpg
"Mutations" by OpenStax, LibreTexts is licensed under CC BY.)

Multiples of three

Adding or removing bases in multiples of three, will not cause a frameshift mutation. Why not?

Would mutations like this affect the protein? What additional information would you need to make a prediction about such a
mutation?

Do mutations always affect protein function?

Both frameshift and nonsense mutations are likely to affect protein function by producing a shortened or extremely altered peptide
that is unlikely to retain enough structure to perform the intended function. However, a frameshift or nonsense mutation that occurs
near the 3' end of the gene might allow the protein to retain the ability to function.

Silent mutations are least likely to affect protein function.

Missense mutations are often difficult to predict. If the change is to a similar amino acid or in a non-critical amino acid, the
mutation protein may continue to function. However, if the amino acid is changed to a different type of amino acid or removes a
critical amino acid (in terms of structure or activity), then the mutant protein may change in activity.

Mutations that reduce the function of a gene product are called loss-of-function. If the gene product is completely non-functional,
the allele is termed a null allele. Loss-of-function and null alleles are usually (but not always) recessive in diploid organisms,
because one functional allele can usually supply enough protein product.

Some mutations actually make proteins more active, for example, by altering an inhibitory domain; these mutations are called gain-

of-function. Gain-of-function alleles are often dominant alleles because their new function or activity is produced independently of
the other allele.
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8.1: Prokaryotic gene regulation
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8.1: Prokaryotic gene regulation

Learning Objectives

o Define operon and describe how it differs from genes organized by single proteins.

o Identify the functions of regulatory proteins, promoters, operators, cis- and trans-acting factors, and structural genes.

o Distinguish between positive vs negative and inducible vs repressible operons.

o Identify and understand the role of the structure and components of the lac operon and predict whether or not gene
expression will occur under particular conditions.

Early insights into mechanisms of transcriptional regulation came from studies of E. coli by researchers Francois Jacob & Jacques
Monod. In E. coli, and many other bacteria, genes encoding several different proteins may be located on a single transcription unit
called an operon. The genes in an operon share the same transcriptional regulation, but are translated individually. Eukaryotes
generally do not group genes together as operons (though there are some exceptions including C. elegans and a few other species).

How can an operon encode multiple proteins?

In an operon, a single mRNA molecule can encode several proteins. The challenge here is that the ribosome must distinguish
between AUG codons that initiate the synthesis of a new protein and AUG codons that just insert a methionine within the
coding region of a gene. The key is that ribosomes will only start translation at an AUG that has a Shine-Dalgarno sequence
just the right distance upstream. Internal AUG codons do not have Shine-Dalgarno sequences. As a result, translation will only
start at the proper places and internal AUG codons will insert methionine but not re-start translation.

Types of regulation
Operons can be turned "off" (repressible) or "on" (inducible) and be controlled by protein activators or repressors.

Repressible regulation turns transcription

Inducible regulation turns transcription ON. OFE

. . L. An activator protein is inactivated in
An activator protein turns ON transcription

Positive regulation uses activator proteins. response to a stimulus / condition, turning

in response to a stimulus / condition. .
P transcription OFF.

A repressor protein is inactivated in . L.

. . . . .. . A repressor protein turns transcription turns

Negative regulation uses repressor proteins. response to a stimulus / condition, turning . . .
. OFF in response to a stimulus / condition.

transcription turns ON.

Effects of Mutations in Regulatory Elements

In a wild-type operon, the operon's genes are expressed when the inducer is present and not expressed when the inducer is absent.
This is true whether the operon is regulated by repression or activation - what differs is how this is accomplished inside the cell.
Furthermore, mutations in the regulatory elements will have very different effects depending on whether the operon is regulated by
activation or repression.

When analyzing mutations that alter regulation, it is useful to have some terminology:

¢ Inducible expression - this is the situation in wild-type. When inducer is present, genes are expressed. When inducer is absent,
genes are not expressed.

o No expression - this happens in some mutants. Here, the genes are never expressed, whether the inducer is present or not.

o Constitutive expression - this happens in other mutants. Here, the genes are always expressed, whether the inducer is present
or not.

@ 0 @ @ https://bio.libretexts.org/@go/page/165301


https://libretexts.org/
https://creativecommons.org/licenses/by-sa/4.0/
https://bio.libretexts.org/@go/page/165301?pdf
https://bio.libretexts.org/Courses/University_of_Massachusetts_Boston/Bio_252_254%3A_Genetics/08%3A_SPOC_VIII_-_Gene_Regulation-_Mutants/8.01%3A_Prokaryotic_gene_regulation

LibreTexts"

This table summarizes the three possibilities:

Type of expression In absence of inducer In presence of inducer
Inducible expression genes not expressed genes expressed

No expression genes not expressed genes not expressed
Constitutive expression genes expressed genes expressed

Basic /ac operon structure

E. coli encounters many different sugars in its environment. These sugars, such as lactose and glucose, require different enzymes
for their metabolism. Three of the enzymes for lactose metabolism are grouped in the lac operon: lacZ, lacY, and lacA. LacZ
encodes an enzyme called B-galactosidase, which digests lactose into its two constituent sugars: glucose and galactose. lacY is a
permease that helps to transfer lactose into the cell. Finally, lacA is a trans-acetylase. Transcription of the lac operon normally
occurs only when lactose is available for it to digest. Presumably, this avoids wasting energy in the synthesis of enzymes for which
no substrate is present. A single mRNA transcript includes all three enzyme-coding sequences and is called polycistronic.

lac operon
[ |
sk @5 P O lacZ lacY lacA
I BE— ] I

Figure 8.1.1: Diagram of a segment of an E. coli chromosome containing the lac operon, as well as the lacI coding region. The
various genes and cis-elements are not drawn to scale. (Original-Deyholos-CC:AN)

cis- and trans- Regulatory Elements

The lac operon includes DNA sequences that do not encode proteins, but are instead binding sites for proteins that regulate
transcription of the operon. In the lac operon, these sequences are called P (promoter), O (operator), and CBS (CAP-binding site -
which we will not worry about). Collectively, sequence elements such as these are called cis-elements because they must be located
on the same piece of DNA as the genes they regulate. On the other hand, the proteins that bind to these cis-elements are called
trans-regulators because (as diffusible molecules) they do not necessarily need to be encoded on the same piece of DNA as the
genes they regulate.

lacl is an allosterically regulated repressor

One of the major trans-regulators of the lac operon is encoded by lacl. Four identical molecules of lacI proteins, encoded by a gene
distinct from the operon that encodes lacZ, lacY, and lacA, assemble together to form a homotetramer called a repressor. This
repressor binds to two operator sequences adjacent to the promoter of the lac operon. Binding of the repressor prevents RNA
polymerase from binding to the promoter. Therefore, the operon will not be transcribed when the operator is occupied by a
repressor.

Allosteric regulation occurs when a substrate causes a change to the structure and function of a protein. In this example, in addition
to domains that bind operator seqeucnes in DNA, lacI protein has sites that bind to allolactose, which is a small molecule produced
when lactose is present. When allolactose is bound to lacl, the shape of the protein changes and prevents it from binding to the
operator. Therefore, in the presence of lactose, RNA polymerase is able to bind to the promoter and transcribe the lac operon,
leading to a moderate level of expression of the lacZ, lacY, and lacA genes.
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Figure 8.1.2: When the concentration of lactose [Lac] is low, lacI tetramers bind to operator sequences (O), thereby blocking

binding of RNApol (green) to the promoter (P). Alternatively, when [Lac] is high, allolactose binds to lacl, preventing the repressor
from binding to O, and allowing transcription by RNApol. (Origianl-Deyholos-CC:AN)

Video Summary of the lac operon

When watching this video, don't worry about the cAMP/CAP discussion that takes place after 2:25. You can watch it if you're
curious but we will not concern ourselves with it this semester.

Video 8.1.1: Prokaryotic Gene Regulation: Lac Operon. (AMBOSS: Medical Knowledge Distilled via
)

Contributors and Attributions

. (Mount Royal University) The content on this page is licensed under CC SA 3.0
licensing guidelines.

This page titled is shared under a license and was authored, remixed, and/or curated by

. by is licensed
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8.1.1: The Lux Operon

Learning Objectives

o Define quorum sensing.
o Explain the roles of regulatory proteins and autoinducers in transcriptional regulation by quorum sensing.
o Predict the effects of mutations in quorum sensing genes.

Quorum Sensing

Signaling in bacteria, known as quorum sensing, enables bacteria to monitor extracellular conditions, ensure sufficient amounts of
nutrients are present, and avoid hazardous situations. There are circumstances, however, when bacteria communicate with each
other.

The first evidence of bacterial communication was observed in a bacterium that has a symbiotic relationship with Hawaiian bobtail
squid. When the population density of the bacteria reached a certain level, specific gene expression was initiated: the bacteria
produced bioluminescent proteins that emitted light. Because the number of cells present in the environment (the cell density) is the
determining factor for signaling, bacterial signaling was named quorum sensing. In politics and business, a quorum is the minimum
number of members required to be present to vote on an issue.

Some species of bacteria that use quorum sensing form biofilms, which are complex colonies of bacteria (often containing several
species) that exchange chemical signals to coordinate the release of toxins that attack the host. Bacterial biofilms can sometimes be
found on medical equipment. When biofilms invade implants, such as hip or knee replacements or heart pacemakers, they can
cause life-threatening infections.

Figure 8.1.1.1: Bacterial Biofilms: Cell-cell communication enables these (a) Staphylococcus aureus bacteria to work together to
form a biofilm inside a hospital patient’s catheter, seen here via scanning electron microscopy. S. aureus is the main cause of
hospital-acquired infections. (b) Hawaiian bobtail squid have a symbiotic relationship with the bioluminescent bacteria Vibrio
fischeri. The luminescence makes it difficult to see the squid from below because it effectively eliminates its shadow. In return for
camouflage, the squid provides food for the bacteria. Free-living V. fischeri do not produce luciferase, the enzyme responsible for
luminescence, but V. fischeri living in a symbiotic relationship with the squid do. Quorum sensing determines whether the bacteria
should produce the luciferase enzyme. (9.4: Signaling in Single-Celled Organisms)

Autoinducers in Quorum Sensing

Quorum sensing uses autoinducers as signaling molecules. Autoinducers are signaling molecules secreted by bacteria to
communicate with other bacteria of the same kind. The secreted autoinducers can be small, hydrophobic molecules, such as acyl-
homoserine lactone (AHL), or larger peptide-based molecules. Each type of molecule has a different mode of action. When AHL
enters target bacteria, it binds to transcription factors, which then switch gene expression on or off. The peptide autoinducers
stimulate more complicated signaling pathways that include bacterial kinases. The changes in bacteria following exposure to
autoinducers can be quite extensive. The pathogenic bacterium Pseudomonas aeruginosa has 616 different genes that respond to
autoinducers.
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are expressed, resulting in a
positive-feedback loop.

Figure 8.1.1.2: Autoinducers are small molecules or proteins produced by bacteria that regulate gene expression. (

)

The Lux operon is regulated by Quorum Sensing

Bioluminesence is produced when enzymes catalyze a reaction that produces light as a by-product. The Lux operon in Vibrio
fischeri includes two proteins that form an enzyme that catalyze this reaction. These bacteria live in specialized light organs in the
Hawaiian bobtail squid and produce light to help the squid camouflage itself in the moonlight. However, the transcription of the
genes encoding enzymes only occurs when cells are at a high density because a high concentration of autoinducer will be present.

Video 8.1.1.1: Copy and Paste Caption here. (Copyright; author via
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Two proteins control the amount of autoinducer and transcription of the operon. LuxI is the protein that produces the autoinducer
and LuxR is the transcriptional activator that is activated in response to the autoinducer. Thus, this operon is an example of positive
inducible regulation in which LuxR recruits RNA polymerase to transcribe the the operon with LuxICDABE when the
concentration of bacteria (and thus autoinducer) is high. The proteins encoded by LuxA and LuxB form the luciferase enzyme that
catalyzes the light-producing reaction.

Low transcription High transcription

LuxR Luxi _LuxCDABE S LxR Y 5 x] o LuxCDABE

ey o .

\

light

Figure 8.1.1.3: Regulation of the Lux operon of V. fischeri by LUXR and bacterial density. (left) When
concentration of bacteria is low, the transcription of the operon is low, levels of LUXI are low, and
concentration of autoinducer (Al) is low. (right) When concentration of bacteria is high, concentration of
autoinducer (AI) is high and AI binds LUXR to increase transcription of the operon. LuxA and LuxB
proteins are produced and catalyze the light reaction.

Additional videos about the Lux operon and quorum sensing

Video 8.1.1.2: The LUX Operon (HHMI Biolnteractive Video via )
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Video 8.1.1.3: Tiny Conspiracies - Bonnie Bassler (Princeton/HHMI) (Copyright ibiology.org via )
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9.1: Eukaryotic Gene Regulation

Learning Objectives

o Describe the cis-acting elements that control tissue-specific transcription of eukaryotic protein encoding genes: promoters,
enhancers, insulators and how trans-acting transcription factors can influence gene expression.
o Predict the effects of mutations in regulatory sequences on gene expression.

Like prokaryotes, transcriptional regulation in eukaryotes involves both cis-elements and trans-factors; however, there are more
factors and they interact in more complex ways, many of which are still be elucidated.

Regulatory sequences

Proximal regulatory sequences

As in prokaryotes the RNA polymerase binds to the gene at its promoter to begin transcription. In eukaryotes, however, RNA
polymerase is part of a large protein complex that includes additional proteins (transcription initiation factors) that bind to one or
more specific cis-elements in the promoter region, including GC-rich boxes, CAAT boxes, and TATA boxes. High levels of
transcription require both the presence of this protein complex at the promoter, as well as their interaction with other trans-factors
described below. The approximate position of these elements is described relative to the transcription start site (+1), but the
distance between any of these elements and the transcription start site can vary. These sites are typically within ~200 base pairs of
the start of transcription.

Distal regulatory elements

Even more variation is observed in the position and orientation of the second major type of cis-regulatory element in eukaryotes,
which are DNA sequences called enhancer elements or simply enhancers. Regulatory trans-factor proteins called transcription
factors bind to specific enhancer sequences, then, while still bound to DNA, these proteins interact with RNA polymerase and other
proteins at the promoter to enhance the rate of transcription. There are a wide variety of different transcription factors and each
recognizes a specific DNA sequence (enhancer element) to promote gene expression in the adjacent gene under specific
circumstances. Enhancers can be located near (~100s of bp) or far (~10K of bp), and either upstream or downstream, from the
promoter. The transcription factors and the proteins associated with transcription initiation complex will bind each other, bending

the DNA in the process.
GG CAAT TATA ) <
&nen b bax b [[Sex en ax & a&xP an
e L __ & ____J
40 20 ) " '
SUTR TR
\-\\ \. \1 III JI ,'
54 e ALY
o — 0000
coding region
J

C

Figure 9.1.1: Structure of a typical eukaryotic gene. RNA polymerase binding may involve one or more cis-elements within the
proximal region of a promoter (green boxes). Enhancers (en, yellow boxes) may be located any distance upstream or downstream
of the promoter and are also involved in regulating gene expression. The processing of a primary transcript to a mature mRNA is

also shown. (Origianl-Deyholos-CC:AN)
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Figure 9.1.2: A transcription factor (yellow) bound to an enhancer that is located far from a promoter. Because of the flexibility of
the DNA molecule, the transcription factor and RNA polymerase (green) are able to interact physically, even though the cis-
elements to which they are bound are located far apart. In eukaryotic cells, RNA polymerase is actually part of a large complex of
proteins (not shown here) that assembles at the promoter. (Origianl-Deyholos-CC:AN)

Enhancer sequence example

Some genes are transcriptionally regulated in response to hormones, such as estrogen. Estrogen receptors are proteins that bind
the hormone estrogen and the the protein dimers are transported into the nucleus where they recognize sequences called
estrogen response elements (EREs). The consensus ERE sequence is 5'-GGTCAnnnTGACC-3' (where n is any base) at many
locations in a genome and recruit RNA polymerase to induce the transcription of the corresponding genes. This consensus
sequence was elucidated by studies of a human cell line to which a Xenopus (frog) estrogen responsive gene had been added,
revealing that the roles of estrogen receptors in binding EREs and activating transcription of target genes is conserved across
species.

Klein-Hitpass L, Schorpp M, Wagner U, Ryffel GU. An estrogen-responsive element derived from the 5' flanking region of the
Xenopus vitellogenin A2 gene functions in transfected human cells. Cell. 1986 Sep 26;46(7):1053-61. doi: 10.1016/0092-
8674(86)90705-1. PMID: 3463433.

Reviewed by Klinge C. Nucleic Acids Res. 2001 Jul 15; 29(14): 2905-2919.

Enhancers regulate the Drosophila yellow gene

The yellow gene of Drosophila provides an example of the modular nature of enhancers. This gene encodes an enzyme in the
pathway that produces a dark pigment in the insect exoskeleton. Mutants have a yellow cuticle rather than the wild type darker
pigmented cuticle. (Why call the gene “yellow”? Recall that genes are often named after their mutant phenotype.) Three enhancer
elements each bind a different tissue-specific transcription factor in the wing, body, or mouth to enhance transcription of yellow in
that tissue and make the dark pigment. So, the wing cells will have a transcription factor that binds to the wing enhancer to drive
expression; likewise in the body and mouth cells. Thus, specific combinations of cis-elements and trans-factors control the
differential, tissue-specific expression of genes. This type of combinatorial action of enhancers is typical of the transcriptional
activation of most eukaryotic genes: specific transcription factors activate the transcription of target genes under specific
conditions.

While enhancer sequences promote expression, there is an oppositely acting type of element, called

silencers. These elements function in much the same manner, with transcription factors that bind to DNA

sequences, but they act to repress or reduce transcription from the adjacent gene. A gene’s complete expression
profile (transcription level, tissue specific, temporal specific) is a combination of various enhancer and silencer elements

TGA
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Figure 9.1.3:Tissue-specific cis-regulatory elements within a simplified representation of the yellow gene of Drosophila. (Origianl-

Deyholos-CC:AN)
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Thinking about regulation of transcription factors

Understanding the transcription factors that regulate the expression of the yellow gene can prompt us to consider: why are
those transcription factors present in different tissues? These transcription factors themselves are regulated by their own sets of
transcription factors and so on and so on. Where does it begin? For Drosophila, the answer is in the egg! Specific proteins and
mRNAs in the egg define the regions of the future embryo and a cascade of gene expression events lead to each adult cell and
tissue type expressing the correct genes for their function.

Exercise 9.1.1

What is the phenotype of the fruit fly when the yellow gene and enhancers are fully functional?
What would be the effect of a loss-of-function mutation in the yellow coding sequence?
What would be the effect of a mutation in the wing enhancer?

What would be the effect of a mutation in the TATA box region?

Answer
The wild-type fruit fly has a dark black/brown cuticle.
A loss-of-function mutation in the yellow gene would lead to flies with yellow appearance, instead of brown/black.
A mutation in the wing enhancer would result in yellow wings, but other parts of cuticle should be unaffected.

A mutation in the TATA box should result in a phenotype similar to loss-of-function in the yellow gene.

Contributors and Attributions
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licensing guidelines.
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9.1.1: Regulating Transcription at the Chromatin Level

Learning Objectives

o Predict regions of the genome that are more likely to have “open” or “closed” chromatin and understand how acetylation
affects chromatin.

o Identify the molecular nature of DNA methylation, the types of bases that are methylated, and the effect of DNA
methylation on gene expression.

Eukaryotes regulate transcription via promoter sequences close to the transcription unit (as in prokaryotes) and also use more
distant enhancer sequences to provide more variation in the timing, level, and location of transcription, however, there are still
additional levels of genetic control. This consists of two major mechanism: (1) large-scale changes in chromatin structure, and (2)

modification of bases in the DNA sequence. These two are often inter-connected.

Chromatin remodeling

Despite the simplified way in which we often represent DNA, DNA is almost always associated with various chromatin proteins.
For example, histones remain associated with the DNA even during transcription. Thus the rate of transcription is also controlled
by the accessibility of DNA to RNA polymerase and regulatory proteins. So, in regions with highly compact chromatin
transcription is unlikely, even if all the necessary cis- and trans- factors are present in the nucleus.

The extent of chromatin compaction in various regions is regulated through the action of chromatin remodeling proteins. These
protein complexes include enzymes that add or remove chemical tags, such as methyl or acetyl groups, to various DNA bound
proteins, often the histone proteins in nucleosomes. These post-translational modifications alter the local chromatin density and
thus the availability for transcription. Acetylated histones, for example, tend to be associated with actively transcribed genes,
whereas deacetylated histone are associated with genes that are silenced.

acetylalbonl T deacetylation

A A A

Ac Ac Ac Ao

Figure 9.1.1.1: Acetylation of histone proteins is associated with more a more open chromatin configuration. Acetylation is a
reversible process. (Origianl-Deyholos-CC:AN)

Likewise, methylation of DNA itself is also associated with transcription regulation. Cytosine bases, particularly when followed
by a guanine are important targets for DNA methylation. Using a p to represent the phosphodiester bond between the nucleotides,
these are often called CpG sites, and regions in which many CpG sites are nearby are known as CpG islands. Methylated cytosine
within clusters of CpG sites is often associated with transcriptionally inactive DNA.

Thinking about CpG

Why is C followed by G an important site for DNA methylation? Think about the sequence of both strands of DNA. What is
the complementary sequence of 5' ...CG... 3' ? Does this allow both strands to be methylated?
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Figure 9.1.1.2: A methylation reaction produces 5-methylcytosine (5mC). Methyl groups may also be removed by DNA
demethylases. (flickr-Beardy Git-CC:AND)

Common post-translational modifications to histones

These post-translational modifications are the result of enzymes that covalently link functional groups to amino acids at
specific positions in histones.

e Acetylation

e Methylation

e Phosphorylation

o Ubiquitination

Combinations of these modifications was first postulated to be a "code" by which the regulation of genes is interpreted by
David Allis and colleagues in 2001.

Heritability of Chromatin

The modification of DNA and its associated proteins is enzymatically reversible (acetylases/deacetylases;
methyltranferases/demethylases) and thus a cyclical activity. However, when DNA is replicated, existing modifications on the
parental strand will be added to the newly synthesized strand as well, maintaining the pattern in daughter cells until the
modification is enzymatically removed. Regulation of these chemical modifications provides another layer through which
eukaryotic cells control the transcription of specific genes.

Code readers

In addition to influencing an overall level of chromatin accessibility, modified histones may interact specifically with proteins that
recognize their modifications to promote recruitment of additional proteins for functions in repair, replication, or transcription.
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e Dr. Todd Nickle and Isabelle Barrette-Ng (Mount Royal University) The content on this page is licensed under CC SA 3.0
licensing guidelines.
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9.1.2: microRNAs

Learning Objectives

e Define microRNA and siRNA.
o Briefly describe the mechanisms by which RNAI interference affects gene expression.
o Predict the effect of a miRNA or siRNA that is fully or partially complementary to an mRNA.

Introduction

MicroRNAs (miRNAs) are small (20-25 nucleotide) RNAs that are encoded by genomic loci. MicroRNAs were first discovered
when scientists tried to identify the gene responsible for a heterochronic mutant (lin-4) C. elegans in the early 1990s. The mutant
had been identified nearly two decades prior as one in which the normal pattern of larval molting did not stop, instead adult worms
continued to repeat larval patterns, hence the name meaning cell lineage-defective. The mutation turned out to be in a non-protein-
coding region that produced a small RNA with partial complementarity to seven sites in the 3' UTR of the lin-14 RNA (Lee et al,
1993). Previous studies had shown that lin-4 was a negative regulator of lin-14, so this result revealed that the mechanism involved
an RNA acting by repressing the another RNA! Further work in C. elegans revealed that another gene, let-7, also encodes a
microRNA that regulates multiple target RNAs via RNA-RNA interactions.
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Figure 9.1.2.1: Potential RNA/RNA duplexes between let-7 and lin-41. The position of the let-7(n2853) mutation is shown by an
arrow below the duplexes. (Copyright CC BY Vella and Slack via
http://www.wormbook.org/chapters/www_microRNA/microRNAs.html#bib28)

This work has led to the discovery of many more microRNAs in many different organisms. The current estimate of number of
miRNAs in the human genome is about 2,300 (Alles et al., 2019).

Why are small RNAs important?

The discovery of two non-coding RNAs in C. elegans turned out to be just the beginning of our understanding of the prevalence
and activity of small RNAs. Two other C. elegans biologists, Andrew Fire and Craig Mello, were studying another aspect of RNA
activity at the same time. They were following up on some research that had used antisense RNAs to inhibit the expression of
certain genes.

Antisense RNA: the theory

Remember that only one strand of a gene is transcribed into RNA.

The mRNA contains the codons needed to make the correct protein so it makes SENSE, but it was transcribed using the
ANTISENSE strand as a template.

The ANTISENSE RNA does not usually exist in cells, but if you provide it, it will be complementary to the mRNA.
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I The theory was that this would prevent the translation of the RNA.

The experiments of Fire and Mello revealed that injecting double-stranded RNA (dsRNA = sense RNA + antisense RNA) cause a
more potent response than injecting antisense alone. They also demonstrated that the injected dsSRNA caused a decrease in mRNA
levels, not just protein levels that was predicted by the antisense RNA idea. The phenomenon of a small RNA that targets a cellular
mRNA for degradation is known as RNA interference, and these small RNAs are known as siRNAs (small interfering RNASs).
These typically differ from microRNAs in that they have perfect complementarity to their target genes and cause their destruction.

Video 9.1.2.1: RNA interference (RNAI) is an important process, used by many different organisms to regulate the activity of genes.
This animation explains how RNAi works and introduces the two main players: small interfering RNAs (siRNAs) and microRNAs
(miRNAs). We take you on an audio-visual journey, diving into a cell to show how genes are transcribed to make messenger RNA
(mRNA) and how RNAI can silence specific mRNAs to stop them from making proteins. The animation is based on the latest
research, to give you an up-to-date view.. (RNA interference (RNAi): by Nature Video via )

Mechanism Overview

The timely discovery of microRNAs and RNA interference by dsRNA revealed some shared mechanisms of action. Both
microRNAs produced by transcription and siRNAs provided experimentally are cleaved into smaller (20-25 nt) fragments by the
enzyme Dicer. The short pieces then are loaded to a RISC (RNA induced silencing complex), which contains a single-stranded
small RNA while surveilling the cell for complementary sequences. When perfect (100%) complementarity is found, the target

RNAs are cleaved; when imperfect complementarity is found, the outcome is often translation repression, although other effects are
possible.
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Figure 9.1.2.2: An infographic overview of RNA interference (RNAi). (Copyright CC BY SA; Biochemlife via An infographic
overview of RNA interference (RNA1))
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10.1: Mendelian Genetics

Learning Objectives

Define and identify examples of: homozygous, heterozygous, allele, gene, locus, dominant, recessive, genotype, phenotype.
Construct genetic crosses for Po, F1, and F2 generations and predict the genotypes and phenotypes of offspring.

Explain Mendel’s laws of segregation and independent assortment, and how they predict the 3:1 dominant-to-recessive
phenotypic ratio among the F2 of a monohybrid cross, or the 9:3:3:1 phenotypic ratio in a dihybrid cross, respectively.
Relate the key events of meiosis that explain Mendel’s first and second laws.

Interpret phenotypic ratios of progeny in experimental organisms to infer how particular traits are inherited.

Predict genotypic and phenotypic ratios or probabilities of outcomes among progeny of single factor and multifactor
crosses using simple rules of probability (sum rule and product rule).

Cite the most common molecular explanations for dominant and recessive alleles.

Introduction to Gregor Mendel and his Work

Video 10.1.1: Shirley Tilghman describes Gregor Mendel's Famous Genetics Experiment. (CC BY NC XBio via Wonder
Collaborative on youtube.com )

Mendel Studied Visible Character Traits in Pea Plants

Through careful study of patterns of inheritance, Mendel recognized that a single trait could exist in different versions, or alleles,
even within an individual plant or animal. Recalling that genes contain information needed to make proteins, we now understand

that alleles are differences in gene sequence. If these differences alter the production, structure, or function of the protein, an

observable or measurable change in the organism may occur. For example, Mendel identified two forms of a gene for seed color:

one allele gave green seeds and the other gave yellow seeds.
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Figure 10.1.1: Seven traits Mendel studied in peas. (Wikipedia-Mariana Ruiz-PD)

Representing genes and alleles

Alleles are forms of genes, if genes are DNA sequences, then alleles are variations in the sequence of a gene.

In genetics, you may encounter different ways of representing alleles. Traditionally, genes are represented as letters when
studying Mendelian genetics. This representation is usually easy to follow in problems involving
crosses; however, using letters does not reflect our modern understanding of the genetic
differences between alleles, which often involves knowing whether or not a product is
functional or how the allele was identified.

« A plus can be used to indicate that the gene product of an allele is functional.
« A minus can be used to indicate that the gene product is not functional.
. If sequence information is known, the nucleotide or amino acid change can be identified.

In model organisms, alleles are often given numbers when they are identified as mutants
and these numbers can be used to identify different alleles of the gene.

The table shows some examples of how we might represent genes and alleles.

Examples of ways genes can be Examples of representing wild- Examples of representing the

represented type alleles mutant alleles
C representing a hypothetical gene CorC* corC orC!
white or w gene in Drosophila white or white* or w* w " or w8
ced-1 gene in C. elegans ced-1 or ced-1(+) or ced-1" ced-1(-) or ced-1(e1754)
CFTR in h
gene in umans CFTR or CFIR * CFTR(delF508) or CFTR(482G-A)

Cftr gene in mouse

Heterozygous and homozygous

Mendel’s work and discoveries are especially remarkable because he made his observations and conclusions (in 1865) without
knowing about the relationships between genes, chromosomes, and DNA. We now know the reason why more than one allele of a
gene can be present in an individual: most eukaryotic organisms have at least two sets of homologous chromosomes. For organisms
that are predominantly diploid, such as humans or Mendel’s peas, chromosomes exist as pairs, with one homolog inherited from
each parent. Diploid cells therefore contain two different alleles of each gene, with one allele on each member of a pair of
homologous chromosomes. If both alleles of a particular gene are identical, the individual is said to be homozygous for that gene.
On the other hand, if the alleles are different from each other, the genotype is heterozygous.
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Although a typical diploid individual can have at most two different alleles of a particular gene, many more than two different
alleles can exist in a population of individuals. In a natural population the most common allelic form is usually called the wild-type
allele. However, in many populations there can be multiple variants at the DNA sequence level that are visibly indistinguishable
because all produce a normal, wild-type appearance. There can also be various mutant alleles (in wild populations and in lab
strains) that vary from wild type in their appearance, each with a different change at the DNA sequence level. Such collections of

mutations are known as an allelic series.

Genotype and Phenotype

These are two terms we will use a lot in the course.

e An organism's Genotype describes the organism's genetic composition. It is a list of the alleles of each gene that the organism
has that are part of our study. Genotypes typically look like "Aa", "CCDd", "ced-1(+)/ced-1(-)", "w/+" etc. Until techniques for
determining DNA sequence were developed, it was not possible to "see" an organism's genotype - this could only be inferred

based on other data.
e An organism's Phenotype describes a physical, observable, measurable characteristic of the organism. Phenotypes include
"blue eyes", "yellow seeds", "constitutive expression" etc. In genetics, we often try to infer a genotype from a phenotype.

Dominant, Recessive, and others
Since we will be dealing almost exclusively with diploid organisms (organisms with two copies of each gene) we need to know
how alleles interact when they are combined in an individual organism. In other words, what are the rules that connect genotype to

phenotype.
The most common relationships between alleles are:
Simple Dominance - in this case, one allele has a dominant phenotype and the other a recessive phenotype. When an organism has

both a dominant and a recessive allele ("heterozygous"), you observe the dominant phenotype. For example, in Mendel's peas:

o The R allele confers the dominant phenotype of round peas (typically, alleles with dominant phenotypes are shown with a

capital letter).
o The r allele confers the recessive phenotype of wrinkled peas (typically, alleles with recessive phenotypes are shown with a

lower-case letter).
e When combined, a Rr individual shows round peas with no wrinkles.

This information can be expressed in two ways, both of which specify the same genetic model:

Simple Dominance
Allele | Contribution to Phenotype typ

Round peas
R Round Peas (dominant) “ R Round
r ound peas

r Wrinkled Peas (recessive)
rr Wrinkled peas

In order to avoid confusion, it is best to use a single letter for each gene. So, in this case "R" and "r" are much better than "R" and
"W". In this course, we will use this convention as much as possible.

Incomplete Dominance or Co-Dominance
In this case, the heterozygote has a third phenotype that is different from the two homozygotes.

¢ In Incomplete Dominance, the heterozygote has a phenotype in between the two homozygotes. For example, if TT is tall and tt
is short, Tt would be medium-height.

¢ In Co-dominance, the heterozygote has a phenotype that shows both homozygote phenotypes. For example, if AA is blood type
A and BB is blood type B, AB would be type AB (a mixture of both A and B).
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Incomplete Dominance

m Contribution to Phenotype R

HTHT Tall
HT Tall (incompletely dominant) “ - -
HT HS Medium height
HS Short (incompletely dominant)
HS Hs Short

Co-Dominance
m Contribution to Phenotype L

- (B Type A
|A Type A (co-dominant) “ A B —
ype

|8 Type B (co-dominant) o e E—
ype

Note that since neither allele is dominant or recessive (they both contribute equally to the phenotype), we do not use upper- or
lower- case letters. We use a single letter with a superscript that indicates the particular allele.

It is often difficult to tell whether alleles interact by co- or incomplete-dominance. However, it is easy to tell simple dominance
from co/inc dominance because in simple dominance, you only see two phenotypes while in co/inc dominance, you see three
phenotypes.

Contributors and Attributions

e Dr. Todd Nickle and Isabelle Barrette-Ng (Mount Royal University) The content on this page is licensed under CC SA 3.0
licensing guidelines.

This page titled 10.1: Mendelian Genetics is shared under a CC BY-SA license and was authored, remixed, and/or curated by Brian White,
University of Massachusetts Boston.

o 4.2: Mendelian Genetics by Stefanie West Leacock is licensed CC BY-SA 4.0.
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10.1.1: Monohybrid Crosses and Segregation

True Breeding Lines

Mendel used true-breeding lines of pea plants, which are in-bred populations of plants or animals in which all parents and their
offspring (over many generations) have the same phenotypes with respect to a particular trait. True breeding lines are useful,
because they are typically assumed to be homozygous for the alleles that affect the trait of interest. When two individuals that are
homozygous for the same alleles are crossed, all of their offspring will all also be homozygous. The continuation of such crosses
constitutes a true breeding line or strain. A large variety of different strains, each with a different, true breeding character, can be
collected and maintained for genetic research.

Monohybrid Crosses

A monohybrid cross is one in which both parents are heterozygous (or a hybrid) for a single (mono) trait. The trait might be petal
color in pea plants. When conducting crosses, the first generation is called P (or Py), the second generation is F; (F is for filial), and

o0 @ xE Ve @x L)

F&)x&d F Q x &
Aa I Aa
Q8 8 4

Figure 10.1.1.1: (a) A true-breeding line (b) A monohybrid cross produced by mating two different pure-breeding lines. (Original-
Deholos-CC:AN)

the next generation is F».

Using monohybrid crosses, Mendel observed that although different alleles could influence a single trait, they remained indivisible
and could be inherited separately. Additionally, the allele could be present but invisible in one generation, only to reappear in the
next generation.

Definition: Mendel's First Law

The Law of Segregation states that during gamete formation, the two alleles at a gene locus segregate from each other; each
gamete has an equal probability of containing either allele.

Punnett Squares

Given the genotypes of any two parents, we can predict the genotypes of gametes that will be produced during meiosis. Using that
information, we can predict all of the possible genotypes of the offspring. Furthermore, if we also know the dominance
relationships for all of the alleles, we can predict the phenotypes of the offspring. A convenient method for calculating the expected
genotype and phenotype ratios from a cross was invented by Reginald Punnett. A Punnett square is a matrix in which all of the
possible gametes produced by one parent are listed along one axis, and the gametes from the other parent are listed along the other
axis. Each possible combination of gametes is listed at the intersection of each row and column. Punnett squares can also be used to
calculate the frequency of types offspring that are expected.
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Possible gametes;  Possible gametes:
Pand p Pand p(label top) P
(label side)

e

P+PP | Pp

P Pp pp

Figure 10.1.1.1: Top: A Punnett square shows the possible offspring of a monohybrid cross between Pp and Pp parents. Bottom
Video: How to set up and complete the square (Copyright CC BY Leacock)

Test Crosses

Knowing the genotypes of an individual is usually an important part of a genetic experiment. However, genotypes cannot be
observed directly; they must be inferred based on phenotypes. Because of dominance, it is often not possible to distinguish between
a heterozygote and a homozgyote based on phenotype alone. To determine the genotype of a specific individual, a test cress can be
performed, in which the individual with an uncertain genotype is crossed with an individual that is homozygous recessive for all of
the loci being tested.

For example, if you were given a pea plant with purple flowers it might be a homozygote (AA) or a heterozygote (Aa). You could
cross this purple-flowered plant to a white-flowered plant, because you know the genotype of the plant is homozygous recessive
aa. Depending on the genotype of the purple-flowered parent, you will observe different phenotypic ratios in the F; generation. If
the purple-flowered parent was a homozygote, all of the F; progeny will be purple. If the purple-flowered parent was a
heterozygote, the F; progeny should segregate purple-flowered and white-flowered plants in a 1:1 ratio.
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Video 10.1.1.2: How to use a test cross (Copyright CC BY Leacock)

Practice Problems: jsVGL

The best way to learn how Mendelian genetics works is to solve problems - the more problems you work, the better your
understanding. The most important problems are those that are the most like what geneticists solve in the real world. In these
problems, the underlying genetic model - which traits are dominant, recessive, etc. - is unknown and you must infer it from
experimental data. This is typical of the scientific process where we design experiments and interpret the resulting data to infer
what's going on inside the organism we're studying. In the case of Mendelian genetics, the experiments are crosses and the data are
the resulting offspring.

I have written a computer simulation of genetics - the "Virtual Genetics Lab" or jsVGL - that generates random genetics problems
for you to solve. It is an excellent tool for building your understanding of Mendelian genetics. The more jsVGL problems you
solve, the better you will understand this part of the course.

Problems in jsVGL start with a randomly-generated genetic model. The genetic models are constrained differently for each
problem. The first links are to simpler problems; others get very complicated.

Briefly, you start a "Practice Problem" in jsVGL from one of the links below the video. You then carry out crosses to determine the
underlying genetic model. Finally, you can check your answer to see if you got it right. Each time you click the link, you get a new
problem.

The video below shows this process.
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jsVGL problems for this section:

Click on the links below to access jsVGL problems. Each link will take you to a problem that will let you practice with different
genetic models.

e Problems with one gene, two alleles, and simple dominance only.
e Problems with one gene, two alleles, and incomplete dominance only.

Contributors and Attributions

e Dr. Todd Nickle and Isabelle Barrette-Ng (Mount Royal University) The content on this page is licensed under CC SA 3.0
licensing guidelines.

o Stefanie Leacock, UA-Little Rock

Molecular basis of dominant and recessive alleles

What determines whether alleles are dominant or recessive?

The alleles have different DNA sequences. Because the sequence of DNA contains information to make products, different
sequences can lead to different products. One advantage of diploid species is that there are two copies of every sequence. If one
sequence makes a "faulty" or non-functional product, it would be called a loss-of-function allele. However, there is likely another
sequence that produces a "correct" or functional product. For most genes a single wild-type (usually the normal / functional) allele
is capable of producing enough product for the cell, resulting in a dominant phenotype. However, if both copies of the gene are
loss-of-function alleles, there will not be any functional protein and the recessive phenotype will be observed.

An example from pea plants

Mendel studied pea plants in which the peas could be round or wrinkled, with wrinkled being the recessive characteristic. The gene
that determines this trait (originally represented as R) has since been identified and named SBE1 (for starch-branching enzyme).
The wild-type sequence encodes an enzyme that catalyzes a chemical reaction of carbohydrates to form branched chains of starch
in plants. When SBE1 protein is present and functional, the peas produce branched starch and exhibit a round shape. When SBE1
protein is absent, the amount of branched starch is reduced, but the levels of disaccharides are higher, resulting in increased water
absorption. Later, this water will be lost and the pea will become wrinkled.

Molecular studies of DNA in round (RR) and wrinkled (rr) plants revealed an insertion of about 800 base pairs in an exon of the
SBE1 gene in the rr plants (Bhattacharyya et al, 1990). The insertion is derived from a transposon and disrupts the SBE1 protein-
coding sequence. Therefore, the RR plants have two copies of a functional SBE1 allele (SBE1+/+) to make functional SBE1
enzyme, while rr plants have two copies of the SBE1 gene in which the sequence is disrupted (SBE1-/-) and cannot produce any
functional SBE1 enzyme.

So what happens in a heterozygous Rr (SBE1+/-) plant? These plants have one chromosome with the SBE1+ allele and one
chromosome with the SBE1- allele. The SBE1- allele is still transcribed, but does not code for the functional protein during
translation. The SBE1+ allele is transcribed and translated into a functional enzyme, starch-branching occurs, and the peas have the
round phenotype. Although the total amount of SBE1 enzyme is less than homozygous dominant peas, it is sufficient for the round
phenotype and therefore dominant. In this case, molecular discoveries 125 years after Mendel's work reveal the reason for the
dominance of the R allele over the r allele.

References

Bhattacharyya MK, Smith AM, Ellis TH, Hedley C, Martin C. The wrinkled-seed character of pea described by Mendel is caused
by a transposon-like insertion in a gene encoding starch-branching enzyme. Cell. 1990 Jan 12;60(1):115-22. doi: 10.1016/0092-
8674(90)90721-p. PMID: 2153053.
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10.2: The chi-squared Test

The chi-squared Test

Mendelian genetic analysis predicts particular ratios of offspring from particular crosses - for example, 1:0, 1:1, and 3:1. Real
world data is subject to random fluctuations so that the numbers in a real experiment rarely come out to exactly 3:1 etc. As a
scientist, it is important to know if any deviations from the expected ratio are due to chance or to some underlying issue that you
did not account for. While it is possible to use one's intuition - "Does it seem close to 3:1?" - we need a more rigorous way to
evaluate our data. For this reason, we use the chi-squared test which provides a quantitative measure of the deviation of your results
from the expected values.

First, a very important bit of terminology: the Null Hypothesis. This can be a little confusing but it is best thought of as "the

expectation given nothing unusual is happening", "the simplest hypothesis for the data", or "the expectation with the fewest number
of assumptions". The best way to understand this is with the following example.

In the early 1930's researchers were studying the genetics of mutants in mice. They found a mutant form of mice that had no tail, so
they called them tail-less. They discovered that the tail-less phenotype was dominant to having a tail. They defined two alleles
based on this:

e T - tail-less and dominant
e t-normal tail and recessive

They crossed several pairs of tail-less heterozygotes: Tt x Tt. They expected a ratio of 3:1 tail-less:normal.
The cross resulted in 229 offspring:

e 139 tail-less
e 90 normal

This ratio is 1.54:1 - it's not exactly 3:1 but is it close enough or is something else going on?

Here, the null hypothesis is the simplest explanation - that this really should have been 3:1 but it was not exactly 3:1 because of
random variation.

But is this a reasonable conclusion from the data?

The chi-squared test can give a quantitative answer to this question. The best way to keep track of the math is to use a table like the
one below. We'll use this format in lab, lecture, and the exams.

Phenotype | Expected | Observed | Expected | Deviation | Deviation’ | Deviation?/Expected
Ratio Number Number
(o) (e) (o-e) (o-e)f* (o-e)le

TOTAL:

We then fill it in, step by step:
1) Enter the phenotypes, the expected ratio and the observed numbers

Here, the phenotypes are "tail-less" and "normal"; they're expected in a 3:1 ratio and we observed 139:90. We also need to know
the total number of offspring (139 + 90 = 229).

Phenotype | Expected | Observed | Expected | Deviation | Deviation’ | Deviation?/Expected
Ratio Number Number
(o) (e) (o-e) (o-ef? (o~efle
3

Tail-less 139
Normal 1 90
TOTAL: 229

2) Calculate the expected number of each phenotype

Use the expected ratios and the total number of offspring to calculate the number of offspring we'd expect if the null hypothesis
were true; that is, from a 3:1 ratio as we'd expect from simple dominance.
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This can be a little tricky at first. A 3:1 ratio means 3/4 to 1/4 since the total must always be 1. Likewise, a 1:1 ratio would give 1/2
of each. So:

o The expected number of Tail-less is 3/4 of the total or 3/4 x 229 = 171.75. It is strange to think of fractional offspring, but we
are comparing our results to a prediction of the model so we need to be precise.

o The expected number of normal is 1/4 of the total or 1/4 x 229 = 57.25.
To check your work, the total of the expected column must be the same as the total we observed (229).

Phenotyp Expected | Observed | Expected | Deviation | Deviation? | Deviation®/Expectad
Ra‘ho Number Number
lnl (e) (o-e) (o-ef? (o~efle

Tail-less 171.75
Normal 1 90 57.25
TOTAL: 229 229

3) Calculate the deviation from the expected values

For each phenotype, calculate the deviation from expected by calculating (observed - expected).

Phenotyp Expected Observed | Expected Deviation | Deviation® Deviation®/Expected
Ratio Number Number
(nl (e) (o-e) (o-ef? (0 -e)/e

Tail-less 171.75 -32.75
Normal 1 S0 57.25 32.75
TOTAL: 229 229

4) Calculate the squares of the deviations

For the chi-squared, the sign of the deviation does not matter, so we square (multiply by itself) the deviations so that they all have a
positive sign.

Phenotyp Expacted | Observed | Expected | Deviation | Deviation® | Deviation®/Expectad
Ratio Number Number
(OI (e) (o-=8) (o-ep (o-e)le

Tail-less 171.75 -32.75 1072.5625
Normal 1 90 57.25 32.75 1072.5625
TOTAL: 229 229

5) Calculate the contributions to the chi-squared value

Here, to compensate for the numbers of individuals involved, we divide the squared deviations by the expected values. The values
in the table were rounded as it is not necessary to carry out this calculation to many significant figures.

Phenotyp Expacted | Observed | Expected | Deviation | Deviation? | Deviation®/Expectad
Ratio Number Number
(ol (e) {o-e) (o-ef (o-e)le

Tail-less 171.75 -32.75 1072.5625 6,245
Normal 1 90 57.25 32.75 1072.5625 18.735
TOTAL: 229 229 2488

The sum of these values for all the phenotypes is the chi-squared value. It is a measure of the size of the deviation from
expectations. The larger the difference between observed and expected, the higher the chi-squared value. A chi-squared of 0 would
mean an exact match between observation and expectation.

Here, our chi-squared is 24.98 - it is bigger than zero but is it big enough to indicate a significant deviation from 3:1? For that, we
need one last step:

6) Find the p-value corresponding to our chi-squared value

The p-value is the probability that our deviation from expected values is due to chance alone - it is the chance that we cannot rule
out the null hypothesis and would therefore conclude that there is nothing unexpected going on here. p-values go from 0 to 1. The
lower the p-value, the lower the chance that our results are the result of random variation - that is, the greater chance that we must
reject the null hypothesis and conclude that something more complicated is happening. Typically:

o if the p-value < 0.05, we "reject the null hypothesis" and conclude that something more complicated is happening.
o if the p-value is > 0.05, we "fail to reject the null hypothesis" and conclude that the deviation is just due to chance.
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Before using the table, we need to find one other number - the "degrees of freedom" or "df". The df is equal to the number of
phenotypes - 1; in this case, there are 2 phenotypes (tail-less and normal), so our df =2 - 1 = 1 or we say "there's one degree of
freedom". Why subtract 1? I can explain if you're curious.

Here's the table:

Chi-Square Probability Table

p-values | 0995 | 0.99 | 0.975 | 0.95 0.9 0.1 0.05 | 0.025 0.01 | 0.005
df

1 0.001 | 0.004 | 0.016 2.706 3.841 5.024 6.635 7.879

2 0.01 0.02 | 0.051| 0.103 | 0.211 4.605 5.991 7.378 9.21 | 10.597

3 0072 | 0.115 | 0.216 | 0.352 | 0.584 6.251 7.815 9.348 | 11.345 | 12.838

4| 0207 | 0297 | 0484 | 0.711 | 1.064 7.779 9.488 | 11.143 | 13.277 14.86

5| 0412 | 0.554 | 0.831 | 1.145 1.61 9.236 11.07 | 12.833 | 15.086 16.75

6| 0676 | 0.872 | 1.237 | 1.635 | 2.204 | 10.645 | 12,592 | 14.449 | 16.812 | 18.548

710989 | 1.239 1.69 | 2167 | 2.833 | 12.017 | 14.067 | 16.013 | 18.475 | 20.278

8| 1344 | 1.646 2.18 | 2.733 3.49 | 13.362 | 15.507 | 17.535 20.09 | 21.955

9 | 1.735 | 2.088 2.7 | 3.325 | 4168 | 14.684 | 16919 | 19.023 | 21.666 | 23.589

10 | 2.156 | 2.558 | 3.247 3.94 | 4865 | 15987 | 18.307 | 20.483 | 23.209 | 25.188

How do you read it?

The values in the table in black are chi-squared values you'd get from calculations like what we just did. Each row corresponds to a
different df. The columns give the p-value for the chi-squared and dfs in their column. Most often, your exact chi-squared value
will not be in the table so you'll have to estimate. Here's how to do it for our example:

o First, look in the row for df = 1 - you'll see 0.001, 0.004, up to 7.879.

o Next, look for the value in the table closest to the chi-squared value you calculated. In our case, 24.98 is higher than the highest
value in this row (7.879). Since the p-values of the columns drop as the chi-squared value increases, we know that our p-value
must be less than the p-value corresponding to chi-squared = 7.879 with df = 1; thus our p-value must be less than 0.005
(imagine continuing the chart off to the right - the chi-squared numbers would get higher and the p-values smaller).

We would then report that our results give a p-value (or "p" for short) of < 0.005 - since this is less than 0.05, we reject the null
hypothesis and conclude that the deviation from the expected 3:1 ratio is not due to chance and therefore there must be something
more complicated than simple dominance going on.

After finding this result, the researchers looked more carefully and found that, while Tt mice are tail-less, TT mice die during
embryonic development and this alters the expected ratio significantly. The chi-squared test gave them the solid evidence that they
needed to look for more than simple dominance.

This page titled 10.2: The chi-squared Test is shared under a not declared license and was authored, remixed, and/or curated by Brian White,
University of Massachusetts Boston.
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CHAPTER OVERVIEW

11: SPOC Xl - Mendel Many Genes

11.1: Dihybrid Crosses and Independent Assortment

This page titled 11: SPOC XI - Mendel Many Genes is shared under a not declared license and was authored, remixed, and/or curated by Brian
White.
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11.1: Dihybrid Crosses and Independent Assortment

Mendel's Second Law

Before Mendel, it had not yet been established that heritable traits were controlled by discrete factors. Therefore an important
question was whether distinct traits were controlled by separate factors that were inherited independently of one another. To answer
this, Mendel took two apparently unrelated traits, such as seed shape and seed color, and studied their inheritance together in one
individual. He studied two variants of each trait: seed color was either green or yellow, and seed shape was either round or
wrinkled. When either of these traits was studied individually, the phenotypes segregated in the classical 3:1 ratio among the
progeny of a monohybrid cross, with 3% of the seeds green and % yellow in one cross, and % round and % wrinkled in the other
cross. Would this be true when both were in the same individual?
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Figure 11.1.1: Monohybrid crosses involving two distinct traits, shape which can be round or wrinkled and color which can be
yellow or green. a) A monohybrid cross between RR (round peas) and rr (wrinkled peas) plants and b) A monohybrid cross between
YY (yellow peas) and yy (green peas) plants. (Original-Deyholos-CC:AN)
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To analyze the segregation of both traits at the same time in the same individual, Mendel crossed a pure breeding line of green,
wrinkled peas with a pure breeding line of yellow, round peas to produce F; progeny that were all yellow and round, and which
were also dihybrids; they carried two alleles at each of two loci. If the alleles for the two genes for pea shape and pea color cannot
be separated from each other, then in the F, generation, the offspring should be only green, round pea plants or yellow, wrinkled
plants, like the P generation plants.

If the genes controlling shape and color can be inherited independently, then what is the probability of phenotypes in the F;
generation? Using the product rule, we can multiply the individual probabilities of obtaining a round phenotype (34) with the
probability of obtaining a yellow phenotype (34), then % x 3 = 9/16 of the progeny would be both round and green. Likewise, % x
% = 3/16 of the progeny would be both round and yellow, and so on. By applying the product rule to all combinations of
phenotypes, we can predict a 9:3:3:1 phenotypic ratio among the progeny of a dihybrid cross, if certain conditions are met,
including the independent segregation of the alleles at each locus.

Definition: Product Rule

The probability of two or more independent events occurring is the product obtained by multiplying the probabilities of the individual events.
If you can use the word "and" to describe the occurrence of the events, then you can usually use the product rule.

For example, the probability of an organism with phenotype 1 and phenotype 2 is the product of the probability of phenotype 1 times the
probability of phenotype 2.

The dihybrid crosses that Mendel performed consistently revealed the 9:3:3:1 ratio in dihybrid crosses, leading him to conclude that the factors
controlling the traits are inherited independent of one another, a rule commonly known as the Law of Independent Assortment. Importantly, the F
generation includes two phenotype classes (in this example, round, green peas and yellow, wrinkled peas) that are new combinations of
phenotypes, distinct from the parental generation plants. Thus, independent assortment contribute to genetic diversity.

https://bio.libretexts.org/@go/page/165771



https://libretexts.org/
https://creativecommons.org/licenses/by-sa/4.0/
https://bio.libretexts.org/@go/page/165771?pdf
https://bio.libretexts.org/Courses/University_of_Massachusetts_Boston/Bio_252_254%3A_Genetics/11%3A_SPOC_XI_-_Mendel_Many_Genes/11.01%3A_Dihybrid_Crosses_and_Independent_Assortment

LibreTexts"

RrYy RrYy
r 1
JON BUN
9 3 3 1
RRYY RRyy oYY Y
RrYY  Rryy Yy
RRYy
RrYy

Figure 11.1.2: Pure-breeding lines RRYY and rryy are crossed to produce dihybrids in the F; generation. The cross of the F; RrYy
dihybrids produces four phenotypic classes in a ratio of 9:3:3:1. (Original-Deyholos-CC:AN)

Definition: Mendel's Second Law

The Law of Independent Assortment states that two loci assort independently of each other during gamete formation.

Table 11.1.1: Phenotypic classes expected in monohybrid and dihybrid crosses for two seed traits in pea.

Frequency of
phenotypic
crosses within
separate
monohybrid
crosses:
seed shape: %
round Y
wrinkled
seed color: %
yellow ! green
Frequency of
phenotypic
crosses within a
dihybrid cross:
% round X %
yellow = 9/16
round & yellow
% round X Y
green = 3/16
round & green
Y4 wrinkled x %
yellow = 3/16
wrinkled &
yellow
Y4 wrinkled x %4
green = 1/16
wrinkled & green

The 9:3:3:1 phenotypic ratio calculated using the product rule can also be obtained using Punnett Square. First, we list the
genotypes of the possible gametes along each axis of the Punnett Square. In a diploid with two heterozygous genes of interest, there
are up to four combinations of alleles in the gametes of each parent. The gametes from the respective rows and column are then
combined in the each cell of the array. When working with two loci, genotypes are written with the symbols for both alleles of one
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locus, followed by both alleles of the next locus (e.g. AaBb, not ABab). Note that the order in which the loci are written does not
imply anything about the actual position of the loci on the chromosomes.

RY Ry ryY ry

RY| RRYY | RRYy | RrYY | Rr¥y

Ry| RRYy | RRyy | RrYy | Ry

rY RrYY | Re¥y | reYY | reky

ry| Re¥y | Reyy | vely | reyvy

Figure 11.1.3: A Punnett Square showing the results of a dihybrid cross. Each of the four phenotypic classes is represented by a
different color of shading. (Original-Deyholos-CC:AN)

To calculate the expected phenotypic ratios, we assign a phenotype to each of the 16 genotypes in the Punnett Square, based on our
knowledge of the alleles and their dominance relationships. In the case of Mendel’s seeds, any genotype with at least one R allele
and one Y allele will be round and yellow; these genotypes are shown in the nine, green-shaded cells. We can represent all of four
of the different genotypes shown in these cells with the notation (R_Y_), where the blank line (__), means “any allele”. The three
offspring that have at least one R allele and are homozygous recessive for y (i.e. R_yy) will have a round, green phenotype.
Conversely the three progeny that are homozygous recessive r, but have at least one Y allele (rrY_) will have wrinkled, yellow
seeds. Finally, the rarest phenotypic class of wrinkled, yellow seeds is produced by the doubly homozygous recessive genotype,
rryy, which is expected to occur in only one of the sixteen possible offspring represented in the square.

Video 11.1.1: Watch the video to see how to set up and complete a dihybrid Punnett Square.

Where does Independent Assortment Come from? Meiosis

In order to work out a proper Punnett square for more than one gene, it is very important to understand how meiosis produces
gametes when there is more than one chromosome involved. The figure below, which also appeared in the Meiosis section of the
course, shows this in detail.
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Assumptions of the 9:3:3:1 ratio

Both the product rule and the Punnett Square approaches showed that a 9:3:3:1 phenotypic ratio is expected among the progeny of
a dihybrid cross such as Mendel’s RrYy x RrYy. In making these calculations, we assumed that:

1. both loci assort independently;

2. one allele at each locus is completely dominant; and

3. each of four possible phenotypes can be distinguished unambiguously, with no interactions between the two genes that would
alter the phenotypes.

Deviations from the 9:3:3:1 phenotypic ratio may indicate that one or more of the above conditions has not been met. Modified

ratios in the progeny of a dihybrid cross can therefore reveal useful information about the genes involved.

Applying the product rule

Mendel's conclusions about the segregation of alleles and independent of assortment of genes continue to hold true for inheritance
in diploid organisms, in which meiosis produces gametes that have one copy of thousands genes - not just one or two. However,
making a Punnett Square for more than two genes becomes tricky and cumbersome. The Product Rule can be used to predict
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outcomes when considering more than two genes at a time. Find the probability of each genotype or phenotype and multiple each
probability.

Exercise 11.1.1

If two organisms with genotype GgHhJj are crossed, what fraction of offspring are expected to be homozygous dominant for
all three genes?

Hint: GG and HH and JJ

Answer

(Probability GG: 1/4) x (Probability HH: 1/4) x (Probability JJ: 1/4) = 1/64

jsVGL problems for this section:

Click on the links below to access jsVGL problems. Each link will take you to a problem that will let you practice with different
genetic models.

¢ Problems involving two genes, independent assortment, simple dominance.
e Problems involving two genes, independent assortment, one with simple dominance, the other with incomplete dominance.
Contributors and Attributions

e Dr. Todd Nickle and Isabelle Barrette-Ng (Mount Royal University) The content on this page is licensed under CC SA 3.0
licensing guidelines.

o Stefanie Leacock, UA-Little Rock

This page titled 11.1: Dihybrid Crosses and Independent Assortment is shared under a CC BY-SA license and was authored, remixed, and/or
curated by Brian White, University of Massachusetts Boston.

e 4.2.2: Dihybrid Crosses and Independent Assortment by Stefanie West Leacock is licensed CC BY-SA 4.0.
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12.1: Interacting Phenotypes

Learning Objectives

o Describe the results of crosses involving two genes that affect the same trait as exhibiting complementation, epistasis, or
redundancy.

o Predict phenotypes of offspring of crosses involving two genes, given information about biohemical pathways or functions
of the genes.

The Big Picture: Studying Biochemical Pathways Using Genetics

One of the most interesting applications of genetics is to the analysis of biochemical pathways. It is possible to learn an enormous
amount about interactions at the biochemical level without ever doing any biochemistry! By cleverly designing and interpreting
crosses, it is possible to figure out how molecules interact.

A Very Important "rule™: "Doing something is dominant to not doing something"

"Rule" is in quotes because, in biology, there are always exceptions. Nonetheless, this "rule" goes a very long way to understanding
how to use genetics to dissect biochemical interactions.

This "rule" works most of the time because most of the genes we study encode proteins and many of these proteins are enzymes.
Since enzymes are very powerful catalysts, you only need a little to get the job done (most of the time). Consider the following
example:

e The A allele encodes fully functional enzyme
e The a allele encodes a non-functional enzyme

Thus:

o AA individuals have 2 copies of the gene encoding fully-functional enzyme. With 2 genes making functional enzyme, this is
100% of the wild-type enzyme level. This is more than enough to carry out whatever reaction this enzyme is required for.

¢ aa individuals have 2 copies of the gene, neither of which makes any functional enzyme. Thus, their enzyme level is 0%. The
reaction the enzyme catalyzes is not carried out - typically resulting in some abnormality.

¢ So what happens in Aa individuals? They have one copy making functional enzyme and one copy making non-functional
enzyme. Thus, their enzyme level is 50%. You might think that this would mean they'd have a mild form of the abnormality
(this would be incomplete dominance) but most of the time, 50% enzyme level is more than enough and these individuals
are completely normal. Since the phenotype of Aa is the same as that of AA, that means the phenotype of the A allele is simply
dominant to that of the a allele.

Especially when we're dealing with biochemical pathways, in general:

o The allele with the dominant phenotype encodes a functional protein.
o The allele with the recessive phenotype encodes a non-functional protein.

Some dihybrid crosses produce a phenotypic ratio that differs from 9:3:3:1, such as 9:3:4, 12:3:1, 9:7, or 15:1. Note that each of
these modified ratios can be obtained by summing one or more of the 9:3:3:1 classes expected from our original dihybrid cross. In
the following sections, we will look at some modified phenotypic ratios obtained from dihybrid crosses and what they might tell us
about interactions between genes.

Complementary gene action

As we have already discussed, in the absence of any phenotypic interaction, there are four phenotypic classes among the progeny of
a dihybrid cross. The four phenotypic classes correspond to the genotypes: A_B_, A_bb, aaB_, and aabb. In some cases, the
progeny of a dihybrid cross may produce just two phenotypic classes, in an approximately 9:7 ratio. An interpretation of this ratio
is that the loss of function of either A or B gene function has the same phenotype as the loss of function of both genes, due to
complementary gene action or "complementation" for short (meaning that the functions of both genes work together to produce

a final product and the intermediate product is not detectable). For example, consider a simple biochemical pathway in which a
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colorless substrate is converted by the action of gene A to another colorless product, which is then converted by the action of gene
B to a visible pigment. Loss of function of either A or B, or both, will have the same result: no pigment production. Thus A_bb,
aaB_, and aabb will all be colorless, while only A B_ genotypes will produce pigmented product. The modified 9:7 ratio may
therefore be obtained when two genes act together in the same biochemical pathway, and when their loss of function phenotypes
are indistinguishable from each other or from the loss of both genes.

colorless geneA colorless geneB
compound - compound
#1 #2

Figure 12.1.1: A simplified biochemical pathway showing complementary gene action of A and B. Note that in this case, the same
phenotypic ratios would be obtained if gene B acted before gene A in the pathway. (Original-Deyholos-CC:AN)

_AB Ab alh ab

.‘fB| AABB | A4ABb | AaBB

AaBb ‘

Ab| AABb | AAbb | AaBb | Aabb

aB| ABB | AaBb  aaBB | aaBh

ab| AaBb | Aabb  aaBb | aabb

Figure 12.1.2: Genotypes and phenotypes among the progeny of a dihybrid cross of a hypothetical plant heterozygous for two loci
affecting flower color. (Original-Deyholos-CC:AN)

Epistasis

Epistasis (which means “standing upon”) occurs when the phenotype of one locus masks, or prevents, the phenotype of another
locus. Thus, following a dihybrid cross fewer than the typical four phenotypic classes will be observed with epistasis. As we have
already discussed, in the absence of epistasis, there are four phenotypic classes among the progeny of a dihybrid cross. The four
phenotypic classes correspond to the genotypes: A_B , A bb, aaB_, and aabb. If either of the singly homozygous recessive
genotypes (i.e. A_bb or aaB_) has the same phenotype as the double homozygous recessive (aabb), then a 9:3:4 phenotypic ratio
will be obtained. For example, in the Labrador Retriever breed of dogs, the B locus encodes a gene for an important step in the
production of melanin. The dominant allele, B is more efficient at pigment production than the recessive b allele, thus B_ hair
appears black, and bb hair appears brown. A second locus, which we will call E, controls the deposition of melanin in the hairs. At
least one functional E allele is required to deposit any pigment, whether it is black or brown. Thus, all retrievers that are ee fail to
deposit any melanin (and so appear pale yellow), regardless of the genotype at the B locus.

Figure 12.1.3: Labrador Retrievers with different coat colors: (from left to right) black, chocolate, yellow: an example of recessive
epistasis. (Flickr-John Curley/PhilRomans/Miss Chien-CC:AND)

The ee genotype is therefore said to be epistatic to both the B and b alleles, since the homozygous ee phenotype masks the
phenotype of the B locus. The B/b locus is said to be hypostatic to the ee genotype. Because the masking allele is in this case is
recessive, this is called recessive epistasis.
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Figure 12.1.4: Genotypes and phenotypes among the progeny of a dihybrid cross of Labrador Retrievers heterozygous for two loci
affecting coat color. The phenotypes of the progeny are indicated by the shading of the cells in the table: black coat (black, E_B_);
chocolate coat (brown, E_bb); yellow coat (yellow, eeB_ or eebb). (Original-Locke-CC:AN)

Biochemical Basis for the genetic interaction between E and B in dog coat color

Why is this genetic interaction observed? The B locus encodes the protein TYRP1 (Tyrosinase-Related Protein 1). The enzyme
catalyzes a step in the production of melanin within melanocytes. Predicted loss-of-function alleles of TYRP1 were identified in
brown dogs, for example a premature stop codon (Schmutz et al. TYRP1 and MC1R genotypes and their effects on coat color in
dogs. Mamm Genome. 2002;13(7):380-387). Dogs homozygous or heterozygous for functional TYRP1 produce sufficient melanin
to have a black coat.

The E locus encodes the protein MC1R (melanocortin receptor 1), which is a membrane bound receptor for melanocyte-stimulating
hormone (MSH) on the surface of the melanocytes. Activation of this receptor is transduced into a transcriptional response to
produce proteins needed for eumelanin production. Recessive loss-of-function alleles of MC1R result in reduced or absent receptor
activity and therefore loss of the intracellular response of proteins proteins needed for eumelanin production. When MCIR is not
activated, cells can still produce the yellow pheomelanin, resulting in a yellow coat.

In the Punnett square above, any genotype that includes a homozygous recessive for MC1R (ee) results in a yellow coat, even when
the dog has a dominant allele B that is predicted to produce black fur. Without a functional MC1R receptor, the downstream events
needed to produce TYRP1 will not be activated, so the ee genotype "masks" the production of brown of black fur.

Redundant genes

When a dihybrid cross produces progeny in two phenotypic classes in a 15:1 ratio, this can be because the two loci’s gene products
have the same (redundant) functions within the same biological pathway. Yet another pigmentation pathway, in this case in wheat,
provides an example of gene redundancy, sometimes known as duplicate gene action. The biosynthesis of red pigment near the
surface of wheat seeds involves many genes, two of which we will label A and B. Normal, red coloration of the wheat seeds is
maintained if function of either of these genes is lost in a homozygous mutant (e.g. in either aaB_ or A_bb). Only the doubly
recessive mutant (aabb), which lacks function of both genes, shows a phenotype that differs from that produced by any of the other
genotypes. A reasonable interpretation of this result is that both genes encode the same biological function, and either one alone is
sufficient for the normal activity of that pathway.

Figure 12.1.5: Red (left) and white (right) wheat seeds. (cropwatch.unl.edu-pending)
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Figure 12.1.6: Genotypes and phenotypes among the progeny of a dihybrid cross of a wheat plants heterozygous for two loci
affecting seed color. (Original-Deyholos-CC:AN)

jsVGL problems for this section:

Click on the links below to access jsVGL problems. Each link will take you to a problem that will let you practice with different
genetic models.

e Problems involving Complementation. Starting a problem with this link gives a 50/50 chance of one of these two models:
o Complementation with 2 unlinked autosomal genes; 2 alleles each; simple dominance

= Phenotype 1 ==(Gene A)==> Phenotype 1 ==(Gene B)==> Phenotype 2
o One autosomal gene; 2 alleles; simple dominance
e Problems involving Epistasis. Starting a problem with this link gives a 50/50 chance of one of these two models:
o Epistasis with 2 unlinked autosomal genes; 2 alleles each; simple dominance
= Phenotype 1 ==(Gene A)==> Phenotype 2 ==(Gene B)==> Phenotype 3

o One autosomal gene; 2 alleles; incomplete dominance
Contributors and Attributions
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13.1: Genetic Pathways

4b Learning Objectives

e Understand how multiple genes often function together to control a trait

e Understand the concept of a biosynthetic pathway

o Understand the concept of a regulatory pathway

e Understand the concept of a network

e Understand how mutations in different genes of a pathway can cause the same phenotype

e Understand how mutations in different genes of a pathway might cause different phenotypes

Introduction

Genes do not function in isolation but rather suites of genes act in concert to perform biological functions. When different genes
function in different sequential steps of a biological process, this is known as a genetic pathway. Perhaps the most conceptually
intuitive type of pathway is a biosynthetic pathway, where a precursor molecule is chemically modified through a series of
enzymatically catalyzed intermediate steps to produce a bioactive product. Since enzymes are (proteins), the genes that encode
these enzymes are considered a genetic pathway. In a regulatory pathway, some type of stimulus leads to a change in the
expression or activity of a particular gene product, which in turn acts to alter the expression or activity of another gene product or
products, which in turn could regulate yet another level of activity.

Ultimately, these regulatory changes in expression or activity lead to a response to the stimulus, typically involving changes in gene
expression. Again, the genes that encode the various types of regulatory molecules, mainly proteins, constitute a genetic pathway.
Pathways are often targets in the biotechnological manipulation of traits, which requires an understanding of how pathways behave.
Also note that many biosynthetic and regulatory systems are better described as networks because of often, pathways branch or
converge and interact with other systems. However, for simplicity such complex networks will not be discussed here.

Biosynthetic pathways

Genes encode enzymes that catalyze steps in the synthesis of a compound. A biesynthetic pathway actually describes a process of
converting a precursor substrate into a product. In addition to the precursor substrate and product, it includes the enzymes, the
chemical reactions catalyzed by the enzymes and all the intermediate compounds. A pathway consists of a series of steps where a
precursor molecule acts as a substrate for an enzyme, which catalyzes a chemical reaction to produce a product, which then serves
as a substrate for a subsequent step.
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L-glutamate

15! Step: argA

N-acetyl-L-glutamate
2d Step: argB
N-acetyl-L-glutamyl-5-phosphate

N-acetyl-L-glutamyl-5-semialdehyde
4t Step: argD
N-acetyl-L-ornithine
5t Step: argE
L-ornithine
[ 6t Step: argF or OTC

L-citruline

L-argininosuccinate
l 8th Step: argH
L-arginine

Figure 1. The arginine biosynthetic pathway. The labeled arrows represent chemical reaction steps. The italicized 4-letter symbol

(e.g., argF) represents the gene that encodes the enzyme abbreviated to the right that catalyzes each step (e.g., OTC).
We have already discussed the one gene, one enzyme hypothesis which was an important advance in the discovery of how genes
encode proteins. This analysis also provides a nice example of the concept of a biosynthetic pathway. This hypothesis was
discovered by analyzing auxetrophic neurospora mutants that were defective in the production of amino acids. That is, the
biosynthetic pathways producing particular amino acids were disrupted by mutations. The text discusses the analysis of the arginine
pathway. Mutants that disrupt this pathway cannot grow on minimal medium lacking arginine but can grow if arginine is supplied
in the medium. The same fundamental pathway also produces arginine in plants.

Mutations that disrupt the function of particular enzymes in the pathway block the progression of the pathway at that corresponding
step. For example, a mutation in the argF gene would disrupt the enzyme ornithine carbamoyltransferase (OTC). This would block
step 6 in the pathway, the conversion of L-ornithine to L-citruline. As a result, the intermediate compound L-Ornithine will likely
accumulate, whereas all the compounds that occur later in the pathway (i.e., L-Citruline, L-argininosuccinate and L-arginine) will
be deficient.

Furthermore, since cells absolutely require arginine to make proteins and, therefore, to live, a mutation in any one of the genes
encoding enzymes in this parthway will result in a strain that cannot grow unless arginine is supplied in the medium. Importantly,
depending on where the mutation acts in the pathway, the resulting mutant strain will be able to grow if fed molecules that can be
converted into arginine. For example, an argF mutant will be able to convert L-citruline or L-argininosuccinate into arginine and
therefore grow on these molecules as well as arginine. However, an argF mutant is unable to convert L-ornithine or any other
intermediate that occurs before L-ornithine into arginine and will not be able to grow if only these molecules are supplied.

The anthocyanin pathway

The anthocyanin pathway is a slightly more complex pathway, although still simple as far as these things go. It is of significant
interest to horticulturists because anthocyanin pigments are responsible for many plant colors, particularly in flowers and fruits
(think red wine). Anthocyanin pigments range from orange to red, purple, and blue. In addition to the attractive colors,
anthocyanins provide, there is also considerable recent interest in anthocyanins for their dietary value, acting as strong antioxidants
and possibly anti-cancer agents.

Effects of mutations at different steps in anthocyanin biosynthesis.

Of course, each enzyme in the anthocyanin pathway is encoded by a gene. As such, mutations can generate variation or disrupt the
pathway. The maize anthocyanin pathway and examples of mutants are shown in Figure 2. The a2 mutant causes a deficiency in the
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anthocyanidin synthase enzyme, blocking the production of any pigmented compounds. The al and ¢2 mutants are similarly
colorless. The bz2 mutant is deficient in an enzyme related to glutathione-S-transferase, which is required for transport of
anthocyanidins into the vacuole, resulting in the bronze-colored pigment due to the more alkaline environment of the cytosol. The
bz1 mutant (not shown) produces a similar phenotype. Mutation of the prl gene eliminates just one class of anthocyanins. The pr1
gene encodes flavanone 3'-hydroxylase, required for the production of cyanidin, which generates purple anthocyanin. In the
mutant, only pelargonidin is synthesized, producing a red pigment.
4-coumaroyl-CoA

¢
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Figure 2. Maize anthocyanin mutants. A. The maize anthocyanin pathway. (Modified from Sharma et al., 2011). B-D. Ears
segregating a2 (anthocyaninless2), bz2 (bronze2), and prl (red aleuronel) mutant kernels, respectively. Normal kernels are dark
purple, nearly black, and the mutant kernels are the lighter colors. Images in B-D courtesy of M.G. Neuffer and MaizeGDB.

Regulatory pathways

A regulatory pathway refers to a situation where one gene or gene product controls the expression or activity of another gene or
gene product, which may in turn also perform a regulatory function. As we discussed, gene function can be regulated at many
points from transcriptional regulation to post-translational regulation. We will examine a couple of specific examples of regulatory
pathways but first let’s consider some of the general features of regulatory pathways. Understanding the logic of regulatory
pathways will become important later when we seek to use biotechnology to manipulate traits by altering their regulation.

A simplistic but useful way to help understand the logic of regulatory pathways is to consider them as a series of switches with on
and off states.

Positive vs. negative regulators

A key feature of regulatory pathways is that regulators might function either positively or negatively. A positive regulator is one
that functions to activate the next component in the pathway, whereas a negative regulator would inhibit the next component. For
example, a transcription factor that activated the transcription of a gene would be considered a positive regulator, while one that
repressed the transcription of a gene would be a negative regulator. Another common type of regulator is a protein kinase. Protein
kinases are proteins that add a phosphate group to another protein. Phosphorylation is a common type of post-translational
modification that can regulate the activity of proteins; sometimes the phosphorylated protein becomes activated and sometimes it
becomes repressed.

A positive regulatory step is represented with an arrow. For example, “protein A activates protein B” would be represented like:
A—-B (13.1.1)
A negative regulatory step is represented with a bar. “Protein C represses protein D” would be represented like:

CHD (13.1.2)
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Active vs. inactive states of regulators

A second point to consider in the logic of regulatory pathways is the activity state of each component. A useful way to think about
this is that each component can have an “on” or an “off” state. Of course, in reality, many proteins can have intermediate levels of
activity but for the sake of simplicity, we will just consider the on and off states.

The effect of a regulator being in the on or off state depends on whether it is a positive or negative regulator.

If a positive regulator is in the on state, it will function to activate the next factor. In the example of A — B, if A is in the on or active
state, it will function to switch B to the on or active state.

If a negative regulator is in the on state, it will function to switch the next factor to the off or inactive state. For ¢ +Db, if C is in the
on or active state, it will switch D to the off or inactive state.

Regulatory pathways sometimes contain many, sometimes few, steps. They can also contain a mixture of positive and negative
regulators. Let us explore a few hypothetical examples to see how the pieces fit together to regulate plant responses to stimuli.

When a pathway is depicted, all the steps are shown. For the sake of simplicity, it is assumed that the default activity state of any
given component is such that the preceding step functions to change it. We will begin with a simple example containing several
positive regulatory steps that activate a cellular activity, Activity 1, in response to Stimulus 1. In the pathway shown below, the
Stimulus 1 activates A. Therefore, we assume that in the absence of this stimulus, A is in the inactive or off state. Since A is
inactive, it is not functioning to activate B, which is therefore also in the inactive state, and likewise for C. Ultimately Activity 1
does not occur in the absence of Stimulus 1 but does occur in response to the stimulus.

Stimulus 1 - A - B - C - Activity 1
We can use color coding to help visualize this. Light grey represents the OFF state and blue represents the ON state.
No Stimulus 1 - A - B —» C - Activity 1 (OFF)
Stimulus 1 - A - B - C - Activity 1 (ON)

Or we can make a table to help keep track of the states of each component in the presence or absence of stimulus.

Stimulus 1 — A - B - C - Activity 1
NO OFF OFF OFF NO
YES ON ON ON YES

Now let us look at another example containing both positive and negative regulators.
Stimulus2 - D - E +F - Activity 2

In this case, components D and E would be in the inactive states in the absence of stimulus, because they would not have been
activated. But E functions as a negative regulator of F. Since E is inactive, it is not functioning to inhibit F, which then remains in
the active state promote cellular Activity 2. When Stimulus 2 is present, D and E become activated, and E functions to inactivate
F. Since F is off, Activity 2 does not occur. Thus, the net response to Stimulus 2 is the repression of Activity 2.

. (13.1.3)
5 (13.1.4)
OR
Stimulus 2 — D - E - F - Activity 2
NO OFF OFF ON YES
YES ON ON OFF NO

Now that we have considered regulatory pathways from a hypothetical perspective, let’s consider a couple real ones. As mentioned,
regulatory pathways can take on many forms. They can consist of a series of transcription factors that regulate the expression of
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one another’s genes, ultimately resulting in the regulation of genes that effect some biological response. Here, we will look at a
signal transduction pathway consisting of a series of post-translational modifications that occur response to a hormone stimulus and
culminate in gene expression changes to effect a response.

Signal transduction pathway for hormone signaling

Brassinosteroids (BRs) are a class of plant steroid hormones that control many aspects of plant physiology. They are most noted for
their role in promoting plant growth and mutants deficient in BR biosynthesis or signaling show dwarfism. BRs also promote a
range of other responses, including yield and increased stress resistance.

BRI1

¥

BSK1

¥

BSU1

!

BIN2

BZR1/2
v
Gene Expression

¥

Plant Growth

Figure 3. The brassinosteroid signaling pathway. Diagrammatic representation of the regulatory relationships among BR pathway

components.
BR hormones, of which brassinolide (BL) is considered the most active, are recognized by a receptor called BRI1. BRI1 is a type
of receptor known as a receptor kinase, which spans the cell membrane. On the outside of the cell is a receptor domain which
specifically recognizes and binds to BR. There is also a membrane-spanning domain and then a protein kinase domain inside the
cell. Binding to BR outside the cell then activates the protein kinase domain inside the cell. Protein kinases are enzymes that
function to add phosphate groups to other proteins. As previously discussed, phosphorylation can alter the activity of a protein.
Activation of the BRI1 receptor kinase then results in the activation of a signaling pathway that ultimately regulates the activity of
transcription factors inside the nucleus, changing the expression of genes that regulate growth and stress resistance.

The BR signal transduction pathway is well studied and is summarized in Figure 3. Do not be concerned with memorizing the
names of all these factors, but just focus on understanding the regulatory logic. The overall regulatory relationships of the pathway
are depicted in Figure 3. The main target of regulation is a pair of closely related transcription factors called BZR1 and BZR2.
BZR1/2 are negatively regulated by a protein called BIN2 in the absence of BR. BIN2 is a protein kinase that phosphorylates
BZR1/2, which results in BZR1/2’s exclusion from the nucleus and their proteolytic degradation. In the absence of BR, BIN2
contains a phosphate group that is required for its activity.

Binding of BR to the BRI1 receptor domain outside the cell results in the activation of the kinase domain inside the cell. Activated
BRI1 then phosphorylates a protein called BSK. Phosphorylated BSK binds yet another protein called BSU1, which is a protein
phosphatase. Protein phosphatases are enzymes that remove phosphate groups from other proteins. BSK binding activates BSU1
which then catalyzes the removal of the phosphate on BIN2, thereby inactivating BIN2. Thus, BSU1 is a negative regulator of
BIN2. When BIN2 is inactivated, that allows BZR1/2 to accumulate, to enter the nucleus, and to regulate the expression of genes
that effect the BR response, including promoting plant growth and yield.
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Effects of mutation on different steps

Mutations can affect regulatory pathways in multiple ways. Most mutations are loss-of-function mutations where the function of
the gene or gene product is partly or completely impaired. Considering the BR signaling pathway, the phenotypes of mutation will
differ depending on whether the mutation affects a positive or negative regulator of the pathway. A loss-of-function mutation in the
bril gene will block the perception of the hormone and therefore the pathway will not be activated; a dwarf phenotype will result.
On the other hand, a loss-of-function in the bin2 gene will release BZR1/2 from regulation. The result will be constant BZR1/2
activity regardless of whether BR hormone is present. This might be expected to generate giant plants but in fact the effects of
deregulating hormone responses are more complex—Ilet us just call it unregulated growth.

Mutations can also be gain-of-function, where the gene product assumes a form that is constantly in the active state. Such
mutations are typically dominant and are much less common than loss-of-function. Again, the outcome of a gain-of-function
mutation on the BR signaling pathway will vary depending on whether it affects a positive or negative regulator of the pathway. A
gain-of-function mutation in a positive regulator would cause deregulated hormone responses, whereas such a mutation in a
negative regulator would permanently shut down the pathway and cause dwarfism.
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14.1: Exceptions to autosomal inheritance

Learning Objectives

e Compare different modes of sex determination, such as mammalian XY, fruit flies, insects, birds, or environmental.
o Explain why dosage compensation is needed and the role of the non-coding RNA Xist in mammalian dosage compensation.
o Predict offspring phenotypes for X-linked and Z-linked genes.

For loci on autosomes, in which all individuals have two copies of the chromosome and either copy is equally likely to be passed to
offspring, the alleles follow the normal Mendelian pattern of inheritance. However, for loci on the allosomes (also called sex
chromosomes) individuals may have zero, one, or two copies of a chromosome. Because homologous chromosomes contain the
same genes, individuals may have zero, one, or two copies of some genes. In humans, the allosomes are the X and Y chromosomes,
which contain different genes, even though they act as a homologous pair during meiosis. Instead, genes on the X chromosome will
follow an X-linked pattern of inheritance, while genes on the Y chromosome will follow a Y-linked pattern of inheritance.

X-Linked inheritance example: the white gene in Drosophila melanogaster

A well-studied sex-linked gene is the white gene on the X chromosome of Drosophila melanogaster. Normally flies have red eyes
but flies with a mutant allele of this gene called white” (w’) have white eyes because the red pigments are absent. Because this
mutation is recessive to the wild type w* allele females that are heterozygous have normal red eyes. Female flies that are
homozygous for the mutant allele have white eyes. Because there is no white gene on the Y chromosome, male flies can only be
hemizygous for the wild type allele or the mutant allele.

Note about nomenclature

In genetics, genes are often named after their mutant (frequently, but not always, loss-of-function) phenotypes. Remember,
genetics has its origin in observing phenotypes. The white allele described here was identified in 1910 (Morgan, T.H.) long
before gene sequences could be determined, in fact, even before DNA had been identified as the unit of heredity. The DNA
sequence of this locus was not published until 1984 (O'Hare et al). We know now that this gene encodes a transporter protein
that deposits pigment and that the mutant allele does not produce a functional transporter, but the gene name white continues to
be used.

The process of identifying mutant phenotypes and then later determining which gene is involved is called forward genetics.

The alternative, to identify a candidate gene and manipulate it to observe the phenotype, is called reverse genetics, and was
only made possible by the advent of modern molecular biology tools.

Genotype: W/w*  whtw w/w wiY o w/Y
(R0

Phenotype: W W ﬁ~ W
L\ N N i 1l
¢ ¢ ¢ o O

Figure 14.1.1: Relationship between genotype and phenotype for a the white gene on the X-linked gene in Drosophila
melanogaster. The Y chromosome is indicated with a capital Y because it does not have a copy of the white gene. (Original-
Harrington/Locke-CC:AN)
Another way to show genotypes of X-linked traits is to explicitly specify the chromosome the gene is on with the letter X and use a
superscript for the particular allele it carries. This is shown below:
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XRXR Red eye female

XR Red eyes (dominant) “
: . XRXr Red eye female

X' White eyes (recessive)

XrXr White eye female
i None (makes the individual male)

XRY Red eye male

X'y White eye male

A researcher may not know beforehand whether a novel mutation is sex-linked. The definitive method to test for sex-linkage is
reciprocal crosses, in which a male and a female that have different phenotypes are crossed. In a second cross, the phenotypes are
reversed relative to the sex of the parents in the first cross. Whenever reciprocal crosses give different results in the F; and F,, and
whenever the male and female offspring have different phenotypes, the usual explanation is sex-linkage. Remember, if the locus
were autosomal, the F; and F, progeny are expected to show the same genotypes and phenotypes from either of these crosses.

A similar pattern of sex-linked inheritance is seen for X-chromosome loci in other species with an XX-XY sex chromosome
system, including mammals and humans. The ZZ-ZW system is similar, but reversed (see below).
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Figure 14.1.2: Reciprocal crosses involving an X-linked gene in Drosophila melanogaster. In a cross (left) between a w*w™ red-
eyed female fly and a wY white-eyed male fly, all of the offspring in the F; have red eyes. The F; offspring are all red-eyed females
and half red-eyed males. In a reciprocal cross (right) between a ww white-eyed female fly and a w*Y red-eyed male fly, all of the
female F; offspring have red eyes and the male F; offspring all have white eyes. The F, offspring are half red-eyed males and

females. Thomas H. Morgan won the Nobel Prize for using these crosses to demonstrate that genes (such as white) were on
chromosomes (in this case the X-chromosome). (Wikipedia-PAR-PD)

Diversity in Sex Determination

Sex determination refers to the process by which reproductive organs are specified to become ovaries or testes. Mechanisms for sex
determination in plants and animals are remarkably diverse, and include sex chromosomes, chromosome dosage, and environment
among others.

Some organisms used chromosomal sex determination. For example in humans and other mammals XY embryos commonly
develop testes while XX embryos develop ovaries. This difference in development is usually initiated by the presence of a single
gene, the SRY gene (sex-determining region on Y), on the Y-chromosome. SRY encodes is a transcription factor that activates
expression of genes that promote testes differentiation. Without SRY, these genes are not activated and genes that promote ovary
development are transcribed. Notably, SRY initiates the process of testes development, but a series of genes are required to
complete testes and reproductive organ development. If the downstream genes are not fully functional, development of these
structures may not occur despite the presence of the Y chromosome and SRY.
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Although Drosophila melanogaster also has a Y chromosome, there is not an SRY gene and the X to Autosome (X:A) ratio
determines male or female differentiation. Individuals with two autosome sets and two X chromosomes (2A:2X) will develop
ovaries, while those with only one X chromosome (2A:1X) will develop testes. The presence/absence of the Y-chromosome and its
genes are not significant. For example, both an XO and XY fruit fly will develop testes and other male phenotypes, if they both
have two sets of autosomes.

In other animal species, the number of chromosome sets can determine sex. For example the haploid-diploid system is used in bees,
ants, and wasps. Typically haploid individuals, which develop from unfertilized eggs, develop testes, while diploid individuals,
which develop from fertilized eggs, form ovaries. For this system to work, meiosis does not occur during sperm production in
haploids; instead sperm are identical copies produced by mitosis because chromosome number does not need to be reduced by half.

In other species, the environment can determine an individuals sex. In alligators (and some other reptiles) the temperature of
development dictates the sex, while in many reef fish, the population sex ratio can produce environmental signals that cause some
individuals to change sex.

Dosage Compensation

Mammals and Drosophila both have XX - XY sex determination systems. However, because these systems evolved independently
they work differently with regard to compensating for the difference in gene dosage. Remember, in most cases the sex
chromosomes act as a homologous pair even though the Y chromosome has lost most of the loci when compared to the X
chromosome. Comparison of X and Y chromosomes had led to the view that Y chromosomes have evolved from autosomes that
degenerated, slowly mutating and losing loci. In modern day mammals, the Y chromosomes have very few genes, while the X
chromosomes remain as they were. This is a general feature of all organisms that use chromosome based sex determination
systems. Chromosomes found in both sexes (the X or the Z) have retained their genes while the chromosome found in only one sex
(the Y or the W) have lost most of their genes.

Human X and Y Compared

X chromosome Y chromosome
Number of base pairs 156,040,895 57,227,415
Number of coding genes 857 64
Contains essential genes for viability? Yes No

Ensembl 2021. (Release 104) Nucleic Acids Res. 2021, vol. 49(1):884-891 PubMed PMID: 33137190.
doi:10.1093/nar/gkaa942

Chromosomal sex determination requires dealing with the gene dosage difference between individuals with different chromosome
complements: e.g. XX females have two copies ("doses") of X-chromosome genes while XY males only have one copy of these
genes. For all the autosomes, XX and XY individuals have the same number of copies of genes. Producing too much of some
proteins can be problematic, even lethal, for organisms. This difference in gene dosage needs to be compensated in a process called
dosage compensation. In Drosophila and many other insects, individuals with single X chromosome express the genes on it at
twice the normal rate. This mechanism of dosage compensation restores a balance of proteins encoded by X-linked genes and those
made by autosomal genes.
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X-chromosome Inactivation in Mammals

In mammals the dosage compensation system operates in any cell with more than one X chromosome. In XX embryos, one X in
each cell is randomly chosen and marked for inactivation by expressing a long non-coding RNA Xist (X inactive specific
transcript). The Xist RNA stays in the nucleus and "coats" the X chromosome, recruiting proteins that affect chromosome packing.
This X chromosome becomes highly compact heterochromatin. The expression of Xist is repressed on the other chromosome, so it
remains more loosely packed euchromatin. The X; is replicated during S phase and transmitted during mitosis the same as any other
chromosome, but most of its genes are never allowed to turn on and the chemical modifications that regulate chromatin are passed
on following each round of cell division.

Make a prediction

What would happen to XY or XX mouse embryos that lack the Xist gene?

Answer
XY mouse embryos with a deletion of the Xist gene were viable and fully fertile. The XX mouse embryos died during

embryonic development.

(Marahrens Y, Panning B, Dausman J, Strauss W, Jaenisch R. Xist-deficient mice are defective in dosage compensation but
not spermatogenesis. Genes Dev. 1997 Jan 15;11(2):156-66. doi: 10.1101/gad.11.2.156. PMID: 9009199.)

From this point forward this chromosome will be inactive, abbreviated Xjpactive (Xi). The chromosome appears as a condensed mass
within interphase nuclei called the Barr body. With the inactivation of genes on one X chromosome, XX individuals have the same
number of functioning X-linked genes as XY individuals. The other X chromosome, the Xgcive (Xa), is unaffected. The
mechanisms that determine X inactivation can also be used in other situations, such as XXX, in which cells inactivate two X
chromosomes, or XXY individuals, in which cells inactivate one X chromosome. This remarkable system always leaves one X
chromosome active, such that every mammalian cell expresses the correct dose of X chromosome genes.

Counting chromosomes

The exact mechanism cells use to "count" their X chromosomes is not entirely clear. Essentially all mammalian cells leave only
one X chromosome active, even when abnormal numbers of X chromosomes are present.

Examples:

o Females with an extra X (XXX genotype) have 2 Barr bodies and 1 active X.
e Males with an extra X (XXY) have 1 Barr body and 1 active X.

This random inactivation of one X-chromosome leads to a commonly observe phenomenon in cats. A familiar X-linked gene is the
Orange gene (O) in cats. The O° allele encodes an enzyme that results in orange pigment for the hair. The OF allele causes the
hairs to be black. Heterozygous females have an orange and black mottled phenotype known as tortoiseshell. This is due to patches
of skin cells having different X-chromosomes inactivated. In each orange hair the X; chromosome carrying the OP allele is
inactivated. The O© allele on the X, is functional and orange pigments are made. In black hairs the reverse is true, the X;
chromosome with the O allele is inactive and the X, chromosome with the O allele is active. Because the inactivation decision
happens early during embryogenesis, the cells continue to divide to make large patches on the adult cat skin where one or the other
X is inactivated. The Orange gene in cats is a good demonstration of how the mammalian dosage compensation system affects
gene expression. However, most X-linked genes do not produce such dramatic mosaic phenotypes in heterozygous females.
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Figure 14.1.3: Relationship between genotype and phenotype for an X-linked gene in cats. The O° allele = orange while the
OB allele = black. (Original-Harringtion-CC:AN)

Another example is the F8 gene in humans that encodes Factor VIII, a protein needed for blood clotting that is produced in liver
cells. If an XY individual is hemizygous for a mutant allele (F8/F8") the result is hemophilia type A. An XX individual
homozygous for mutant alleles will also have hemophilia. Heterozygous F8*/F8 individuals do not have hemophilia because even
though half of their liver cells do not make Factor VIII (because the X with the F8" allele is inactive) the other 50% can. Because
some of their liver cells are exporting Factor VIII proteins into the blood stream, they have the ability to form blood clots
throughout their bodies. The genetic mosaicism in the cells of their bodies does not produce a visible mosaic phenotype.

Figure 14.1.4: Females heterozygous for an F8 mutation have a mixture of liver cells in which the F8" or F8 chromosome is
inactivated. Because people with the F8*/F8 genotype have the same phenotype, normal blood clotting, as F8*/F8* people the F8"
mutation is classified as recessive. (Original-Harringtion/Locke-CC:AN)

Example 14.1.1

Predicting genetic crosses with X-linked genes follows that of autosomal genes, remembering that each gamete contains only
one sex chromosome, unless otherwise specified.

A tortoiseshell female cat and a black male cat have 8 offspring. How many are expected to be tortoiseshell?
Solution

Using a Punnett square reveals that 25% (or two) offspring are predicted to be tortoiseshell.

O°0% x OFY

Possible gametes:  Possible gametes: OB
OYand O OYand ¥ T

O()OB O()T

00
Tortoiseshell Orange

female male

0BOB | OBY
OB Black Black

female male
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Exercise 14.1.1

If you were able to clone a tortoiseshell cat, would the pattern of orange and black markings be identical in the clone? Why or
why not?
Answer

The pattern is not likely to be identical because X chromosome inactivation happens during embryogenesis. When the
cloned cat is in the early stages of development, the X chromosomes with the orange and black alleles will be randomly
inactivated and passed on during each mitosis as more cells are formed.

Exercise 14.1.2

A heterozygous individual (genotype F8/F87) is a carrier for the hemophilia allele. Her partner is an XY male with normal
blood clotting. What is the probability their son will have hemophilia? What about a daughter?

Answer

A son will be either F87Y or F8Y (50% with hemophilia). A daughter will be either F§"/F8~ or F8'/F8" (0% with
hemophilia).

Z-linked genes

The ZW system is distinguished from the XY system based on which sex has two different sex chromosomes, also called the
heterogametic sex. In this case, male birds commonly have ZZ chromosomes, whereas female birds commonly have ZW
chromosomes. Thus, female birds may have only one copy of Z-linked genes. For example, a Z-linked gene influences feather
color in turkeys. Turkeys are birds, which use the ZZ-ZW sex chromosome system. The E allele makes the feathers bronze and the
e allele makes the feathers brown (Figure 14.1.5). Only turkeys with two Z chromosomes, commonly males, can be heterozygous
for this locus. Heterozygous turkeys (Ee) are uniformly bronze because the E allele is completely dominant to the e allele and birds
use a dosage compensation system similar to Drosophila and not mammals. Reciprocal crosses between turkeys from pure-
breeding bronze and brown breeds would reveal that this gene is in fact Z-linked.

Genotype:

Phenotype: ¢

Figure 14.1.5: Relationship between genotype and phenotype for a Z-linked gene in turkeys. The W chromosome does not have an
E/e-gene so it is just indicated with a capital W. (Original-Harringtion/Locke-CC:AN)

This model can also be written using notation like this:

Z-Linked Simple Dominance
m Contribution to Phenotype 2

ZEZE Bronze mzle

ZE Bronze feathers (dominant) “
. ZEZze Bronze mzle

Za Brown feathers (recessive)

z°Z® Brown male
W None (makes the individual female)

ZEW Bronze female

W Brown female
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jsVGL problems for this section:

Click on the links below to access jsVGL problems. Each link will take you to a problem that will let you practice with different
genetic models.

e Problems involving XX/XY sex-linkage and simple dominance only.
¢ Problems involving simple dominance and either autosomal or XX/XY sex-linkage.
e Problems involving simple dominance and autosomal linkage, XX/XY sex-linkage, or ZZ/ZW sex-linkage.

Contributors and Attributions

e Dr. Todd Nickle and Isabelle Barrette-Ng (Mount Royal University) The content on this page is licensed under CC SA 3.0
licensing guidelines.
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15.1: Pedigrees

Learning Objectives

e Understand the symbols used in a pedigree.
o Using pedigrees, distinguish between dominant and recessive autosomal inheritance.
o Given a pedigree, determine which modes of inheritance are possible.

When working with plants, animals, or humans, pedigrees can be used to follow traits among family groups.

Pedigrees are diagrams that show the phenotypes and/or genotypes for a particular organism and its ancestors. While commonly
used in human families to track genetic diseases, they can be used for any species and any inherited trait. These diagrams are used
to determine the mode of inheritance of a particular disease or trait, and to predict the probability of its appearance among
offspring. Pedigree analysis is therefore an important tool in both basic research and genetic counseling. Historically, a
standardized set of symbols has been used to represent an individual’s sex (circle for female, square for male), family relationships
(lines between individuals) and phenotype (unfilled or filled symbol). Matings that represent a union of gametes (not necessarily
marriage or other relationships) are drawn as a line joining a two symbols, while a consanguineous mating (a mating between
closely related individuals) is two lines.

A modern understanding of assisted reproduction, complex family relationships, disorders of sex determination (DSD), and gender
identity requires us to consider inclusive symbols and notations. When gender is unknown, convention has dictated that a diamond
be used. The diamond has also been suggested as substitute symbol to indicate a transgender or non-binary individual. However,
there is not yet an official standard for indicating trans or non-binary persons; a recent survey of genetic counselors presents several
alternatives (Sheehan et al., 2020). These possibilities including a square with a circle inside for a trans male or circle with a square
inside for a trans female, the appropriate symbol for the persons gender identify with text or abbreviations can be used to provide
additional information, for example trans male, trans female, FTM (female to male), or FTNB (female to non-binary). A circle or
square symbol with the gender identify could be used with the sex chromosomes indicated could also be used. Updates and
standardization of these symbols are likely to continue to occur. Other circumstances that might need to be noted are assisted
reproduction, including sperm or egg donors as well as surrogates, as these may include individuals who contribute genes to the
offspring, but may not have a role in the family or family group.

SEx Alternative symbaols far males who

female mals unknown were assigned female sex at birth:
3
3 XX Trans Male
E {or FTM)
c
5
- Alternative symbols for females who
@ . gk
T were assigned male sex at birth:
=
W

XY Trans Female

siblings (or MTF)

Alternative symbals far gender non-
mating conforming or non-binary individuals:

GNC XY or FTNB or
CONSangUInaous GNC XX MTNB
mating
Refarences: National Society of Genetic Counselors recommendations (Bennett et af, 2008) National Comprehensive
Cancer Netwark (Provenzale ef al, 2017 Sheehan et al (2020} Hale (2024)

Figure 15.1.1: Left: Traditional symbols used in drawing a pedigree are circles for females and squares for males (Copyright:
Original-Deyholos-CC:AN). Right: Possible approaches for depicting trans people in pedigree charts compiled from a survey of
genetic counseling professionals (Sheehan et al., 2019) as well as non-official proposals to present diversity in biology classes
(Hale, 2020).
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Figure 15.1.2: Left: Example pedigree in which an unaffected male and female have three offspring, one female to non-binary, one

female, and one male who is affected with a disease or phenotype. Right: Example designation of egg or sperm donors as a symbol

with a D for donor connected by a diagonal line to the offspring.
Each pedigree represents all of the available information about the inheritance of a single trait (most often a disease) within a
family. If an individual is known to have symptoms of the disease or trait (affected), the symbol is filled in. Sometimes a half-filled
in symbol is used to indicate a known carrier of a disease; carriers are unaffected but can pass an allele to subsequent generations
because they are heterozygous. Note that when a pedigree is constructed, it is often unknown whether a particular individual is a
carrier or not, so carriers are not always explicitly indicated in a pedigree. Unless additional information is provided, assume that
the pedigrees presented in this section are accurate, and represent fully penetrant traits.

The pedigree is drawn using factual information, but there is always some possibility of errors in this information, especially when
relying on family members’ recollections or even clinical diagnoses. In real pedigrees, further complications can arise due to
incomplete penetrance (including age of onset) and variable expressivity of disease alleles. A pedigree may be drawn when
trying to determine the nature of a newly discovered disease, or when an individual with a family history of a disease wants to
know the probability of passing the disease on to their children.

Using pedigrees to visualize patterns of inheritance

Given a pedigree of an uncharacterized disease or trait, one of the first tasks is to determine which modes of inheritance are
possible and then which mode of inheritance is most likely. This information is essential in calculating the probability that the trait
will be inherited in any future offspring.

Important to remember about autosomes & sex chromosomes

o Remember that in humans the autosomes are the same in both sexes. Both sperm and oocytes contain one copy of each
autosome.

o Remember that sex chromosomes may differ between individuals of different sexes. Both sperm and oocytes normally
contain one copy of a sex chromosome. In oocytes this chromosome is almost always an X; in sperm, it could be X or Y.

Autosomal Recessive Inheritance (AR)

Diseases that are inherited in an autosomal recessive pattern require that both parents of an affected individual carry at least one
copy of the disease allele. With autosomal recessive traits, many individuals in a pedigree can be carriers, probably without
knowing it. Compared to pedigrees of dominant traits, autosomal recessive pedigrees tend to show fewer affected individuals and
are often described as "skipping" generations. Thus, the major feature that distinguishes autosomal recessive from dominantly
inherited traits is that unaffected individuals can have affected offspring.
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Figure 15.1.3: A pedigree consistent with autosomal recessive inheritance. (Original-Deyholos_CC:AN)

The genetic model for an autosomal recessive trait or disease can be written like this:

Autosomal Recessive (AR)
m Contribution to Phenotype s

Unaffected [] O
Unaffected (dominant) “
Aa Unaffected [ ] O
a Affected (recessive)
aa Affected ] @

"Solving a pedigree" means to determine which of the four modes of inheritance are consistent with the pattern of inheritance
shown in the pedigree. The most through way to do this is a three-step process for each of the four modes of inheritance. Then,
given the mode you've selected:

1. For each individual, write out what you know about their genotype based only on their phenotype - that is, for now, ignore
who they're related to.

2. Then, go person by person and use the rules of inheritance to see if their parents could have produced them. As you go, update
your notes on their parent's genotypes.

3. If all the children could have been produced by the parents, then you conclude that the pedigree is consistent with that mode.
If any child is not possible, then you conclude that the pedigree is inconsistent with that mode.

For each of the four modes, we will work on the pedigree below using this process.

Consider the following pedigree:

Autosomal Dominant Inheritance (AD)

When a disease is caused by a dominant allele of a gene, every person with that allele will show symptoms of the disease
(assuming complete penetrance), and only one disease allele needs to be inherited for an individual to be affected. Thus, every
affected individual must have an affected parent and the trait often appears in every generation; this pattern is often called a vertical
inheritance pattern, as in from top to bottom of the pedigree. A pedigree with affected individuals in every generation is typical of
autosomal dominant diseases. However, beware that other modes of inheritance can also show the disease in every generation, as
described below. It is also possible for an affected individual with an autosomal dominant disease to have a family without any
affected children, if the affected parent is a heterozygote. This is particularly true in small families, where the probability of every
child inheriting the normal, rather than disease allele is not extremely small. Note that autosomal domintant diseases are usually
rare in populations, therefore affected individuals with autosomal dominant diseases tend to be heterozygotes (otherwise, both
parents would have had to been affected with the same rare disease). Achondroplastic dwarfism, and polydactyly are both examples
of human conditions that may follow an autosomal dominant mode of inheritance.
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Figure 15.1.4: A pedigree consistent with autosomal dominant inheritance. (Original-Deyholos-CC:AN)

The genetic model for an autosomal dominant trait or disease can be written like this:

Autosomal Dominant (AD)
Allele | Contribution to Phenotype

BB Affected [l @
B Affected (dominant) “
Bb Affected | @
b Unaffected (recessive)
bb Unaffected [ ] O

Consider the pedigree from above:

Sex-linked Recessive Inheritance (SLR)

Any XY individual that inherits an X-linked recessive disease allele will be affected by it (assuming complete penetrance), because
they do not have a second copy of the X chromosome to provide a dominant allele. Therefore, in X-linked recessive inheritance,
XY individuals, commonly males, tend to be affected more frequently than XX individuals, commonly females, in a population. In
autosomal dominant and recessive traits, the sex of the individual does not change the probability of being affected, because all
individuals have two copies of autosomes. Note, however, in the small sample sizes typical of human families, it is usually not
possible to accurately determine whether one sex is affected more frequently than others. On the other hand, one feature of a
pedigree that can be used to establish that an inheritance pattern is not X-linked recessive is the presence of an affected XX
offspring from unaffected parents; because the sperm-parent would have a mutant X and therefore would also have been affected if
the trait was X-linked recessive.

Figure 15.1.5: Some forms of colour blindness are inherited as X-linked recessive traits. Color blindness is diagnosed using tests
such as this.
Ishihara Test. (Wikipedia-unknown-PD)
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Figure 15.1.6\: A pedigree consistent with X-linked recessive inheritance. (Original-Deyholos-CC:AN)

The genetic model for an autosomal dominant trait or disease can be written like this:

Sex-Linked Recessive (SLR)
Genotype | Phenotype
m Contribution to Phenotype s

XD XD Unaffected female O
XD Unaffected (dominant) “

XP xd Unaffected female QO
xd Affected (recessive)

— Xd xd Affected female @

Y None (makes the individual male)

XPy Unaffected male []

Xdy Affected male [ |

Consider the pedigree from above:

Sex-linked Dominant inheritance (SLD)

In Sex-linked dominant inheritance, the gene responsible for the disease is located on the X-chromosome, and the allele that causes
the disease is dominant to the normal allele in XX individuals, who tend to be more frequently affected than XY individuals in the
population because they have two copies of the X chromosome. However, not all pedigrees provide sufficient information to
distinguish X-linked and autosomal dominance. One definitive indication that a trait is inherited on an autosome, and not the X
chromosome, is that an affected XY sperm parent passes the disease to an XY child; this type of transmission is not possible with
X-linked dominance, because XY individuals inherit their X chromosome from the XX egg parent.

-~

]
Jugel T

Figure 15.1.7: Left: A pedigree consistent with X-linked dominant inheritance. Right: X-ray of an individual with rickets, which can
be caused by an X-linked gene. (Wikipedia-Mrish-CC:AS)

The genetic model for an autosomal dominant trait or disease can be written like this:
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Sex-Linked Dominant (SLD)
Genot

XE XE Affected female @
Affected (dominant) “

XE Xe Affected female @
Xe Unaffected (recessive)

Xe Xe Unaffected female O
Y None (makes the individual male)

XEY Affected male [ |

Xey Unaffected male [

Consider the pedigree from above:

Y-linked Inheritance

Only individuals with a Y chromosome are affected in mammalian Y-linked inheritance and transmission can only occur from a
sperm-producing parent. This is the easiest mode of inheritance to identify, but it is one of the rarest because there are so few genes
located on the Y-chromosome. In 1960, the hairy-ear-rim phenotype seen in some Indian families was described as a Y-linked trait
(Gates, RR https://science.sciencemag.org/content/132/3420/145.1.long) based on 20 pedigrees showing father to son transmission.
In addition, the daughters of men with the hairy-ear-rim phenotype were unable to pass on the trait. However, questions remained
about the accuracy of this conclusion and in 2004 a genotyping study found a lack of molecular evidence for Y linkage of this trait
(Lee et al https://www.nature.com/articles/5201271.pdf).

Y-chromosome DNA polymorphisms can be used to follow the male lineage in large families or through ancient ancestral lineages.
For example, the Y-chromosome of Mongolian ruler Genghis Khan (1162-1227 CE), and his male relatives, accounts for ~8% of
the Y-chromosome lineage of men in Asia, or about 0.5% world wide (Zerjal et al, 2003).

Practice Solving Pedigree Problems

There is a simulation of pedigree genetics freely-available on the web called jsPedigrees. It allows you to draw a pedigree of your
own design and, at the click of a button tells you which modes of inheritance are consistent with the pedigree you drew. It will be
very helpful when you need to get ready for the exam.

Here's a short video showing how to use the program:
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How to practice with jsPedigrees
There are at least three different ways to use to sharpen your pedigree-solving skills:

o Build a pedigree, copy it down on paper, solve it yourself (which mode(s) is it consistent with?), click "Solve" and see if you
got it right. If not, try to see where you went wrong. Repeat until you can get it right consistently.

¢ You and a friend each build pedigrees, exchange them, solve them, click "Solve" and see if you got them right. If not, try to see
where you went wrong. Repeat until you can get it right consistently.

o Give yourself a goal like one of those listed below and see if you can build a pedigree that fits the goal (or convince yourself
that it is not possible). Repeat until you can get it right consistently. Some possible goals include making a pedigree that:
o Is only consistent with one mode of inheritance
o Is only consistent with sex-linked recessive inheritance (or autosomal dominant, etc)
o Is consisistent with only two modes of inheritance
o etc.
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16.1: Linkage

Linkage

As we learned in Chapter 6, Mendel reported that the pairs of loci he observed behaved independently of each other; for example,
the segregation of seed color alleles was independent from the segregation of alleles for seed shape. This observation was the basis
for his Second Law (Independent Assortment), and contributed greatly to our understanding of heredity. However, further research
showed that Mendel’s Second Law did not apply to every pair of genes that could be studied. In fact, we now know that alleles of
loci that are located close together on the same chromosome tend to be inherited together. This phenomenon is called linkage, and
is a major exception to Mendel’s Second Law of Independent Assortment. Researchers use linkage to determine the location of
genes along chromosomes in a process called genetic mapping. The concept of gene linkage is important to the natural processes of
heredity and evolution.

Recombination

The term “recombination” is used in several different contexts in genetics. In reference to heredity, recombination is defined as
any process that results in gametes with combinations of alleles that were not present in the gametes of a previous generation (see
Figure 16.1.2). Interchromosomal recombination occurs either through independent assortment of alleles whose loci are on
different chromosomes (Chapter 6). Intrachromoesomal recombination occurs through crossovers between loci on the same
chromosomes (as described below). It is important to remember that in both of these cases, recombination is a process that occurs
during meiosis (mitotic recombination may also occur in some species, but it is relatively rare). If meiosis results in recombination,
the products are said to have a recombinant genotype. On the other hand, if no recombination occurs during meiosis, the products
have their original combinations and are said to have a non-recombinant, or parental genotype. Recombination is important
because it contributes to the genetic variation that may be observed between individuals within a population and acted upon by
selection to produce evolution.

Figure 16.1.2: When two loci are on non-homologous chromosomes, their alleles will segregate in combinations identical to those

present in the parental gametes (Ab, aB), and in recombinant genotypes (AB, ab) that are different from the parental gametes.

(Original-Deyholos-CC:AN)
As an example of interchromosomal recombination, consider loci on two different chromosomes as shown in Figure 16.1.2. We
know that if these loci are on different chromosomes, there are no physical connections between them, so they are unlinked and
will segregate independently as did Mendel’s traits. The segregation depends on the relative orientation of each pair of
chromosomes at metaphase. Since the orientation is random and independent of other chromosomes, each of the arrangements (and
their meiotic products) is equally possible for two unlinked loci as shown in Figure 16.1.2. More precisely, there is a 50%
probability for recombinant genotypes, and a 50% probability for parental genotypes within the gametes produced by a meiocyte
with unlinked loci. Indeed, if we examined all of the gametes that could be produced by this individual (which are the products of
multiple independent meioses), we would note that approximately 50% of the gametes would be recombinant, and 50% would be
parental. Recombination frequency (RF) is simply the number of recombinant gametes, divided by the total number of gametes. A
frequency of approximately 50% recombination is therefore a defining characteristic of unlinked loci. Thus the greatest
recombinant frequency expected is ~50%.
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Linkage Reduces Recombination Frequency

Having considered unlinked loci above, let us turn to the opposite situation, in which two loci are so close together on a
chromosome that the parental combinations of alleles always segregate together (Figure 16.1.3). This is because during meiosis they
are so close that there are no crossover events between the two loci and the alleles at the two loci are physically attached on the
same chromatid and so they always segregate together into the same gamete. In this case, no recombinants will be present
following meiosis, and the recombination frequency will be 0%. This is complete (or absolute) linkage and is rare, as the loci
must be so close together that crossovers are never detected between them.

Ab

e

Figure 16.1.3: If two loci are completely linked, their alleles will segregate in combinations identical to those present in the parental
gametes (Ab, aB). No recombinants will be observed. (Original-Deyholos-CC:AN)

Crossovers Allow Recombination of Linked Loci

Thus far, we have only considered situations with either no linkage (50% recombination) or complete linkage (0% recombination).
It is also possible to obtain recombination frequencies between 0% and 50%, which is a situation we call incomplete (or partial)
linkage. Incomplete linkage occurs when two loci are located on the same chromosome but the loci are far enough apart so that
crossovers occur between them during some, but not all, meioses. Genes that are on the same chromosome are said to be syntenic
regardless of whether they are completely or incompletely linked. All linked genes are syntenic, but not all syntenic genes are
linked, as we will learn later.

Figure 16.1.4: A depiction of a crossover from Morgan’s 1916 manuscript. Only one pair of non-sister chromatids is shown, but
remember there are 4 chromatids for each homologous pair in meiosis. (Wikipedia-Morgan-PD)
Crossovers occur during prophase I of meiosis, when pairs of homologous chromosomes have aligned with each other in a process
called synapsis. Crossing over begins with the breakage of DNA of a pair of non-sister chromatids. The breaks occur at
corresponding positions on two non-sister chromatids, and then the ends of non-sister chromatids are connected to each other
resulting in a reciprocal exchange of double-stranded DNA (Figure 16.1.4). Generally every pair of chromosomes has at least one
(and often more) crossovers during meioses (Figure 16.1.5).
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Figure 16.1.5: A crossover between two linked loci can generate
recombinant genotypes (AB, ab), from the chromatids involved in the crossover. Remember that multiple, independent meioses
occur in each organism, so this particular pattern of recombination will not be observed among all the meioses from this
individual. (Original-Deyholos-CC:AN)

Because the location of crossovers is essentially random along the chromosome, the greater the distance between two loci, the more
likely a crossover will occur between them. Furthermore, loci that are on the same chromosome, but are sufficiently far apart from
each other, will on average have multiple crossovers between them and they will behave as though they are completely unlinked. A
recombination frequency of 50% is therefore the maximum recombination frequency that can be observed, and is indicative of loci
that are either on separate chromosomes, or are located very far apart on the same chromosome.

Inferring Recombination From Genetic Data

In the preceding examples, we had the advantage of knowing the approximate chromosomal positions of each allele involved,
before we calculated the recombination frequencies. Knowing this information beforehand made it relatively easy to define the
parental and recombinant genotypes, and to calculate recombination frequencies. However, in most experiments, we cannot directly
examine the chromosomes, or even the gametes, so we must infer the arrangement of alleles from the phenotypes over two or more

generations. Importantly, it is generally not sufficient to know the genotype of individuals in just one generation; for example,
given an individual with the genotype AaBb, we do not know from the genotype alone whether the loci are located on the same
chromosome, and if so, whether the arrangement of alleles on each chromosome is AB and ab or Ab and aB (Figure 16.1.6). The top
cell has the two dominant alleles together and the two recessive alleles together and is said to have the genes in the coupling (or
cis) configuration. The alternative shown in the cell below is that the genes are in the repulsion (or trans) configuration.

Figure 16.1.6: Alleles in coupling configuration (top) or repulsion configuration (bottom). (Original-Deyholos-CC:AN)

Fortunately for geneticists, the arrangement of alleles can sometimes be inferred if the genotypes of a previous generation are
known. For example, if the parents of AaBb had genotypes AABB and aabb respectively, then the parental gametes that fused to
produce AaBb would have been genotype AB and genotype ab. Therefore, prior to meiosis in the dihybrid, the arrangement of
alleles would likewise be AB and ab (Figure 16.1.7). Conversely, if the parents of AaBb had genotypes aaBB and AAbb, then the
arrangement of alleles on the chromosomes of the dihybrid would be aB and Ab. Thus, the genotype of the previous generation can
determine which of an individual’s gametes are considered recombinant, and which are considered parental.
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Figure 16.1.7: The genotype of gametes can be inferred unambiguously if the gametes are produced by homozygotes. However,

recombination frequencies can only be measured among the progeny of heterozygotes (i.e. dihybrids). Note that the dihybrid on the

left contains a different configuration of alleles than the dihybrid on the rightdue to differences in the genotypes of their respective

parents. Therefore, different gametes are defined as recombinant and parental among the progeny of the two dihybrids. In the cross

at left, the recombinant gametes will be genotype AB and ab, and in the cross on the right, the recombinant gametes will be Ab and

aB. (Original-Deyholos-CC:AN)
Let us now consider a complete experiment in which our objective is to measure recombination frequency (Figure 16.1.8). We need
at least two alleles for each of two genes, and we must know which combinations of alleles were present in the parental gametes.
The simplest way to do this is to start with pure-breeding lines that have contrasting alleles at two loci. For example, we could
cross short-tailed mice, brown mice (aaBB) with long-tailed, white mice (AAbb). Based on the genotypes of the parents, we know
that the parental gametes will be aB or Ab (but not ab or AB), and all of the progeny will be dihybrids, AaBb. We do not know at
this point whether the two loci are on different pairs of homologous chromosomes, or whether they are on the same chromosome,
and if so, how close together they are.

~"~

aaBb Aabb aabb

Figure 16.1.8: An experiment to measure recombination frequency between two loci. The loci affect coat color (B/b) and tail length

(A/a). (Wikipedia-Modified Deyholos-CC:AN)
The recombination events that may be detected will occur during meiosis in the dihybrid individual. If the loci are completely or
partially linked, then prior to meiosis, alleles aB will be located on one chromosome, and alleles Ab will be on the other
chromosome (based on our knowledge of the genotypes of the gametes that produced the dihybrid). Thus, recombinant gametes
produced by the dihybrid will have the genotypes ab or AB, and non-recombinant (i.e. parental) gametes will have the genotypes
aB or Ab.

How do we determine the genotype of the gametes produced by the dihybrid individual? The most practical method is to use a
testcross (Figure 16.1.8), in other words to mate AaBb to an individual that has only recessive alleles at both loci (aabb). This will
give a different phenotype in the F, generation for each of the four possible combinations of alleles in the gametes of the dihybrid.
We can then infer unambiguously the genotype of the gametes produced by the dihybrid individual, and therefore calculate the
recombination frequency between these two loci. For example, if only two phenotypic classes were observed in the F; (i.e. short
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tails and brown fur (aaBb), and white fur with long tails (Aabb) we would know that the only gametes produced following meiosis
of the dihybrid individual were of the parental type: aB and Ab, and the recombination frequency would therefore be 0%.
Alternatively, we may observe multiple classes of phenotypes in the F, in ratios such as shown in Table 16.1.1:

Table 16.1.1: An example of quantitative data that may be observed in a genetic mapping experiment involving two loci. The data correspond to
the F, generation in the cross shown in Figure 16.1.8.

) number of gamete from genotype of Fy (P)arental or
tail phenotype fur phenotype ; ) ]
progeny dihybrid from test cross (R)ecombinant
short brown 48 aB aaBb P
long white 42 Ab Aabb P
short white 13 ab aabb R
long brown 17 AB AaBb R

Given the data in Table 16.1.1, the calculation of recombination frequency is straightforward:

number of recombinant gametes

recombination frequency = total number of gametes scored (16.1.1)
13+17

o= 16.1.2

R 48 +42+13+17 (16.1.2)

=25% (16.1.3)

Genetic Mapping

Because the frequency of recombination between two loci (up to 50%) is roughly proportional to the chromosomal distance
between them, we can use recombination frequencies to produce genetic maps of all the loci along a chromosome and ultimately in
the whole genome. The units of genetic distance are called map units (mu) or centiMorgans (cM), in honor of Thomas Hunt
Morgan by his student, Alfred Sturtevant, who developed the concept. Geneticists routinely convert recombination frequencies
into cM: the recombination frequency in percent is approximately the same as the map distance in cM. For example, if two loci
have a recombination frequency of 25% they are said to be ~25cM apart on a chromosome (Figure 16.1.9). Note: this
approximation works well for small distances (RF<30%) but progressively fails at longer distances because the RF reaches a
maximum at 50%. Some chromosomes are >100 cM long but loci at the tips only have an RF of 50%. The method for mapping of
these long chromosomes is shown below.

Note that the map distance of two loci alone does not tell us anything about the orientation of these loci relative to other features,
such as centromeres or telomeres, on the chromosome.

Figure 16.1.9: Two genetic maps consistent with a recombination frequency of 25% between A and B. Note the location of the

centromere. (Original-Deyholos-CC:AN)
Map distances are always calculated for one pair of loci at a time. However, by combining the results of multiple pairwise
calculations, a genetic map of many loci on a chromosome can be produced (Figure 16.1.10). A genetic map shows the map
distance, in cM, that separates any two loci, and the position of these loci relative to all other mapped loci. The genetic map
distance is roughly proportional to the physical distance, i.e. the amount of DNA between two loci. For example, in Arabidopsis,
1.0 cM corresponds to approximately 150,000bp and contains approximately 50 genes. The exact number of DNA bases in a cM
depends on the organism, and on the particular position in the chromosome; some parts of chromosomes (“crossover hot spots™)
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have higher rates of recombination than others, while other regions have reduced crossing over and often correspond to large
regions of heterochromatin.
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Figure 16.1.10: Genetic maps for regions of two chromosomes from two species of the moth, Bombyx. The scale at left shows
distance in cM, and the position of various loci is indicated on each chromosome. Diagonal lines connecting loci on different
chromosomes show the position of corresponding loci in different species. This is referred to as regions of conserved synteny.
(NCBI-NIH-PD)
When a novel gene or locus is identified by mutation or polymorphism, its approximate position on a chromosome can be
determined by crossing it with previously mapped genes, and then calculating the recombination frequency. If the novel gene and
the previously mapped genes show complete or partial linkage, the recombination frequency will indicate the approximate position
of the novel gene within the genetic map. This information is useful in isolating (i.e. cloning) the specific fragment of DNA that
encodes the novel gene, through a process called map-based cloning.

Genetic maps are also useful to track genes/alleles in breeding crops and animals, in studying evolutionary relationships between
species, and in determining the causes and individual susceptibility of some human diseases.

olm o

a

Figure 16.1.11: A double crossover between two loci will produce gametes with parental genotypes. (Original-Deyholos-CC:AN)

Genetic maps are useful for showing the order of loci along a chromosome, but the distances are only an approximation. The
correlation between recombination frequency and actual chromosomal distance is more accurate for short distances (low RF
values) than long distances. Observed recombination frequencies between two relatively distant markers tend to underestimate the
actual number of crossovers that occurred. This is because as the distance between loci increases, so does the possibility of having
a second (or more) crossovers occur between the loci. This is a problem for geneticists, because with respect to the loci being
studied, these double-crossovers produce gametes with the same genotypes as if no recombination events had occurred (Figure
16.1.11) — they have parental genotypes. Thus a double crossover will appear to be a parental type and not be counted as a
recombinant, despite having two (or more) crossovers. Geneticists will sometimes use specific mathematical formulae to adjust
large recombination frequencies to account for the possibility of multiple crossovers and thus get a better estimate of the actual
distance between two loci.
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17: SPOC XVII - Epigenetics

17.1: Epigenetics

This page titled 17: SPOC XVII - Epigenetics is shared under a not declared license and was authored, remixed, and/or curated by Brian White,
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17.1: Epigenetics

Learning Objectives

o Describe examples of gene regulation through DNA methylation and mechanisms of genomic imprinting. Explain how
methyltransferases allow methylation to be heritable.
o Explain how DNA methylation can be associated with monoallelic expression.

The term epigenetics describes any heritable change in phenotype that is not associated with a change in the chromosomal DNA
sequence.

Originally it meant the processes through which the genes were expressed to give the phenotype; that is, the changes in gene
expression that occur during normal development of multicellular organisms. This includes the change in transcriptional state of a
DNA sequence (gene) via DNA or chromatin protein reversible modifications. Thus, DNA methylation and histone protein
methylation, phosphorylation, and acetylation have been targeted as mechanisms for heritable changes in cells as they grow from a
single cell (zygote) and differentiate to a multicellular organism. Here, dividing cells commit to differentiate into different tissues
such as muscle, neuron, and fibroblast due to the genes that they express or silence. Some genes are irreversibly silenced, through
epigenetic mechanisms, in some cell types, but not in others. This doesn’t involve any change in DNA sequence.

Remember, these epigenetic effects are not permanent changes and thus cannot be selectable in an evolutionary context. However,
mutations in the genes that regulate the epigenetic effect can be selected.

Definition: Epigenetics

Epigenetics describes any heritable change in phenotype that is not associated with a change in the chromosomal DNA
sequence.

Heritability of epigenetic modifications

During DNA replication, parental strands are used as a template to create complementary strands. However, modified bases or
histones are not copied directly. Instead, cells have enzymes that recognize partially modified DNA and add modifications to the
newly synthesized DNA. One example of an enzyme that plays this role is DNMT1 (DNA methyltransferase 1).
When chromosome with methylated DNA is replicated, the parental strand retains the methylation, but the new strand does not,
resulting in hemi-methylated DNA. Recall that DNA methylation usually occurs at CpG sequences, such that a CpG also exists on
the complementary strand at the same position. DNMT1 recognizes hemi-methylated DNA and adds the corresponding methyl
group to the new strand.
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Figure 17.1.1: Scheme of by a maintenance methyltransferase such as DNMT1. The black pins
represent methylation. CpGs that were methylated on both strands of the original DNA (left) will be methylated on both strands of
the daughter DNA (right), whereas CpGs that were unmethylated in the original DNA will not be methylated in the daughter DNA.
Maintenance methyltransferases recognize single-side methylated CpGs and methylate the complementary strand of those CpGs
(red arrow). Reference: Latchman D (2010) Gene Control : . (Figure By Hbf878 - Own work, CCO,
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Research Examples

Researchers have found many cases of environmentally induced changes in gene expression that can be passed on to subsequent
generations — a multi-generational effect. These altered expression patterns represent the diversity of expression for a genome. This
extended phenotype, the ability to influence traits in the next generation, is a topic of current research and only some examples will
be discussed here.

Epigenetics and maternal care

Watch this introductory video about experiments that tested the relationship between maternal care and offspring in rats.

In experiments, Meaney and colleagues examined the influence of maternal licking on epigenetic modifications of genes involved
in stress. Previous studies had shown that maternal care was associated with reduced fear and stress responses in adult rats. To
determine whether this effect was due to changes in gene expression, epigenetic modifications near the glucocorticoid receptor
(GR) gene were examined. In rats raised by mothers exhibiting high licking-grooming behaviors, methylation of a CpG in the GR
was absent and the region was associated with histone acetylation (Weaver et al, 2008). Both of these modifications are typically
associated with active chromatin, or gene expression. This GR acts in a feedback loop to reduce some stress responses. Therefore,
these findings are consistent with the rat behaviors with high levels of maternal care associated with higher expression of GR,
reducing the stress response of adult rats. This example illustrates how the DNA nucleotide sequence of the offspring does not
change, but their experiences and environments alters their gene expression profile and therefore their phenotype.
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Figure 17.1.1: Summary of relationship between maternal behavior and glucocorticoid (GR) gene epigenetic modifications (based
on Weaver et al., 2008)

Imprinting

For some genes, the allele inherited from the oocyte is expressed differently than the allele that is inherited from the sperm. This
pattern is distinct from sex-linkage and is true even if both alleles are wild-type and autosomal. During gamete development
(gametogenesis), each parent imprints epigenetic information on some genes that will affect the activity of the gene in the
offspring. Imprinting does not change the DNA sequence, but does involve methylation of DNA or histones, and generally silences
the expression of one of the parent’s alleles. In humans, some genes are expressed only from the paternal allele, and other genes are
expressed only from the maternal allele. The imprinting marks are reprogrammed before the next generation of gametes are
formed. For example, a sperm-producing individual inherits epigenetic information from both and oocyte and sperm, but the
epigenetic marks will be erased before sperm development and only one the sperm pattern of imprinting will be passed to his
offspring, either male or female.

Video 17.1.2: Mammalian Imprinting Cycle. (CC BY Leacock via )

Because imprinting often produces monoallelic expression of a gene, if one copy is mutated or lost, phenotypic changes may be
observed. This phenomenon produces an exception to Mendelian rules about recessive alleles not producing a phenotype when
heterozygous.
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Imprinted genes, of which there are currently about 100 genes in humans, appear to explain many parent-of-origin effects. For
example, Prader-Willi Syndrome (PWS) and Angelman Syndrome (AS) are two phenotypically different conditions in humans that
result from deletion of a specific region of chromosome 15, which contains several genes. Whether the deletion results in PWS or
in AS depends on the parent-of-origin. If the deletion is inherited from the father, PWS results. Conversely, if the deletion is
inherited from the mother, AS is the result. The gene(s) involved in PWS is maternally silenced by imprinting, therefore the
deletion of its paternally-inherited allele results in a complete deficiency of a required protein. On the other hand, the paternal allele
of the gene involved in AS is silenced by imprinting, so deletion of the maternal allele results in deficiency of the protein encoded
by that gene.

Transgenerational inheritance of nutritional influences

Nutrition is one aspect of the environment that has been particularly well-studied from an epigenetic perspective in both mice and
humans. Adults who were conceived during the Dutch famine of 1944-1945 have IGF2 genes that are less methylated than their
siblings born before or after the famine, even decades after birth (Heijmans et al, 2008). The IGF2 protein is a signaling molecule
that promotes growth and cell division. Further research is ongoing to determine how much impact this change in methylation has
on phenotypes.

A study of an isolated Swedish village called Overkalix provides an example of transgenerational inheritance of nutritional factors.
Detailed historical records allowed researchers to infer the nutritional status of villagers going back to 1890. The researchers then
studied the health of two generations of these villagers’ offspring, using medical records. A significant correlation was found
between the mortality risk of grandsons and the food availability of their paternal grandfathers. This effect was not seen in the
granddaughters. Furthermore, the nutrition of paternal grandmothers, or either of the maternal grandparents did not affect the health
of the grandsons. It was therefore proposed that epigenetic information affecting health (specifically diabetes and heart disease)
was passed from the grandfathers, to the grandsons, through the male line (Pembrey et al, 2006). At least one study has
recently replicated this finding in an independent population from Uppsala, Sweden (Vagerd et al, 2021)

In mouse models, the agouti gene produces a signaling molecule that regulates pigment-producing cells and brain cells that affect
feeding and body weight. Normally, agouti is silenced by methylation, and these mice are brown and have a normal weight. When
agouti is demethylated by feeding certain chemicals (for example) or by mutating a gene that controls methylation, some mice
become yellow and overweight. Although the nucleotide sequence of the gene remains unchanged, the methylation at the locus
decreases, causing overexpression of the protein (review 4.4: Exceptions to simple dominance). Methylation of agouti and normal
weight and pigmentation of offspring can be restored if their mothers are fed folic acid and other vitamins during pregnancy.
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18.1: Cancer Genetics

Classification of Cancers

Cancers can be classified based on the tissues in which they originate. Sarcomas are cancers that originate in mesoderm tissues,
such as bone or muscle, and cancers arising in glandular tissues (e.g. breast, prostate) are classified as adenecarcinomas.
Carcinomas originate in epithelial cells (both inside the body and on its surface) and are the most common types of cancer
(~85%). Each of these classifications may be further sub--divided. For example, squamous cell carcinoma (SCC), basal cell
carcinoma (BCC), and melanoma are all types of skin cancers originating respectively in the squamous cells, basal cells, or
melanocytes of the skin.

Cancer Cell Biology

Cancer is a progressive disease that usually begins with increased frequency of cell division (Figure 18.1.2). Under the microscope,
this may be detectable as increased cellular and nuclear size, and an increased proportion of cells undergoing mitosis. As the
disease progresses, cells typically lose their normal shape and tissue organization. Tissues with increased cell division and
abnormal tissue organization exhibit dysplasia. Eventually a tumor develops, which can grow rapidly and expand into adjacent
tissues.

it

normal

dysplasia dysplasia

metastasis

Figure 18.1.2: Progressive increases in cell division and abnormal cell morphology associated with cancer. (Wikipedia-NIH-PD)

As cellular damage accumulates and additional control mechanisms are lost, some cells may break free of the primary tumor, pass
into the blood or lymph system, and be transported to another organ, where they develop into new tumors (Figure 18.1.3). The early
detection of tumors is important so that they can be treated or removed before the onset of metastasis, but note that not all tumors
will lead to cancer. Tumors that do not metastasize are classified as benign, and are not usually considered life threatening. In
contrast, malignant tumors become invasive, and ultimately result in cancer.

Figure 18.1.3: Secondary tumors (white) develop in the liver from cells of a metastatic pancreatic cancer. (Wikipedia-J. Hayman-
PD)

Hallmarks of Cancer

Researchers have identified ten molecular and cellular traits that characterize most cancers. These ten hallmarks of cancer are
summarized in Table 18.1.1. In this chapter, we will focus on the first two hallmarks, namely growth signal autonomy and
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insensitivity to anti--growth signals.

Table 18.1.1 Ten Hallmarks of Cancer (Hanahan and Weinberg, 2000; Hanahan 2011)

1. Growth signal autonomy

Cancer cells can divide without the external signals normally required to stimulate division.

2. Insensitivity to growth inhibitory signals

Cancer cells are unaffected by external signals that inhibit division of normal cells.

3. Evasion of apoptosis

When excessive DNA damage and other abnormalities are detected, apoptosis (a type of programmed cell death) is induced in normal
cells, but not in cancer cells.

4. Reproductive potential not limited by telomeres

Each division of a normal cell reduces the length of its telomeres. Normal cells arrest further division once telomeres reach a certain
length. Cancer cells avoid this arrest and/or maintain the length of their telomeres.

5. Sustained angiogenesis

Most cancers require the growth of new blood vessels into the tumor. Normal angiogenesis is regulated by both inhibitory and
stimulatory signals not required in cancer cells.

6. Tissue invasion and metastasis

Normal cells generally do not migrate (except in embryo development). Cancer cells invade other tissues including vital organs.

7. Deregulated metabolic pathways

Cancer cells use an abnormal metabolism to satisfy a high demand for energy and nutrients.

8. Evasion of the immune system

Cancer cells are able to evade the immune system.

9. Chromosomal instability

Severe chromosomal abnormalities are found in most cancers.

10. Inflammation

Local chronic inflammation is associated with many types of cancer.

Mutagens and Carcinogens

A carcinogen is any agent that directly increases the incidence of cancer. Most, but not all carcinogens are mutagens. Carcinogens
that do not directly damage DNA include substances that accelerate cell division, thereby leaving less opportunity for cell to repair
induced mutations, or errors in replication. Carcinogens that act as mutagens may be biological, physical, or chemical in nature,
although the term is most often used in relation to chemical substances.

Human Papilloma Virus (HPV, Figure 18.1.4) is an example of a biological carcinogen. Almost all cervical cancers begin with
infection by HPV, which contains genes that disrupt the normal pattern of cell division within the host cell. Any gene that leads to
an uncontrolled increase in cell division is called an oncogene. The HPV E6 and E7 genes are considered oncogenes because they
inhibit the host cell’s natural tumor suppressing proteins (include p53, described below). The product of the E5 gene mimics the
host’s own signals for cell division, and these and other viral gene products may contribute to dysplasia, which is detected during a
Pap smear (Figure 18.1.5). Detection of abnormal cell morphology in a Pap smear is not necessarily evidence of cancer. It must be
emphasized again that cells have many regulatory mechanisms to limit division and growth, and for cancer to occur, each of these
mechanisms must be disrupted. This is one reason why only a minority of individuals with HPV infections ultimately develop
cancer. Although most HPV-related cancers are cervical, HPV infection can also lead to cancer in other tissues, in both women and
men.

Figure 18.1.4: Electron micrograph of HPV. (Wikipedia-Unknown-PD)
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Figure 18.1.5: Dysplastic (left) and normal (right) cells from a Pap smear. (Flickr-Ed Uthman-CC:AS)

Radiation is a well-known physical carcinogen, because of its potential to induce DNA damage within the body. The most
damaging type of radiation is ionizing, meaning waves or particles with sufficient energy to strip electrons from the molecules they
encounter, including DNA or molecules that can subsequently react with DNA. Ionizing radiation, which includes x-rays, gamma
rays, and some wavelengths of ultraviolet rays, is distinct from the non-ionizing radiation of microwave ovens, cell phones, and
radios. As with other carcinogens, mutation of multiple, independent genes that normally regulate cell division is required before
cancer develops.

Chemical carcinogens (Table 18.1.2) can be either natural or synthetic compounds that, based on animal feeding trials or
epidemiological (i.e. human population) studies, increase the incidence of cancer. The definition of a chemical as a carcinogen is
problematic for several reasons. Some chemicals become carcinogenic only after they are metabolized into another compound in
the body; not all species or individuals may metabolize chemicals in the same way. Also, the carcinogenic properties of a
compound are usually dependent on its dose. It can be difficult to define a relevant dose for both lab animals and humans.
Nevertheless, when a correlation between cancer incidence and chemical exposure is observed, it is usually possible to find ways to
reduce exposure to that chemical.

Table 18.1.2: Some classes of chemical carcinogens (Pecorino 2008)

1. PAHs (polycyclic aromatic hydrocarbons)

e.g. benzo[a]pyrene and several other components of the smoke of cigarettes, wood, and fossil fuels
2. Aromatic amines

e.g. formed in food when meat (including fish, poultry) are cooked at high temperature
3. Nitrosamines and nitrosamides

e.g. found in tobacco and in some smoked meat and fish

4. Azo dyes

e.g. various dyes and pigments used in textiles, leather, paints.

5. Carbamates

e.g. ethyl carbamate (urethane) found in some distilled beverages and fermented foods
6. Halogenated compounds

e.g. pentachlorophenol used in some wood preservatives and pesticides.

7. Inorganic compounds

e.g. asbestos; may induce chronic inflammation and reactive oxygen species

8. Miscellaneous compounds

e.g. alkylating agents, phenolics

Oncogenes

The control of cell division involves many different genes. Some of these genes act as signaling molecules to activate normal
progression through the cell cycle. One of the pre-requisites for cancer occurs when one or more of these activators of cell division
become mutated.

The mutation may involve a change in the coding sequence of the protein, so that it is more active than normal, or a change in the
regulation of its expression, so that it is produced at higher levels than normal, or persists in the cell longer than normal. Genes that
are a part of the normal regulation of cell division, but which after mutation contribute to cancer, are called prote-oncogenes. Once
a proto-oncogene has been abnormally activated by mutation, it is called an oncogene. More than 100 genes have been defined as
proto-oncogenes. These include genes at almost every step of the signaling pathways that normally induce cell to divide, including
growth factors, receptors, signal transducers, and transcription factors.
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Figure 18.1.6: HRas structure PDB 121p, ribbon showing strands in purple, helices in aqua, loops in gray. Also shown are the bound

GTP analog and magnesium ion. (CC-BY-SA ElaineMeng)
ras is an example of a proto-oncogene. ras acts as a switch within signal transduction pathways, including the regulation of cell
division. When a receptor protein receives a signal for cell division, the receptor activates ras, which in turn activates other
signaling components, ultimately leading to activation of genes involved in cell division. Certain mutations of the ras sequence
causes it to be in a permanently active form, which can lead to constitutive activation of the cell cycle. This mutation is dominant
as are most oncogenes. An example of the role of ras in relaying a signal for cell division in the EGF pathway is shown in Figure
18.1.7.

Many of the steps in these pathways involve the action of kinases. Kinases are proteins that transfer a phosphate group from ATP to
a particular target protein - this process is called phosphorylation. Typically phosphate groups are added to amino acids that have
an -OH group on their side chain -tyrosine (the most commonly phosphorylated), serine, and threonine. Phosphorylation has a
significant effect on protein function - for some proteins, only the phosphorylated version is active while in others, only the de-
phosphorylated version is active. There are also specific enzymes called phosphatases that remove phosphate groups from
proteins; this is called dephosphorylation. For example, in the figure below, the proteins RAF, MEK, and MAPK are all kinases
that are, in turn, activated by phosphorylation by other kinase molecules - a kinase cascade.

EGF
* &3 nmon
| &), G I ORLS s
RAF
MEK ,@ RAR
P MEK ~
MAPK
"®M3PK

Figure 18.1.7: Simplified representation of the epidermal growth factor (EGF) signaling pathway. In the panel on the left, the
components are shown in their inactive forms, prior to stimulation of the pathway. The components include the soluble ligand,
EGEF, its receptor (EGFR, a tyrosine kinase), ras (a G protein), several kinases (RAF, MEK, MAPK), and a transcription factor
(TF). In the right panel, the activate pathway is shown. Binding of the ligand to its receptor leads to autophosphorylation of the
receptor. Through a series of proteins not shown here, the phosphorpylated simulates conversion of ras to its active, GTP-bound
form. The activated ras then stimulates phosphorylation of a series of kinases, which ultimately activate transcription factors and
the expression of genes required for cell proliferation. (Original-Deyholos-CC:AN)

Tumor Suppressor Genes

More than 30 genes are classified as tumor suppressors. The normal functions of these genes include repair of DNA, induction of
programmed cell death (apoptosis) and prevention of abnormal cell division. In contrast to proto-oncogenes, in tumor suppressors
it is loss-of-function mutations that contribute to the progression of cancer. This means that tumor suppressor mutations tend to be
recessive, and thus both alleles must be mutated in order to allow abnormal growth to proceed. It is perhaps not surprising that
mutations in tumor suppressor genes, are more likely than oncogenes to be inherited. An example is the tumor suppressor gene,
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BRCA1, which is involved in DNA-repair. Inherited mutations in BRCA1 increase a woman'’s lifetime risk of breast cancer by up to
seven times, although these heritable mutations account for only about 10% of breast cancer. Thus, sporadic rather than inherited
mutations are the most common sources of both oncogenes and disabled tumor suppressor genes.

An important tumor suppressor gene is a transcription factor named p53. Other proteins in the cell sense DNA damage, or
abnormalities in the cell cycle and activate p53 through several mechanisms including phosphorylation (attachment of phosphate
to specific site on the protein) and transport into the nucleus. In its active form, p53 induces the transcription of genes with several
different types of tumor suppressing functions, including DNA repair, cell cycle arrest, and apoptosis. Over 50% of human tumors
contain mutations in p53. People who inherit only one functional copy of p53 have a greatly increased incidence of early onset
cancer. However, as with the other cancer related genes we have discussed, most mutations in p53 are sporadic, rather than
inherited. Mutation of p53, through formation of pyrimidine dimers in the genes following exposure to UV light, has been causally
linked to squamous cell and basal cell carcinomas (but not melanomas, highlighting the variety and complexities of mechanisms
that can cause cancer).

Figure 18.1.8: p53 bound to its target site on a DNA molecule. (Wikipedia-Thomas Spettstoesser from Cho etal, Science 265PP346,
1994-CC:AS)

The "poster child" of Genetic Research Leading to Cancer Treatment - Gleevec (Imatinib)

Chronic myelogenous leukemia (CML)

Chronic myelogenous leukemia (CML) is a type of cancer of white blood cells, myeloid cells, that are mutated and proliferate
uncontrollably through three stages (chronic, accelerated, and blast crisis) and lead eventually to death. Cytogenetics showed the
myeloid cells of CML patients usually also have a consistent chromosome translocation (the mutant event) between the long arms
of chromosomes 9 and 22, t(9:22)(q34;q11). It is also known as the Philadelphia chromosome (Ph*). This translocation involves
breaks in two genes, c-abl and bcr, on chromosomes 9 and 22, respectively. The fusion of the translocation breaks result in a
chimeric gene, called bcr-abl, that contains exons 1 and/or 2 from bcr (this varies from patient to patient) and 2-11 from abl and it
produces a chimeric protein (BCR-ABL or p185°“-®!) that is transcribed like bcr and contains abl enzyme sequences. This
chimeric protein has a tyrosine-kinase from the abl gene sequences that is unique to the CML mutant cell. The consistent,
unregulated expression of this gene and its kinase product causes activation of a variety of intracellular signaling pathways,
promoting the uncontrolled proliferative and survival properties of CML cells (the cancer). Thus the BCR-ABL tyrosine kinase
enzyme exists only in cancer cells (and not in healthy cells) and a drug that inhibits this activity could be used to target and prevent
the uncontrolled growth of the cancerous CML cells.

Inhibiting the Bcr-Abl tyrosine kinase activity

Knowing that the kinase activity was the key to treatment, pharmaceutical companies screened chemical libraries of potential
kinase inhibitory compounds. After initially finding low potency inhibitors, a relationship between structure and activity suggested
other compounds that were optimized to inhibit the BCR-ABL tyrosine kinase activity. The lead compound was STI571, now
called Gleevec™ or imatinib (Figure 18.1.9). This drug was shown to inhibit the BCR-ABL tyrosine kinase activity and to inhibit
CML cell proliferation in vitro and in vivo. Gleevec™ works via targeted therapy—only the kinase activity in cancer cells was
targeted and thereby killed through the drug's action. In this regard, Gleevec™ was one of the first cancer therapies to show the
potential for this type of targeted action. It was dependent upon the genetic identification of the cause and protein target and is often
cited as a paradigm for genetic research in cancer therapeutics.
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Figure 18.1.9: Biochemical structure of Gleevec™ or Imatinib. . (Wikipedia-Fuse809-CC:AN)

Caution

This is a simplified presentation of the CML/cancer targeting by the drug Gleevec™. There are many more details than could be
presented here. It is represents as a model of finding a drug for each type of cancer, rather than the one, single “magic bullet” that
kills all cancers. Remember, there are always complexities in this type of research to treatment process, such as patient genetic and
environmental variation that leads to differences in drug metabolism, uptake, and binding. Also, changes in drug dose, mutation of
the bcr-abl gene, and other events can affect the effectiveness of the treatment and the relapse rate. Biological systems are
extremely complex and difficult to modulate in the specific, targeted manner necessary to treat cancer ideally.

Remember, the drug, Gleevec™, is not a cure, but only a treatment. It prevents the uncontrolled proliferation of the CML cells, but
doesn’t kill them directly. The arrested cells will die eventually, but there is always a small pool of CML cells that will proliferate if
the drug is discontinued. While sustained use of this expensive drug is beneficial to the pharmaceutical companies, it is certainly
not the ideal situation for the patient.

This page titled 18.1: Cancer Genetics is shared under a CC BY-SA 3.0 license and was authored, remixed, and/or curated by Brian White via
source content that was edited to the style and standards of the LibreTexts platform.

e 13.1: Classification of Cancers by Todd Nickle and Isabelle Barrette-Ng is licensed CC BY-SA 3.0. Original source:
http://opengenetics.net/open_genetics.html.

e 13.2: Cancer Cell Biology by Todd Nickle and Isabelle Barrette-Ng is licensed CC BY-SA 3.0. Original source:
http://opengenetics.net/open_genetics.html.

o 13.3: Hallmarks of Cancer by Todd Nickle and Isabelle Barrette-Ng is licensed CC BY-SA 3.0. Original source:
http://opengenetics.net/open_genetics.html.

e 13.4: Mutagens and Carcinogens by Todd Nickle and Isabelle Barrette-Ng is licensed CC BY-SA 3.0. Original source:
http://opengenetics.net/open_genetics.html.

e 13.5: Oncogenes by Todd Nickle and Isabelle Barrette-Ng is licensed CC BY-SA 3.0. Original source:
http://opengenetics.net/open_genetics.html.

e 13.6: Tumor Suppressor Genes by Todd Nickle and Isabelle Barrette-Ng is licensed CC BY-SA 3.0. Original source:
http://opengenetics.net/open_genetics.html.

e 13.7: The “Poster Boy” of Genetic Research Leading to a Cancer Treatment — Gleevec™ (Imatinib) by Todd Nickle and Isabelle
Barrette-Ng is licensed CC BY-SA 3.0. Original source: http://opengenetics.net/open_genetics.html.

https://bio.libretexts.org/@go/page/166183



https://libretexts.org/
https://creativecommons.org/licenses/by-sa/3.0/
https://bio.libretexts.org/@go/page/166183?pdf
https://bio.libretexts.org/Courses/University_of_Massachusetts_Boston/Bio_252_254%3A_Genetics/18%3A_SPOC_XVIII_-_Cancer_Genetics/18.01%3A__Cancer_Genetics
https://creativecommons.org/licenses/by-sa/3.0
https://intro.bio.umb.edu/BW/
http://opengenetics.net/open_genetics.html
https://bio.libretexts.org/@go/page/4165
http://opengenetics.net/open_genetics.html
https://creativecommons.org/licenses/by-sa/3.0/
http://opengenetics.net/open_genetics.html
https://bio.libretexts.org/@go/page/4166
http://opengenetics.net/open_genetics.html
https://creativecommons.org/licenses/by-sa/3.0/
http://opengenetics.net/open_genetics.html
https://bio.libretexts.org/@go/page/4167
http://opengenetics.net/open_genetics.html
https://creativecommons.org/licenses/by-sa/3.0/
http://opengenetics.net/open_genetics.html
https://bio.libretexts.org/@go/page/4168
http://opengenetics.net/open_genetics.html
https://creativecommons.org/licenses/by-sa/3.0/
http://opengenetics.net/open_genetics.html
https://bio.libretexts.org/@go/page/4169
http://opengenetics.net/open_genetics.html
https://creativecommons.org/licenses/by-sa/3.0/
http://opengenetics.net/open_genetics.html
https://bio.libretexts.org/@go/page/4171
http://opengenetics.net/open_genetics.html
https://creativecommons.org/licenses/by-sa/3.0/
http://opengenetics.net/open_genetics.html
https://bio.libretexts.org/@go/page/4172
http://opengenetics.net/open_genetics.html
https://creativecommons.org/licenses/by-sa/3.0/
http://opengenetics.net/open_genetics.html

Li brelexts"
CHAPTER OVERVIEW

19: Unit XIX - Genomics

19.1: ‘Omics Technologies

This page titled 19: Unit XIX - Genomics is shared under a not declared license and was authored, remixed, and/or curated by Brian White,
University of Massachusetts Boston.
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19.1: ‘Omics Technologies

'‘Omics Technologies

The complete set of DNA within an organism is called its genome. Genomics is therefore the large-scale description, using
techniques of molecular biology of many genes or even whole genomes at once. This type of research is facilitated by technologies
that increase throughput (i.e. rate of analysis), and decrease cost. The —omics suffix has been used to indicate high-throughput
analysis of many types of molecules, including transcripts (transcriptomics), proteins (proteomics), and the products of enzymatic
reactions, or metabolites (metabolomics; Figure 19.1.1). Interpretation of the large data sets generated by —omics research depends
on a combination of computational, biological, and statistical knowledge provided by experts in bioinformatics. Attempts to
combine information from different types of —‘omics studies is sometimes called systems biology.
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Figure 19.1.1: A word cloud listing some of the different —omics technologies. Terms that are more widely used are written in the
largest characters. There is no significance to the color of each word. (Original-Deyholos-CC:AN)

DNA Sequencing

DNA sequencing determines the order of nucleotide bases within a given fragment of DNA. This information can be used to infer
the RNA or protein sequence encoded by the gene, from which further inferences may be made about the gene’s function and its
relationship to other genes and gene products. DNA sequence information is also useful in studying the regulation of gene
expression. If DNA sequencing is applied to the study of many genes, or even a whole genome, it is considered an example of
genomics.

Dideoxy sequencing

Recall that DNA polymerases incorporate nucleotides (dNTPs) into a growing strand of DNA, based on the sequence of a template
strand. DNA polymerases add a new base only to the 3’-OH group of an existing strand of DNA; this is why primers are required in
natural DNA synthesis and in techniques such as PCR. Most of the currently used DNA sequencing techniques rely on the random
incorporation of modified nucleotides called terminators. Examples of terminators are the dideoxy nucleotides (ddNTPs), which
lack a 3’-OH group and therefore cannot serve as an attachment site for the addition of new bases to a growing strand of DNA
(Figure 19.1.1). After a ddNTP is incorporated into a strand of DNA, no further elongation can occur. Terminators are labeled with
one of four fluorescent dyes, each specific for one the four nucleotide bases.

3
o

ddATP
TG

Figure 19.1.1: ddNTPs (Original-Deyholos-CC:AN)
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To sequence a DNA fragment, you need many copies of that fragment (Figure 19.1.2). Unlike PCR, DNA sequencing does not
amplify the target sequence and only one primer is used. This primer is hybridized to the denatured template DNA, and determines
where on the template strand the sequencing reaction will begin. A mixture of dNTPs, fluorescently labeled terminators, and DNA
polymerase is added to a tube containing the primer-template hybrid. The DNA polymerase will then synthesize a new strand of
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DNA until a fluorescently labeled nucleotide is incorporated, at which point extension is terminated. Because the reaction contains
millions of template molecules, a corresponding number of shorter molecules is synthesized, each ending in a fluorescent label that
corresponds to the last base incorporated.

Figure 19.1.2: A sequencing reactions begins with many identical copies of a template DNA fragment. The template is denatured,

then primers are annealed to the template. Following the addition of polymerase, regular dNTPS, and fluorescently labeled

terminators, extension begins at the primer site. Elongation proceeds until a fluorescently labeled terminator (shown here in color)

is incorporated. (Original-Deyholos-CC:AN)
The newly synthesized strands can be denatured from the template, and then separated electrophoretically based on their length
(Figure 19.1.3). Since each band differs in length by one nucleotide, and the identity of that nucleotide is known from its
fluorescence, the DNA sequence can be read simply from the order of the colors in successive bands. In practice, the maximum
length of sequence that can be read from a single sequencing reaction is about 700 bp.

e Em

Figure 19.1.3: Fluorescently labeled products can be separated electrophoretically based on their length. (Original-Deyholos-

CC:AN)
A particularly sensitive electrophoresis method used in the analysis of DNA sequencing reactions is called capillary electrophoresis
(Figure 19.1.6). In this method, a current pulls the sequencing products through a gel-like matrix that is encased in a fine tube of
clear plastic. As in conventional electrophoresis, the smallest fragments move through the capillary the fastest. As they pass
through a point near the end of the capillary, the fluorescent intensity of each dye is read. This produces a graph called a
chromatogram. The sequence is determined by identifying the highest peak (i.e. the dye with the most intense fluorescent signal) at
each position.
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Figure 19.1.4: Fluorescently labeled products can be separated by capillary electrophoresis, generating a chromatogram from which
the sequence can be read.(Wikipedia-Abizar Lakdawalla-PD)

Next-generation sequencing

Advances in technology over the past two decades have increased the speed and quality of sequencing, while decreasing the cost.
This has become especially true with the most recently developed methods called next-generation sequencing. Not all of these new
methods rely on terminators, but one that does is a method used in instruments sold by a company called Illumina. Illumina
sequencers use a special variant of PCR called bridge PCR to make many thousands of copies of a short (45bp) template fragment.
Each of these short template fragments is attached in a cluster in a small spot on a reaction surface. Millions of other clusters, each
made by different template fragment, are located at other positions on the reaction surface. DNA synthesis at each template strand
then proceeds using dye-labeled terminators that are used are reversible. Synthesis is therefore terminated (temporarily) after the
incorporation of each nucleotide. Thus, after the first nucleotide is incorporated in each strand, a camera records the color of
fluorescence emitted from each cluster. The terminators are then modified, and a second nucleotide is incorporated in each strand,
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and again the reaction surface is photographed. This cycle is repeated a total of 45 times. Because millions of 45 bp templates are
sequenced in parallel in a single process, Illumina sequencing is very efficient compared to other sequencing techniques. However,
the short length of the templates currently limits the application of this technology.

Whole Genome Sequencing

The need for assembly

Given that the length of a single, individual sequencing read is somewhere between 45bp and 700bp, we are faced with a problem
determining the sequence of longer fragments, such as the chromosomes in an entire genome of humans (3 x10° bp). Obviously, we
need to break the genome into smaller fragments. There are two different strategies for doing this:

1. clone-by-clone sequencing, which relies on the creation of a physical map first then sequencing, and
2. whole genome shotgun sequencing, which sequences first and does not require a physical map.

Physical mapping

A physical map is a representation of a genome, comprised of cloned fragments of DNA. The map is therefore made from physical
entities (pieces of DNA) rather than abstract concepts such as the linkage frequencies and genes that make up a genetic map
(Figure 19.1.1). It is usually possible to correlate genetic and physical maps, for example by identifying the clone that contains a
particular molecular marker. The connection between physical and genetic maps allows the genes underlying particular mutations
to be identified through a process call map-based cloning.

Figure 19.1.1: A portion of the physical map for human chromosome 4. The entire chromosome is shown at left. The physical map

is made up of small blue lines, each of which represents a cloned piece of DNA approximately 100kb in length. (NCBI-unknown-

PD)
To create a physical map, large fragments of the genome are cloned into plasmid vectors, or into larger vectors called bacterial
artificial chromosomes (BACs). BACs can contain approximately 100kb fragments. The set of BACs produced in a cloning
reaction will be redundant, meaning that different clones will contain DNA from the same part of the genome. Because of this
redundancy, it is useful to select the minimum set of clones that represent the entire genome, and to order these clones respective to
the sequence of the original chromosome. Note that this is all to be done without knowing the complete sequence of each BAC.
Making a physical map may therefore rely on techniques related to Southern blotting: DNA from the ends of one BAC is used as a
probe to find clones that contain the same sequence. These clones are then assumed to overlap each other. A set of overlapping
clones is called a contig.

Clone-by-clone sequencing

Physical mapping of cloned sequences was once considered a pre-requisite for genome sequencing. The process would begin by
breaking the genome into BAC-sized pieces, arranging these BACs into a map, then breaking each BAC up into a series of smaller
clones, which were usually then also mapped. Eventually, a minimum set of smaller clones would be identified, each of which was
small enough to be sequenced (Figure 19.1.8). Because the order of clones relative to the complete chromosome was known prior to
sequencing, the resulting sequence information could be easily assembled into one complete chromosome at the end of the project.
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Clone-by-clone sequencing therefore minimizes the number of sequencing reactions that must be performed, and makes sequence
assembly straightforward and reliable. However, a drawback of this strategy is the tedious process of building physical map prior to
any sequencing.

Whole genome shotgun sequencing

This strategy breaks the genome into fragments that are small enough to be sequenced, then reassembles them simply by looking
for overlaps in the sequence of each fragment. It avoids the laborious process of making a physical map (Figure 19.1.2). However, it
requires many more sequencing reactions than the clone-by-clone method, because, in the shotgun approach, there is no way to
avoid sequencing redundant fragments. There is also a question of the feasibility of assembling complete chromosomes based
simply on the sequence overlaps of many small fragments. This is particularly a problem when the size of the fragments is smaller
than the length of a repetitive region of DNA. Nevertheless, this method has now been successfully demonstrated in the nearly
complete sequencing of many large genomes (rice, human, and many others). It is the current standard methodology.

However, shotgun assemblies are rarely able to complete entire genomes. The human genome, for example, relied on a
combination of shotgun sequence and physical mapping to produce contiguous sequence for the length of each arm of each
chromosome. Note that because of the highly repetitive nature of centromeric and telomeric DNA, sequencing projects rarely
include these heterochromatic, gene poor regions.

e PR AL
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Figure 19.1.2: Genome sequencing strategies. A clone-by-clone strategy (left) in which the genome is divided into progressively
smaller units (clones) before sequencing. Whole genome shotgun strategy (right) assembles the sequence from all the smaller reads.
(Origianl-Deyholos-CC:AN)
One useful analogy is to think of the genome as a very long book all written on a single very long piece of paper - think of a very
big ancient scroll.

o In the clone by clone strategy, you carefully cut the scroll into individual pieces while keeping careful track of which comes
first, second, etc. You then read each one and reassemble them into the scroll using the careful records you kept. This is labor-
intensive but works.

o In the whole genome shotgun strategy, you take hundreds of copies of the scroll and shred them randomly into small
pieces without keeping track of which came first, second, etc. You then sequence a very large number of these fragments and
assemble them by looking for overlaps - this takes a computer. For example, if one ends with "...to be or not to be, that is the."
and another starts with "not to be, that is the question..." you can assume that these two pieces followed one another in the
scroll.

Genome analysis

An assembled genome is a string of millions of A’s,C’s,G’s,T’s. Which of these represent nucleotides that encode proteins, and
which of these represent other features of genes and their regulatory elements? The process of genome annotation relies on
computers to define features such a start and stop codons, introns, exons, and splice sites. However, few of the predictions made by
these programs is entirely accurate, and most must be verified experimentally for any gene of particular importance or interest.

Functional Genomics - Determining Function(s)

Having identified putative genes within a genome sequence, how do we determine their function? Techniques of functional
genomics are an experimental approach to address this question. One widely used technique in functional genomics is called
microarray analysis (Figure 19.1.1). Microarrays can measure the abundance of mRNA for hundreds or thousands of genes at
once. The abundance of mRNA of a particular gene is usually correlated with the activity of that gene. For example, genes that are
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involved in neuronal development likely produce more mRNA in brain tissue than in heart tissue. We can therefore learn about the
relationship between particular genes and particular processes by comparing transcript abundance under different conditions. This
can identify tissue specific expression (e.g. the nerve/heart example above), as well as differences in temporal expression
(development), or exposure to external agents (eg, disease, hormones, drugs, etc.).
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Figure 19.1.1: An example of a type of DNA microarray. Fluorescently labeled molecules derived from the transcripts of two tissue
samples are hybridized to immobilized DNA molecules on the surface of an array. The labeled molecules bind in proportion to their
abundance in the original tissue samples. The amount of green or red fluorescence at each spot can be measured using filters for the
appropriate wavelengths. Thus, spots on the micoarray that are more green than red represent genes that are more abundant in the
tissue sample from which green-labeled molecules were derived. (Original-Deyholos-CC:AN)

This page titled 19.1: ‘Omics Technologies is shared under a CC BY-SA 4.0 license and was authored, remixed, and/or curated by Brian White via
source content that was edited to the style and standards of the LibreTexts platform.

e 11.1: ‘Omics Technologies by Todd Nickle and Isabelle Barrette-Ng is licensed CC BY-SA 3.0. Original source:
http://opengenetics.net/open_genetics.html.

o 11.2: DNA Sequencing by Todd Nickle and Isabelle Barrette-Ng is licensed CC BY-SA 3.0. Original source:
http://opengenetics.net/open_genetics.html.

o 11.3: Whole Genome Sequencing by Todd Nickle and Isabelle Barrette-Ng is licensed CC BY-SA 3.0. Original source:
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20: Unit XX - Reverse Genetics

20.1: Reverse Genetics

This page titled 20: Unit XX - Reverse Genetics is shared under a not declared license and was authored, remixed, and/or curated by Brian White,
University of Massachusetts Boston.
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20.1: Reverse Genetics

Learning Objectives

o Explain the difference between "forward" and "reverse" genetics.

o Explain the natural role of CRISPR sequences in bacteria and how this system has been adapted for editing other genomes.
o Describe the roles of homologous recombination or non-homologous end-joining in CRISPR-mediated genome editing.

o Explain how the CRE-LOX gene editing system works.

o Distinguish between somatic and germ-line genome editing.

"Forward" vs "Reverse" Genetics

So far in the course, we've talked about studying gene function by finding a mutant organism with the desired phenotype and then
studying the gene or genes that were mutated. This has come to be called "forward genetics": starting with a phenotype and using
that to find the genes involved in the process we want to study. This has proven extremely effective over the 20th and 21st centuries
and has been the method used by most geneticists for most of that time. However, since mutations are random, it can be time-
consuming and labor-intensive to find random mutants with interesting phenotypes. Scientists have developed clever schemes to
arrange conditions where only desired mutants can survive (this is called "selection") or arranged genetic systems to make the
desired mutants easier to spot.

More recently, biologists have developed a set of tools that allow them to work backwards: to start with a gene of interest, make
mutations in it, and see the resulting phenotype as a way to find out what the gene does. This is called "reverse genetics" and it is
another powerful tool for geneticists to use to discover how life works.

In this section, we will talk about two recently-developed methods for targeting specific mutations to specific genes:

e CRISPR-Cas9 - a system for either

o making random mutations at specific locations in specific genes
o making specific mutations at specific locations in specific genes

¢ Cre-Lox - a system for inactivating a specific gene in specific cells or life stages of an organism

CRISPR-Cas9

Viruses are infectious particles of genetic material that affect virtually every type of organism, and therefore defense mechanisms
against viruses have evolved. In the case of prokaryotes, the CRISPR locus is a region of genomic DNA to which viral genome
sequences can be added to serve as a "memory" of previous infections for future defense against the same virus. The name
CRISPR stands for Clustered Regularly Interspaced Short Palindromic Repeats. The short regions (20-50 nucleotides) of viral
DNA are the "spacers" and are used to transcribe CRISPR RNAs (crRNAs). The crRNAs interact with an additional RNA
(tracrRNA) and a CRISPR-associated (Cas) protein, which cleaves complementary DNA that enters the cell, thus breaking the viral
replication cycle.

Modifying CRISPR/Cas systems for genome editing

The discovery that an RNA could guide an endonuclease to a specific genomic position to cut DNA presented an opportunity to
modify this system to edit genomes. Scientists discovered that they could combined the two RNAs (tracrRNA and crRNAs) into a
single guide RNA (sgRNA). The Cas enzyme can be provided as DNA via a plasmid or RNA encoding the protein, which is
produced by the cellular gene expression machinery, or directly as purified protein. The Cas9 protein does require a consensus
sequence to interact with DNA (5' NGG 3'), but this motif is relatively common, allowing targeting of most loci.

But how can creating double-stranded breaks in genome benefit an organism? The answer lies in cellular DNA repair. Double-
stranded breaks are typically repaired by non-homologous end-joining (NHEJ) or homologous recombination. NHEJ frequently
makes small insertions or deletions, which could for example, disrupt the coding sequence of a protein to inactivate it. Homologous
recombination mediated repair can occur either by a using the homologous chromosome as a template for repair or by providing
exogenous DNA with the desired edit, effectively "tricking" the cell into making the repair based on the donor DNA provided.
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Importantly, at this time, the efficiency of CRISPR gene editing is not 100% so correctly edited cells must be identified.
Additionally, scientists are continuing to study the incidence of off-target (non-intended) edits when using CRISPR-based systems.

Cas9-Mediated Double-Strand Break

Cas9 cleaves targeted DNA sequence and causes a double-strand break (DSB).

Guide RNA

Cas9

Target DNA

DSB

* NI I

DSB = Double-Strand Break

J

NHEJ Repair
Non-homologous repair pathway that leads to an insertion or
deletion of nucleotides, potentially resulting in a gene knockout.

::Dl|I|||||||I||||III|||IIIII|||Il|||||l\ﬂ§ﬁ
Resulting DNA e

OR

Z:I[\ITHHIIIIIIIIIIIHIIIIIIIIIlllII\HZ:
Resulting DNA “

- 1

Homology-Directed Repair
Addition of a donor DNA repair template with a new sequence
flanked by homology arms leads to a gene knock-in.

- Homology Arms

{ 5 NI TN

Knock-In Sequence

Donor DNA
Tempiate

IO I
Resulting DNA s s

Figure 20.1.1: Steps in CRISPR-Cas9 gene editing. Image from https://www.synthego.com/learn/crispr

The following video illustrates this step-by-step:
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Nobel Prize-Winning Work

In 2020, Emmanuelle Charpentier from the Max Planck Unit for the Science of Pathogens, Berlin, Germany and Jennifer Doudna
from the University of California, Berkeley, USA shared the Nobel Prize in Chemistry “for the development of a method for
genome editing” having characterized the CRISPR system in prokaryotes and shown that it could be used in other genomes as well

( )-

Inherited or not?

In terms of human gene editing, the distinction between somatic and germline gene editing may be important to both legal and
ethical approval of future CRISPR genetic modifications. Any edits made to germ cells will potentially be passed on to offspring
during meiosis. However, gene edits created in somatic cells will not be inherited by offspring.

Somatic gene editing is currently being tested in clinical trials, such as for treatment of sickle cell disease.

Human germline gene editing has only been reported by a Chinese scientist who performed gene editing on embryos to create a
mutation that is associated with resistance to HIV in 2018.

Cre-Lox

CRISPR-Cas9 is very useful for editing the genes of an entire organism. However, there are situations where it would be
preferrable to be able to edit ghe genes of only some of the cells in an organism or only edit the genes of some cells at a particular
time.

For example, suppose you wanted to know whether having an always-active RAS (oncogene) protein had an effect on the
development of skin cancer in laboratory mice. Using CRISPR-Cas9, you would take an egg from a normal mouse and mutate its
one copies of the RAS gene to the always mutant form. You could then fertilize that egg with a sperm from a normal mouse. The
resulting zygote would then be heterozygous for the mutant RAS. Unfortunately, since RAS is intimately involved in cell growth
and cell growth is an important part of development, the zygote would never develop normally. As a result, there would be no adult
mouse with this genotype to study.

What you'd really like for your study would be a mouse where you could selectively add a mutant version of the RAS gene to
certain cells when it becomes an adult.

The Cre-Lox system is just what you need for this. In brief, you set up your cells so that a site-specific DNA editing enzyme (Cre)
is under control of a promoter that is only induced in adult skin cells (there are catalogs of promoters with known properties and
you can typically look up the one you want) and you arrange the DNA of your mouse so that, when Cre is expressed it will
rearrange the DNA at a specific site (Lox) and cause the mutant RAS to be expressed. Thus, your mutant RAS will not be
expressed for most of the mouse's development - allowing a normal adult to form - and it will then be "turned on" only in the
desired skin cells. That way, you can study the effects of the mutant RAS in the skin alone.
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How does Cre-Lox work?

This video gives a good overview. You should watch it up until about 2:45 when it gets into some interesting technical details that
are, sadly, beyond the scope of this class:

This video goes into more detail about how to design a gene controlled by the Cre-Lox system - we will focus on using Cre-Lox in
"deletion mode":

Here is one more quick video to show the deletion/excision process:
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