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Period Date

PBS Nova Documentary Collection: Cracking the Code Of Life
Viewing Guide

1.

10.

M2U3 L1

How long is the instructions for a human being?

What small, very powerful molecule is this video about?

How similar are humans to a banana?

What are 2 things that we have in common with a banana that makes our DNA similar?

What is one of the goals of the Human Genome Project?

What are some if the current issues associated with knowing our genetic code?

What does DNA look like?

How much DNA do we have compared to fruit flies?

What are the four different kinds of parts that DNA is made of?

What is the shape of DNA called?



Purines vs. Pyrimidines

Purines and Pyrimidines are nitrogenous bases that make up the two different kinds of
nucleotide bases in DNA and RNA. The two-carbon nitrogen ring bases (adenine and
guanine) are purines, while the one-carbon nitrogen ring bases (thymine and cytosine) are

pyrimidines.

Comparison chart

Purines

Pyrimidines

Introduction

A purine is a heterocyclic aromatic

Pyrimidine is a heterocyclic aromatic

proteins and starches, the regulation
of enzymes and celi signaling.

(from organic compound, consisting of a organic compound similar to benzene
Wikipedia) pyrimidine ring fused to an imidazole | and pyridine, containing two nitrogen
ring. atoms at positions 1 and 3 of the
six-member ring. It is isomeric with two
other forms of diazine.
Function Production of RNA and DNA, Production of RNA and DNA, proteins

and starches, the regulation of enzymes
and cell signaling

Nucleobases

Adenine and guanine

Cytosine, thymine, uracil

Structure A pyrimidine ring fused to a Contains one carbon-nitrogen ring and
imidazole ring. Contains two two nitrogen atoms.
carbon-nitrogen rings and four
nitrogen atoms.

Melting Point | 214 °C, 487 K, 417 °F 20-22°C

Type of Heterocyclic aromatic organic Heterocyclic aromatic organic compound

Compound compound

Molecular CsH,N, C,H,N,

formula

Molar mass 120.11 g/mol 80.88 g/mol

MeSH purine pyrimidine

SMILES c1c2c(nc[nH]2)ncn1 C1=CN=CN=C1

CAS number 120-73-0 289-95-2Y

PubChem 1044 9260

Synthesis in Traube Purine Sythesis Biginelli Reaction

Lab

M2u3L1 https://www.diffen.com
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Structure

Purine (L) and Pyrimidine (R} molecules, where Black= Carbon, White=Hydrogen,
Blue=Nitrogen

A purine is a heterocyclic aromatic organic compound containing 4 nitrogen atoms. It
contains two carbon rings, and is made of a pyrimidine ring fused to an imidazole ring.

H
G
% N,
l | ! 1 CH
HC. G
\ 2 ~—
Xy g

Structure of a purine

A pyrimidine is a heterocyclic aromatic organic compound containing 2 nitrogen atoms. It
contains only one carbon ring.

H
C
N CH

HC CH

N
Structure of a pyrimidine

M2uU3L1 https://www.diffen.com



Function 202
Both purines and pyrimidines have the same function: they serve as a form of energy for

cells, and are essential for production of DNA and RNA, proteins, starch, regularion of

enzymes, cell signaling.

Nucleobases

Purines make up two of the four nucleobases in DNA and RNA: adenine and guanine.
Pyrimidines make up the other bases in DNA and RNA: cytosine, thymine (in DNA) and
uracil (in RNA). Useful mnemonics to remember these bases are:

“CUT the Py": CUT: Cytosine, Uracil, Thymine; Py (pyrimidines)
e “Pure as Gold (Pur AG): purines are Adenine, Guanine

" The Purines
Adenine Guanine

The Pyrimidines

Cytosine Thymine Uracil
rju—iz 0 (Hj

H“\\[f W( I I‘~IJH H/ “NH

N0 NSO N"”g 0
H H H

The chemical structure of all purines (adenine, guanine)
and pyrimidines (cytosine, thymine, uracil).

M2U3L1 https://www.diffen.com
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DNA
1.

2

M2U3 L2

Name

Period Date

Nucleotides - Component parts of DNA
Follow the link to get information on the basic chemical structure of DNA.

Label the parts of the diagram below -
(Purine, Pyrimidine, Deoxyribose, Phosphate)

Adenine Guanine Cytosine Thymine

. Which part is the pentose sugar? (hint: pentose is related to the term “pentagon’)

What is a “nucleotide”? Name the 3 parts that make up a nucleotide.

What part of this polymer would be called the “backbone”?

What is a “base pair”?

What holds the “base pairs” together?

238
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8. How many hydrogen bonds are there between Adenine and Thymine?

9. How many hydrogen bonds are there between Guanine and Cytosine?

10. Do you think that the numbers of hydrogen bonds matter when DNA forms base
pairs? Why or why not?

11. Make a rule that will help you differentiate a Purine from a Pyrimidine.

12. Compare the sizes of the Purines and Pyrimidines. What generalization can you
make about their sizes?

13. Do you think that the size of each of the nucleotides matter when they are paired
(A-T; C-G) ? Explain how mismatched pairs would result in the wrong spacing
between the two backbones when paired together.

M2U3 L2
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Thought

What Are the 3 Parts of a Nucleotide? How
Are They Connected?

How Nucleotides Are Constructed

by Anne Marie Heimenstine, Ph.D.
Updated August 17, 2018

Nucleotides are the building blocks of the DNA and RNA used as genetic material. Nucleotides also
are used for cell signaling and to transport energy throughout cells. You may be asked to name the
three parts of a nucleotide and explain how they are connected or bonded to each other. Here's the
answer for both DNA and RNA.

Nucleotides in DNA and RNA

Both deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are made up of nucleotides which
consist of three parts:

1. Nitrogenous Base
Purines and pyrimidines are the two categories of nitrogenous bases. Adenine and
guanine are purines. Cytosine, thymine, and uracil are pyrimidines. In DNA, the bases
are adenine (A), thymine (T), guanine (G), and cytosine (C). In RNA, the bases are
adenine, thymine, uracil, and cytosine,

2. Pentose Sugar
In DNA, the sugar is 2'-deoxyribose. In RNA, the sugar is ribose. Both ribose and
deoxyribose are 5-csrbon sugars. The carbons are numbered sequentially, to help
keep track of where groups are attached. The only difference between them is that 2'-
deoxyribose has one less oxygen atom attached to the second carbon.

3. Phosphate Group

A single phosphate group is PO43'. The phosphorus atom is the central atom. One

atom of oxygen is connected to the 5-carbon in the sugar and to the phosphorus

atom. When phosphate groups link together to form chains, as in ATP (adenosine



triphosphate), the link looks like O-P-O-P-O-P-O, with two additional oxygen atom 241
attached to each phosphorus, one on either side of the atom.

Although DNA and RNA share some similarities, they are built from slightly different sugars, plus
there is a base substitution between them. DNA uses thymine (T), while RNA uses uracil (U). Both
thymine and uracil bind to adenine (A).

How Are the Parts of a Nucleotide Connected or Attached?

The base is attached to the primary or first carbon.

The number 5 carbon of the sugar is bonded to the phosphate group. A free nucleotide may have
one, two, or three phosphate groups attached as a chain to the 5-carbon of the sugar. When
nucleotides connect to form DNA or RNA, the phosphate of one nucleotide attaches via a
phosphodiester bond to the 3-carbon of the sugar of the next nucleotide, forming the sugar-
phosphate backbone of the nucleic acid.



Instructions for Paper DNA

Students will make a paper model showing how the components of DNA fit together to make a
large molecule.

Materials

Class set of scissors

School glue

Printed DNA pieces (Bases, Phosphate, Deoxyribose) on colored paper (6 colors)
Plain printer paper (one per student)

Packing tape (optional to tape sections together)

The pieces that make up DNA fit together more or less like a puzzle. All of the shapes need to
match to assemble it properly.

1. Print out several of each sheet, each on a different color of pastel paper (you will need
about 20 bases per student)
(Option - print them all out on white paper and have the students color code each part).

2. Each student uses one piece of plain paper to glue as many base pairs as they can on
the length of the paper (should be 9 to 10 base pairs). Care should be taken so that
each strand has at least one C, G, A, and T.

Hint: To speed things along, students can cut straight across the notches rather than
cutting them out. The tabs should be glued over where the notches would be. You
might want to cut and glue a few base pairs together in advance to show students what it
might look like.

3. When all of the students are done and the glue has dried you can join sections together
to make a longer DNA sequence.

Extra Credit - Students can coordinate and copy the DNA sequence for part or all of a human
gene.

Assessment -

Structure - Students will write a short report about their mini-project. In it, they will explain in
what ways that the model is like DNA (antiparallel, base pairing of purines with pyrimidines,
sugar phosphate backbones). They will also explain the ways that the model is different from
DNA molecules (mainly, not twisted into a double helix).

Replication - Students will tell how DNA is replicated and explain the characteristics of the
molecule that makes errors difficult.

M2U3 L3
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Bio Warm-up Transiation

Breaking the Code

Find the secret message!
Use the following decoder to decode the hidden message!

Code set

Corresponding letter

111

Code set

Corresponding letter

112

144

113

211

114

212

121

213

122

311

123

312

124

313

131

412

132

413

133

414

134

424

NN [X|[g|<|c|~|0 |- |0 o

141

222

space

142

223

period

143

ol |3 |—|xMH|—-|Tk|=|0o|a|o |o|o

224

question mark

333

exclamation point

311,124, 121, 212, 121, 222, 111, 212, 121, 222, 311, 124, 212, 121, 121, 222,

114, 131, 123, 131, 311, 213, 222, 144, 121, 212, 222, 113, 121, 212, 222

113, 143, 114, 143, 142, 223, 222, 311, 124, 212, 121, 121, 222,

Name

Period

Date

1444



Breaking the Code

Find the secret message!
Use the following decoder to decode the hidden message!

Code se|Corresponding letter Code se| Corresponding letter
111 a 144 p
112 b 211 q
113 c 212 r
114 d 213 s
121 e 311 t
122 f 312 u
123 g 313 v
124 h 412 w
131 i 413 X
132 i 414 y
133 k 424 z
134 | 222 space
141 m 223 period
142 n 224 question mark
143 o] 333 exclamation point

311,124, 121, 212, 121, 222, 111, 212, 121, 222, 311, 124, 212, 121, 121, 222,

114, 131, 123, 131, 311, 213, 222, 144, 121, 212, 222, 141, 212, 142, 111, 222

113, 143, 114, 143, 142, 223, 222, 213, 143, 141, 121, 222,

311, 124, 131, 142, 133, 222, 111, 134, 134, 222, 311, 124, 121,

213,124, 121, 121, 311, 213, 222, 111, 212, 121, 222, 311, 124, 121, 222,

213,111,141, 121, 223

)44



Breaking the Code
Find the secret message!
Use the following decoder to decode the hidden message!

Code sef Corresponding letter Code se] Corresponding letter
111 a 144 p
112 b 211 q
113 c 212 r
114 d 213 s
121 e 311 t
122 f 312 u
123 g 313 v
124 h 412 w
131 i 413 X
132 i 414 y
133 Kk 424 z
134 | 222 space
141 m 223 period
142 n 224 question mark
143 o] 333 exclamation point

311, 124, 121, 212, 121, 222, 111, 212, 121, 222, 311, 124, 212, 121, 121, 222,

114, 131,123, 131, 311, 213, 222, 144, 121, 212, 222, 141, 212, 142, 111, 222

113, 143, 114, 143, 142, 223, 222, 121, 111,113, 143, 222, 113, 143, 114, 143,

213, 144, 121, 113, 131, 122, 131, 121, 213, 222, 143, 142, 121, 222,

111, 141, 131, 142, 143, 222, 111, 113, 131, 114, 223

144
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DNA Extraction: Strawberry

Background: The long, thick fibers of DNA store the information for the functioning of the
chemistry of life. DNA is present in every cell of plants and animals. The DNA found in
strawberry cells can be extracted using common, everyday materials. We will use an extraction
buffer containing salt, to break up protein chains that bind around the nucleic acids, and dish
soap to dissolve the lipid (fat) part of the strawberry cell wall and nuclear membrane. This
extraction buffer will help provide us access to the DNA inside the cells.

Pre-lab questions:

1. 'What do you think the DNA will look like?
2. Where is DNA found?
Materials:
heavy duty ziploc bag
1 strawberry
10 mL DNA extraction buffer (soapy, salty water)
cheesecloth
funnel
50mL vial / test tube
glass rod, inoculating loop, or popsicle stick
20 mL ethanol
Procedure: Cheesecloth —
1. Place one strawberry in a Ziploc bag.
2. Smash/grind up the strawberry using your fist and fingers ;
for 2 minutes. Careful not to break the bag!! r;—qu
3. Add the provided 10mL of extraction buffer (salt and 5
soap solution) to the bag. Test Tube A
S—
4. Kneed/mush the strawberry in the bag again for 1 minute.
5. Assemble your filtration apparatus as shown to the right. —
6. Pour the strawberry slurry into the filtration apparatus and let it drip directly into your
test tube.
7. Slowly pour cold ethanol into the tube. OBSERVE ©
8. Dip the loop or glass rod into the tube where the strawberry extract and ethanol layers

come into contact with each other. OBSERVE ©

247



Conclusions and Analysis

1. It is important that you understand the steps in the extraction procedure and why each step
was necessary. Each step in the procedure aided in isolating the DNA from other cellular
materials. Match the procedure with its function:

PROCEDURE FUNCTION

A. Filter strawberry slurry through cheesecloth ___To precipitate DNA from solution

B. Mush strawberry with salty/soapy solution ____Separate components of the cell

C. Initial smashing and grinding of strawberry ___Break open the cells

D. Addition of ethanol to filtered extract ___Break up proteins and dissolve cell
membranes

2. What did the DNA look like? Relate what you know about the chemical structure of DNA to
what you observed today.

w

. Explain what happened in the final step when you added ethanol to your strawberry extract.
(Hint: DNA is soluble in water, but not in ethanol)

N~

. A person cannot see a single cotton thread 100 feet away, but if you wound thousands of
threads together into a rope, it would be visible much further away. Is this statement
analogous to our DNA extraction? Explain.

|9}

. Why is it important for scientists to be able to remove DNA from an organism? List two
reasons.

6. Is there DNA in your food? How do you know?

248
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Scitable by Mature Education
Gene Expression

Genes encode proteins and proteins dictate cell function. Therefore, the thousands of
genes expressed in a particular cell determine what that cell can do. Moreover, each
step in the flow of information from DNA to RNA to protein provides the cell with a
potential control point for self-regulating its functions by adjusting the amount and type

of proteins it manufactures.

At any given time, the amount of a particular protein in a cell reflects the balance
between that protein’s synthetic and degradative biochemical pathways. On the
synthetic side of this balance, recall that protein production starts at transcription (DNA
to RNA) and continues with translation (RNA to protein). Thus, control of these
processes plays a critical role in determining what proteins are presentin a cell and in
what amounts. In addition, the way in which a cell processes its RNA transcripts and

newly made proteins also greatly influences protein levels.

How Is Gene Expression Regulated?
The amounts and types of mMRNA molecules in a cell reflect the function of that cell. In

fact, thousands of transcripts are produced every second in every cell. Given this
statistic, it is not surprising that the primary control point for gene expression is usually
at the very beginning of the protein production process — the initiation of transcription.
RNA transcription makes an efficient control point because many proteins can be made

from a single mMRNA molecule.
Transcript processing provides an additional level of regulation for eukaryotes, and the

presence of a nucleus makes this possible. In prokaryotes, translation of a transcript

begins before the transcript is complete, due to the proximity of ribosomes to the new

M2U3 LS



250

mRNA molecules. In eukaryotes, however, transcripts are modified in the nucleus

before they are exported to the cytoplasm for translation.

Eukaryotic transcripts are also more complex than prokaryotic transcripts. For instance,
the primary transcripts synthesized by RNA polymerase contain sequences that will not
be part of the mature RNA. These intervening sequences are called introns, and they
are removed before the mature mRNA leaves the nucleus. The remaining regions of the
transcript, which include the protein-coding regions, are called exons, and they are
spliced together to produce the mature mRNA. Eukaryotic transcripts are also modified

at their ends, which affects their stability and translation.

Of course, there are many cases in which cells must respond quickly to changing
environmental conditions. In these situations, the requlatory control point may come well
after transcription. For example, early development in most animals relies on
translational control because very little transcription occurs during the first few cell

divisions after fertilization. Eggs therefore contain many maternally originated mRNA

transcripts as a ready reserve for translation after fertilization (Figure 1).

On the degradative side of the baiance, celis can rapidiy adjust their protein ieveis
through the enzymatic breakdown of RNA transcripts and existing protein molecules.
Both of these actions result in decreased amounts of certain proteins. Often, this
breakdown is linked to specific events in the cell. The eukaryotic cell cycle provides a
good example of how protein breakdown is linked to cellular events. This cycle is
divided into several phases, each of which is characterized by distinct cyclin proteins
that act as key regulators for that phase. Before a cell can progress from one phase of
the cell cycle to the next, it must degrade the cyclin that characterizes that particular

phase of the cycle. Failure to degrade a cyclin stops the cycle from continuing.

M2U3 LS
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Figure 1: An overview of the flow of information from DNA to protein in a

eukaryote

First, both coding and noncoding regions of DNA are transcribed into mRNA. Some regions
are removed (introns) during initial mRNA processing. The remaining exons are then spliced
together, and the spliced mRNA molecule (red) is prepared for export out of the nucleus
through addition of an endcap (sphere) and a polyA tail. Once in the cytoplasm, the mRNA

can be used to construct a protein.

Figure Detail

M2U3 LS

251



A schematic diagram shows transcription, RNA splicing, nuclear export, and translation
within the outline of a eukaryotic cell with a large nucleus. At the top of the diagram, within
the nucleus, is a grey DNA double helix. A transparent, rectangular box is drawn on top of
most of the double helix. The rectangular box is shaded with two alternating colors; the
purple segments represent exons, and the light-green segments represent introns. A black
arrow labeled "transcription” points downward from the DNA molecule showing that the
boxed region of double-stranded DNA is transcribed into a pre-mRNA molecule. The
pre-mRNA molecule is shown as a grey, single-stranded RNA molecule made up of a linear
backbone with vertical rectangles arranged along its length. The tops of the rectangles are
either pointed, rounded, cupped, or V-shaped to represent different nucleotides. A
transparent, rectangular box is drawn over most of the pre-mRNA molecule, with red regions
that align with the purple DNA exons and light-green regions that align with the light-green
introns in the DNA template. A thin, black arrow labeled RNA splicing points downward from
the pre-mRNA molecule to a mature mRNA molecule that contains only red exons. The
mature mRNA also has a light peach-colored sphere attached to its left end to represent the
5-prime cap, and four adenosine molecules attached to its right end to represent the poly-A
tail. Each adenosine is represented by a red letter "A." Nuclear export is represented by a
thin black arrow labeled “export” that points from the processed mRNA molecule inside the
nucleus down to a processed mRNA molecule in the cytoplasm. In the background of the
cytoplasm, thin black lines show silhouettes of cytoplasmic organelles, including the Golgi
paratus and endoplasmic reticulum. Translation of mRNA into protein occurs in the
cytoplasm. A thin black arrow labeled "translation” points from the processed mRNA
molecule in the cytoplasm to a protein, which is depicted as a chain of seven differently

colored spheres, each one representing a different amino acid.

How Do Different Cells Express the Genes They Need?

Only a fraction of the genes in a cell are expressed at any one time. The variety of gene
expression profiles characteristic of different cell types arise because these cells have
distinct sets of transcription regulators. Some of these regulators work to increase

transcription, whereas others prevent or suppress it.

M2U3 L5
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Normally, transcription begins when an RNA polymerase binds to a so-called promoter
sequence on the DNA molecule. This sequence is almost always located just upstream
from the starting point for transcription (the §' end of the DNA), though it can be located
downstream of the mRNA (3' end). In recent years, researchers have discovered that
other DNA sequences, known as enhancer sequences, also play an important part in
transcription by providing binding sites for regulatory proteins that affect RNA
polymerase activity. Binding of regulatory proteins to an enhancer sequence causes a
shift in chromatin structure that either promotes or inhibits RNA polymerase and
transcription factor binding. A more open chromatin structure is associated with active
gene transcription. In contrast, a more compact chromatin structure is associated with

transcriptional inactivity (Figure 2).

Some regulatory proteins affect the transcription of multiple genes. This occurs because
multiple copies of the regulatory protein binding sites exist within the genome of a cell.
Consequently, regulatory proteins can have different roles for different genes, and this is

one mechanism by which cells can coordinate the regulation of many genes at once.

M2U3 L5
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Figure 2: Modulation of transcription

An activator protein bound to DNA at an upstream enhancer sequence can attract proteins to
the promoter region that activate RNA polymerase (green) and thus transcription. The DNA
can loop around on itself to cause this interaction between an activator protein and other

proteins that mediate the activity of RNA polymerase.

Figure Detail

A linear DNA molecule (top) looks like a horizontal bar from which many parallel rectangular
nucleotides protrude. The left-hand terminus of the molecule is labeled "upstream." An
"enhancer sequence” spanning 9 nucleotides is shaded green and bound to an activator
protein. Downstream, a 9-nucleotide “promoter sequence” is also shaded green. Further
downstream, the site of transcription spans 9 nucleotides and is shaded orange. An arrow
above this orange region points to the right, indicating the direction transcription proceeds. A
DNA molecule folded into a loop shape (bottom) shows the enhancer sequence parallel to
and nearly aligned with the promoter sequence. RNA polymerase is bound to the DNA

between the promoter sequence and the site of transcription. A mediator protein bridges the

M2U3 L5
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gap between the activator protein and RNA polymerase by binding to both of them, allowing

an interaction between the activator and RNA polymerase to occur.

How Is Gene Expression Increased or Decreased in Response to
Environmental Change?
In prokaryotes, regulatory proteins are often controlled by nutrient availability. This

allows organisms such as bacteria to rapidly adjust their transcription patterns in

response to environmental conditions. In addition, regulatory sites on prokaryotic DNA

are typically located close to transcription promoter sites — and this plays an important

part in gene expression.

fnactiee
epIEssor

ANA franscriplion 5';)'
rolymerase Ty i

Figure 3: Transcription repression near the promoter region.

Molecules can interfere with RNA polymerase binding. An inactive repressor protein (blue)
can become activated by another molecule (red circle). This active repressor can bind to a
region near the promoter called an operator (yellow) and thus interfere with RNA polymerase

binding to the promoter, effectively preventing transcription.

Figure Detail

M2U3 L5
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Part 1 of this three-part schematic shows the location of the operator and site of transcription
on a DNA molecule. In part 2, RNA polymerase is shown bound to an 11 nucleotide-long
region of DNA; part of this region is considered the operator. An inactive repressor protein is
represented as a globular shape in proximity to the DNA molecule. In part 3, three activator
molecules are shown: one is bound to the active repressor, which is oriented above the
operator. RNA polymerase is blocked by the repressor molecule from binding in proximity to

the operator, and is shown floating unattached above the DNA molecule.

For an example of how this works, imagine a bacterium with a surplus of amino acids
that signal the turning "on" of some genes and the turning "off" of others. In this
particular example, cells might want to turn "on" genes for proteins that metabolize

amino acids and turn "off" genes for proteins that synthesize amino acids. Some of

these amino acids would bind to positive regulatory proteins called activators. Activator

proteins bind to regulatory sites on DNA nearby to promoter regions that act as on/off

switches. This binding facilitates RNA polymerase activity and transcription of nearby

genes. At the same time, however, other amino acids would bind to negative regulatory

proteins called repressors, which in turn bind to regulatory sites in the DNA that

effectively block RNA polymerase binding (Figure 3).

The coniroi of gene expression in eukaryoies is more compiex than that in prokaryotes.

In general, a greater number of regulatory proteins are involved, and regulatory binding

sites may be located quite far from transcription promoter sites. Also, eukaryotic gene
expression is usually regulated by a combination of several regulatory proteins acting

together, which allows for greater fiexibility in the control of gene expression.

M2U3 L5
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Figure 4: The complexity of multiple regulators

Transcriptional regulators can each have a different role. Combinations of one, two, or three
regulators (blue, green, and yellow shapes) can affect transcription in different ways by
differentially affecting a mediator complex (orange), which is also composed of proteins. The
effect is that the same gene can be transcribed in multiple ways, depending on the

combination, presence, or absence of various transcriptional regulator proteins.

As previously mentioned, enhancer sequences are DNA sequences that are bound by
an activator protein, and they can be located thousands of base pairs away from a
promoter, either upstream or downstream from a gene. Activator protein binding is

thought to cause DNA to loop out, bringing the activator protein into physical proximity
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with RNA polymerase and the other proteins in the complex that promote the initiation of

transcription (Figure 4).

Different cell types express characteristic sets of transcriptional regulators. In fact, as
multicellular organisms develop, different sets of cells within these organisms turn
specific combinations of regulators on and off. Such developmental patterns are

responsible for the variety of cell types present in the mature organism (Figure 5).

Figure 5: Transcriptional regulators can determine cell types
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The wide variety of cell types in a single organism can depend on different transcription
factor activity in each cell type. Different transcription factors can turn on at different times
during successive generations of cells. As cells mature and go through different stages
(arrows), transcription factors (colored balls) can act on gene expression and change the cell
in different ways. This change affects the next generation of cells derived from that cell. In
subsequent generations, it is the combination of different transcription factors that can

ultimately determine cell type.
Figure Detail

A schematic diagram shows a pedigree of cells that contain various transcription factors,
which are depicted as different colored circles. As the cells divide, they produce new
generations of cells. All of the cells from a given generation are shown in the same row. At
the top of the diagram, a single cell is shown as a light purple circle with a dark-purple,
circular nucleus inside it. This cell does not express any transcription factors. A thin black
arrow with two branches points downward from this first cell to show that it divides to form
two second-generation cells. The second-generation cell on the leit does not express a
transcription factor, but the second-generation cell on the right side contains a yellow circle in
its cytosol to show that it expresses a transcription factor. Thin black arrows with two
branches point down from each of the two second-generation cells to show that each divides
to form two third-generation cells. This makes a total of four third-generation cells. The
second-generation cell on the left that did not express a transcription factor produces a
third-generation cell that does not express a transcription factor and a third-generation cell
with a red transcription factor. The second-generation cell on the right that expressed a
yellow transcription factor divides to form a third-generation cell with a single, yellow
transcription factor and a third-generation cell with both a red and a yellow transcription
factor. Thin black arrows with two branches point down from each of the four third-generation
cells to show that each divides to form two fourth-generation cells. This makes a total of eight
fourth-generation cells. The third-generation cell that does not express any transcription
factors divides to produce a fourth-generation cell with no transcription factors and a
fourth-generation cell with a green transcription factor. The third generation cell expressing a
single, red transcription factor divides to produce a fourth-generation cell with a single, red

transcription factor and a fourth-generation cell with both a red and a green transcription
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factor. The third-generation cell expressing a single yellow transcription factor produces a
fourth-generation cell with a single yellow transcription factor and a fourth-generation cell
with both a green and a yellow transcription factor. The third-generation cell expressing both
a yellow and a red transcription factor produces a fourth-generation cell with a single, red
transcription factor and a fourth-generation cell with a yeilow, a green, and a red transcription

factor.

Conclusion

To live, cells must be able to respond to changes in their environment. Regulation of the
two main steps of protein production — transcription and translation — is critical to this
adaptability. Cells can control which genes get transcribed and which transcripts get
translated; further, they can biochemically process transcripts and proteins in order to
affect their activity. Regulation of transcription and translation occurs in both prokaryotes

and eukaryotes, but it is far more complex in eukaryotes.

eBooks

This page appears in the following eBook
E£ssentials of Cell Biology, Unit 2.3

Cell Biology for Seminars, Unit 2.3
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Homeotic Genes and Body Patterns

From Learn Genetics - Genetic Science Learning Center

Every organism has a unique body pattern. Although specialized body structures, such
as arms and legs, may be similar in makeup (both are made of muscle and bone), their
shapes and details are different. While an embryo grows, arms and legs develop
differently due to the actions of homeotic genes, which specify how structures develop
in different segments of the body.

How did scientists discover genes that determine body pattern?

Scientists discovered homeotic genes by studying strange transformations in fruit flies,
including flies that had feet in place of mouthparts, extra pairs of wings, or two pairs of
balance organs (called halteres) instead of wings. Some even had legs growing out of
their heads in place of antennae!

Scientists called these modifications "homeotic transformations," because one body part
seemed to have been replaced by another. Researchers, including a group headed by
Ed Lewis at Caltech, discovered that many of these transformations were caused by
defects in single genes, which they termed homeotic, or Hox, genes.

This work demonstrated that antennal cells carry all of the information necessary to
become leg cells. This is a general principle: every cell in an organism carries, within its
DNA, all of the information necessary to build the entire organism.
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Antenna

Legin place
of antenna

Top: (Left) Normal fruitfly; (Right) Fruitfly with mutation in antennapedia gene Bottom: (Left) Normal
fruitfly; (Right) Fruitfly with a homeotic mutation that gives it two thoraxes. Bottom images courtesy of the
Archives, California Institute of Technofogy.

Shared characteristics

Fruit flies begin life as worm-like creatures made up of repeating units, or segments.
Early in development, Hox genes are switched on in different segments. Patterns of Hox
gene activity give each segment an identity, telling it where it is in the body and what
structures it should grow. For instance, genes that are active in the head direct the
growth of mouthparts and antennae, while genes that are active in the thorax direct the
growth of legs and wings.

Changes to Hox gene expression change a segment’s identity. For example the first
segment of the thorax normally grows legs, the second grows legs and wings, and the
third grows legs and halteres. When the Hox gene activity in the third segment is made
the same as that in the second, both segments grow legs and wings (see photos
above).

While studying the DNA sequences of homeotic genes in fruit flies, researchers found
that they all shared a similar stretch of about 180 bases; they named this stretch the
homeobox. The homeobox is just a portion of each gene. If the words below were
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homeotic genes, the capital letters would represent the homeobox: togeTHETr -
THEoretical - gaTHEring - boTHETr

Researchers used DNA-sequence similarity to find genes with homeoboxes in other
species, including other insects, worms, and even mammals. Together, these genes
make up the Hox gene family (Hox is short for homeobox).

Interestingly, Hox genes are arranged in clusters. Typically, their order on the
chromosome is the same as the order in which they appear along the body. In other
words, the genes on the left control patterning in the head, and the genes on the right
control patterning in the tail.

Hox genes arranged along
the fruit fly chromsome

Zones of Hox gene activity in the embryo

Genes in different organisms that share similar sequence and function are called homologous genes.
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Genes hold clues about evolutionary relationships

Nearly every animal that's been tested has homeobox sequences in its DNA,
suggesting that Hox genes arose very early in the animal family tree. Genetic
sequences maintained over evolutionary time are thought to be especially important to
the basic development of even distantly related organisms. The presence of homeotic
gene sequences in animals as different as jellyfish, insects, and mammals suggests that
these genes have a crucial function in many, and perhaps all, animals.

Scientists have studied the genes' DNA sequences, functions, and organization to learn
about evolutionary relationships. Hox genes have revealed many clues about the
evolution of the animal family tree.

The similarities among Hox genes, especially in the shared homeobox sequence,
suggest that they all arose from a single ancestral gene that was duplicated multiple
times. After each duplication event, the genes gradually changed, taking on slightly
different jobs. This process is known to evolutionary biologists as "duplication and
divergence."

The first duplications happened a very long time ago. An animal that lived about a billion
years ago, the ancestor to all animals, had at least 4 Hox genes. By 600 million years
ago, in the ancestor to all modern animals that have bilateral symmetry, the number
grew to at ieast 7. We know this because animais descended from this ancestor have
homologues of these genes.

Additional duplication events happened in some branches of the animal family tree. In
insects, for example, a gene near the right end of the cluster was duplicated. In
vertebrates, the entire Hox cluster was duplicated—three times in mammals and up to 8
times in some types of fish. The duplicate genes were then free to take on new
functions, often leading to more-complex body structures.

Hox genes share not only DNA sequence, they even share functions. Mouse Hox genes
can substitute for their homologues in flies. And when they’re activated in other
segments, the mouse genes can cause homeotic transformations in flies.
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Like other genes, Hox genes are more similar in closely related species and less similar in more
distantly related species. By comparing sequence similarity, scientists can determine when in
evolutionary history certain duplication events happened, and where some Hox genes were lost
along the way (additional gains and losses have happened within individual species in each

group).

lllustration based on information from Pascual-Anaya et al (2005), Carroll et al (2005), and
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Hox proteins regulate other genes

Hox genes code for proteins that attach to molecular switches on DNA, turning other
genes on and off. The DNA-binding piece of a Hox protein is called the homeodomain,
and it's encoded by the homeobox. The homeodomains in different Hox proteins are
similar but not identical—they bind to different DNA sequences. So different Hox
proteins regulate different sets of genes, and combinations of Hox proteins working
together to regulate still other sets of genes.

As regulators of other genes, Hox proteins are very powerful. A single Hox protein can
regulate the activity of many genes. And sets of genes work together to carry out
"programs" during embryonic development—programs for building a leg or an antenna,
for example—much like computer programs carry out specific tasks.

Hox genes .
3
Hox proteins 3
I
|
]
|
|
|
Binds to DNA sequence Binds to DNA sequence
AGATGGATGG CGATGGAAGA
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Homeotic genes and evolutionary change

A large amount of animal diversity is built on two simple ideas: bodies made up of
repeating units (or segments), and genetic programs for building structures.

Just within arthropods (shown on the right), variations on this theme have given rise to
an enormous diversity of body types. And in fact, in many cases, domains of Hox gene
activity parallel the different types of structures that grow out of the animals’ body
segments.

The bands of color highlight body segments that have similar identities; you can think of
each color as running a different genetic program: a “leg” program or an “antenna”
program, for example. Once a program exists for building a structure, it can be reused
elsewhere simply by shifting Hox gene expression. It's easy to see how adding some
segments and running the “leg” program in them can build an organism with a few more
sets of legs.

And the genetic programs themselves can be modified (through changes in the “leg” or
“antenna” genes) to build structures that are a little different. For instance, the “wing”
program didn’t come about from scratch—it's simply a modified “leg” program.

A genetic change that leads to a change in body shape might allow an organism to
capture food more effectively or avoid predators, giving it a reproductive advantage. Its
genes may be preferentially passed along to the next generation, thus influencing the
course of evolution.
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Vertebrate Hox genes

In vertebrates (animals that have backbones), the entire Hox cluster has been
duplicated multiple times. Mice and other mammals have four Hox clusters. All four are
similar, but each is different. Similar genes in different clusters are called paralogs.

Most paralogs have partially overlapping functions, so figuring out how Hox genes
function in vertebrates a challenge: the effects of changing a single gene are often
hidden by functioning genes in the same paralogous group. But changing the function of
multiple genes in the group can have dramatic effects.

The photos on the left, provided by Mario Capecchi's research group at the University of
Utah, show mouse forelegs. Inactivating one paralog or the other has subtle effects
(middle two images). But inactivating both makes a dramatically different limb (right).
This experiment and others have shown that Hox genes in mice work much the same
way as they do in fruit flies.

Mouse Hox genes, located on 4 different chromosomes

2 3 4 5 6 7 8 9 10 11 12 13

HoxA . =8 EEmiED [ Bheon ISR - s | i | RO e
HoxB . =aag e . N O 2y 1 70 AR SS
HoxC = o

HoxD ‘oo ioa ol

Paralogs

HoxA T HoxA 223" HoxA [Tl
HoxD. T HoxD TEE> HoxD &
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Hox genes direct the identity of vertebrae

Hox5 J n
— (connect to
" sternum)
Hox6 4 (floating ribs)
Hox9

Hox11

While mice and other vertebrates are not as obviously segmented as arthropods,
certain regions of their bodies actually are. Vertebrae, with all their associated muscles
and bones, grow from repeating units in the embryo called somites. Hox genes (often in
combination) help define somite identity, directing them to develop differently depending
on where they are in the body.
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Just like Hox genes in arthropods direct segments to grow legs, wings, or antennae,
Hox genes in vertebrates direct segments to grow ribs (or not) or bones that fuse
together to form a sacrum.

Experiments in mice show how Hox genes affect vertebra identity. In mouse embryos,
the Hox10 genes turn the “rib” program off. The genes are normally active in the lower
back, where the vertebrae don’t grow ribs, and inactive in the mid-back, where the
vertebrae do grow ribs. When the Hox10 paralogs are experimentally inactivated, the
vertebrae of the lower back to grow ribs. Something similar may have happened in
nature. In snakes, Hox10 genes have lost their rib-blocking ability, which may be why
they grow ribs from head to tail.

Hox genes play many more roles in vertebrate development. They help specify the
difference between an arm and a leg, as well as a pinky and a thumb. In the nervous
system, their expression in segmented embryonic structures called rhombomeres
directs the development of different brain regions.

Hox genes are a fascinating example of how a single gene that did something well was
copied and re-purposed through evolution to do even more.
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Transcription and Translation

1. Fill in the mRNA code that is complimentary to the DNA template
2. Transfer the mRNA sequence to the colunms marked "mRNA Codons"
3. Use the table in the book to find what amino acid is specified

and write the abbreviation for that amino acid in the Protein column
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Transcription and Translation

1. Fill in the mRNA code that is complimentary to the DNA template
2. Transfer the mRNA sequence to the colunms marked "mRNA Codons"
3. Use the table in the book to find what amino acid is specified

and write the abbreviation for that amino acid in the Protein column
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Protein synthesis

Determine the amino acid sequence that would be specified by the following sequence.
1. Transcribe the DNA into messenger RNA.
2. Find the Start Codon to establish the reading frame.
3. Mark off the subsequent codons until the Stop Codon is found
4. Translate the mRNA into the proper amino acid sequence

DNA

TCCAAGTACGGTCTATATGTAGTCTTTCCACCCGCAACTACAGAAGAC

Amino acid sequence

Anticodons found on tRNA

M2U2L5 - 1
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Protein synthesis

Determine the amino acid sequence that would be specified by the following sequence.
1. Transcribe the DNA into messenger RNA.

Find the Start Codon to establish the reading frame.

Mark off the subsequent codons until the Stop Codon is found

Translate the mRNA into the proper amino acid sequence

B

TCCAAGTACGGCTATATGTAGTCTAATCCACCCGCAACTACAGAAGAC

Amino acid sequence

Anticodons found on tRNA

M2U2L5 -2

9/¢



Name

Period Date

Protein synthesis

Determine the amino acid sequence that would be specified by the following sequence.
1. Transcribe the DNA into messenger RNA.
2. Find the Start Codon to establish the reading frame.
3. Mark off the subsequent codons until the Stop Codon is found
4. Translate the mRNA into the proper amino acid sequence

DNA

TCCAAGTACGTCTATATGTAGTCTTTCCACACCGCAACTACAGAAGAC

Amino acid sequence

Anticodons found on tRNA

M2U2L5 -3
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Protein synthesis

Determine the amino acid sequence that would be specified by the following sequence.
1. Transcribe the DNA into messenger RNA.
2. Find the Start Codon to establish the reading frame.
3. Mark off the subsequent codons until the Stop Codon is found
4. Translate the mRNA into the proper amino acid sequence

DNA

TCCAAGTACGTCATATGTAGTCTTTCCACACCTGCAACTACAGAAGAC

Amino acid sequence

Anticodons found on tRNA

M2U2L5 -4
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Protein synthesis

Determine the amino acid sequence that would be specified by the following sequence.
1. Transcribe the DNA into messenger RNA.
2. Find the Start Codon to establish the reading frame.
3. Mark off the subsequent codons until the Stop Codon is found
4. Translate the mRNA into the proper amino acid sequence

DNA

TCCAAGTACGGCTATATGTAGTCTAATCCACCCGCAACTACAGAAGAC

Amino acid sequence

Anticodons found on tRNA
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Codon Decoder Ring 280

The Codon is the set of 3 nucleotides in the mRNA sequence.

Start at the center in the quadrant that matches the first nucleotide in the Codon.

Move to the second nucleotide in the codon without crossing any of the solid lines.

Move to the third nucleotide in the outer grey ring without crossing any solid line to find the

cl O e

proper amino acid.
5. e.g. Ifthe codon is AUG, start in the center of the lower left quadrant (A), move to the

lowermost grey section (U), then move to the outer ring that had the G. The resulting Amino

Acid is Methionine.
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Transcription and Translation

Use complete sentence(s) to answer the following
1. Define Transcription :

Use the following diagram to help describe the process of transcription.

Key
A = Adenine
C = Cytosine
G = Guanine
T = Thymine
U = Uracil

Apply the following labels to appropriate parts of the above diagram. Label as many parts as
you can

e Uracil
e Guanine e DNA
e Adenine e mRNA
e Thymine e RNA polymerase
e C(Cytosine

Use complete sentences to answer the following

M2U3



Where does the process of transcription take place?

Using the diagram, describe what needs to happen before transcription can take place?

How does the correct strand get copied? (extra credit)

After RNA polymerase attaches to DNA, how is mRNA made?

6. After mRNA has been made, where does it go?

7. What process occurs following the transport of the mRNA?

M2U3
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Transcription and Translation

Use complete sentence(s) to answer the following
1. Define Translation :

An mRNA copy of the gene is
made in the nucleus.

flgure 13-2 Discover Biology 3/e
> 2006 W. W. Norton & Company, Inc.

Use complete sentences to answer the following

1. Where does the process of translation take place?

2. Using the diagram, summarize the processes of transcription and translation.
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RNA polymerase

place where enzyme forms
covalent bond between nucleotides
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covalent bond between amino acids
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Transcription and Translation Lab - Sample pieces

Beginning of
Hemoglobin A
Gene

A

FNA neutiotes - 8 sets

Second Part
of mRNA
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Leucine

Leucine

Leucine

- Leucine

Threonine

Threonine

Threonine

Threonine

amino acids - 4 sets

Histidine

Histidine

Histidine

Histidine

Proline

Proline

Proline

Proline

Valine

Valine

Valine

Valine

Glutamic Acid

Glutamic Acid

Glutamic Acid

Glutamic Acid
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Transcription and Translation Viewing Guide

One of the central dogmas of genetics is that the DNA sequence leads to the expression of
certain characteristics in organisms. This is done by using the DNA sequence in the nucleus of
eukaryotic cells to make an intermediary sequence called Messenger RNA (mRNA). The
Messenger RNA sequence is transported out of the nucleus to the ribosomes where it is used
as a template to produce an Amino Acid Sequence (Protein, Polypeptide). The Protein
becomes a functional unit that produces the characteristic in the organism.

Pre-Video
1. What is DNA?
2. Describe the gross structure of DNA.

3. Whatis a Gene?

4. Define - Transcription

5. Define - Translation

Watch the Video without pausing
6. What is your impression of the processes involved in gene expression?

Watch the Video with pauses to explain what is happening
7. What happens at the beginning of the gene sequence to start the process of
Transcription?
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8. Where is the gene in relation the assembly of factors on the DNA?

9. What is the Blue molecule doing once the process starts?

10. What is the Yellow chain snaking out of the Blue molecule?

11. What is the Yellow chain made of?

12. What determines the sequence of the RNA?

13. What is the nucleotide in RNA that is different from DNA? What letter in DNA does it

replace?

14. What is the process of making RNA from DNA called?

15. How fast does it occur? Where is this happening, even as we go over this process?

16. Where does the RNA go once it is complete?

17. What molecular machine locks around the RNA? What is this miniature factory called?

18. What is made in the miniature factory using the RNA as a pattern?

19. What brings the Amino Acids to the Ribosome?
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20. How are the transfer molecules different?

21. How many letters at a time is the code on the mRNA read?

22. What are the letters in the code on the mRNA matched to?

23. How is the protein chain made?

24. How many different kinds of protein can be made by the ribosome?

25. Which particular protein is being made in this video?

Reflection(s)
26. What impression(s) doe this video leave you that you did not think of before?

Summary
27. In your own words, write a summary of how protein is made starting with the DNA

sequence.
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Cell Cycle

1. On the lines below, explain what happens in each of the phases of the cell cycle and
mitosis starting with the 1st Growth Phase.

Cell Division

B |
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2. Identify the different phases of mitosis pictured below. Describe landmark features in
each of the diagrams that helps correctly identify each phase.
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DNA Replication Name Period Dat?%_

1. Fold this page so that columns 1 and 4 are next to each other
a. Make a "mountain fold" along the dashes between columns 1 and 2
b. Make a "valley fold" along the dashes between columns 3 and 4
Finish filling in the complimentary nucleotides for column 4
Unfold the paper (unzipping the original molecule)
4. Fill in the new complimentary strands in columns 2 and 3

w N

T - -
T - -
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Scientific Process

CM Supports for Science Writing

Sample sentence frames
Step in scientific process Language
function

Hypothesis/prediction — If , then
If....., then Cause and effect
Procedure —
Steps: Sequencing
L.
2.
3.
Data/Observations — First thing I observed Sequencing
1* observation — The second, observation is
2™ observation —
Observation on chart Descriptive
Analysis of Data - For example — Descriptive

Based on the data observed

The graphs shows

The percent error is due to
Conclusion - My hypothesis was , because Completing cause
Was your hypothesis correct? and effect

Sequencing

What 3 things did you leam? — First,

Second thing

Finally,
Expository Writing have known as
Compare and Contrast and are similar/different , because
Elaboration and Description A of is called

One example of is
Examples of include and
are composed of and
can form
is an example of a
12/13/17

Wilkinson
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5 sentence Summary writing

Identify the topic The titled examines
addresses
introduces
Idea 1 uses/relies on to explain
has/have called
Idea 2 Another idea from use/explain
Other called have/has
example An example of would be/is
and are similar/different
Conclusion enable to , because
Information/examples support because
Proposition and Support - Claim-Evidence-Reasoning (CER)
Claim — make a proposition My claim for is
My opinion on is
I think
I think the evidence/data shows
Evidence — support your proposition According to my data : .

with specific evidence

3 y supports my claim.

[combined evidence and reasoning]
s , supports my claim, because

Reasoning — explain how the evidence | My data supports my claim because

supports the claim

Based on the data, I see , because

Wilkinson
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History of Life on Earth

Complexity of Life - Assessment

Review the products that you have produced in this unit. Write an essay explaining to
Robert Krulwich why, in spite of the fact that he feels quite different from a banana, half
of his DNA is the same as that of a banana.

Rubric

Points Description

4 points Student incorporates all of the Main Concepts effectively

3 points Student uses 5 out of the 7 Main Concepts effectively

2 points Student uses approximately half of the Main Concepts effectively

1 point Student uses a few of the Main Concepts effectively

0 points Student provides no answer or responds with writing that has no bearing on
the question
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