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Preface to CMB5

Details, goals, and hopes for teaching and learning

A grasp of the logic and practice of science is essential to understanding the world around
us. So, all editions/versions of CMB focus on experimental support for what we know
about cell and molecular biology, and on showing students the relationship of cell
structure and function. Rather than trying to be comprehensive reference, the book
selectively details investigative questions, methods and experiments that lead to our
understanding of cell biology. This focus is nowhere more obvious than in the chapter
learning objectives and in links to the author's short YouTube voice-over PowerPoint
(VOP) videos. Numbered links to each of these VOPs are embedded near relevant text and
includes edited, optional closed captions. These are easily launched by clicking a play-
video symbol or descriptive title on a computer or tablet app or by using QR codes, as in
the example below:

-E'."
=

10

i 102 Golgi Vesicles & the Endomembrane System

Other *external online resource links are all numbered. The numbers refer to the QR
codes for the links at the end of each chapter for use by students using a print edition or
printed pages from the digital text.

All digital (the Basic, Annotated, and Instructors CMB3e) as well as the hard-copy version
(the Annotated CMB3p) include these interactive features. In addition, the Annotfated
CMB5e and CMBSp have Challenge boxes that typically include questions about
significant new science that is not necessarily definitive and still subject to confirmation.
Finally, the Instructors’ CMBS5e adds interactive short 25 Words or Less short writing
assignments. The Instrucfors’ CMBb5e is available on request. All interactive elements are
intended to expand on concepts discussed in the text. My hope is that that you will
engage and experience some of them. In writing and updating CMB, 1 tried to make it
user-friendly, current, and accurate. I invite you to use the interactive features of the iText
to think about:

e how good and great experiments were inspired and designed.

e how alternative experimental results were predicted.

e how data was interpreted.

e how investigators (and we!) arrive at the most interesting "next questions."

Along the way, I hope active learning about cell and molecular biology will be an exciting
way to reinforce your critical thinking and writing skills across the board.

*External online resources links are active at the time of publication but may not remain
so in the future.


https://youtu.be/jsTlk8ntAO0

A mission Statement

Ever since I wrote my first published research paper my goal was to make my science
clear enough to be read by anyone interested in biology. Finding jargon-free ways to
explain research is not always easy. Sometimes it involves metaphor or analogy and
sometimes it requires linguistic precision. I've heard that writers of fiction and truth
(novelists, storytellers, playwrights, poets...) spend a lot of time revising to make
themselves understood. So, I agree with Eve. L. Ewing, a poet, Professor of Sociology of
Education and Marvel comic writer, who said in an interview that academic writing is a
creative act (Toor, R. 2020, Scholars Talk Writing, The Chronical of Higher Education). I
have used interactive components of the early editions of CMB to create assessable
homework assignments in my flipped, blended Cell Biology course. CMBJ is the latest
edition, the product of many revisions, updates, additions, and corrections. In aggregate,
all editions and versions of CMB have been downloaded more than 60,000 times and
have been adopted or made recommended reading in college and even high school and
medical school courses in the U.S. and around the world. I would like to think that this
universal appeal is due to some measure of imagination, clarity, and creative effort.

Some Notes on Using CMBS5e and CMB5p

If you are reading the hardcopy Annotated CMBSp iText, you can also download the
digital CMBSe version at hfips;/dc.uwm.edu/ into your browser's URL line. If your
instructor has uploaded a digital version of CMB5 to your course site, expect further
instructions on how you to access and use the book. CMBJ3p is an open access hardcopy
version of the Annotated CMB3e, for students that would like to study from a printed
book. It is virtually identical in content and format to its digital cousin. All numbered text
and QR code links should be active in the latest digital (CMB3e) versions. Hardcopy
readers, please use QR codes to access web links. Links to the author's POVs should be
stable (please notify the author or your instructor at of any exceptions). On the other hand,
remember that links to exfernal online resources that are active at the time of publication
may not remain so in the future.

Special to Instructors from the Author

The complete digital Instructors CMBSe iText is available at hiips://dc.uwm.edu/. To get
the complete Instructors CMB5e (with additional interactive features), you will need to fill
out a short questionnaire identifying yourself as an instructor, your institutional and
departmental affiliation, and course information (title, number). When you submit the form,
you will get pdf as well as MS-Word files for all digital versions of the iText. When you have
download the digital iText(s) of your choice, you should find it an easy matter to add, subtract,
modify or enhance any parts of it to suit your purposes (in accordance with the Creative
Commons CC-BY license under which it is published (Creative Commons — Attribution 4.0
International — CC BY 4.0). You are free to provide the original or a customized version to your
students as a small pdf file (recommended) or the larger MS-Word file. If students access a
digital iText through your CMS (Course Management System (e.g., Blackboard, D2L, Canvas),
you can link assignments to Discussion Fora, a DropBox, or Quiz directly in the iText. Of
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course, remember to provide instructions to students on how they should use the book in your

class! Here are a few notes on the versioning of CMBS5.

1. If you modify the digital Annotated or Instructors’ versions, the index (which is not
dynamic) may no longer function as intended.

2. The Basic version of the digital iText has no index but can (like all versions) be searched
online or after downloading.

3. An interactive OER, low-cost print version of the Annotated CMB5 iText (CMB5p) is now
available for anyone that prefers a hardcopy textbook. CMBJ3p is still open access, with the
a Creative Commons CC-BY-NC-SA license (Creative Commons — Attribution-
NonCommercial-ShareAlike 4.0 International — CC BY-NC-SA 4.0).

4. And once again, please remember that links to exfernal online resources that are active at
the time of publication may not remain so in the future.

Finally, to assist instructors, Open Access, high resolution copies of the images in this book are
provided with the Instructors’ CMB5e or at https://dc.uwm.edu/ (search Bergtrom).

I hope that you (and even your students!) will enjoy customizing interactive elements and
digging into some of the more current research included in the latest edition of the CAMB.
Above all, I hope that your students will achieve a better understanding of how scientists use
skills of inductive and inferential logic to ask questions and formulate hypotheses..., and how
they apply concept and method to test those hypotheses.
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Chapter 1
Cell Tour, Life's Properties and Evolution,
Studying Cells

Life’s domains, scientific method, cell structures, Study methods (microscopy, cell fractionation,
functional analyses); Common ancestry, Genetic variation, Evolution, Species diversity
Reminder: For inactive links, google key words/terms for alternative resources.

CELLS: Left, Robert Hooke’s drawing of cork slices seen through a microscope from his 1665
Micrographia; Right, a monk’s cell.

1.1 Introduction

You will read in this book about experiments that revealed secrets of cell and molecular
biology, many of which earned their researchers Nobel and other prizes. But let's begin here
with a Tale of Roberts, two among many giants of science in the renaissance and age of

enlightenment whose seminal studies came too early to win such coveted prizes.

One of these, Robert Boyle, was born in 1627 to wealthy, aristocrat parents. In his
teens, after the customary Grand Tour of renaissance Europe (France, Greece, Italy...) and
the death of his father, he returned to England in 1644, heir to great wealth. In the mid
1650s he moved from his estates where he had already set about studying physics and
chemistry, to Oxford. There he built a laboratory with his own money to do experiments on
the behavior of gasses under pressure. With some help, he discovered Boyle’s Law,
confirming that the gasses obey mathematical rules. He is also credited with showing that
light could travel through a vacuum, that something in air enables combustion, that sound
travels through air in waves, that heat and particulate motion were related, and that the
practice of alchemy was bogus! In fact, Boyle pretty much converted alchemy to chemistry by

performing chemical analysis, a term he coined.

As a chemist, he also rejected the old Greek concept of the elements: earth, air, fire,
and water. Instead, he defined elements as we still do today: the element is the smallest
component of a substance that cannot be further chemically subdivided. He did this a century
before Antoine Lavoisier listed and defined the first elements! Based on his physical studies
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and chemical analyses, Boyle even believed that the indivisible units of elements were atoms,
and that the behavior of elements could be explained by the motion of atoms. Finally, Boyle
codified in print the scientific method that made him a successful experimental scientist.

The second of our renaissance Roberts was Robert Hooke, born in 1635. In contrast to
Boyle parents, Hooke's parents were of modest means. They managed nonetheless to nurture
their son's interest in things mechanical. While he never took the Grand Tour, he learned well
and began studies of chemistry and astronomy at Christ Church College, Oxford in 1653. To
earn a living, he took a position as Robert Boyle's assistant. It was with Hooke's assistance that
Boyle did the experiments leading to the formulation of Boyle’s Law.

While at Oxford, he made other friends and useful connections. One friend was the
architect Christopher Wren. In 1662, Boyle, a founding member of the Royal Society of
London, supported Hooke to become the society's curator of experiments. However, to support
himself, Hooke also hired on as professor of geometry at Gresham College (London). After “the
great fire” of London in 1666, Hooke, as city surveyor and builder, participated with
Christopher Wren in the design and reconstruction of the city. Ever interested in things
mechanical, he also studied the elastic property of springs, leading him to Hooke’s Law,
namely that the force required to compress a spring was proportional to the length that the
spring was compressed. Later, these studies led Hooke to imagine how a coil spring might
substitute for a pendulum to regulate a clock. While he never invented such a clock, he was
appointed to a Royal Commission to find the first reliable method to determine longitude at
sea. He must have been gratified to know that the solution to accurate determination of
longitude at sea turned out to involve a coil-spring clock! Along the way in his ‘practical’
studies, he also looked at little things, publishing his observations in Micrographia in 1665.
Therein he described microscopic structures of animal parts and even snowflakes. He also
described fossils as having once been alive and compared microscopic structures he saw in
thin slices of cork to monk's cells (rooms, chambers) in a monastery. Hooke is best
remembered for his law of elasticity and of course, for coining the word cell, which we now
know as the smallest unit of living things.

Now fast-forward almost two hundred years to observations of plant and animal cells
early in the nineteenth century. These observations revealed structural features common to
all cells including a nucleus and a boundary (membrane or wall) and the common
organization of cells in groups to form multicellular structures in lower life forms as well as
in plants and animals. By the 1830s an enriched understanding of cell structure and the role
of cells in the structure of animals and plants led botanist Matthias Schleiden and
zoologist Theodor Schwann to propose the first two precepts of a unified Cell Theory:(1)
Cells are the basic unit of living things; (2) Cells can have an independent existence. Later in
the century, when Louis Pasteur finally disproved spontaneous generation and German
histologists observed mitosis and meiosis (the underlying events of eukaryotic cell division),
Rudolf Virchow added a third precept to round out Cell Theory: (3) Cells come from pre-
existing cells. That is, they reproduce. We begin this chapter with a reminder of the scientific
method, that way of thinking about our world that emerged formally in the seventeenth
century. Then we'll take a tour of the cell, reminding ourselves of basic structures and
organelles. After the ‘tour’ we'll consider the origin of life from a common ancestral cell and
the subsequent evolution of cellular complexity and the incredible diversity of life forms.
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Finally, we consider some of the methods we use to study cells. Since cells are small,
several techniques of microscopy, cell fractionation (in essence a biochemical dissection of the
cell) and functional/biochemical analysis are described to illustrate how we come to
understand cell function.

Learning Objectives

When you have mastered the information in this chapter, you should be able to do the

following:

1. Compare and contrast hypotheses and theories and place them (and other elements of the
scientific enterprise) into their place in the cycle of the scientific method.

2. Compare and contrast structures common to, and that distinguish prokaryotes, eukaryotes,
and archaea, and groups within these domains of life.

3. Articulate the function of different cellular substructures.

4. Explain how prokaryotes and eukaryotes accomplish the same functions, i.e., have the
same properties of life, even though prokaryotes lack most structures found in eukaryotes.

5. Outline a procedure to study a specific cell organelle or another substructure.

6. Describe or speculate on how the different structures (particularly in eukaryotic cells)
relate/interact with each other to accomplish specific functions.

7. Describe some structural and functional features that distinguish prokaryotes (eubacteria),
eukaryotes, and archaea.

8. Place cellular organelles and other substructures in their evolutionary context, i.e.,
describe their origins and the selective pressures that could have led to their evolution.

9. Distinguish between the roles of random mutations and natural selection in evolution.

10. Relate archaea to other life forms and speculate on their origins in evolution.

11. Suggest why evolution leads to more complex ways of sustaining life.

12. Explain how fungi are more like animals than plants.

1.2 Scientific Method — The Formal Practice of Science

Let's focus here on the essentials of the scientific method originally inspired by Robert Boyle,
and then on how science is practiced today. Scientific method is one or another standardized
protocol for observing, asking questions about, and investigating natural phenomena. Its
simplest expressions are look/listen, infer, and test your inference. According to the Oxford
English Dictionary, all scientific practice relies on the systematic observation, measurement,
and experiment, and the formulation, testing and modification of hypotheses. Here is the
scientific method as you might read it a typical science textbook:

e  Readthe science of others and observe natural phenomena on your own.

o Inferand state a hypothesis (explanation) based on logic and reason.

e Hypotheses are declarative sentences that sound like fact but aren't! Good hypotheses are
testable predictions, easily turned into if/then statemenis or yes-or-no questions.

e Design experiments to test the hypothesis: results must be measurable evidence for or
against the hypothesis.

e Perform that experiment and then observe, measure, collect data, and test for statistical
validity (where applicable). Then, repeat the experiment.



e Consider how your data supports or does not support your hypothesis and then infegrate
your experimental results with earlier hypotheses and prior knowledge.

e Finally, publish (i.e., make public) your experiments, results, and conclusions. In this way,
shared data and experimental methods can be evaluated (and repeated) by other scientists.

We'll return to the scientific method and how it is practiced shortly.

So, what are scientific hypotheses, theories and laws and how do they fit into the
scientific method? A scientific hypothesis, as suggested above, is an inference, and educated
guess about what might be going on based on evidence and logic. A hypothesis is a declarative
sentence, for example "The Sun revolves around the Earth.” This hypothesis was stated by
Aristotle (among others)! Remember, a good hypothesis can be easily turned into a yes-or-no
question, in this case “Does the sun revolve around the Earth?” By its nature, such yes-or-no
questions can be answered (i.e., a good hypothesis can be tested) by gathering more evidence
by observation and experiment. When Aristotle’'s hypothesis was finally tested by the
observations and measurements of Nicolaus Copernicus, Galileo Galilei and others, it proved
to be false! But you knew that, didn't you?

Contrary to what many people think, a scienfific theory is not a guess, neither an
educated nor an uneducated one. Rather, a theory is a statement well supported by
experimental evidence and widely accepted by the scientific community. Nevertheless,
theories are not facts. Scientists know that theories are subject to further test and modification
and may even be overturned. Even scientific laws can be questioned. Astrophysicists actively
test otherwise universally accepted physical laws, occasionally threatening to modify them. In
biology, Mendel's Law of Independent Assortment shouldn't even be called a law. Indeed, it
was not factual as he stated it, or for that matter when he stated it. Check the Mendelian
Genetics section of an introductory textbook to see how chromosomal crossing over violates
this law, and a history of science book to see what happens when observations or experimental
results are inexplicable or as we might say today, ‘too far out.’

Even Darwin's Theory of Evolution, one of the most enduring and tested biological
theories, has been modified over time. But in this case, the modifications have only
strengthened our understanding that biological diversity is the result of natural selection. For
commentary on the evolutionary underpinnings of biology, check out Dobzhansky T (1973,
Nothing in biology makes sense except in the light of evolution. Am. Biol. Teach. 35:125-129),
and Gould, S. J. (2002, The Structure of Evolutionary Theory. Boston, Harvard University
Press). Or, check out some of Darwin's own work at “0rigin of Species.

Do you think that Darwin's Theory of Evolution by natural selection should be
promoted to a law? To sum up, a Wikipedia entry states that the goal of a scientific inquiry is to
obtain knowledge in the form of testable explanations (hypotheses) that can predict the results of
future experiments. This allows scientists to gain an understanding of reality, and later use that
understanding to intervene in its causal mechanisms (such as to cure disease). The better a
hypothesis is at making predictions, the more useful it is. In the last analysis, think of
hypotheses as educated guesses and think of theories and/or laws not as proofs of anything,
but as one or more experimentally supported hypothesis that everyone agrees should serve as
guideposts to help us evaluate new observations and hypotheses.
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But do not making the mistake of placing hypotheses at the low end of a hierarchy of
ideas. They are in fact are the bread and butter of the scientific enterprise. Good ones are
testable and should predict either/or results of well-designed experiments. Those results
(observations, experimental data) should support or nullify the hypotheses being tested. In
either case, scientific data generates conclusions that inevitably lead to new hypotheses whose
predictive value will also be tested. If you get the impression that scientific discovery is a cyclic
process, that's the point! Exploring scientific questions reveals more questions than answers!

A word about well-designed experiments. Erwin Schrédinger (winner of a Nobel
Prize in physics in 1933) once proposed a thought experiment. He wanted his audience to
understand the requirements of scientific investigation but gained a fame (and notoriety) far
beyond the world of theoretical physics. Perhaps you have heard of his cat! Considered a
founding father of quantum physics, he recognized that adherence to scientific method is not
strict and that we can (and should) occasionally violate adherence to the dictates of scientific
method. In the now popular story of Schrédinger’s Cat, Schrodinger stated that if you sealed a
cat in a box with a toxic substance, how could you know if the cat was alive or dead unless you
open the box. Wearing his philosopher's hat (yes, he had one!), he postulated that until you
open the box, the cat is both “dead and alive.” That is, until the box was opened, the cat was in
a sense, neither dead nor alive, but both! Often presented as little more than an amusing
puzzle, Schrodinger was in fact illustrating that there were two alternate hypotheses: (1) the
cat exposed to toxin survived, or (2) the cat exposed to toxin died. Note that either hypothesis is
a declarative sentence, and that either one could be tested. Just open the box!

In a twist however, Schréodinger added that by opening the box, the investigator would
become a factor in the experiment. For example, let's say (for the sake of argument) that you
find a dead cat in the box. Is it possible that instead of dying from a poison, the cat was scared
to death by your act of opening the box? Or that the toxin made the cat more likely to die of
fright but was not lethal by itself? How then to determine whether it was the toxin or your
action that killed the cat? This made the puzzle even more beguiling, and to the many
laypersons, his greatest scientific contribution! But to a scientist, the solution to the puzzle just
means that a scientist must take all possible outcomes of the experiment into account,
including the actions of the experimenter, ensuring sound experimental design with all
necessary controls. The bottom line, and often the reason that scientific manuscripts suffer
negative peer review, is the absence or inadequacy of control experiments. See more about
Schrédinger’s catat A Cat Video.

1.2.1 The Method as It Is Really Practiced!

If you become a scientist, you may find that adherence to the ‘rules’ of scientific method are
honored as much in the breach as in their rigorous observance. An understanding of those
rules, or more appropriately principles of scientific method guide prudent investigators to
balance personal bias against the leaps of intuition that successful science requires. Deviations
from protocol are allowed!

I think that we would all acknowledge that the actual practice of science by would be
considered a success by almost any measure. Science is a way of knowing the world around us


https://www.youtube.com/watch?v=IOYyCHGWJq4

through constant test, confirmation, and rejection that ultimately reveals new knowledge,
integrating that knowledge into our worldview.

An element often missing but integral to any scientific method is that doing science is
collaborative. Less than a century ago, many scientists worked alone. Again, Gregor Mendel is
an example, and his work was not appreciated until decades after he published it. Today, most
publications have two or more coauthors. And the inherent collaborative nature of science
doesn't end with the investigators in a study. When a paper (or a research grant for that
matter) is submitted for consideration, other scientists are recruited to evaluate the quality of
hypotheses, experimental design, and soundness of conclusions reported in a manuscript. This
peer review of fellow scientists is part and parcel of good scientific investigation.

1.2.2 Logic and the Origins of the Scientific Method

The scientist, defined as a both observer and investigator of natural phenomena, is only a few
centuries old. Long before that, philosophers developed formal rules of deductive and
inferential logic to try and understand nature, humanity's relationship to nature, and the
relationship of humans to each other. We owe to those philosophers the logical basis of the
scientific enterprise. They came up with the rules and systems of deductive and inductive logic
now integral to the practice of science. Scientific method grew from those beginnings, along
with increasing empirical observation and experimentation. We recognize these origins when
we award the Ph.D. (Doctor of Philosophy), our highest academic degree! We are now going to
learn about the life of cells, their structure and function, and their classification or grouping
based on those structures and functions. Everything we know about life comes from applying
the principles of scientific method to our intuition. For a bemused take on how scientists think,
check out The Pleasure of Finding Things Out: The Best Short Works of Richard Feynman (1999,
New York, Harper Collins).

1.3 Domains of Life

We believe with good reason that all life on Earth evolved from a common ancestral cell that
existed soon after the origins of life on our planet. At one time, all life was divided into two
groups: the true bacteria and everything else! Now we group life into one of three domains:

e Prokaryotes are among the first descendants of that common ancestral cell. They lack
nuclei (pro meaning before and karyon meaning kernel, or nucleus). They include bacteria
and cyanobacteria (blue-green algae).

e Fukaryoftes include all higher life forms, characterized by cells with true nuclei (Eu, true;
karyon, nucleus).

e Archaebacteria, (meaning "old" bacteria) include many extremophile bacteria (‘lovers' of
life at extreme temperatures, high salinity, and the like). Originally classified as ancient
prokaryotes, Archaebacteria were shown by 1990 to be separate from prokaryotes and
eukaryotes, in fact a third domain of life.



The archaea are found in such inhospitable environments as boiling hot springs or
arctic ice, though some also live in conditions that are more temperate. Based on comparison
of the DNA sequences of genes for ribosomal RNAs in eukaryotes, normal bacteria (eubacteria)
and extremophiles, Carl Woese proposed the three-domain phylogeny illustrated in Figure 1.1.

Carl Woese’s Three-Domain Phylogeny

Eukarya Archaea Eubacteria

Common Ancestral Cell
Fig. 1.1: A three-domain phylogeny showing a closer relationship between archaea and eukaryotes.

Based on sequence similarities and differences, Woese concluded that the archaebacteria
(Archaea) are not just a domain separate from the rest of the bacteria and from eukaryotes but
are more closely related to eukarya than eubacteria! In fact, the Achaea share genes, proteins,
and metabolic pathways found in eukaryotes but not in bacteria, supporting their close
evolutionary relationship to eukaryotes. This unique sharing is further testimony to their
domain status. Understanding that all living organisms belong to one of three domains has
dramatically changed our understanding of evolution. Archea may be prokaryotes, but their
immediate ancestors are more closely related to us than to E. coli! For a review, see (Woese, C.
2004, A new biology for a new century. Microbiol. Mol. Biol. Rev. 68:173-186) The three
domains of life (Archaea, Eubacteria and Fukarya) quickly replaced the older division of
living things into Five Kingdoms, the Monera (prokaryotes), Protista, Fungi, Plants, and
Animals (all eukaryotes!).

At this point you may be asking, “What about viruses?" Where are they on, or do they
even belong in the tree of life? You may already know that viruses require live cellular hosts to
reproduce, but that they are not themselves alive. In fact, much about the place of viruses in
evolution is an open question that we will consider in a later chapter. For now, let's look at
how we come to know about viruses and some of their peculiarities.

1.3.1. Viruses: Dead or Alive; Big and Small - A History of Surprises

Viruses that infect bacteria are called bacteriophage (phage meaning eaters, hence bacteria
eaters). Eukaryotic viruses include DNA and RNA viruses, with DNA and RNA genomes.
Smallpox, hepatitis B, herpes, chicken pox/shingles, and adenovirus are caused by DNA
viruses. Common colds, influenza, SARS, and COVID-19 are caused by positive strand RNA
viruses that upon infecting a cell, replicate their RNA genome to make RNA negative strand
RNAs encoding all necessary information to make new viruses. HIV AIDS, Ebola, Zika, yellow
fever, and some cancers are caused by retroviruses, RNA viruses whose genome is reverse-
transcribed into a cDNA intermediate that replicates and is transcribed to generate new
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viruses. Viruses were not identified as agents of disease until late in the nineteenth century,
and we have learned much in the ensuing century. In 1892, Dmitri Ivanofsky, a Russian
botanist, was studying plant diseases. One that damaged tobacco (and was therefore of
agricultural significance) was the mosaic disease (Figure 1.2, below).

Tobacco Mosaic Virus — Infected Leaf

Fig. 1.2: Tobacco mosaic virus symptoms (white patches) on a tobacco leaf.

Ivanofsky showed that extracts of infected tobacco leaves were themselves infectious. The
assumption was that the extracts would contain infectious bacteria. But his extracts remained
infectious even after passing them through a Chamberland-Pasteur filter with a pore size so
small that bacteria would not pass into the filtrate. Thus, the infectious agent(s) couldn't be
bacterial. Since the infectious material was not cellular and depended on a host for
reproduction with no independent life of its own, they were soon given the name virus, a term
that originally just meant toxin, or poison. This marked the start of virology, the study of
viruses. The virus that Ivanofsky studied is now called Tobacco Mosaic Virus, or TMV.

Invisible by light microscopy, viruses are sub-microscopic non-cellular bits of life-
chemistry that only become reproductive (come alive) when they parasitize a host cell. Since
many viruses cause disease in humans, we have learned much about how they are similar and
how they differ. In other chapters, we'll learn how viruses have even become tools for the study
of cell and molecular biology. Let's start with a recent surprise from the study of viruses.

As eventually seen in the electron microscope, viruses (called virions or viral particles)
are typically 150 nm or less in diameter. And that is how we have thought of viruses for over a
century! But in 2002, a particle inside an amoeba, originally believed to be a bacterium, was
shown by electron microscopy to be a giant virus! Since then, several more giant, or
Megavirales were discovered.

Megavirales fall into two groups, pandoraviruses and mimiviruses. At 1000nm (1 pm)
Megavirus chilensis (a pandoravirus) may be the largest. Compare a few giant viruses to a
bacterium (E. coli) and the AIDS virus in Figure 1.3 below.
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An E. Coli Bacterium and the HIV AIDS Virus
Compared to Some Giant Viruses at Scale ()

e

Escherichia coli Mimivirus Megaklothvirus horridgei

Fig. 1.3: Transmission electron micrographs of 2 giant viruses, the AIDS (HIV) virus and an E. coli
bacterium. M. horridgei is twice the size of E. coli. All giant viruses dwarf HIV, a typical eukaryotic virus.

Consider that a typical virus contains a small genome, encoding an average of ten genes. In
contrast, the Megaviurus chilensis genome contains 2.5 x 10° base pairs (bp) encoding up to
1,100 proteins. Still, it requires host cell proteins to infect and replicate. More surprising is that
75% of the sequenced 1.2 x 10° bp mimivirus genome code putative proteins with no
counterparts in other viruses or cells! Equally surprising, some mimiviruses genes encode
proteins homologous to those used for translation in prokaryotes and eukaryotes. If all viruses,
including the Megavirales, only use host cell enzymes and ribosomal machinery to synthesize
proteins, what are these genes doing in a mimivirus genome? Think of the surprises here as
questions. The big ones concern where and when Megavirales (giant viruses) evolved:

e What are those genes with no cellular counterparts all about?
o What were the selective advantages to a virus of large size and a large genome?

e Were Megavirales once large cells that invaded other cells, eventually becoming viral
parasites and losing most but not all their genes? Or were they once small viruses that
incorporated host cell genes, increasing their genome size and coding capacity?

Viruses are typically identified because they are harmful. The discovery of HIV earned
Luc Montagnier, Francoise Barré-Sinoussi, and Harald Z. Hausen the 2008 Nobel Prize in
Physiology or Medicine. More recently, as this is written, we are (we hope) near the end of the
COVID-19 viral pandemic caused by the SARS-CoV-2 retrovirus. In fact, few viruses resident in
humans are known to be beneficial.

In contrast, some bacteria are harmful to humans and animals but many are beneficial
(even necessary) as symbionts in our many microbiomes.

Let's now turn our attention to cells, entities that we define as living, with all the
properties of life..., starting with eubacteria.

1.3.2 The Prokaryotes (Eubacteria = Bacteria and Cyanobacteria)

Prokaryotic cells lack nuclei and other eukaryotic organelles, such as mitochondria,
chloroplasts, endoplasmic reticulum, and assorted eukaryotic vesicles and internal
membranes. Transmission and scanning electron micrographs and an illustration of rod-
shaped bacteria are shown below (Figure 1.4).



Structure of a Bacterium

capsule cell membrane

— ——
e 0 —cell wall

/fl\ =S inclusion body
pilli DNA (in nucleoid)

flagella ribosomes

Fig. 1.4: Transmission electron micrograph (left) and drawing of the gram-negative E. coli bacterium
(right) labeling its structural components, and a scanning electron micrograph of a cell cluster (middle).

Bacteria do contain bacterial microcompartments (BMCs), but these are made up
entirely of protein and are mof surrounded by a phospholipid membrane. These function for
example in CO, fixation to sequester metabolites toxic to the cells. Check out ' *Bacterial
Organelles for more information. Bacteria are typically unicellular, although a few (like some
cyanobacteria) live colonial lives at least some of the time.

1.3.2.a Bacterial Reproduction

Without the compartments afforded by the internal membrane systems of eukaryotic cells, all
intracellular chemistries, (reproduction and gene expression (DNA replication, transcription,
translation, and all the metabolic biochemistry of life) happen in the cytoplasm. Bacterial DNA
is a circular double helix that duplicates as the cell grows. While not enclosed in a nucleus,
bacterial DNA is concentrated in a region of the cell called the nucleoid. When not crowded at
high density, bacteria replicate their DNA throughout the life of the cell, dividing by binary
fission. The result is the equal partition of duplicated bacterial chromosomes into new cells.
The bacterial chromosome is basically naked DNA, unassociated with proteins.

1.3.2.b Cell Motility and the Possibility of a Cytoskeleton

Movement of cells is a response to environment. Some respond to chemicals (chemotaxis),
some to light (phototaxis) or even gravity (geotaxis). Bacteria move to or from nutrients,
noxious chemicals, light, dark, gravitational force, etc., by one of several mechanisms. Some
use a flagellum made up largely of the bacterial protein flagellin. The main proteins of
eukaryotic cell flagella and cilia are the fubulins. Together with actin and other proteins,
tubulins are also part of the eukaryotic cell cytoskeleton of rods and tubes. Prokaryotes were
long thought to lack similar cytoskeletal components. But two bacterial homologues of
eukaryotic actin and tubulin genes were recently discovered. MreB is the actin homologue.
Like actin, MreB monomers polymerize to form filaments that lie under the cell membrane of
bacteria (e.g., E. coli), helping to maintain their rod-like shape. In fact, E. coli with a mutant
MreB gene is spherical..., and normally spherical bacteria lack an MreB gene! MreB was also
thought to form an actin-like corfical ring that in dividing eukaryotic cells constricts to pinch
off two new cells. But this function seems to be served by the FfsZ protein that encodes a
eukaryotic tubulin homologue. FtsZ polymers form filaments that are seen in a Z ring at the
center of a bacterial cell during binary fission. FtsZ mutants divide, but abnormally. Thus, the
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role of FisZ in separating bacterial cells during binary fission is not yet clear. Figure 1.5 shows
a micrograph and an illustration of FtsZ in the Z rings of dividing E. coli cells.

Z Ring Filaments

Fig. 1.5: Immunofluorescence localization of FtsZ proteins in Z rings in cross-sections in the middle of
dividing E. coli cells (left). Drawings represent the location of Ftz protein in Z rings between dividing
cells (middle) and in cross section (right).

It seems that together with flagellin, the MreB and FisZ proteins may be part of a primitive
prokaryotic cytoskeleton involved in cell structure and motility, from which our own evolved!

1.3.2.c Some Bacteria Have Internal Membranes

While bacteria lack organelles (the membrane-bound structures of eukaryotic cells), internal
membranes in some bacteria form as inward extensions, or invaginations of plasma membrane.
Some of these capture energy from sunlight (photosynthesis) or from inorganic molecules
(chemolithotrophy). Photosynthetic vesicles called Carboxysomes (Figure 1.6) are membrane
bound structures in which CO, is fixed (reduced) in cyanobacteria. Photosynthetic bacteria
have less elaborate internal membrane systems.

Cyanobacterial Carboxysomes

-7 i

Fig. 1.6: Transmission electron micrograph of carboxysomes in a cyanobacterium (arrows,
(left) and isolated from a cyanobacterium (right).
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1.3.2.d Bacterial Ribosomes Do the Same Thing as Eukaryotic Ribosomes... and Look Like
Them!

Ribosomes are protein-synthesizing machines. Those of prokaryotes are smaller than those of
eukaryotes but can translate eukaryotic messenger RNA (mRNA) in vitro. This is because the
sequences and structures of ribosomal RNAs are shared by all species, indicating long
conserved evolutionary relationships. Recall that it was ribosomal sequence similarities that
revealed our closer relationship to archaea than bacteria.

The prokarya (eubacteria) are a diverse group, occupying almost every wet, dry, or hot
and cold nook-and-cranny of our planet. Yet, all prokaryotic cells share structural and
functional metabolic properties with each other and with archaea and eukaryotes! As we've
seen with ribosomes, this sharing supports the common ancestry of all life.

Finally, we share not only common ancestry, but living arrangements with bacteria.
There are microbiomes in our gut, on our lips, in belly buttons, and in fact all over our skin
(see *®Our Skin Microbiome for more about that!). Gut microbiome bacteria alone number

~10X more than our own cells! And microbiomes are invisible but not quiet (*’The Human
Microbiome). Interest in our microbiomes even earned them their own *The NIH Human
Microbiome Project.

1.3.3 The Archaebacteria (Archaea)

Allessandro Volta, a physicist who gave his name to the 'volt' (electrical potential energy),
discovered methane producing bacteria (methanogens) way back in 1776! He found them
living in the extreme environment at the bottom of Lago Maggiore, a lake shared by Italy and
Switzerland. These unusual bacteria are chemoautotrophs that get energy from H, and CO,
and generate methane gas in the process.

It was not until the 1960s that Thomas Brock (at the University of Wisconsin-Madison)
discovered thermophilic bacteria living at temperatures approaching 100°C in Yellowstone
National Park in Wyoming.

Organisms living in any extreme environment were soon nicknamed extremophiles. One of the
thermophilic bacteria, now called Thermus aquaticus, became the source of Taq polymerase,
the heat-stable DNA polymerase that made the polymerase chain reaction (PCR) possible
scalable (i.e., rapid!). PCR is now a household name in labs around the world!

Extremophile and "normal” bacteria are similar in size and shape(s) and lack nuclei. This
initially suggested that most extremophiles were prokaryotes. But as Carl Woese demonstrated,
it is the archaea and eukarya that share a more recent common ancestry! While some bacteria
and eukaryotes can live in extreme environments, the archaea include the most diverse
extremophiles. Here are some extremophilic archaebacteria:

®  Acidophiles grow at acidic (low) pH.
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®  Alkaliphiles grow at high pH.
Halophiles require high [salt] (e.g., Halobacterium salinarium (Figure 1.7).

Heat-loving Thermophiles and hyperthermophiles live at high temperatures. Thermus
aquaticus (Figure 1.8) is a thermophile that lives at 70°C and is noted for its role in
developing the polymerase chain reaction. Pyrolobus fumarii is a hyperthermophile, lives

at 113°C!

Thermophilic Bacteria
Fig. 1.7: Pyrolobus fumarii Fig. 1.8: Thermus Aquaticus

Fig. 1.7 (left): Scanning electron micrograph of Halobacterium salinarium, a ‘salt-loving’ bacterium (Fig.
1.7). Right: Scanning electron micrograph of ‘heat-loving’ Thermus aquaticus bacteria (Fig. 1.8).

®  Methanogens produce methane.

®  Barophiles grow best at high hydrostatic pressure.

® Psychrophiles grow best at temperature 15 °C or lower.

® Xerophiles grow at very low water activity (i.e., drought or near drought conditions).
.

Toxicolerants grow in the presence of high levels of damaging chemicals, for example,

pools of benzene, nuclear waste.

Archaea were originally seen as oddities of life, thriving in unfriendly environments.
But they include organisms living in less extreme environments, including soils, marshes, and
even in the human colon. They are also abundant in the oceans where they are a major part of
plankton, participating in the carbon and nitrogen cycles. In the guts of cows, humans, and
other mammals, methanogens facilitate digestion, generating methane gas in the process. In
fact, cows have even been cited as a major cause of global warming because of their prodigious
methane emissions!
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On the plus side, methanogenic Archaea are being exploited to create biogas and to
treat sewage. Other extremophiles are the source of enzymes that function at high
temperatures or in organic solvents. As already noted, some of these have become part of the
biotechnology toolbox.

1.3.4 The Eukaryotes

The volume of a typical eukaryotic cell is some 1000 times that of a typical bacterial cell.
Imagine a bacterium as a 100 square foot room (the size of a small bedroom, or a large walk-in
closet!) with one door. Now imagine a room 1000 times as big. That is, imagine a 100,000
square foot ‘room’'. You might expect many smaller rooms inside this room for such a large
space to be functional. The eukaryotic cell is a lot like that large space, with lots of interior
rooms (i.e., organelles) with their own entryways and exits. In fact, eukaryotic life would not
even be possible without a division of labor of eukaryotic cells among different organelles (the
equivalence to the small rooms in our metaphor).

The smaller prokaryotic “room" has a much larger plasma membrane surface area-to-
volume ratio than a typical eukaryotic cell. This enables required environmental chemicals to
enter and quickly diffuse throughout the cytoplasm of e.g., an E. coli cell. The communication
between chemicals and structures in a small cell is therefore rapid. In contrast, the
communication over a larger expanse of cytoplasm inside a eukaryotic cell requires the
coordinated (not to mention regulated!) activities of subcellular components and
compartments. Such communication can be relatively slow in a large space. In fact, eukaryotic
cells have lower rates of metabolism, growth, and reproduction than prokaryotic cells. Thus,
the existence of large cells required the evolution of divided labors supported by
compartmentalization.

Fungi are more closely related to animal than plant cells. They are a curious beast for
several reasons! For one thing, the organization of fungi and fungal cells is somewhat less
defined than animal cells. Septa are structures between cells that separate fungal hyphae.
They allow passage of cytoplasm and even organelles between cells. On the other hand, some
primitive fungi have few or no septa, in effect creating coenocyfes, which are single giant cell
with multiple nuclei. Fungal cells are surrounded by a wall, whose principal component is
chitin. Chitin is the same material that makes up the exoskeleton of arthropods (which
includes insects and lobsters!).

We end this look at the domains of life by noting that, while eukaryotes are a tiny
minority of all living species, "“their collective worldwide biomass is estimated to be equal to
that of prokaryotes" (Wikipedia). And we already noted that the bacteria living commensally
with us humans represent 10 times as many cells as our own human cells! Clearly, each of us
(and probably most animals and even plants) owes our existence to its microbiome as much we
do to our own human cells. For now, keeping in mind that plants and animal cells share many
internal structures and organelles that perform the same or similar functions, let's look at them
and briefly describe their functions.

Typical animal and plant cells with organelles and other structures are illustrated
below, in Figure 1.9 and in Figure 1.10).
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Nucleus

Nuclear pore
Chromatin
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Nucleus
Nucleolus

Typical Animal Cell
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Fig. 1.9: Labeled drawing of the structural components of a typical animal cell.
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Fig. 1.10: Labeled drawing of the structural components of a typical plant cell.
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1.4 Tour of the Eukaryotic Cell

Here we take a closer look at the division of labors among the organelles and structures within
eukaryotic cells. We'll look at cells and their compartments in a microscope and see how the
organelles and other structures were isolated from cells and identified not only by microscopy,
but by biochemical and molecular analysis of their isolates.

1.4.1 The Nucleus

The nucleus is the largest organelle in the cell, separating the genetic blueprint (DNA) from
the cell cytoplasm. Although the eukaryotic nucleus breaks down during mitosis and meiosis
as chromosomes form and cells divide, it spends most of its time in its familiar form during
interphase, the time between cell divisions. The structural organization of an interphase
nucleus is shown in Figure 1.11 below.

Structure and Organization of the Eukaryotic Nucleus

; -

3 nucleolus

Fig. 1.11: LEFT: Transmission electron micrograph of an insect cell nucleus showing the nuclear envelope

(ne) and nucleolus (n); RIGHT: Drawing of a nucleus with chromatin (purple) and nuclear pores.
The cross-section of the interphase nucleus in the electron micrograph shows a prominent
nucleolus (labeled n). The nucleus is enclosed in a nuclear envelope and surrounded by a
darkly granular RER (rough endoplasmic reticulum). You can make out ribosomes (small
granules) bound to the RER and to the outer nuclear membrane. The space enclosed by the
RER (the Jumen) is in fact continuous with the space separating the inner and outer
membranes of the nuclear envelope, as illustrated in the drawing (above right). Nuclear pores
in the nuclear envelope (look at the drawing) let large molecules and even particles move in
and out of the nucleus across both membranes. The eukaryotic nucleus is where genes and
RNA transcription are regulated and thus one place where cellular protein levels are
controlled. RNAs, once transcribed from genes and processed, are exported to the cytoplasm
through the nuclear pores. Even completely assembled ribosomal subunits are exported from
the nucleus. Other RNAs remain in the nucleus, often participating in the regulation of gene
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activity. We learn some details of nuclear pore traffic, DNA replication, and the dynamics of
cell division in later chapters.

[=5 5 0m
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KM 104.2 The nuclens T+

Beyond its nucleolus and nuclear envelope, the nucleus is more organized than it
appears in conventional transmission electron micrographs. The nucleolus is just the largest of
several inclusions that seem to segregate nuclear functions. Over 100 years ago Sanfiago
Ramén y Cajal reported other structures in the nuclei of neurons, including what came to be
known as Cajal bodies (CBs). His elegant hand-drawn illustrations of nuclear bodies (made
before the advent of photomicrography) can be seen at '°Cajal's Nuclear Bodies and "''Cajal's
Beautiful Brain Cells. Cajal and Camillo Golgi shared the Nobel Prize in Physiology or
Medicine 1906 for their studies of nerve cell structure. In the electron microscope, Cajal
bodies (CBs) look like coils of tangled thread, and were thus called coiled bodies
(conveniently, also CBs). Other nuclear bodies since identified include Gems, PML bodies,
nuclear speckles (or splicing speckles), histone locus bodies (HLBs), and more! The results of
immunofluorescence localization studies show that different nuclear bodies are associated with
specific proteins (Figure 1.12, below).

Immunolocalization of Markers for Three Different
Nuclear Bodies

anti-(ibrillarin

(nucleolus
protein) /A
marker £

\anti-ASF/SF2
(nuclear
speckle)
marker

nuclear
envelope

nuclear
pore

Zanti-coilin (Cajal
body) marker

Fig. 1.12: Simulated immunolocalization of different proteins (fibrillarin, coilin and ASF/SF2) to nuclear
bodies (nucleolus, Cajal Bodies and nuclear speckles, respectively), using fluorescent antibodies.
Nucleoli contain fibrillarin proteins, stained red by treating cells with red-fluorescence-tagged
antibodies to fibrillarin. Pink-fluorescence-tagged amnticoilin antibodies light up the coilin
proteins of CBs. Green-fluorescing ASF/SF2 antibodies localize to nuclear speckles. As part of
or included in a nuclear matrix, nuclear bodies organize and regulate distinct aspects of
nuclear activity and molecular function. The different nuclear bodies perform specific
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functions and interact with each other and with proteins DNA and RNA to do so. We will
revisit nuclear bodies in their working context later.

1.4.1.a Every Cell (i.e., Every Nucleus) of an Organism Contains the Same Genes

We read earlier that bacteria are busy doubling and partitioning their naked DNA
chromosomes at the same time as they grow and divide by binary fission. In eukaryotic cells, a
cell cycle divides life into discrete consecutive events. During most of the cell cycle, cells are
in inferphase and DNA is wrapped up in proteins in chromatin inside a nucleus. It is not
merely the DNA, but chromatin that must be duplicated when cells reproduce. Duplication of
DNA also involves disturbing and rearranging the chromatin proteins resting on the DNA.
This occurs before cell division. As the time of cell division nears, chromatin associates with
even more proteins, condensing to form chromosomes, while the nuclear envelope dissolves,
marking the start of mitosis (meiosis in germline cells) and cyfokinesis. You may recall that
each somatic cell of a eukaryotic organism has paired homologous chromosomes and thus two
copies of every gene the organism owns. But sperm and eggs emerge from meiosis with one of
each pair of chromosomes and only one copy of each gene. Whether by mitosis or meiosis,
duplicated chromosomes (chromatids) lined up at metaphase attach to spindle fibers (as seen
in Figure 1.13) to be separated and drawn into new daughter cells formed during cytokinesis.

The Mitotic Spindle

Fig. 1.13: Drawing (left) and fluorescence micrograph (right) of a cell in metaphase of mitosis: aligned
chromosomes (chromatids) at the center of the cell (blue in the micrograph) are just about to be pulled
apart by microtubules of the spindle apparatus (green) extending from the poles to the center of the cell.

As chromosomes separate and daughter cells form, nuclei reappear and chromosomes
de-condense. These events mark the major visible difference between cell division in bacteria
and eukaryotes. Cytokinesis begins near the end of mitosis. Sexual reproduction, a key
characteristic of eukaryotes, involves meiosis rather than mitosis. The mechanism of meiosis,
the division of germ cells leading to production of sperm and eggs, is like mitosis except that
the ultimate daughter cells have just one each of the parental chromosomes, eventually to
become the gametes (eggs or sperm). Google meiosis and/or mitosis to remind yourself about
the differences between the two processes, meiosis and mitosis. A key take-home message
here is that every cell in a multicellular organism, whether egg, sperm or somatic, contains the
same genome (genes) in its nucleus. This was already understood from the time that mitosis
and meiosis were first described in the late nineteenth century.
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That every cell of an organism really does contain copies of all of its genes was finally
demonstrated by John Gurdon and Shinya Yamanaka in 1962. They transplanted nuclei from
the intestinal cells the frog Xenopus laevis into enucleated eggs (eggs from which their own
nuclei had been removed). These ‘eggs’' grew and developed into normal tadpoles, proving
that no genes are lost during development, but are just expressed differentially. For these
cloning experiments, Gurdon and Yamanaka shared the 2012 Nobel Prize for Physiology or
Medicine. We'll revisit animal cloning later. For now, it's enough to know that Molly the
cloned frog was followed by Dolly, the first cloned sheep (1966) and then other animals, all
cloned from enucleated eggs transplanted with differentiated cell nuclei. See "'?Cuarteterra to
read about the cloning a champion polo mare whose clones are also champions!

1.4.2 Ribosomes

On the tiny end of the size spectrum, ribosomes are protein-making machines found in all
cells. They consist of large and small subunits, each made up of proteins and ribosomal RNAs
(rRNAs). Ribosomes bind to messenger RNAs (mRNAs), moving along the mRNA to translate
3-base code words (codons) into polypeptides. Multiple ribosomes can move along the same
mRNA, forming polyribosomes (or polysomes) that simultaneously translate the same
polypeptide encoded by the mRNA as shown in Figure 1.14.

A Working Polyribosome (Polysome)

_large completed
ribosomal polypeptide
h y

subunit growing

polypeptides

small
ribosomal
subunit

Fig. 1.14: Polysomes form when ribosomes (blue) assembled at the left on an mRNA molecule move. As
they move from left to right more ribosomes can assemble at the left, each translating the message; a
polypeptide (green) grows, emerging from the ribosomes. To accommodate size the allosteric changes
during polypeptide synthesis, there are at least 35 nucleotides separating ribosomes on polysomes.
In the illustration, ribosomes assemble on the left (5') end of the messenger RNA to form the
polysome. When they reach the other (3') end of the mRNA, the ribosomes disassemble from
the RNA and release the finished polypeptide. The granular appearance of cytoplasm in
electron micrographs is largely due to the ubiquitous distribution of ribosomal subunits and
polysomes in cells. In electron micrographs of leaf cells from a dry, desiccation-tolerant dessert
plant, Selaginella lepidophylla (Figure 1.15), you can make out randomly distributed ribosomes
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and ribosomal subunits (arrows, below left). In cells from a fully hydrated plant, you can see
polysomes as more organized strings of ribosomes (arrows, below right).

The difference between inactive

and active ribosomes...
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Fig. 1.15: Transmission electron micrographs of Selaginella lepidophylla plant cells. Small, free
ribosomal subunits in desiccated cells (left) seem to have formed larger structures (ribosomes) aligned
on polysomes in the hydrated plant cells (right). Zoom in to see these details.

Isolated ribosomes and subunits can be separated by sucrose-density-gradient
centrifugation based on differences in mass. Figure 1.16 compares ribosomal subunit ‘size’,
protein, and ribosomal RNA (rRNA) composition in eukaryotes and prokaryotes.

Ribosome Composition

PROKARYOTES

23S rRNA + 55 rRNA + 31 ribosomal proteins
large subunit

@

small subunit 16S rRNA + 31 ribosomal proteins

EUKARYOTES

28S rRNA + 55 rRNA + 5.8S rRNA + 50 ribosomal proteins
large subunit

&

small subunit 18S rRNA + 33 ribosomal proteins

Fig. 1.16: Comparison of prokaryotic (upper) and eukaryotic (lower) ribosomal subunit, rRNA and protein
composition. The subunits and their component rRNAs were separated by mass (i.e., size) by sucrose
density gradient ultracentrifugation. Proteins were isolated from separated subunits for analysis.

S (Svedberg) units are calculated from the position of particles and molecules in the gradient
after separation. Theodor Svedberg earned the 1926 Nobel Prize in Chemistry for among other
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things, applying analytical ultracentrifugation to the separation and determination of
particulate and molecular masses.
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1.4.3 Internal membranes and the Endomembrane System

Microscopists of the nineteenth century saw many subcellular structures using the art of
histology, staining cells to increase the visual contrast between cell parts. One of these
microscopists was the early neurobiologist, Camillo Golgi. He developed a silver (black) stain
that first detected a network of vesicles which we now call Golgi bodies (or Golgi vesicles) in
nerve cells. For his studies of the membranes now named after him, Camillo Golgi shared the
1906 Nobel prize for Medicine or Physiology with Santiago Ramon y Cajal.

Golgi vesicles along with other vesicles and vacuoles in cells, including, comprise the
endomembrane system. Proteins made by ribosomes of the rough endoplasmic reticulum
(RER) either enter the interior space (lumen) or become part of the RER membrane itself. The
syntheses of RER, smooth endoplasmic reticulum (SER), Golgi bodies, microbodies,
lysosomes, and other vesicular membranes (and their protein content) all start in the RER.
transport vesicles that bud off from RER fuse with Golgi Vesicles at their cis face (Figure 1.17).

b v g : .
Golgi apparatus (vesicles)
Fig. 1.17: Transmission electron micrograph of an insect cell Golgi body showing cis and trans faces
(labeled in white). Vesicles from the RER at the cis face (below, right) will fuse with the Golgi vesicles.
Vesicles emerging at the trans face (above, left) are progenitors of a variety of different organelles.

Some proteins made in the endomembrane system are secreted by exocyfosis. Others
end up in organelles such as Iysosomes that contain hydrolytic enzymes. These enzymes are
activated when the lysosomes fuse with other organelles destined for degradation. For
example, food vacuoles form when a plasma membrane invaginates, engulfing food particles.
They then fuse with lysosomes to digest the engulfed nutrients. Still other proteins synthesized
by ribosomes on the RER are incorporated into the RER membranes, destined to become part
of lysosomes, peroxisomes, and even the plasma membrane itself. In moving through the
endomembrane system, packaged proteins undergo stepwise modifications (maturation) before
becoming biologically active (Figure 1.18, below).
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Direction of Movement of Packaged Proteins
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Fig. 1.18: lllustration of ‘packaged’ protein traffic through a cell from the RER (lower left) through Golgi
vesicles (middle) to organelles (e.g., lysosomes) and the plasma membrane (upper right) for exocytosis
(i.e., secretion). RER and Golgi vesicles are major sites for the modification (i.e., maturation) of
packaged proteins.

nucleus

H 100-2 The RER-Rough Endoplasmic Reticulum

H 102 Golgi Vesicles & the Endomembrane System =

Autophagosomes are small vesicles that surround and eventually encapsulate tired
organelles (for example, worn out mitochondria), eventually merging with lysosomes whose
enzymes degrade their contents. In 2016, Yoshinori Ohsumi earned the Nobel Prize in
Physiology and Medicine for nearly 30 years of research unraveling the cell and molecular
biology of autophagy. Microbodies are a class of vesicles smaller than lysosomes but formed
by a similar process. Among them are peroxisomes that break down toxic peroxides formed as
a by-product of cellular biochemistry. Some vesicles emerging from the RER lose their
ribosomes to become part of the SER, which has several different functions (e.g., alcohol
detoxification in liver cells).

E%
H 103-2 Smooth Endoplasmic Reticulum Era:

Other organelles include the confractile vacuoles of freshwater protozoa that expel

excess water that enters cells by osmosis. Some protozoa have extrusomes, vacuoles that
release chemicals or structures that deter predators or enable prey capture. A large aqueous
central vacuole dominates the volume of many higher plant cells. When filled with water, they
will push all other structures against the plasma membrane. In a properly watered plant, this
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water-filled vacuole exerts osmotic pressure that among other things keeps plant leaves from
wilting and keeps stems upright.

1.4.4 Mitochondria and Plastids

Nearly all eukaryotic cells contain mitochondria, shown in Figure 1.19.

Electron Micrograph and Drawing of Mitochondria

e ’~'§ : ¥ .
4 g YL ATP synthase particles

inter membrane space
Matrix

) cristae
Ribosome

Inner membrane
Outer membrane

-

Fig. 1.19: Transmission electron micrograph of mitochondria embedded in RER (left) and a labeled
drawing of a single mitochondrion (right).

The matrix of the mitochondrion is enclosed by a cristal membrane surrounded by an oufer
membrane. Each contains and replicates its own DNA, which contains genes encoding some
of the mitochondrial proteins. The surface area of the inner mitochondrial membrane is
increased by being folded into cristae, which are sites of cellular respiration (aerobic nutrient
oxidation). Later, we'll consider the role of mitochondria in respiration in more detail.

Earlier, we speculated that some eukaryotic organelles could have originated within
bacteria. But mitochondria probably evolved from an aerobic bacterium that was engulfed by
another cell that escaped destruction to become an endosymbiont in the host cell. Lynn
Margulis first proposed this in her Endosymbiotic Theory, in which a primitive eukaryotic cell
acquired a bacterial endosymbiont (Margulis, L. [Sagan, L], 1967, On the origin of mitosing
cells. Journal of Theoretical Biology 14: 225-274). She proposed that chloroplasts also started
as endosymbionts. Both mitochondria and the plastids of plants contain their own DNA,
transcribe it into RNA and use their own translational machinery (i.e., ribosomes) to synthesize
proteins, further supporting their bacterial and cyanobacterial origins. Living at first in
symbiosis with the rest of the cell, these endosymbionts would eventually evolve into the
organelles with which we are familiar.

Several protozoa lacking mitochondria and other organelles were discovered and
suggested to be “first ingestors” of an ancestral endosymbiont, but since these cells contain
other organelles (e.g., hydrogenosomes, mitosomes) it is thought more likely that these species
once had, but then lost mitochondria.
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Therefore, the descendants of ancient eukaryotic cells missing mitochondria probably
no longer exist, if they ever existed at alll More evidence for the Endosymbiotic Theory is
discussed elsewhere.

Chloroplasts, photosynthetic protozoa, and cyanobacteria contain chlorophyll and use

similar photosynthetic mechanisms to make glucose. Transmission electron micrographs of
chloroplasts are shown in the Figure 1.20. The one on the right shows a few starch granules.

Chloroplast Structures

Fig. 1.20: Transmission electron micrographs of a typical photosynthetic chloroplast (LEFT), and one that
has photosynthesized long enough to accumulated starch granules (RIGHT). S, starch granule; T,
thylakoids.
A leucoplast is also a plastid, a chloroplast that has become filled with starch granules. In the
electron micrograph of a leucoplast in Figure 1.21, you can see that, because of the
accumulation of starch, the grana have become dispersed and indistinct.

A Leucoplast
A .

Fig. 1.21: Electron micrograph of a leucoplast, a chloroplast that has become filled with starch granules (S).
Ee
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1.4.5 Cytoskeletal structures

We have come to understand that the cytoplasm of a eukaryotic cell is highly structured,
permeated by rods and tubules. The three main structural components of this cyfoskeleton are
microfilaments, infermediate filaments, and microtubules. The structure and polarity of these
structures are shown below in Figure 1.22.

Structure, Polarity & Assembly
of Cytoskeletal Elements

Microtubules

O a tubulin
@ GTP-bound tubulin| @ +O
© GDP-bound tubulin

Microfilaments

assembly

(+) end

~—r

G-actin monomers
tagged for pulse-

chase experiment (filamentous actin)

Intermediate Filaments (IFs) Strong rope-

like bundles
NH, COOH COOH NH, .
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COOH NH,
monomers dimers

Fig. 1.22: Assembly, structure and polarity of microtubules (upper), microfilaments middle), and
intermediate filaments (lower) with electron micrographs of isolated microtubules upper right) and
immunofluorescence micrographs of using fluorescent antibodies to microfilament and intermediate
filament proteins (middle and bottom right, respectively).

Microtubules are composed of a— and B—ubulin protein monomers. Monomeric actin
proteins make up microfilaments. Intracellular intermediate filament proteins are related to the
extracellular keratin of hair, fingernails, claws, and bird feathers. These cytoskeletal rods and
tubules not only determine cell shape, but also play a role in cell motility. This includes the
movement of cells from place to place and the movement of structures within cells.

We have already noted that a prokaryotic cytoskeleton is composed in part of proteins
homologous to the actins and tubulins. As in a eukaryotic cytoskeleton, these bacterial proteins
may play a role in maintaining or changing cell shape. On the other hand, flagellin (a protein
not found in eukaryotic cells) powers the movement of bacterial flagella. A bacterial flagellum
is a rigid hook-like structure attached to a molecular motor in the cell membrane that spins to
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propel the bacterium through a liquid medium. In contrast, eukaryotic microtubules slide past
one another causing a more flexible flagellum to undulate in wave-like motions and a cilium to
beat rather than undulate. Cilia are involved not only in motility, but also in feeding and
sensation. Microtubules in eukaryotic flagella and cilia arise from a basal body (similar to
kinetosomes or centrioles) such as the one in Figure 1.23.

Longitudinal Section of a Flagellum

Fig. 1.23: Transmission electron micrograph of a longitudinal section of a flagellum (#1) emerging from a
basal body (2). Number 3 is another basal body, this time in cross section.

Aligned in a flagellum or cilium, microtubules form an axomeme surrounded by plasma
membrane. In electron micrographs of cross sections, a ciliary or flagellar axoneme is typically
organized as a ring of nine paired microtubules (called doublets) around two singlet
microtubules. Figure 1.24 shows the 9+2 microtubule arrangement of an isolated axoneme.

Axoneme of a Eukaryotic Cilium or Flagellum
...'

(J
O
sl A

S )
Fig. 1.24: Drawing of an axoneme isolated from a eukaryotic cilium or flagellum, by removing their plasma

membrane, showing their characteristic 9+2 arrangement of microtubules in cross section (at the left) and
longitudinal section projecting to the right.

9 + 2 arrangement
of microtubules

Centrioles are themselves comprised of a ring of microtubules. In animal cells they
participate in spindle fiber formation during mitosis and meiosis and are the point from which
microtubules radiate thorough the cell to help form and maintain its shape. These structures do
not involve axonemes. The spindle apparatus in plant cells typically lack centrioles but form
from an amorphous MTOC, or MicroTubule Organizing Center. The MTOC serves the same
purpose in mitosis and meiosis as centrioles serve in animal cells.

H 106-2 Filaments & Tubules of the Cytoskeleton

Elsewhere, we describe how microfilaments and microtubules interact with motor
proteins (e.g., dynein, kinesin, and myosin) to generate force that results in the sliding of
filaments and tubules to allow cellular movement. You'll see that motor proteins also transport
molecular cargo from one place to another in a cell.
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1.5 How we Know Functions of Organelles and Cell Structures: Cell
Fractionation

We could see and describe cell parts in the light or electron microscope, but we could not
definitively know their function until it became possible to release them from cells and
separate them from one another. This became possible with the advent of differential
centrifugation. Under centrifugal force generated in a spinning centrifuge rotor, subcellular
structures separate by differences in mass. Structures that are more massive reach the bottom
of the centrifuge tube before less massive ones. A cell fractionation scheme is illustrated in Fig
1.25. Biochemical analysis of the isolated cell fractions can reveal what different organelles
and cellular substructures do.

Separating Cell Parts by Differential Centrifugation
Based on Differences in Mass

homogenize
or grind supernatant  supernatant  supernatant supernatant
cells; filter... ~—
Spin @ Spin @ Spin @
1,000x g 100,000 xg 300,000 xg
nuclear pellet: microsomal 300000 xg cytosol
filtered pellet mitochondria,  pellet: pellet:
homogenate chloroplasts, membranes, small
lysosomes large polysomes,
polysomes ribosomal
subunits

...A cell fractionation/dissection

Fig. 1.25: Cells are broken open to release their contents and then filtered to remove unbroken cells (far
left). Centrifugation at sequentially higher speed (G-force) sediments progressively smaller cellular parts
(organelles, ribosomes, etc.) in centrifugal pellets (the 4 tubes in the middle), leaving behind a final
supernatant, the soluble cell fraction or cytosol (tube at the far right). The smallest cell parts (membranes,
ribosomes) require ultracentrifugation at the highest G-forces.
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H 107-2 Dissecting the Cell-a Cell Fractionation Scheme

Cell fractionation separates cells into their constituent parts. The first step is to break
open the cells and release their contents. This can be done by physical means such as grinding
in a mortar and pestle, tissue grinder or similar device; exposure to ultrasound or high
pressure; or exposure to enzymes or other chemicals that can selectively degrade the plasma
membrane.

The next step is to isolate the subcellular organelles and particles from the cytoplasm
(i.e., cytosol) by differential centrifugation. The centrifugation of broken cells at progressively
higher centrifugal force separates (fractionates) particulate cell components based on their
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mass. At the end of this process, a researcher will have isolated ribosomes, mitochondria,
chloroplasts, nuclei, and other subcellular structures. After re-suspension, each pellet can be
prepared for microscopy. Micrographs of some isolated subcellular fractions are shown in
Figure 1.26.

Electron and Light Micrographs of Isolated Subcellular
Fractions

Unllke most other seII substructures chloroplasts (#5)
are large (>5mm) and easily seen by I|ght microscopy.

Fig. 1.26: Transmission electron micrographs of organelles isolated by eukaryotic cell fractionation: 1, nuclei;
2, RER; 3, Golgi vesicles; 4, mitochondria; 6, membrane vesicles; 7, lysosomes. The chloroplast (5) is a light
micrograph.

These structures can be tentatively identified by microscopy based on their dimensions and
appearance. Molecular analyses and biochemical tests on the cell fractions then help to
confirm these identities.
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]
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Can you tell what organelles have been purified in each of these fractions based on the
electron micrographs alone? Consider the structures on the left as an example. These were
found in a low-speed centrifugal pellet, implying that they are large structures. They look a bit
like nuclei, (which are in fact, the largest structures in a eukaryotic cell)—and indeed that's
what they are!

Physical separation and the biochemical and molecular analysis of subcellular structures have
revealed their basic functions and continue to reveal previously un-noticed structures and
functions in cells. What biochemical tests might you do to confirm the identities of the
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structures shown? At this point you may realize that all cell and molecular biology is devoted to
understanding how prokaryotic and eukaryotic cells and organisms use their common
structural and biochemical inheritance to meet very different survival strategies. As you keep
studying, watch for experiments in which cell parts are separated and reconstituted.
Reconstitution is a recurring experimental theme in the functional analysis of cell parts. Also
look for another, even bigger theme: how evolution accounts for the common biochemistry and
genetics of life— and its structural diversity!

1.6 The Origins, Evolution, Speciation, Diversity and Unity of Life

The question of how life began has been with us since the beginnings or recorded history. It is
now accepted that there was a time, however brief or long, when the Earth was a lifeless
(prebiotic) planet. Life's origins on Earth date to about four billion years ago under conditions
that favored the formation of the first cell, the first entity with all of the properties of life. But
couldn't those same conditions have spawned multiple cells independently, each with all the
properties of life? If so, from which of these did life, as we know it today, descend? Whether
there were one or more different “first cells”, evolution (a property of life) could only begin
with ‘that or those' cells.

H 115 Properties of Life

The progenofe has been defined as the first cell from which all life then descended.
This implies that the origin of a cell was a unique, one-time only event. The fact that there is
no evidence of multiple, independent origins of cellular life might be evidence (albeit negative
evidence) that life originated only once, to produce a progenote as defined, and that multiple
first cells (or potential progenotes) never existed. Alternatively, we can propose that the cell we
call our ancestral progenitor originally had company, but that this progenote was
evolutionarily successful at the expense of other early life forms, which thus became extinct.

Whatever our progenote may have looked like, one of its descendants later evolved the
solutions to living that we see in force in all cells and organisms alive today, including a
common (universal) genetic code to store life's information, as well as a common mechanism
for retrieving the encoded information, what Francis Crick called the Central Dogma of
biology. That ancestral cell is called our Last Universal Common Ancestor, or LUCA. We will
consider ideas about life's origins, progenotes, and universal ancestors in the last chapter of
this book. For now, feel free to check out the links below for more information.
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For the moment, our focus is on evolution, the property of life that is the basis of speciation and
life's diversity. Charles Darwin's theory of evolution was an explanation of the structural
diversity of species. A naturalist, Darwin lived at a time of ferment where scientific discovery
was challenging religion. But by 1839, Charles Darwin had published his Narrative of the
Surveying Voyages of His Majesty's Ships Adventure and Beagle. This was the first of many
reports of his careful observations of nature, with the seeds of what was to become his theory of
natural selection. He published his more fully formed theory of evolution by natural selection
in 1859 in The Origin of Species. There, he finally acknowledged his evidence-based belief
that that new species arise when beneficial traits are selected from random genetic differences
in individuals in a population. At the same time, less fit individuals would be culled from the
population.

Finally. if natural selection acts on individuals, the emergence of new species (evolution)
results from the persistence and spread of selected, heritable changes through successive
generations in a population. In this way, evolution results in an increase in biological diversity
and complexity at all levels of biological organization, from species to individual organisms
and all the way down to biomolecules.

Darwin recognized that his theory would generate discord between science and
biblical accounts of purposeful creation. He addressed the issue with great tact in introducing
The Origin of Species: "Although much remains obscure, and will long remain obscure, I can
entertain no doubt, after the most deliberate study and dispassionate judgement of which I am
capable, that the view which most naturalists entertain, and which I formerly entertained—
namely, that each species has been independently created—is erroneous.” Yet today, according
to creationists, our exquisite eyes could only have formed by the intelligent design of a creator.

For the evolutionary perspective, see the article in National Geographic by E. Yong
(Feb. 2016, with photography by D. Littschwager). Over time science favored Darwin. With the
rediscovery of Mendel's genetic experiments at the turn of the twentieth century, it became
increasingly clear that the genes of an organism are the basis of an organism's inherited
physical and chemical traits, those traits that are passed down through the generations. It also
became clear that Mendel had found the genetic basis for Darwin's theory and that the
evolution even of miraculous eyes can be explained. Science and religion found ways to co-
exist but, the controversy persists.

Repeated speciation occurs with the continual divergence of life forms from an
ancestral cell through natural selection and evolution. Our shared cellular structures, nucleic
acid, protein, and metabolic chemistries (the 'unity’ of life) are testimony to our common
ancestry with all life, dating back to our LUCA! Living things even share some early behaviors,
governed at least in part by genes.

Take as an example the fact that our biological clock is an evolutionary adaptation to
our planet's 24-hour daily cycles of light and dark. Day and night have been around since the
origins of life, and all organisms studied so far seem to have a biological clock! The discovery
of the genetic and molecular underpinnings of circadian rhythms (those daily cycles) earned
Jeffrey C. Hall, Michael Rosbash and Michael W. Young the 2017 Nobel Prize in Medicine or

Physiology (check out "**Circadian Rhythms Win Nobel Prize to learn more)!
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The molecular relationships common to all living things largely confirm what we have
learned from the species represented in the fossil record. Morphological, biochemical, and
genetic traits that are shared across species are defined as homologous and can be used to
reconstruct evolutionary histories. The biodiversity that scientists (in particular,
environmentalists) try to protect is the result of millions of years of adaptation (natural
selection), speciation, and extinction. Biodiversity needs protection from the unwanted
acceleration of evolution arising from human activity, including blatant extinctions (think
passenger pigeon), and near extinctions (think American bison by the late 1800s). Think also
of the consequences of the introduction of invasive aquatic and terrestrial species and the
looming effects of climate change.

Now let's consider the biochemical and genetic unity among livings things. We've
already considered what happens when cells get larger when we tried to explain how larger
cells divide their labors among smaller intracellular structures and organelles. When
eukaryotic cells evolved further into multicellular organisms, it became necessary for the
different cells to communicate with each other and to respond collaboratively to environmental
cues. Some cells evolved mechanisms to “talk” directly to adjacent cells while others evolved
the ability to transmit at electrical (neural) signals over long distances to other cells and
tissues. Still other cells produced hormones to communicate with cells, also at some distance,
but to which they had no physical attachment.

As species diversified to live in very different habitats, they also evolved very different
nutritional requirements, along with more extensive and elaborate biochemical pathways to
digest their nutrients and capture their chemical energy. Nevertheless, through billions of
years of evolution and astonishing diversification, the underlying genetics and biochemistry of
living things on this planet is remarkably unchanged. Early in the twentieth century, Albert
Kluyver first recognized that cells and organisms vary in form appearance in spite of an
essential biochemical unity of all organisms (see “'°Albert Kluyver). This unity amidst the
diversity is a life paradox that we examine in this course.

1.6.1 Random Acts of Genetic Variation, the Basis of Natural Selection

DNA contains the genetic instructions for the structure and function of cells and organisms.
When and where a cell's or organism's genetic instructions are used (i.e., to make RNA and
proteins) are highly regulated. Genetic variation results from random mutation. Genetic
diversity arising from random mutations is in turn, the basis of natural selection during
evolution.

H 119 The Random Basis of Evolution

1.6.2 The Genome: An Organism's Complete Genetic Instructions

Recall that every cell of an organism carries the same genome as every other cell. The genome
of an organism is the entirety of its genetic material (DNA, or for some viruses, RNA),
including genes and other kinds of DNA sequences. The genome of a common experimental
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strain of E. coli was sequenced by 1997 (Blattner FR et al. 1997, The complete genome
sequence of Escherichia coli K-12. Science 277:1452-1474). Sequencing of the human genome
was completed (more or less!) by 2001, well ahead of schedule (Venter JC 2001, The sequence
of the human genome. Science 291:1304-1351). Recall also that it was an analysis of rRNA
gene sequences led to the dramatic re-classification of life from five kingdoms into three
domains.

So, comparisons of specific gene or other DNA sequences can tell us a great deal about evolution. We now
know that evolution depends on the structure of genomes as much as on individual gene sequences,
Genome sequencing confirms genetic variation between species, but also much variation among individuals
of the same species. It is this the latter variation that is the raw material of evolution. Genomic studies tell
us that genomes have been shaped and remodeled in evolution. We’ll consider genome remodeling in
more detail elsewhere.

1.6.3 Genomic ‘Fossils' Can Confirm Evolutionary Relationships.

We have been looking to gene and protein sequencing to find evolutionary relationships and even, familial
relationships. You can read about an early demonstration of such relationships based on amino acid
sequence comparisons across evolutionary time in Zuckerkandl E and Pauling L. (1965) Molecules as
documents of evolutionary theory. ). Theor. Biol. 8:357-366. In addition, it has been possible for some time
now, to extract and sequence DNA from fossil bones and teeth. allowing comparisons of extant and extinct
species, including the fossil remains of humans, other hominids, and many animals, revealing our
relationship to animals (from bugs to frogs to mice to chimps...) and hominids like us. In fact, we (Homo
sapiens) share 95% of our DNA with Neanderthals. We know this from the work of Svante Paabo, whose
technologies for extracting and sequencing ancient DNA, enabled him to sequence the Neanderthal
genome..., and for which he earned the 2022 Nobel prize for Physiology and Medicine. Unfortunately, DNA
from organisms older than 10,000 years is typically damaged or absent, so that relationship building beyond
that time is almost impossible.

Using what we know from gene sequences of species alive today, investigators have
recently ‘reconstructed’ a genetic phylogeny suggesting the sequences of genes of some of our

long-gone progenitors, including bacteria (to learn more, check out: '’Deciphering Genomic
Fossils). The comparison of these ‘reconstructed’ ancestral DNA sequences suggests when
photosynthetic organisms diversified and when our oxygenic planet became a reality. Closer to
home, many remains of ancestral humans have been discovered in the Americas. These
promise to unlock the mysteries of human settlement of the continents, though not without
controversy. Native American tribal cultures treat their ancestors as sacred and argue against
sampling such remains for DNA Analysis. In one example, a well-preserved mummified body
was discovered in the Nevada desert in the 1940s. Tests of clothing fragments and hair
revealed that this Spirit Cave mummy was over 10,000 years old. DNA sequence analysis was
proposed to confirm the origins of the mummy. But then the Fallon Paiute-Shoshone tribe,
which lives near the burial site, asserted a cultural relationship to the body and requested the
right of its return in compliance with the Native American Graves Protection and Repatriation
Act. Anthropologists then counter-asserted a need for further study of the body to learn more
about its origins and about native American origins in general. The dispute ended only after 20
years, when the time the tribe consented DNA tests were allowed. When the DNA sequence
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analysis results finally established that the remains were indeed that of an ancestor to the tribe,
the Spirit Cave mummy was returned to the Fallon Paiute-Shoshone to be reburied with full

tribal rites in 2018. To read more, see 1'18Resolvinq American Indian Ancestry or 1197 e Age
Mummy DNA Analysis Unlocks Tribal Secrets.

H 120-2 Genomic Fossils-Molecular Evolution

1.7  Microscopy Reveals Life's Diversity of Structure and Form

Broadly speaking, there are two main categories of microscopy. In Light Microscopy, the slide
is viewed through optical glass lenses that see visible light reflected from or passing through
the specimens on the slide. In Electron Microscopy, the viewer is looking at an image on a
screen created by electrons passing through or reflected from the specimen, usually mounted
on a copper grid. For a sampling of light and electron micrographs, check out this
12Micrograph Gallery. Here we compare and contrast different microscopic techniques.

1.7.1 Light Microscopy

Historically one or another version of light microscopy has revealed much of what we know of
the structural diversity of cells, especially eukaryotic cells. Check out the **Mitosis Drawings

for a reminder of how eukaryotic cells divide, and then check out L2The Optical Microscope
for descriptions of different variations of light microscopy (e.g., bright-field, dark field, phase-
contrast, and fluorescence.). Limits of magnification and resolution of 1200X and 2 [m,
(respectively) are common to all forms of light microscopy. Some variations of light microscopy
are briefly described here:

e Bright-Field microscopy is the most common kind of light microscopy. The specimen is
illuminated from below; contrast between regions of the specimen comes from the
difference between light absorbed by the sample and light passing through it. Live
specimens lack contrast in conventional bright-field microscopy because differences in in
refractive index between components of the specimen (e.g., organelles and cytoplasm in
cells) diffuse the resolution of the magnified image. Therefore Bright-Field microscopy is
best suited to fixed and stained specimens.

e In Dark-field illumination, light passing through the center of the specimen is blocked and
the light passing through the periphery of the beam is diffracted (scattered) by the sample.
The result is enhanced contrast for certain kinds of specimens, including live, unfixed, and
unstained ones.

e In Polarized light microscopy, light is passed through a polarizing filter before passing
through the specimen. The resulting incident light (the light beamed at the object on the
slide) to pass through the specimen where it may be bent (diffracted), thereby increasing
the contrast of the specimen. The microscopist achieves the highest contrast by rotating the
plane of polarized light passing through the sample. A valuable feature of polarized light
microscopy is that samples can be unfixed, unstained or even live.
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e Phase-Contrast or Interference microscopy enhances contrast between parts of a specimen
with higher refractive indices (e.g., cell organelles) and lower refractive indices (e.g.,
cytoplasm). Phase-Contrast microscopy optics shift the phase of the light entering the
specimen from below by a half a wavelength to capture small differences in refractive
index to increase contrast. Phase—-Contrast microscopy is a most cost-effective tool for
examining live, unfixed, and unstained specimens.

e In a fluorescence microscope, a specimen is, for example, treated with a molecule tagged
with (covalently attached to) a fluorophore that fluoresces (emits visible light) when
exposed to short wavelength, high-energy (usually UV) light. The tagged molecule are
often fluorescent antibodies that will bind to specific molecules in a cell. In fluorescence
microscopy, the visible fluorescent light localizes the target molecule/structure in the cell.

e Confocal microscopy, a variant of fluorescence microscopy, enables imaging through thick
samples and sections. The result is often 3D-like, with much greater depth of focus than
other light microscope methods. Look at "**Microscope Image Gallery-Confocal Included

to see a variety of confocal micrographs and related images; look mainly at the specimens.

o Lattice Light-Sheet Microscopy is a 100-year old variant of light microscopy that allows us
to follow subcellular structures and macromolecules moving about in living cells. Read

more about the renewed interest in this technique at "**Lattice Light Sheet Microscopy.

1.7.2 Electron Microscopy

Transmission Electron Microscopy (TEM) microscopy generates an image by passing
electrons through a specimen treated with an electron-opaque stain (e.g., osmium). , or
reflecting electrons from a specimen, and capturing the electron image on a screen. TEM
can achieve much higher magnification (up to 10°X) and resolution (2.0 nm) than any form
of optical microscopy. The higher voltage of High Voltage Elecfron microscopy allows
passage of electrons through thicker sections than regular (low voltage) TEM. The result is
micrographs with much greater resolution, depth, and contrast. Scanning Electron
Microscopy (SEM), with magnifying power up to 10°X and a 3.0-20.0 nm resolution. SEM
lets us to examine the surfaces of tissues, small organisms like insects, and even of cells and
organelles. Objects of SEM must be conductive, so that biological samples are usually spray-
coated with a thin layer of metal (e.g., palladium, platinum) (check the link to "**Scanning
Electron Microscopy for more on SEM and look at the gallery of SEM images at the end of
the entry). Helium Ion Microscopy is a form of SEM that substitutes helium ions for the
vacuum in which SEM samples are normally viewed, eliminating the need for metal spray
coating. Thus, HIM enables investigators to examine e.g., cells and viruses in a more natural
state (you can google this on your own to see some examples of this). Electron microscopy,
together with biochemical and molecular biological studies have revealed how interacting
cellular and molecular components work with each other, and continue to do so, shedding
light on all manner of biological processes and interactions.

By
S

34

H 121-2 Electron Microscopy



http://www.google.com/images?q=confocal+microscopy&oe=utf-8&rls=org.mozilla:en-US:official&client=firefox-a&um=1&ie=UTF-8&source=univ&ei=vDNcTb7jEMOclgfyy9HlCQ&sa=X&oi=image_result_group&ct=title&resnum=4&ved=0CE8QsAQwAw&biw=1280&bih=776
http://www.biotechniques.com/news/Lattice-Light-sheet-Microscopy/biotechniques-356146.html
https://en.wikipedia.org/wiki/Lattice_light-sheet_microscopy
http://en.wikipedia.org/wiki/Scanning%20electron_microscope
http://en.wikipedia.org/wiki/Scanning%20electron_microscope
https://www.youtube.com/watch?v=3-myNH8_QEM&t=8s

Some iText & VOP Key words and Terms

actin eukaryotes Natural Selection

Archaea eukaryotic flagella nuclear envelope

bacterial cell walls evolution nuclear pores

bacterial flagella exocytosis nucleoid

binary fission extinction nucleolus

cell fractionation hypothesis nucleus

cell theory inference optical microscopy

chloroplasts intermediate filaments plant cell walls

chromatin keratin progenote

chromosomes kingdoms prokaryotes

cilia LUCA Properties of life

confocal microscopy lysosomes rough endoplasmic reticulum (RER)
cytoplasm meiosis scanning electron microscopy
cytoskeleton microbiome Scientific Method

cytosol microbodies secretion vesicles

deductive logic microfilaments smooth endoplasmic reticulum (SER)
differential centrifugation microtubules speciation

diversity mitochondria theory

domains of life mitosis transmission electron microscopy
dynein motor proteins tubulins

endomembrane system mutation
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Chapter 2
Basic Chemistry, Organic Chemistry, and Biochemistry

Atoms, elements (the nucleus, atomic models); bonds (covalent, ionic, hydrogen); water
properties, pH; organic molecules and biochemistry: chemical groups, monomers, polymers,
condensation and hydrolysis, polysaccharides, polypeptides, proteins, DNA, RNA, lipids
Reminder: For inactive links, google key words/terms for alternative resources.

Organic or not organic?

° nitrogen
O oxygen

X £ carbon

hydrogen
1 2 3 4

Do you know? Did you guess correctly?

2.1 Introduction

In this chapter we start with a review of basic chemistry from afomic structure to molecular
bonds to the structure and properties of watfer, followed by a review of key principles of
organic chemistry—the chemistry of carbon-based molecules. You may find it useful to have
your old general chemistry textbook handy or to check out the excellent introduction to
general chemistry by Linus Pauling (1988, General Chemistry New York, Springer-Verlag).
We'll see how polar covalent bonds define the sfrucfure and explain virtually all the
properties of water. These range from the energy required to melt a gram of ice to the energy
required to vaporize a gram of water and from its surface tension to its ability to hold heat,
not to mention its ability to dissolve a wide variety of solufes, from salts to proteins and other
macromolecules. We will distinguish water's hydrophilic interactions with solutes from its
hydrophobic interactions with fatty molecules. Then we will review some basic biochemistry.
Well-known biological molecules include monomers (such as sugars, amino acids, and
nucleotides) and polymers (including polysaccharides, proteins, and nucleic acids).

Biochemical reactions that link glucose monomers into polymers on the one hand,
and that break the polymers down on the other are essential reactions for life on Earth (and
probably everywhere else!). On Earth, photosynthetic organisms link glucose monomers
into starch, a polysaccharide. Amylose, a simple starch, a large homopolymer of repeating
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glucose monomers. Likewise, polypeptides are heteropolymers of twenty different amino
acids. DNA and RNA nucleic acids are also heteropolymers, made using only four different
nucleotide monomers.

Digestive enzymes in your gut catalyze the hydrolysis (i.e., breakdown) of the plant
or animal macromolecular polymers we ate, back down to monomers. Hydrolysis adds water
molecules across the bonds linking the monomers in a polymer, breaking those linkages. Our
own cells then take up the monomers. Once there, condensation (dehydration synthesis)
reactions remove water molecules from participating monomers to grow new polymers that
are more useful to us. Strictly speaking, friglycerides (fats) and phospholipids are neither
polymers nor macromolecules. Both are broken down by hydrolysis and synthesized in
condensation reactions. Energy-rich triglyceride hydrolysis products include fatty acids that,
(like sugars) can be oxidized for energy. Phospholipids (chemical relatives of triglycerides)
are the basis of cellular membrane structure.

Weak interactions between macromolecules, for example hydrogen bonds (H-bonds),
electrostatic interactions and van der Waals forces, are responsible for holding many
cellular molecules and structures together. While individually these bonds are weak, in their
multitudes, they are collectively strong. Familiar examples are the two complementary DNA
strands held in a tight and stable double helix by millions of H-bonds, and the thousands of
H-bonds that hold a polypeptide into its folded three-dimensional shape. We will see this
theme—strength in numbers—repeated in other molecular and cellular structures. Monomers
also serve other purposes related to energy metabolism, cell signaling, and the like.
Depending on your chemistry background, you may find googling these subjects interesting
and useful. The short voice-over PowerPoint recordings (VOPs) in this chapter might also
help guide your understanding of the basic chemistry and biochemistry presented here.

Learning Objectives

When you have mastered the information in this chapter, you should be able to do the

following:

1. Compare and contrast the definitions of atom, element, and molecule.

2. List differences between atoms, elements, and molecules and between energy- and

position-based atomic models.

Describe the behavior of subatomic particles when they absorb and release energy.

State the difference between atomic shells and orbitals.

State how kinetic and potential energy apply to atoms and molecules.

Explain the behavior of atoms or molecules that fluoresce when excited by high-energy

radiation, as well as the behavior of those that do not.

Distinguish polar and nonpolar covalent bonds and their physical-chemical properties.

Predict the behavior of electrons in compounds held together by ionic interactions.

9. Explain how the properties of water account for the solubility of macromolecules and salts
and describe the role of H-bonds in supporting those properties.

10. Consider, in terms of water's properties, why some salts are not soluble in water.

11. Describe how molecular linkages form during polymer synthesis, and place hydrolytic
and dehydration synthetic reactions in a metabolic context.

12. Distinguish between chemical bonds and linkages in polymers.

13. Categorize different chemical bonds based on their strengths.

o0~ w

o N

39



2.2 Atoms and Basic Chemistry

The difference between elements and atoms is often confused in casual conversation. Both
terms describe matter, substances with mass. Different elements are distinct kinds of matter
distinguished by different physical and chemical properties. In turn, the atom is the
fundamental unit of matter—that is, of an element. The positively charged protons and
neutral neutrons in an atomic nucleus account for most of the mass of an atom. Each
negatively charged electron that orbits a nucleus is about 1/2000 of the mass of a proton or
neutron. Thus, they do not add much to the mass of an atom.

Electrons stay in atomic orbits because of electromagnetic forces, (i.e., their attraction to the
positively charged nuclei). Its nuclear size (mass) and the space occupied by the cloud of
electrons around its nucleus define structure of an atom, and that structure dictates the
different properties of the elements. Let's take a closer look at the elements and their atoms
and how their atomic properties account for the formation of molecules and molecular
structure.

2.2.1 Overview of Elements and Atoms

We model atoms to illustrate the average physical location of electrons (the orbifal model) on
one hand and their potential energy levels (the Bohr or shell model) on the other (Figure

2.1).
Modeling Atoms

Shows potential energy level

Shell of electrons — the further
from the nucleus, the more
energy.

Shows average location of
electrons in space around
the nucleus; 0, 1, or a max.
of 2 electrons per orbital.

Orbital

Fig. 2.1: The Bohr (shell) model of an atom (above) emphasizes electron kinetic energy; the orbital
model (below) emphasizes the space occupied by electrons moving around the atomic nucleus.
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Up to two electrons move in a space defined as an orbifal. In addition to occupying
different areas around the nucleus, electrons exist at different energy levels and move with
different kinetic energy. As we will learn, electrons can absorb or lose energy, jumping or
falling from one energy level to another.

Recall that atoms are chemically most stable when they are electrically uncharged,
with an equal number of protons and electrons. Isofopes of the same element are atoms with
the same number of protons and electrons but a different number of neutrons and thus,
different masses. Isotopes of an element are chemically stable but may not be physically
stable. For example, the most abundant isotope of hydrogen contains one proton, one
electron, and no neutrons. The nucleus of the deuferium isotope of hydrogen contains one
neutron, and that of fritium contains two neutrons. Both isotopes can be found in water
molecules. Deuterium is stable. In contrast, the tritium atom is radioactive, subject to nuclear
decay over time. Whether they are physically stable or not, all isotopes of an element share
the same electromagnetic and chemical properties and behave the same way in chemical
reactions. The electromagnetic forces that keep electrons orbiting their nuclei allow the
formation of chemical bonds in molecules.

The partial periodic table below (Figure 2.2) shows the elements that are essential for
all life (in greater or lesser amounts), as well as some that may also be essential in humans.

Elements Found in Organisms Based On the
; Distribution of Electrons in Shells g

atomic number

1
H a He
1+ atomic mass 3 4 3 2 1
g 6 7 i 8 9
Li| Be |  yalence: # of unpaired electrons in LIN1,O| F | He
the outer shell; determines the
1 12 : " 15 16 17
Na| Mg| chemical properties of the element Al Pl s| ci1l| Ar
23 24 28 31 32 35
19 20 23 24 |25 26 27 ) 29 30 34
K| Cal Sel Til v | Cr|Mn| Fe| Co| Ni| Cu| Zn|Ga| Ge| As| Se| Br|Kr
39 40 51 52 55 56 59 ) 64 65 79
Rb| Sr| Y | Zr| Nb| Vio| Tc | Ru| Rn| Pd| Ag| Cd| In| Sn| Sb| Te| 1 |Xe

blue elements:  99.0% of atoms in the human body
purple elements: 0.9% of atoms in the human body
green elements: required in trace amounts

n el may be required by human cells

Fia. 2.2: Partial Periodic Table of Elements emphasizina elements found in living thinas.
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The table shows the unique atomic number (number of protons) and afomic mass
(usually measured in daltons, or Da) that characterize the different elements. For example,
the atomic number of carbon (C) is 6, which is the number of protons in its nucleus. Its mass
is 12 Da (six protons plus six neutrons, at 1 Da each). Remember that the mass of all the
electrons in a C atom is negligible! Find the C atom and look at some of the other atoms of
elements in the partial periodic table (Figure 2.2). Superscripted atomic numbers and
subscripted atomic mass numbers uniquely define each element.

=] gy ]

H 122-2 Atoms & Elements

2.2.2 Electron Configuration—Shells and Subshells

The Bohr model of the atom reveals how electrons can absorb and release energy. The shells
indicate the energy levels of electrons. Electrons can absorb different kinds of energy,
including electrical energy, radiation, and light (which is just a form of radiation—weaker
than some and stronger than others). Ultraviolet (UV) light beamed at atoms can excite
electrons. If an electron in an atom absorbs a full gquanfum (a photon) of UV radiant energy,
it will be boosted from the ground state (the shell it normally occupies) into a higher shell, an
excited state. Excited electrons move at greater speed around the nucleus and with more
kinetic energy than they did at ground state. Excited electrons also have more pofential
energy than ground-state electrons. This is because they are unstable, releasing some of the
energy gained during excitation as they return to ground (i.e., their starting energy level, or
shell, as seen below in Figure 2.3).

The shell model emphasizes
electron energy...

1. e's absorb energy (e.g., a photon of light)

2. excited e’s move
faster, but are unstable
& return to their resting
orbital (ground state)

3. e's release energy
as heat..., or light
(fluorescence)

Fig. 2.3: When an electron absorbs e.g., light energy, it moves faster. Absorbance of one photon causes
an electron to jump to a shell farther from the atomic nucleus. While having higher kinetic energy, excited
electrons are unstable. Thus, they have potential energy, which is released as the electron returns to
ground state, releasing heat or light (fluorescence).
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Electrons falling back to ground typically release excitation energy as heat. Atoms
whose excited electrons release their energy as light fluoresce;, we say they are fluorescent.
A fluorescent light is an example of this phenomenon. Electrical energy excites electrons out
of their atomic orbitals in the molecules that coat the interior surface of the bulb. As all those
excited electrons return to ground state, they fluoresce, releasing light. These atoms can be
repeatedly excited by electricity.

As we shall see, biologists and chemists have turned fluorescence into a tool of
biochemistry, molecular biology, and microscopy. The ground state is also called the resting
state, but electrons at ground are by no means resting! They just move with less kinetic
energy than excited electrons.

B

H 123 Electron Energy and Fluorescence = ¢

2.3 Chemical bonds

Atoms form bonds to make molecules, and there are three main classes of chemical bonds.
There are two subsets of covalent bonds, both of which are sirong bonds. They involve
unequal or equal sharing of a pair of electrons. Unequal sharing of electrons results in polar
covalent bonds. Equal sharing forms nonpolar covalent bonds. Ionic bonds are created by
electrostatic interactions between elements after they gain or lose electrons, and these bonds
are weaker than covalent bonds. Hydrogen bonds (H-bonds) are in a class by themselves.
Their electrostatic interactions account for the physical and chemical properties of water.
They are also involved in interactions between and within other molecules. Note that while
atoms can share, gain, or lose electrons in chemical reactions, they will neither gain nor lose
protons or neutrons. Let's look more closely at chemical bonds and how even the “weak"
bonds are essential to life.

2.3.1 Covalent Bonds

Electrons are shared in covalent bonds. Hydrogen gas (H:) is a molecule, not an atom! The two
H atoms in the H,; molecule share their electrons equally. Likewise, the carbon atom in
methane (CH,4) shares electrons equally with four hydrogen atoms. A single pair of electrons
forms the covalent bond between two H atoms in the hydrogen molecule (H;). In methane, the
carbon (C) atom has four electrons in its outer shell that it can share. Each H atom has one
electron to share. If a C atom shares each of its four electrons with the electron in each of four
H atoms, there will be eight (four paired) electrons moving in filled orbitals around the nucleus
of the C atom some of the time and one pair moving around each of the H atomic nuclei some
of the time. Thus, the outer shells of the C atom and the H atoms are filled at least some of the
time. This stabilizes the molecule. Remember that atoms are most stable when their outer shells
are filled and when each electron orbital is filled (i.e., with a pair of electrons). The equal
sharing of electrons in nonpolar covalent bonds in H, and CH, is shown below in Figure 2.4.
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Non-polar covalent bonds form when
atoms share valence electrons equally:

CH,
(methane)

Hog g H
H

(hydrogczen gas) \

Fig. 2.4: Nonpolar covalent bonds in hydrogen gas (left) and methane (right).

Polar covalent bonds form when electrons in a molecule are shared unequally. This occurs if
the atomic nuclei in a molecule are very different in size, as is the case with water (Figure
2.5).

All of the properties of water come
from its polar covalent structure...

The paired electrons between hydrogen and oxygen are
drawn to the larger oxygen atom, leaving all the atoms
with a partial charge (6+ or 3-). Thus, water molecules
attract each other and other polar covalent molecules.
Fig. 2.5: Electrons on the H atoms of water molecules are drawn close to the large, positively charged
nucleus of the O atom (molecule at left). As a result, H atoms “lose” electrons and acquire a partial

positive charge (6*) while oxygen atoms “gain” those electrons and have a partial negative charge (8).
The polar covalent water molecules then attract and bind to other water molecules (molecules at the right).

The larger nucleus of the oxygen atom in H,O attracts electrons more strongly than does
either of the two H atoms. As a result, the shared electrons spend more of their time orbiting
the O atom, such that the O atom carries a partial negative charge while each of the H atoms
carries a partial positive charge. The Greek letter delta (8) indicates partial charges in polar
covalent bonds. In Figures 2.4 and 2.5, compare the position of the paired electrons in water
with those illustrated for hydrogen gas or methane.
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Water's polar covalent bonds allow it to attract and to interact with other polar
covalent molecules, including other water molecules. The polar covalent nature of water also
goes a long way to explaining its physical and chemical properties and the reason water is
essential to life on this planet!

O 40
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Both polar and nonpolar covalent bonds play a major role in the structure of

macromolecules, as in the protein hormone insulin, modeled in Figure 2.6.

The Insulin Molecule

Fig. 2.6: Computer-generated space-filling (left) and “ribbon” models (right) of insulin.

The X-ray image of a space-filling model of the hexameric form of stored insulin
(Figure 2.6, left) emphasizes its tertiary structure in detail. The ribbon diagram (Figure 2.6,
right) highlights regions of internal secondary structure. When secreted from the Islets of
Langerhans cells of the pancreas, active insulin is a dimer of A and B polypeptides (blue and
cyan in the ribbon diagram, respectively). The subunit structure and the interactions holding
the subunits together result from many electrostatic interactions (including H-bonds) and
other weak interactions. The disulfide bonds or bridges (seen as yellow Vs in the ribbon
diagram) stabilize the associated A and B monomers. We will look at protein structure in
more detail in an upcoming chapter.
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2.3.2 Ionic Bonds

Atoms that gain or lose electrons to achieve a filled outer shell acquire a negative or a
positive charge (respectively) to form ions. Despite their electrical charge, ions are stable
because their outer electron shells are filled. Common table salt (Figure 2.7) is a good
example.

lonic bonds form when an atom loses e's and becomes
a cation and another gains them, becoming an anion.

’-f'jh d

Table salt is a crystalline ionic
compound composed of ionized
sodium and chlorine atoms

Fig. 2.7: lonic bonds in table-salt (NaCl) crystals result from the attraction of oppositely charged small
Na* and large CI ions that bind them together in a regular, crystalline array.
Na (sodium) atoms can donate a single electron to Cl (chlorine) atoms, generating partially
charged Na* (sodium) and Cl- (chloride) ions. The oppositely charged ions then come
together to form an ifonic bond, an electrostatic interaction of opposite charges that holds the
Na* and Cl™ ions together in crystal salt. Look up the Bohr models of these two elements, and
see how ionization of each leaves filled outer shells (energy levels) in the ions.

2.3.3 Hydrogen Bonds

The hydrogen bond is a subcategory of electrostatic interactions formed by the attraction of
opposite charges. As noted above, water molecules attract one another (cohere) because of
strong electrostatic interactions that form the H-bonds. Water's polar covalent structure
enables it to attract positively and negatively charged groups of molecules, making it a good
solvent. Solutes (soluble molecules) or polar (charged) molecular surfaces that are attracted
to water are hydrophilic. Lipids, like fats and oils, are not polar molecules and therefore do
not dissolve in water; they are hydrophobic (from hydro: "water;" phobic: "fearing"). Next,
we'll take a closer look at the chemistry and properties of water.

2.4 Water Chemistry

Soluble salts like NaCl dissolve because the C1~ and Na* ions attract the partial positive and
negative charges (respectively) of water molecules more strongly than other water molecules
do. As a result, the salt ionizes; the ions separate from each other. The ionization of NaCl
dissolving in water is shown below (Figure 2.8).
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Its polar covalent structure makes water a good solvent
for ionic compounds: ?

%‘9
99@%
X7 W?

Partial charges on
water molecules
pull the ions apart,
dissolving the salt.

Fig. 2.8: Water’s solvent properties result from its polar covalent structure, allowing electrostatic
interactions between water molecules at the right and NaCl at the upper left, disrupting ionic
bonds, drawing the Na+ and CI- ions into solution.

Water is also a good solvent for macromolecules (e.g., proteins and nucleic acids)
with exposed polar chemical groups on their surface that attract water molecules (Figure 2.9).

&Water of Hydration

CQ

@ » AE &>
Q&Q @ Q’g

Fig. 2.9: In hydrophilic interactions, charged groups on a macromolecule (e.g., a protein) attract
the partial charges on water molecules, hydrating the molecule.

B30
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In addition to its being a good solvent, we recognize the following properties of water
(all of which result from its polar nature and H-bonding abilities):

e Cohesion: Water molecules stick together via H-bonds.

e High surface fension: Water's high cohesion means that it can be hard to break the
surface; think of the water strider, an insect that literally walks on water.

e Adhesion: This results from water's electrostatic interactions with ions and with the partial
charges on polar covalent molecules or functional groups. Adhesion explains water's
solvent properties and (at least in part) capillary action, in which water molecules crawl
along hydrophilic surfaces, often against the force of gravity.

o High specific heat. The cohesion of water molecules is so strong that it takes a lot of
energy to separate them and to make them move faster, i.e., it takes a lot of energy to heat
water. Specifically, it takes 1 Kcal, (1 Calorie, with a capital C) to heat a gram of water 1°C.
High specific heat explains why water “holds heat,"” staying hot longer that the pot it's in!

o High heat of vaporization: 1t takes even more energy/gm to turn water into vapor (steam)!

One last property of water: it ionizes weakly to form H* and OH~ ions—or more
correctly, H;O* and OH™ ions. You can think of this as happening in the following two
reactions:

1. H,0+H,0 = 2H" +20H"
2.2H" + 20H"'=——H,0" + OH

Acid molecules added to water will dissociate and release protons. This drives reaction 2 to
form more H;O" ions in the solution, in turn driving reaction 1 forward. A pH meter measures
the relative acidity or concentration of protons in a solution. Acidic solutions have a pH
below 7.0 (neutrality). Bases ionizing in water release hydroxyl (OH™) ions. The increase in
OH™ions removes protons from the solution, driving both reactions in reverse and raising the
pH of the solution. To summarize acid-base chemistry: when dissolved in water, acids release
H*, while bases accept H*. Since the pH of a solution is the negative logarithm of the
hydrogen ion concentration, the following are true:

e A solution at pH 7.0 is neutral.

e A solution below a pH of 7.0 is acidic.

e A solution above a pH of 7.0 is basic.

Check a basic chemistry textbook to be reminded of the relationship between pH and the
[H*] in a solution!

2.5 Basic Biochemistry: Monomers, Polymers; Macromolecular
Synthesis, Degradation

Like evolution, the origin of life involved a prebiotic chemical selection— a kind of "natural
selection” of environmental chemicals that favored increasing biochemical possibilities and
diversity.
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In simple terms, atoms that could interact with a maximal number of other atoms to form the
largest number of stable molecules would have been most likely to accumulate in the
environment. The tetravalent C atom met these criteria for chemical selection, proving ideal
for building an organic chemistry set.

At the same time, water turned out to be the perfect place to launch prebiotic
chemical selection experiments. Water persists as life's universal solvent, which explains why
evidence of water in places beyond our Earth (e.g., other planets in our solar system, the
moons of other planets, and other planets in other solar systems) gets us all excited!

2.5.1 Isomerism in Organic Molecules and the Diversity of Shape

The carbon skeleton is a perfect platform for organic molecule diversity. The different
possible arrangements of atoms and functional chemical groups around C atoms result in
Iisomerism. Isomers of an organic molecule have the same chemical formula but different
shapes, and thus, potentially different chemical properties and biochemical functions. The
larger the C-skeleton of an organic molecule, the greater the diversity of molecular shapes
available for chemical selection. Look at the examples of structural isomers and geomelric
isomersin Figure 2.10.

The C-Skeleton, Isomers & Diversity of Shape

cH, L LAy HHH
10 H-C-C-C-C-H vs J-C- C- C-H
structural isomers H- (Ij -H
H
CHy, HUD H HUDUIDH
H—(Ij-C=(|j-(?-H V§ H-C-C=C-C-H
H H) H ﬁ Ill
trans cis

geometric isomers (around double bonds)

Fig. 2.10: Structural and geometric isomers of hydrocarbons create molecules with the same chemical
formula but different shapes.

It is easy to see that the structural isomers of CsHi, (Figure 2.10, top panel, left and right)
have different shapes. You cannot convert one structural isomer to the other without breaking
covalent bonds. In the geometric isomers of C,;Hs in the lower panel, the H atoms on the
double-bonded C atoms can be on the same (cis) or opposite (trans) side of the planar double
bond. Geometric isomers, too, cannot be interconverted without breaking chemical bonds.
Optical isomers are a third kind of isomer. They exist around opfically active (asymmetric or
chiral) carbons. A chiral C is one that is covalently linked to four different atoms and/or
molecular groups.
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The principle of chirality is illustrated in Figure 2.11.

Chiral (Asymmetric) Carbons & Optical Isomers

1 1

. C . C
\Z \Z

These molecules are different

Fig. 2.11: The two different generic molecules (an enantiomeric pair) are mirror images of one
another. They form from alternate arrangements of the same molecular groups around a chiral carbon.

A pair of molecules that can exist as different opfical isomers is called an
enantiomer. Each optical isomer of an enantiomeric pair structurally identical but differs in
shape from its mate. Just like structural and geometric isomers, they can't be interconverted
without breaking and remaking covalent bonds. A molecule is defined as optically active
because it bends (rotates) a plane of light in opposite directions in a polarimeter: light
passing through a solution of one optical isomer is rotated in one direction, while light
passing through the other isomer is rotated in the opposite direction. These directions are
referred to as I for levo (meaning left) and d for dextro (meaning right). If a molecule has more
than one chiral C (e.g., glucose has four chiral carbons), it comprises 4 enantiomers! The
behavior of such a multi-chiral molecule in a polarimeter will be based on the sum of the
optical activities of all the chiral carbons.

The common enantiomer of glucose in our diet, (d)glucose, is the enantiomeric pair
shown in Figure 2.12 below. These optical isomers are also called D glucose and L glucose, a
convention based on the configuration of the four different atoms or groups around the last
optically active carbon in a molecule C5 in this case.

Straight-Chain Forms of Glucose

"HC//O H A

2 I 2 |
H—(|:—OH H—C—OH
HO—3C|:-—-H HO—C—H
H—“cl:—OH H—“cl:—OH
H—C—OH H—C—OH
H—E(|:—0H HO—G(IE— H
H H
d-glucose I-glucose

Positions of H and OH on the #5C make
these sugars optical isomers (enantiomers)

Fig. 2.12: Two straight-chain forms of glucose - (d)glucose and (l)glucose - are enantiomers (optical
isomers), differing in the arrangement of the H atom and the OH group around C5.
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For glucose, d and I in fact correspond to D and L, respectively. As we will see for
some molecules, the uppercase designation of a chiral molecule does not always indicate
how it bends light in a polarimeter, while the lowercase d and I always do! The chiral carbons
in glucose are shown in red above.

Remember that the shape and chemical properties of a molecule dictate its function.
Isomerism in organic (carbon-based) molecules would have increased the diversity of
molecular shapes available for chemical selection. Early selection of isomers (specific optical
isomers in particular) during chemical evolution contributed greatly to the chemical
functions and reactions we recognize in cells now, even before there was life on Earth. All life
uses the same isomers of glucose in energy reactions and of amino acids in protein-building,
a fact that confirms the prebiotic selection of those isomers!

2.5.2 Monomers to Polymers and Back: Dehydration Synthesis and Hydrolysis

All living things build and break down polymers (macromolecules) by dehydration synthesis
(condensation reactions) and hydrolysis, respectively. Dehydration synthesis and hydrolysis
reactions are essentially the reverse of each other (Figure 2.13).

HOA H H FH +

a condensation, or
dehydration synthesis
(water removal) reaction

a hydrolysis (water
addition) reaction

HOA H H H FH + HOH

Fig. 2.13: A generic monomer is linked to a growing polymer by water removal (dehydration synthesis).
Water addition across the linkage between monomers (hydrolysis) breaks the polymer back down to
monomers.

Condensation reactions build macromolecules by removing a water molecule from
interacting monomers. The “bond" that forms in a condensation reaction is not a single bond;
rather, it is a linkage involving several bonds! Polymer synthesis happens when an OH from
one monomer and an H group from another are removed and combine to form a water

molecule.

(=g

ﬁ 126 Organic Molecules, Monomers, & Polymers

Cells perform repeated dehydration synthesis reactions to build diverse polymers,
including polysaccharides and polynucleotides (the RNA and DNA nucleic acids). Repeated
condensation reactions between two amino acids (Figure 2.14, below) form the pepftide
linkages that build polypeptides during translation.
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Two Amino Acids

R | R T
H—N—C—(C—OH H—N—C— (C—OH
amino | carboxyl I

H H

dehydration i
synthesis hydrolysis

H Rl (0 H RZ 0
R O || S B ||
HOH + H=—N=—(C=—|C—N C— (—0OH

I . I
peptide
H bond H

(peptide linkage)

Fig. 2.14: Dehydration synthesis forms peptide linkage (circled) between amino acid monomers.
Hydrolysis, the reverse reaction is also shown. Hydrolysis, the reverse reaction is also shown.

Next let's consider the polymerization of glucose. Natural selection settled on using
the (d)glucose optical isomer for energy metabolism - all living things do it! And none of
them, with one known exception (a plant bacterial pathogen) either contain or use the
(I)glucose isomer. In solution, straight-chain (d)glucose becomes cyclic as shown in Figure
2.15.

In solution, glucose forms a ring, making the
#1 carbon chiral:

straight chain (10%
g (10%) hemiacetal (ring) (90%)

H \ P
(I: E?Hon . 6(]‘.H20H
HJ?_OH " "’:I; o " o [
— H
HO—C—H - QH H t QH H f
| H03q 29 OH |-|o:sq z‘ﬁ H
4
H—C—OH H oH L o
H— (—OH o(d)-glucose B(d)-glucose
. 4 chiral carbons 4 chiral carbons
H —(lj —OH
H OH on #1 C below or above the ring defines
the a-glucose and B-glucose optical isomers
d-glucose (enantiomers) of d-glucose.

4 chiral carbons

Fig. 2.15: When straight-chain glucose forms a cyclic molecule in solution in water, C1 becomes
optically active (chiral), creating a racemic mixture of «()glucose and f(d)glucose enantiomers.
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Having selected (d)glucose for most cellular energy metabolism, life then exploited
the cyclic (d)glucose to make the different polysaccharide polymers we now find in plants
and animals. Recall that in glucose, C2, C3, C4 and C5 are optically active carbons. As
(d)glucose becomes cyclic, the molecule gains a fifth chiral carbon, namely, the #1 carbon
(C1), forming a(d)glucose and g (d)glucose in equal amounts.

Straight-chain and cyclic glucose exist in equilibrium in solution, with 90% of
glucose monomers in the cyclic form. a(d)glucose and g(d)glucose are also in equilibrium,
each at 45% of the total dissolved glucose. Furthermore, the reaction forming cyclic glucose
is reversible, with a(d)glucose easily converting to p(d)glucose as cells consume the latter
(and vice versa). This is an especially important property since the two enantiomers (optical
isomers) are used differently, especially in plants.

It is the cyclic forms of glucose that are polymerized. The condensation reactions
shown in Figure 2.16 link ofd)glucose monomers to form storage polysaccharides, and
p(d)glucose to make structural polysaccharides..

o and 3 isomers of (d)glucose condense to form
two classes of polymers with different physical
and chemical properties

CH, 0[-1 flexible polymer with a1,4 glycoside linkages
1 - CH, OH HOH CH,OH CH,0OH CH,0OH CH,OH
-glucose @ Q Q Q
'g'”mse storage polysaccharides

e.g., starch, glycogen

CH, OH rigid polymer with 31,4 glycoside linkages

on CHOH o CH,OH CH OH CH, OH CH,OH
_L. ;
Q|
-glucose w

‘g'”wse structural polysaccharides
e.g., cellulose, chitin (which
uses modified glucose)
Fig. 2.16: Glucose monomers polymerize by dehydration synthesis (essentially a reversal of hydrolysis)

to form polysaccharides. «(d)glucose monomers polymerize to form energy-storage molecules (e.g.,

starch and glycogen); p(d)glucose monomers polymerize to form structural polysaccharides (e.g.,
starch and cellulose).
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The —OH ions (hydroxyl groups) on the C1 of afd)glucose are below the glucose rings. The
condensation reaction removes a water molecule, linking the sugars by an a1,4 glycoside
linkage in the dimer, connecting them by their C1 and C4 carbons. Other linkages are
possible. For example, diverse a-glycoside linkages characterize branched sforage
polysaccharides—like glycogen in animals and starches in plants. On the other hand, when
P(d)glucose isomers polymerize, they form rigid structural polysaccharides, such as those of
cellulose in plant cell walls. A modified f-glucose called N-acetyl glucosamine (not shown)
polymerizes to form chitin, the principal component of fungal cell walls and of the tough
exoskeleton of arthropods (e.g., insects and crustaceans). Later, when we look at translation,
we'll consider why only L amino acids are used to make polypeptides! And when we look at
replication and transcription, we'll see the condensation reactions that form phosphate ester

(phosphodiester) linkages when DNA and RNA are synthesized from nucleotide monomers.

Summarizing the role of condensation reactions in the formation of biological polymers:

e Linkages in biopolymers are broken down and re-formed daily in our lives! Digestion (the
breakdown) begins after a meal. The hydrolysis of glycoside linkages starts in your
mouth. Further polysaccharide digestion and the breakdown of peptide (among other)
linkages continues in your stomach and small intestines. Then our cells use condensation
reactions to finish the job of turning carrot- and cow-derived monomers into you and me!

o Prebiotic chemical evolution has selected only one each of the optical isomers of glucose,
amino acids, and other enantiomeric monomers with which to build polymers. This is so
even though some of the different isomers are available and even used by cells for
different purposes. The flexible ea(d)glucose polymers were selected as storage
polysaccharides to be used for energy. The storage polysaccharides include plant
starches and animal glycogen. Likewise, the rigid inflexibility of S(d)glucose polymers
was selected precisely because it reinforced cell structure and stability. Since all
organisms store carbohydrate energy in e(d)glucose polymers, and since p(d)glucose
polymers are almost universally used to strengthen cell structure, these selections must
have occurred early in the history of life.

ﬁ 127-2 Carbohvdrates: Sugars and Polysaccharides

H 128-2 Lipids, Triglycerides, and Phospholipids

H 129-2 Proteins: Amino Acids and Polypeptides E

ﬁ 130-2 130-2 Nucleic Acids: Nucleotides, DNA, and RNA
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2.5.3 A Tale of Chirality Gone Awry

To conclude this chapter and to emphasize the significance of chirality to life, here is what
can happen if the wrong isomer ends up in the wrong place at the wrong time....

Consider the story of thalidomide, a tragic example of what happens when we are
unaware of enantiomeric possibilities. Introduced in 1957, thalidomide was sold as an over-
the-counter anti-nausea drug for patients undergoing cancer therapies and as an effective
morning-sickness remedy for pregnant women. However, by the early 1960s, the births of
about ten thousand infants with severely deformed limbs were connected to the drug. These
deformities characterized roughly half of these infants that survived. Once the connection
was made, the response was, of course, to pull thalidomide off the market.

Thalidomide is a teratogen. Teratogens are substances or conditions (drugs,
chemicals, radiation, illness during pregnancy...) that cause deformities during
embryogenesis and fetal development. The chemical bases of thalidomide's effects are based
on its enantiomeric (chiral) structure, in which an amine-containing ring can exist in front of
or behind the rest of the molecule. The optical isomers of thalidomide are shown below in
Figure 2.17.

Optical Isomers of Thalidomide

O O g
N
O
O O g
N
O

Fig. 2.17: Two enantiomers (optical isomers) of thalidomide (R and S) form in water.

The two optical isomers are referred to as “S" and “R."” Of these, the S isomer is the
teratogen. While synthesis of pure R is possible, when used in treatment, R and S easily
interconvert, creating a racemic mixture (recall that a- and B-(d)glucose are such a solution.
In the mother, S isomers are transferred to the embryo or fetus, with terrible consequences.
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Remarkably, there were relatively few cases of thalidomide-induced birth deformities
in the United States, largely because of the efforts of 2!Frances Oldham Kelsey, the person in

charge of the FDA's review of the drug. The German pharmaceutical company Chemie
Griinenthal (developer of Thalidomide) and an American pharmaceutical company had
applied for FDA approval for US distribution of the drug. Dr. Oldham Kelsey refused
approval on multiple occasions, arguing that the safety of thalidomide had not been
demonstrated. This was even before it was shown to cause birth deformities! In 1962
President John F. Kennedy presented her with the President’s Award for Distinguished
Federal Civilian Service for not allowing thalidomide to be approved for sale in the United
States without sufficient safety testing—potentially saving thousands of lives.

Of course, we already knew that cells synthesized polymers from specific optical
isomers of their precursor monomers. So, the sad thalidomide story resulted from the
untested effects of an unexpected optical isomer. Many countries quickly tightened their
preapproval drug-testing regulations because of this tragedy.

In a more hopeful twist of the tale, thalidomide has turned out to be effective in
treating cancer, leprosy, rheumatoid arthritis, and other autoimmune diseases. Such
therapeutic benefits may be due to its anti-inflammatory effects. The effects of thalidomide on
tumor growth seem to be due to its inhibition of angiogenesis (development of blood vessels)
in the tumors. Ironically, blockage of angiogenesis may also have contributed to the failure of
proper limb growth during pregnancy.

To conclude, when all is normal, the shapes of molecules have been uniquely
selected for the specificity of reactions essential to life.

ﬁ 131-2 Shape and the Specificity of Molecular interactions
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acids and bases

geometric isomers

polar covalent bonds
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a—glucose glycoside linkage polynucleotides
amino acids heat of vaporization polypeptides
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atom hydrolysis potential energy
atomic mass hydrophilic properties of water
B—glucose hydrophobic protons

Bohr model ionic bonds quantum

carbohydrates ionization racemic mixture
cellulose isomers RNA
chirality isotopes salts

chiral carbon

kinetic energy

scanning tunneling
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cohesion macromolecules sharing electrons
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Chapter 3
Details of Protein Structure

Protein structure and configuration: primary, secondary, tertiary, quaternary; protein folding,
domains and motifs, studying proteins
Reminder: For inactive links, google key words/terms for alternative resources.

However good it might look,

Shank

this is not protein primary structure!

3.1 Introduction

Protein molecules, which are each comprised of one or more polypeptides, are the workhorse of
the cell, responsible for just about all aspects of life:

They are the catalysts that make biochemical reactions possible.
They are membrane components that selectively let substances in and out of cells.
They allow cell-cell communication and cell response fo environmental change.
They form the internal structure of cells (cyfoskeleton) and nuclei (nucleoskeleton).
They enable the mofility of cells and e.g., particles and organelles within cells.
They are responsible for other cell functions too numerous to summarize here!
We owe much of what we know about biomolecular structure to the development of X-

ray crystallography. In fact, an early determination of the structure of insulin (as well as
penicillin and vitamin Bi;) using X-ray crystallography earned Dorothy Hodgkin the 1964
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Nobel Prize in Chemistry. In this chapter, we look at the different levels (orders) of protein
structure and at what it takes to be a functional protein. The primary structure (1° structure) of
a polypeptide is its amino acid sequence.

Interactions between amino acids near each other in the sequence will cause the
polypeptide to fold into secondary (2°) structures, including the a-helix and the B—pleated
sheet (or just P-sheet) conformations. Tertiary (3°) structures form when noncovalent
interactions occur between amino acid sidechains at some distance from one another in the
primary sequence, causing a polypeptide to further fold into a more complex 3D shape. Other
proteins (called chaperones!) facilitate the accurate folding of a polypeptide into its correct,
bioactive, 3D conformation. Quaternary (4°) structure refers to proteins made up of two or
more polypeptides. Refer to the four levels or orders of structure in Figure 3.1 as we explore
how each level affects the shape and biological/biochemical function of the protein.

Levels of Protein Structure

primary (1°) secondary (29)

H,N
(amino end)
COOH
(carboxyl end)

R A S R A

o i s '

H n n I n
...amino acids are linked by peptide
bonds in a polypeptide chain.

tertiary (39)

The polypeptide In this globular
protein, folds so that hydrophobic
amino acids end up inside, and
hydrophilic ones end up on the
protein surface.

...typically form an a-helix (left) or
gleated sheet (right) when H-
onds form between H and O
atoms on nearbg amino acids
a:_?r]g the peptide backbone of the
chain.

quaternary (49)

5

The 4% level of structure forms
when two or more polypeptides
combine to make a biologically
functional protein.

Fig. 3.1: Three orders (levels) of protein structure describe polypeptides: primary (upper left),
defined by peptide bonds between amino acids), secondary (upper right), based on H-bonds
between amino and carboxyl groups of nearby amino acids in a polypeptide chain, and tertiary
(lower left), based mostly on non-covalent interactions between amino acid side-chains in a
polypetide). A fourth order of protein structure, or quaternary structure (lower right) applies to

proteins composed of two or more polypeptides.



In addition to protein structures dictated by noncovalent interactions, we'll see
covalent bonds between specific amino acids (e.g., cysteines) that end up near each other after
folding. These function to stabilize tertiary and quaternary structures. Many proteins must also
bind metal ions (e.g., Mg**, Mn**) or small organic molecules (e.g., heme) to become
biologically active. Finally, we look beyond these orders of structure at protein domains and
motifs, which evolved to perform specific protein functions.

As we try to understand molecular (especially macromolecular) function, a clear
recurring theme emerges: a protein's function depends on its shape, its conformation. In turn,
protein conformation is based on the location and physical and chemical properties of critical
functional groups, usually amino acid side chains. Watch for this theme as we look at enzyme
catalysis, the movement of molecules in and out of cells, the response of cells to changing
environments, the ability of cells to travel, the ability of organelles to move around inside of
cells, the process of DNA replication, the regulation of gene transcription and protein
synthesis... and just about everything a cell does! We will conclude this chapter with a look at
some techniques for studying protein structure.

Learning Objectives

When you have mastered the information in this chapter, you should be able to do the

following:

1. Define and distinguish between the orders of protein structure.

2. Differentiate between P-sheet, o helix, and random coil structures based on the atomic
interactions involved on each.

3. Trace the path to the formation of a polypeptide, define its primary structure and explain
how its final structure might be determined by its amino acid sequence.

4. Describe how globular proteins arise from the hydrophobic and hydrophilic interactions
that drive protein folding and how changes in protein shape can cause disease.

5. Formulate a hypothesis (or look one up) to explain why the amino acid glycine is a
disruptor of alpha-helical polypeptide structure.

6. Compare and contrast motif and domain structure of proteins and polypeptides, as well as
their contributions to protein function.

7. Describe different techniques for studying proteins and explain what physical/chemical
differences between proteins that make each technique possible.

3.2 Levels (Orders) of Protein Structure

The three levels of polypeptide structure are primary, secondary, and tertiary structure.
Quaternary structure arises from an association of two or more polypeptides that create higher-
order protein structures. Superimposed on these levels, or orders. are still other features of
protein structure. These are created by the specific amino acid configurations in a mature,
biologically active protein. Let's begin with a look at primary structure.

3.2.1 Protein Primary Structure: L-Amino Acids and the -C-C-N- Polypeptide Backbone

The primary structure of a protein simply refers to the amino acid sequence of its polypeptide

chain(s). Cells use only twenty amino acids to make polypeptides and proteins, although they

do use a few additional amino acids for other purposes. The peptide linkages between amino
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acids in polypeptides form in condensation reactions in cells during protein synthesis (i.e.,
translation). The linkages involve multiple covalent bonds. They break and rearrange between
the carboxyl and amino groups of amino acids during linkage formation.

The twenty amino acids found in proteins are shown below in Figure 3.2.

Charged Side Chains Polar Uncharged Side Chains

positive @ neutral pH negative @ neutral pH
arginine lysine aspartic acid serine asparagme
I I s T I
¢ o] O o) e} Q
O ~ o] o O o O N O o o
o2 =2 W)= o)== :aé..% g—%; z—(o
e o
X
5 o e T £
- o 0 L
r 7= histidine I threonine
z Z S
. 3 glutamic acid glutamme
I
Hydrophobic Side Chains Special Cases
alanine Ieucine methionine tyrosme cysteine proline
5 5 5 3 T
o ° o =0 o
Gt. Zz (1 o % (1 z—{Q, (O @
4 X 5 - z zT
T d & g T
¢ .
I isoleucine m h glycine
valine tryptop an

phenylalanine 2

Fig. 3.2: Chemical characteristics of the twenty amino acids found in the proteins of cells. All
side chains (R groups) are shown at the bottom of each structure, bound to an o carbon.

In all twenty amino acids (except glycine), the a—carbon is bound to four different
groups, making them chiral or optically active.

3.2.1.a Peptide Bond Formation and Polypeptide Primary Structure

Recall that chiral carbons allow for mirror image D and L (or d and J) optical isomers.
Remember, only the lower-case d and I define the optical properties of isomers. Just to make
life interesting, L-amino acids are dextrorotary in a polarimeter, making them (dj-amino
acids! While both (d)-and (I)-amino acid enantiomers exist in cells, only (d)- (i.e., Z-) amino
acids (along with glycine) are used by cells to build polypeptides and proteins by the process
called franslation.

We say that polypeptides have polarity because they have "“free” carboxyl ends and "free"
amino ends. Within a polypeptide, amino acid side chains end up alternating on opposite
sides of a C-C-N-C-C-N-... polypeptide backbone because of covalent-bond angles along the
backbone. You can prove this to yourself by making a short polypeptide with the kind of
molecular modeling kit you may have used in a chemistry class! The C-C-N-C-C-N- backbone
is the underlying basis of higher orders (or levels) of protein structure. A partial polypeptide is
shown below in Figure 3.3.
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Fig. 3.3: The amino and carboxyl ends of a polypeptide define its polarity, with positively charged
amino and negatively charged carboxyl ends at physiological pH. The positions of the circled amino
acid R groups alternate along the polypeptide backbone. The two R groups in the carboxyl region
(right) are hydrophobic; the two in the amine region (left) are polar.
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H 132-2 Amino Acid Sequence & Protein Primary Structure

3.2.1.b Determining Protein Primary Structure—Polypeptide Sequencing

Primary structure is dictated directly by the gene encoding the protein. After transcription of a
gene, a ribosome iranslates the resulting mRNA into a polypeptide. Frederick Sanger
demonstrated the first practical protein sequencing method when he reported the amino-acid
sequence of the two polypeptides of bovine (cow) insulin. His technique involves stepwise
hydrolysis (called an Edman Degradation) of polypeptide fragments; each hydrolysis leaves
behind a single amino acid that can be identified, and a polypeptide fragment shortened by
one amino acid. Sanger received a Nobel Prize in 1958 for this feat. By convention, the display
and counting of amino acids always starts at the amino end (the N-terminus, at the left); the
count ends with a free NH;-group at the right, as suggested in Figure 3.3.

For some time now, the sequencing of DNA has replaced most direct protein
sequencing. The method of DNA sequencing, colloquially referred to as the Sanger dideoxy
method (yes, this is the same Sanger who first sequenced proteins), quickly became
widespread and was eventually automated, enabling rapid gene (and even whole-genome)
sequencing. Now, instead of sequencing polypeptides directly, we can, by knowing the genetic
code, infer amino-acid sequences from gene sequences isolated by cloning or revealed after
complete genome sequencing projects. DNA sequencing is such a powerful window into gene
and cell function, not to mention evolution, that Sanger won a second Nobel Prize for the DNA
sequencing work in 1980!

The different physical and chemical properties of each amino acid result from the side chains
on its a—carbons. The unique physical and chemical properties of polypeptides and proteins
are determined by their unique combination of amino acid side chains and their interactions
within and between polypeptides. In this way, primary structure reflects the genetic
underpinnings of polypeptide and protein function. The higher-order structures that account
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for the functional motifs and domains of a mature protein derive from its primary structure.
Christian Anfinsen won a half share of the 1972 Nobel Prize in Chemistry for demonstrating
that this was the case for the ribonuclease (RNAse) enzyme; Stanford Moore and William H.
Stein earned their quarter shares of the prize for relating the structure of the active site of the
enzyme to its tertiary structure and its catalytic function. See *'Anfinsen et al. 1972 Chemistry
Nobel Prize for more.

3.2.2 Protein Secondary Structure

Secondary structure refers to highly regular local structures within a polypeptide (e.g.,
a—helix) and either within or between polypeptides (f—pleated sheets). Linus Pauling and his
coworkers suggested these two types of secondary structure in 1951. A little Linus Pauling
history would be relevant here! By 1932 Pauling had developed his elecironegativity scale of
the elements, which could predict the strength of atomic bonds in molecules. He contributed
much to our understanding of atomic orbitals and later of the structure of biological molecules.
He earned the 1954 Nobel Prize in Chemistry for this work. Pauling and his colleagues went
on to predict the o helical and pB-pleated sheet secondary structure of proteins (Figure 3.4,
below).

Protein Secondary Structure

a-helical (coiled ribbons), pleated B-pleated sheets
sheet (aligned arrowhead ribbons), formed by H-bonds
and random coil regions in a single between polypeptide
(upper pink or lower green) protein chains

Fig. 3.4: Left: a computer-generated 3D image (left) shows a-helical and pleated sheet “ribbon”
regions separated by less-organized random-coils of amino acids in each of the two polypeptides
(upper pink and lower green) of a two-subunit protein. The B-pleated sheet regions are shown as
aligned arrow-ribbons. Right: Pleated sheet structures result when hydrogen bonds form between
adjacent regions shown at the right.
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In 1962, Max F. Perutz and John C. Kendrew earned the Nobel Prize in Chemistry for
their X-ray crystallographic studies of the 3D structure of hemoglobin, confirming some pf
Pauling's predictions. Although Pauling did not earn a second Nobel for his studies predicting
hemoglobin protein structure, he did win the 1962 Nobel Peace prize for convincing almost ten
thousand scientists to sign a petition to the United Nations urging a vote to ban atmospheric
nuclear bomb tests. Clearly 1962 was a good year for Nobel prizes for 'hemoglobinologists'!
More about Pauling's extraordinary life (e.g., at 327, Pauling-a Short Biography) is worth a

read!

Secondary structure conformations occur due to the spontaneous formation of
hydrogen bonds between amino groups and oxygens along the polypeptide backbone, as
shown in the two left panels in Figure 3.4. Note that amino acid side chains play no significant
role in secondary structure. The a helix or  sheets are the most stable arrangement of H-bonds
in the chain(s), and both are typically found in the same protein (on the right in Figure 3.4).
These regions of ordered secondary structure in a polypeptide can be separated by varying
lengths of less-structured peptides called random coils.

As illustrated in Fig. 3.4, all three of these protein secondary structure features can be
found in a single or polypeptide (left) or in each of the polypeptides of a multi-subunit protein
(right), each of which has already folded into its tertiary structure (see below) Pleated sheets
are shown as ribbons with arrowheads representing N-to-C or C-to-N polarity of the sheets. As
you can see, a pair of ribbons, (peptide regions forming a pleated sheet, may do so either in the
parallel or antiparallel directions. Whether aligned ribbons are parallel or antiparallel depends
on other influences on how the polypeptide(s) will fold to form tertiary structure.

Some polypeptides never go beyond their secondary structure, remaining fibrous and
insoluble. Keratin is perhaps the best-known example of a fibrous protein, making up hair,
fingernails, bird feathers, reptilian (but not fish!) scales, and even one of the filaments of the
cytoskeleton. However, most polypeptides and proteins do fold and assume tertiary structure,
becoming soluble globular proteins.
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3.2.3 Protein Tertiary Structure

Polypeptides acquire their tertiary structure when hydrophobic and nonpolar interactions
between amino acid side chains spontaneously draw them together to exclude water. This
folding is aided by the formation of salt bridges and H-bonds between polar side chains in the
interior of the globular polypeptide, incorporating a helices and B sheets into globular shapes.
Polar (hydrophilic) side chains with no other polar side-chain partners typically stay on the
outer surface of the "globule,” interacting with water to dissolve the protein (recall water of
hydration). Though based on noncovalent bonds, tertiary structures are nonetheless strong
simply because of the large numbers of otherwise-weak interactions that form them. The forces
that cooperate to form and stabilize 3D polypeptide and protein structures are illustrated below
in Figure 3.5.
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Interactions Governing Polypeptide Tertiary Structure
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Fig. 3.5: Tertiary structure is created by noncovalent hydrophobic (non-polar) amino acid interactions as
well as H-bonding and ionic interactions in the interior of a polypeptide, leaving charged (hydrophilic)
amino acid side chains to interact with water on the exterior of a typical “globular” protein. Covalent
disulfide bonds between cysteine amino acids help stabilize tertiary structures.

Covalent disulfide bonds between cysteine amino acids in the polypeptide (shown in
Figure 3.5) can further stabilize tertiary structure. Disulfide bonds (bridges) form in a
polypeptide when cysteines far apart in its primary structure of the molecule end up near each
other.

Formation of a Disulfide Bridge

H H o H H o
I I | I I |
...... N— C_C—\ Y\ [— c_c_\
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reduced = SH oxidation  gisyififde S
sulfhydril T} .
groups SH bridge é
| H, |
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| | J 1l I J
....... C— C —N weeeeiC— C —N

Fig. 3.6: Disulfide bonds (or bridges) form when cysteine amino acids in one or more polypeptides
end up near each after it (or they) fold into higher-order structures. Oxidation reactions between the
close SH (sulfhydryl) groups (left) result in linking their two sulfurs in a disulfide bond, or bridge (right).
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When the SH (sulfhydryl) groups in the cysteine side chains are oxidized, they form the
disulfide (-S-S-) bonds shown in Figure 3.6.
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H 135-2 Disulfide Bridges Stabilize 3° Structure [

Disulfide bridges in a protein are crucial to the active protein. Imagine how changes in
temperature or ionic strength would disrupt noncovalent bonds required for the correct 3D
shape of the active protein. Unaffected by such changes, disulfide bridges limit the disruption
and enable proteins to refold correctly when conditions return to normal (think homeostasis!).

As we'll see, protein activity can be regulated by chemical modification (e.g.,
phosphorylation).

3.3 Changes in Protein Shape Can Cause Disease

While the conformation of a protein determines its biological function, an allosteric (shape)
change can moderate or disrupt its function. Under normal circumstances, cells use changes in
protein shape to regulate metabolism. Such allosteric regulation is well documented in familiar
biochemical pathways such as glycolysis and is discussed in more detail elsewhere. Less well
understood is how (or why) conformational change in some protein's cells can have
devastating effects.

3.3.1 Sickle Cell Anemia

Mutations of globin genes can cause hemoglobin disorders characterized by inefficient oxygen
delivery by blood. In the 1940s, the British biochemist J. B. S. Haldane studied southern
African regions and made a correlation between high incidences of hemoglobin disorders and
low incidences of malaria, suggesting that heterozygous individuals (i.e., those that had only
one copy of a mutant hemoglobin gene) were somehow protected from malaria.

Sickle cell anemia is a well-known example of a hemoglobin disorder and is caused by a single
base change in the gene for human B-hemoglobin (one of the polypeptides in hemoglobin).
Since red blood cells are rich in hemoglobin, the abnormal shape of the B—hemoglobin can
cause the cells themselves to become sickle shaped. Sickle cells disrupt capillary flow and
oxygen delivery, causing the symptoms of anemia.

While sickle cell anemia originated in Africa, it probably spread to the United States because
of the slave trade. It may even have abetted the slave trade. Europeans exploiting their African
colonies' natural resources were dying of malaria, but African natives seemed unaffected.
Europeans, having brought stowaway malarial mosquitos to the new world in the first place,
figured that enslaved Africans would survive the illness in the Americas.
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We know now that individuals heterozygous for the mutant f—hemoglobin suffer sickle-
cell irait and are generally unaffected, because at least some of their hemoglobin is normal.
Homozygous individuals that make only the sickle-cell f-hemoglobin variant suffer more
frequent and more severe episodes of the disease. Stressors that can trigger sickling include
infection or dehydration. Compare normal red blood cells to a sickle cell below in Figure 3.7.

Sickle Cell

Fig. 3.7: Light micrograph of a sickled erythrocyte (the red blood cell at the top).

The sickle-cell gene mutation affects perhaps more than one hundred million people
worldwide, including 8-10% of African Americans. For more demographic information, see

#3Sickle Cell Trait Demographics and **Sickle Cell Data. In Africa, heterozygotes with sickle-
cell trait are protected from malaria, confirming Haldane's hypothesis. But patients
homozygous for the f—hemoglobin mutation derive little benefit from its antimalarial effects.

In the meantime, despite a 33% reduction in cases of malaria in recent years, this
disease, caused by a mosquito-borne parasite, still threatens half of the people on the planet,
causing over a half-million deaths per year. There are treatments (other than mosquito nets
and killing mosquitos), but currently there is still no preventive vaccine.

3.3.2 The Role of Misshapen and Misfolded Proteins in Alzheimer's Disease

Prion proteins, when first discovered, seemed to behave as infectious agents that could
reproduce without DNA or other nucleic acid. As you can imagine, this highly unorthodox and

67


http://www.hematology.org/Patients/Anemia/Sickle-Cell-Trait.aspx
https://www.cdc.gov/ncbddd/sicklecell/data.html

novel hereditary mechanism generated its share of controversy. Read about research on the
cellular prion (PrP°) protein at >**Wikipedia Take on Prions.

Of course, prions turned out not to be reproductive agents of infection after all. Recent studies
of prions have revealed several normal prion protein functions, including roles in memory
formation in mice and sporulation in yeast (check out *®Prion Proteins and the Formation of

Memory).

A mutant version of the prion protein (PrP5¢) was discovered that could mis-fold and to
take on an abnormal shape. The deformed PrP5 could then go on and induce abnormal folding
in other, normal PrP° molecules. These events, illustrated in Figure 3.8, result in the formation
of so-called amyloid plaques.

Transmissable Conformational
Change of Prion Protein

A
1. A somatic mutation 1’@
causes single amino ‘'
acid change in PrP¢
prion protein, which \
then refolds into to PrPsc
PrPsc,

3. PrPsc¢ will aggregate to form amyloid plaques

1‘) 2. A single PrPs¢ molecule
@ can force many normal
PrP¢ molecules to re-fold
to a PrPs¢ conformation.

...Somatic mutations are not heritable.

Fig. 3.8: Mutations in the gene for the normal prion PrP° protein (left) may produce some abnormally
folded prion prP* proteins (at the right). The misfolded prp® molecules interact with other (even normal)
prions, causing them to mis-fold, precipitating PrPSC proteins into aggregated amyloid plaques.

Abnormally folded prions (PrP5) have been associated with Alzheimer's disease, which
affects about 5.5 million Americans. PrP% is also associated with mad cow disease and
Creutzfeldt-Jakob disease (mad cow disease in humans), as well as scrapie in sheep, among
others. We are beginning to understand that the role of prion proteins in Alzheimer’s disease
is less causal than indirect.
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3.3.2.a The Amyloid Beta (Ap) peptide

Postmortem brains from patients Alzheimer's disease patients show the characteristic
extracellular amyloid plaques. These plaques were shown to be composed largely of befa-
amyloid (Ap) peptides. In affected cells, an amyloid precursor protein (APP) is enzymatically
digested, generating thirty-nine to forty-three extracellular amino acid (A4s ) amyloid peptide
fragments. Normally, excess (Ap) peptides are themselves digested. However, an unregulated
(Ap) peptide accumulation leads to the formation of the beta-amyloid plaques seen in
Alzheimer's disease (Figure 3.9).

Extracellular Formation of 3-Amyloid
Plaques of Alzheimer’s Disease

. Beta-Amyloid
Plaque

Fig. 3.9: Cell membrane amyloid precursor protein (APP, left) is enzymatically cleaved to release p-amyloid
peptide fragments (middle) that aggregate, forming the characteristic amyloid plaques of Alzheimer's disease
The scissors in the illustration represents two enzymes that digest the APP. Prion
proteins are not a proximal cause of Alzheimer's disease but may have a role in initiating
events that lead to it. Normal prion protein (Pr#) is itself a membrane receptor and is thought
to bind (A4p) peptides, effectively preventing their aggregation into plaques. An experimental
reduction of PrP was shown to increase the extracellular (Ap peptides. Presumably, prion
protein aggregation induced by the mutant PrP protein (PrP%) prevents prion proteins from
binding to (A4p) peptides, leading to (A4p) peptide accumulation and ultimately to amyloid
plaque formation and neurodegeneration.

3.3.2.b The Tau Protein

The tau protein is also associated with Alzheimer's disease. MAP-T (Microtubule-Associated
Protein-Tau) is as its name indicates, one of several microtubule-associated proteins (MAPS).
In normal neurons, MAP-T is phosphorylated, and the phosphorylated MAP-T binds to, and
stabilizes microtubules. But misshapen fau that accumulates in neurofibrillary tangles in
hippocampus brain neurons may be a more immediate cause of the neuronal dysfunction
associated with Alzheimer's disease than (Ap) peptides.
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When neuronal tau becomes hyperphosphorylated, its conformation changes, making it
unable to associate with microtubules. No longer stabilized, the microtubules disassemble and
the deformed tau proteins form neurofibrillary tangles. Immunostaining of hippocampal
neurons with antibodies against tau protein localizes the neurofibrillary tau protein tangles, as
seen in the light micrograph below (Figure 3.10).

Immunostaining of Brain Cells
from an Alzheimer’s Patient

Tau protein tangles

Fig. 3.10: Non-fluorescent immunostaining micrograph of tau proteins in brain cells of an Alzheimer’s
brain; pointers indicate tau tangles.

The formation of neurofibrillary tau protein tangles in a diseased neuron is compared
to normal neurons in Figure 3.11. The tangled clumps of tau proteins in this illustration are
what appear as deep purple in Figure 3.10. Recent studies suggest further that at least two
structurally related tau proteins isoforms make up the tau tangles (3’Multiple tau proteins in a

Tangle).

Formation of tau Protein Tangles

stabilizing tau

Microtubule
subunits fall
apart Tangled
disintegrating tau protein
microtubule

disintegrating
microtubules

Fig. 3.11: The formation of tau tangles (lower left) occurs in diseased neurons that cannot maintain
normal microtubule structure (upper middle). In the absence of stabilizing tau molecules, microtubules
degenerate and tau proteins clump (lower right).
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There is no cure yet for Alzheimer's disease, although treatments with cholinesterase
inhibitors seem to slow its advancement. For example, the drug Aricept inhibits acetylcholine
breakdown by acetylcholinesterase, thereby enhancing cholinergic neurotransmission, which
may in turn prolong the brain's neural function.

Sadly too, there is yet no treatment to restore lost memories or the significant cognitive
decline associated with Alzheimer's disease. Perhaps more promising in this respect is a recent
development. Proteins or peptides associated with Alzheimer's disease have been detected in
the blood and serum. Amyloid beta- (Ap) and/or fau-protein fragments that escape into the
blood stream can be detected six to eight (or more) years before Alzheimer's symptoms appear.
A neurofilament light chain (NfL) that is seen in a familial form of Alzheimer's disease
(among other neuropathies) is detectable sixteen years before the symptoms!

The ability to detect these marker proteins and Alzheimer's-associated peptides so far
in advance of symptoms raises hopes for early monitoring of at-risk individuals and for new
therapies for Alzheimer's disease. For brief reviews, see 38Farly Detection of Circulating Ab

Peptides and *Early Detection of Circulating Tau Peptides. For a recent report on tracking the

NfL protein, see 310Early Detection of Circulating Neurofilament Light-Chain Protein.

3.3.2.c Some Relatives of Alzheimer's Disease

Some of the same protein abnormalities seen in Alzheimer's disease are also seen in other
neurodegenerative diseases as well as traumatic brain damage. An abnormal accumulation of
tau protein is diagnostic of Chronic Traumatic Encephalopathy (CTE).

First described in the early twentieth century, disoriented boxers staggering about after
a fight were called “punch drunk,” suffering from dementia pugilistica. We now know they
suffered from CTE, as do other athletes exposed to repetitive mild-to-severe brain trauma, such
as football players. Immunostaining of whole brains and brain tissue from autopsied CTE
patients using antibodies to tau protein, show accumulations of abnormal tau proteins and tau
neurofibrillary tangles very much like those found in Alzheimer's patients.

Many National Football League and other football players have been diagnosed
postmortem with CTE, and many still living show signs of degenerative cognition and behavior
consistent with CTE. (See a *''2020 List of NFL players with CTE to see how many!)

Parkinson's disease is yet another example of a neurodegenerative disease that results
when a single protein changes shape in brain cells. Though they are not characterized as
plaques, aggregates can form in brain cells when the protein alpha-synuclein undergoes
anomalous conformational change. The change results in MSA (Multiple System Atrophy) or
Parkinson's disease. To read details of this recent research and how it may lead to treatments,
see **Targeting Alpha Synuclein for Parkinson's Therapy.

Much of the high-resolution electron microscopy that can reveal details of the structure
and conformational changes in proteins came from the work of Jacques Dubochet, Joachim
Frank, and Richard Henderson, who shared the 2017 Nobel Prize for developing and refining
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cryoelectron microscopy for biomolecular imaging (For details, see *'Nobel Prize-
Cryoelectron Microscopy).

3.4 Protein Quaternary Structure, Prosthetic Groups, and Chemical
Modifications

Quaternary structure describes proteins composed of two or more polypeptides. Like tertiary
structure, such multimeric proteins are formed by noncovalent interactions and may be
stabilized disulfide bonds. Dimers contain two, a trimer three, a tetramer four polypeptides, and
so on. Multimers made up of identical subunits are referred to with a prefix of homo- (e.g., a
homotetramer). Multimers made up of different subunits are called heteromers. The vertebrate
hemoglobin molecule is a heterotetramer, with two a and two B globins (Figure 3.12).

Fig. 3.12: The vertebrate hemoglobin molecule, consisting of four globin subunits (two a— and two
B—polypeptides). Each globin is associated with a heme group bound to iron.

Hemoglobins exemplify the role of organic molecules groups in protein function. To be
biologically active, each globin polypeptide must associate with heme (a cyclic organic
molecule) with an iron ion at its center. The iron is what reversibly binds oxygen. All kinds of
organisms, from bacteria to plants and animals (and even some anaerobes!) contain
hemoglobin variants, each with a heme-like molecule. The organic molecules associated with
proteins are called prosthefic groups. Other proteins must be bound directly to metal ions
(e.g., magnesium, manganese, and cobalt) to be biologically active.

E3:E
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Chemical modifications are posttranslational enzyme-catalyzed events, which are
required to make a protein fully functional or to regulate its activity. Many polypeptides are
structurally modified by glycosylation (e.g., to make membrane glycoproteins). Others are
phosphorylated at one or more specific amino acids in the chain, to regulate their biological
activity. These and other modifications account for and enhance the molecular and functional
diversity of proteins within and across species.

3.5 Domains, Motifs, and Folds in Protein Structure

The structures of two different proteins in Figure 3.13 share a common domain: the PH
(Pleckstrin Homology) domain.

Fig. 3.13: The pleckstrin homology (PH) domains shown here in pink (arrows) are examples of common
domains in two different proteins. By virtue of these common PH domains, otherwise different proteins
can interact with the same cell-signaling factors with roles in coordinating intercellular communication.

These two (and many other) proteins have this domain, allowing them to bind a
molecule of phosphatidyl-inositol triphosphate, which is generated as part of a common cell-
signaling pathway. The implication of this common domain is that a cell's signaling pathways
allow it to respond to different signals that lead to the same response, albeit under different
conditions and probably at different times. Proteins are typically described as consisting of
several distinct substructures, discussed here.

A domain is an element of the protein's overall structure that is stable and often folds
independently of the rest of the protein chain. Like the PH domain above, many domains are
not unique to the protein products of one gene but instead appear in a variety of proteins.
Proteins sharing more than a few common domains are encoded by members of evolutionarily
related genes comprising gene families. Genes for proteins that share only one or a few
domains may belong to gene superfamilies. Superfamily members can have one function in
common, but the rest of their sequences are otherwise unrelated. Domain names often derive
from their prominent biological function in the protein they belong to (e.g., the calcium-
binding domain of calmodulin) or from their discoverers (the PH domain). The domain-
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swapping that gives rise to gene families and superfamilies is a natural genetic event. Because
protein domains can also be swapped on purpose by genetic engineering, we can make
chimeric proteins with novel functions.

(=5
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H 137-2 Protein Domain Structure and Function

Protein motifs are small regions of protein 3D structure or of amino-acid sequence
shared among different proteins. They are recognizable regions of protein structure that may
(or may not) be defined by a unique chemical or biological function.

Supersecondary structure refers to a combination of secondary-structure features,
such as beta-alpha-beta units or the helix-turn-helix motif. They may also be referred to as
structural motifs. See *'*Supersecondary structure for examples.

A protein fold refers to a general aspect of protein architecture, like helix bundle, beta-
barrel, Rossmann fold, or other “folds” provided in the 33gtructural Classification of Proteins

database. Look at >!®Protein Folds to read more about these structures.

3.6  Proteins, Genes, and Evolution: How Many Proteins Are We?

If evolution did not have to select totally new proteins for each new cellular function, then how
many genes does it really take to make an organism? Estimates suggest that it takes from
nineteen thousand to twenty-five thousand coding genes to make and to operate a human and
all its proteins (Check out Pertea and Salzberg at *'’# of genes in a human genome and

Abascal, F. et al. at ¥'®~20% of human genes are mysterious!). But our cells, and those of
eukaryotes generally, may express as many as one hundred thousand different proteins. In
other words, our protein-coding genes seem to be far fewer than the number of proteins we
need to make. How is this possible? It appears that there must be better, more efficient ways to
evolve new and useful complex cellular tasks than evolving more new genes!

As we already noted, the use of the same twenty amino acids to make proteins in all
living things speaks to their early (even prebiotic) selection and to the common ancestry of all
living things. Complex conserved domain structures shared among otherwise different proteins
imply that evolution of protein function has occurred as much by recombinatorial exchange of
DNA segments encoding such substructures as by an accumulation of base substitutions in
otherwise redundant genes. Likewise, motifs and folds might also be shared in this way. The
protein count also exceeds gene number in part because cells can produce different mRNA
variants from the same genes by alternate splicing, a process that produces mRNAs that code
for different combinations of substructures from the same gene! Alternate splicing is discussed
in detail in a later chapter. These transcriptional and post-transcriptional phenomena explain
eukaryotic protein numbers, but also the conservation of gene and amino-acid sequences
across species (e.g., histones and globins), the key testimony to their common ancestry. Along
with the synthesis of alternate versions of a single RNA, an ongoing repurposing of useful
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regions of protein structure may prove a strategy for producing new proteins without adding
new genes to a genome.

3.7 Directed Evolution: Getting Cells to Make New Proteins...for Our
Use and Pleasure

Investigators have long speculated that proteins with useful functions could be adapted to
human use. Enzyme additives in laundry detergents or spot-removers are already used to
digest organic stains. Such enzymes must be extracted from a suitable biological source. But
what if we could engineer even better versions of an enzyme? At the molecular level, protein
evolution is the natural selection of gene sequences that encode functional polypeptides. This
implies that variant “mutant” versions of a gene that encode related polypeptides already exist,
from which nature can select one. Thus, changing environmental circumstances might favor
one variant protein over another. In nature, mutations that could create polypeptide variants
are entirely random. In other words, we humans might wait quite a long time before a better
version of a protein, say an enzyme, would be available for human use through natural
selection. Can we speed up the selective process and more rapidly evolve better, more useful
proteins? Yes, we can!

Many industries (e.g., fuel and pharmaceutical industries) have used molecular
techniques to create new proteins. It is possible to clone a desired gene, to make targeted
mutations in the gene, and then to express them in suitable cells. The expressed proteins can
then be screened for example, for mutant enzymes with improved or even novel useful
activities. This is a far cry from older techniques that irradiated or otherwise mutagenized cells
or organisms, which would then be screened for mutants that looked interesting! Since we can
now target mutations to a single specific base within a gene (for example, one that avoids
drastic changes in protein folding), it is possible to study the functional effects of very subtle
conformational changes in a protein.

The technique, called directed evolution, was originally pioneered by Frances Arnold, who
engineered enzymes that could make renewable fuels (e.g., isobutanol), environmentally
friendly pharmaceuticals, and enzymes that function hundreds of times faster and/or at a
broader temperature range than their naturally occurring counterparts. For these
achievements, Frances Arnold was awarded the Nobel Prize for Chemistry in 2018!

3.8 View Animated 3D Protein Images in the NCBI Database

Viewed by X-ray diffraction, we can see that proteins exhibit exquisite diversity. Look at X-ray

views of protein tertiary (and even quaternary structures at the Cn3D database of the National

Center for Biotechnology Information (NCBI). Using this free tool, you can search for any

protein in the database. As an example, we'll follow the steps to find human insulin and look at

it from all angles. Here are the detailed steps:

1. To access 3D animated images of proteins from the database, click or copy the link below
into your browser and hit Return: 32?°https://www.ncbi.nlm.nih.gov/structure?db=Structure

2. In the Structure screen than appears (Fig. 3.14, below), type "normal human insulin" into
the search box and click Search.
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Fig. 3.14: Screenshot of NCBI portal to 3D protein structure database based on X-Ray crystallographs.

3. The first batch of X-ray crystallographic insulin structures appears in the Search results
screen below (Fig. 3.15). Scroll down to item 4 and click on its URL link (red arrow), or on
the image itself.
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Fig. 3.15: Scr-éenéhdt-df NCBI protein structure database search leading to available macromolecular
structures for human insulin (2'normal human insulin - Structure - NCBI (nih.gov)).

76



https://www.ncbi.nlm.nih.gov/structure/?term=normal+human+insulin

4. If the protein does not start rotating in the next screen (Fig. 3.17 below, click View, then
Rotate, then Autorotate, then any ‘direction.’ To control the rotation, click on the molecule
and move the cursor to rotate the molecule manually. When you can roll the molecule
around, like a beautiful marble in your hand, you'll see its structure and how it might
account for its function.
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Fig. 3.16: Screenshot of the dynamic 3D X-Ray structure of a human insulin in the NCBI protein structure
database (223140(MMDB) in iCn3D (nih.gov)

To rotate the molecule, click View, then Rofate, then Autorotfation, then play with the

directional options..., and then spin...and enjoy!
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salt bridges

beta barrel

mad cow disease

scales, feathers, fingernails

beta (b-) sheet

multimer

secondary structure

carboxyl end

NCBI Cn3D database

sequence motifs

catalysts neurofibrillary tangles sickle cell anemia
chaperones nucleoskeleton side chains
configuration orders of protein structure structural domain
Creutzieldt-Jakob disease Parkinson's disease structural motif
cytoskeleton peptide bonds sulfhydryl groups
disulfide bonds peptide linkages tau protein

Edman degradation

pleated sheet
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Chapter 4

Bioenergetics

Thermodynamics (Free Energy, Enthalpy, Entropy) Chemical Energy, Open vs Closed Systems
Reminder: For inactive links, google key words/terms for alternative resources.

The universe is a pretty big
' place. I

b -
g I

Afit’s just us, seems like an
awful waste of space. - car sagan

4.1 Introduction

Three Laws of Thermodynamics describe the flow and transfer of energy in the universe:

o Energy can neither be created nor destroyed. The rule is also stated as "universal energy
is constant."

e Universal entropy (disorder) is always increasing.

e Entropy declines with temperafure—as temperatures approach absolute zero, so goes
entropy.

In living systems, we do not have to worry about the third law because the equations
for energy exchange in living systems already reflect the temperature dependence of entropy
change during reactions. In this chapter we will look at how we came to understand the basic
thermodynamic principles and how they apply to living systems. First, we will look at different
kinds of energy and at how redox reactions govern the flow of energy through living things.
Next, we'll look at some simple arithmetic statements of the laws of thermodynamics for
closed systems and at how they apply to chemical reactions conducted under sfandard
conditions. Finally, since there is really no such thing as a closed system, we look at the
energetics of reactions occurring in open systems. For an excellent discussion about the
application of basic thermodynamic principles to living things, check out Lehninger A. (1971)
Bioenergetics: The Molecular Basis of Biological Energy Transformation. Benjamin Cummings,
San Francisco.

Learning Objectives

When you have mastered the information in this chapter, you should be able to do the
following:

1. Explain the difference between energy transfer and energy transduction.
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Compare and contrast potential, kinetic and other kinds of energy (e.g., mass, heat, light).

Explain the idea that chemical equilibrium is a dynamic equilibrium

Explain the reciprocal changes in universal free energy and entropy.

Derive the algebraic relationship between free energy, enthalpy, and entropy.

Distinguish between exothermic, endothermic, exergonic, and endergonic reactions.

Predict changes in free energy in a chemical reaction based on changes in the

concentrations of reactants and products in closed systems as well as open systems.

8. Predict how and when an endothermic biochemical reaction will release free energy. (You
should be able to do this after working some sample problems of closed system energetics.)

9. Explain how an exergonic reaction occurring in a cell might be energetically unfavorable.

10. Explain and distinguish between the equilibrium and the steady state of reactions.

11. Explain the thermodynamic laws.

NOo Ok N

4.2 Kinds of Energy

We can easily recognize different kinds of energy around us, like heat, light, electricity,
chemical energy, nuclear energy, sound, etc. These different forms of energy are measurable
(e.g., calories, joules, volts, decibels, quanta, photons). Even mass is a form of energy; recall
Albert Einstein's e = mc? equation, the theory of special relativity (or the law of relativity).

The problem in thinking about thermodynamics is that the universe is so big; there
are too many kinds of energy to contemplate at once! To simplify, let's imagine only two
kinds of energy in the universe: pofential energy and kinefic energy. A helpful example is a
dam. The water above the dam has potential energy. As the water flows over (or through) the
dam, its potential energy is released as kinetic energy. In the old days, the kinetic energy of
flowing water could be used to power (i.e., turn) a millstone to grind wheat and other grains
into flour. These days, water is more likely to flow through a hydroelectric dam, where kinetic
energy is converted (transduced) to electricity. In this simple view, heat (molecular motion),
electricity (a current of electrons), sound (waves), and light (waves or moving “particles") are
different forms of kinetic energy. The energy of mass or its position in the universe is
potential energy. For example, the energy in a molecule of ATP is potential energy.
Physicists talk a lot about potential energy and about the flow and conversion kinetic energy.

Here is an equally simple way to conceptualize energy: it is either useful or useless.
This concept led directly to the arithmetic formulation of the thermodynamic laws. In this
utilitarian way of thinking about energy, useless energy is enfropy, while useful energy can be
any of the other forms of energy (potential or kinetic).

Key to understanding bioenergetics is recognizing the differences between closed and
open systems in the universe. Biochemical reactions in a test tube are closed systems that will
reach equilibrium. Closed systems are artificial and can only be created in a laboratory, where
one can restrict and measure the amount of energy and mass entering or escaping the system.
Cells on the other hand (and in fact, every reaction or event in the rest of the universe), are
open systems. Open systems readily exchange energy and mass with their surroundings.

With this introduction, let's imagine ourselves to be early scientists trying to
understand energy flow in the universe by asking how the laws of thermodynamics apply to
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living systems (bioenergetics). We'll see that the laws can be mathematically demonstrated
precisely because all kinds of energy can be measured and all units of energy (e.g., volts into
calories, light quanta into volts, and joules into decibels, mass into photons...) can be
interconverted.

H 138 Different Kinds of Enerqgy: Chemical Equilibrium

4.3 Deriving Simple Energy Relationships

Thermodynamic laws lead us to equations that help us understand how energy moves (flows)
between components of the universe. As we'll discuss, the universe is most easily thought of
as a giant closed system within which energy can be transferred and even transduced (i.e.,
from one form to another) between those components. We can't measure energy flow in or
across an entire universe. But we can isolate bits within the universe so that we can quantify
energy as it is transferred or transduced within smaller, more manageable closed systems.

4.3.1 Energy in the Universe: The Universe Is a Closed System

Consider an event, any event. I think we can agree that when stuff happens, the participants in
the happening go from an unstable state to a relatively more stable state. For example, you are
carrying a bag of marbles, the bag tears open, the marbles fall to the floor, then roll and spread
out, eventually coming to a stop. At that point, the marbles are in a more stable siate than they
were when you were holding the un-ripped bag.

We can all agree that gravity made the marbles fall out of the bag. We might further
agree to say that the fallen marbles are in a more stable state than they were in the bag in your
hands. That much certainly seems true. If so, we could extend our observation to conclude that
the drive to greater stability is what made the marbles fall! In fact, regardless of the force or
impetus for any event, the science says that the drive to achieve greater stability is what makes
stuff (i.e., events) happen!

This is the essence of the second law of thermodynamics: all universal energy-transfer
events occur with an increase in stability—that is, an increase in enfropy. We'll consider the
second law and entropy in detail shortly.

The tendency of things to go from unstable to more stable is a natural, rational state of
affairs, as seen with those marbles on the floor or a messy bedroom with clothes strewn about.
Intuitively, mess and disorder are more stable than is a state of order. Of course, marbles
dropping or clothing going from folded and hung to wrinkled on the floor releases energy
(potential energy) as they fall (kinetic energy). If you don't believe that this release of energy is
real, just think of how much energy you will need to pick up the marbles or to refold your
clothes (after laundering them of course!).

We can model the flow of energy in the universe in a way that is consistent with the
laws of thermodynamics. Since the first law of thermodynamics says that energy can be
neither created nor destroyed, a simple statement of the first law could be the following:
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Euniversal = Elight + Eheat + Eelectrical + Emass + ...

This equation sums up the different kinds of energy in the universe. In Figure 4.1, consider the
circle (also called a Venn diagram) to be the universe.

Energy in the Universe

E kinetic
Echemical

Eete. Esound

Eelectrical

Emass
Emass Eheat

the universe

Fig. 4.1: Venn diagram depicting all things in the universe including mass and more familiar kinds of
energy. The diagram implies a as a "closed system"; nothing (mass, energy) can enter or exit the
universe, consistent with the first law of thermodynamics.

From this we conclude that energy cannot get into or out of the universe, but energy
can be transferred within the universe from one place to another or converted from one form to
another. It follows then that Euniversa is the sum of all kinds of energy in the universe and that
this sum is a constant—in other words, universal energy is conserved; in the words of the first
law, universal energy is constant. The following equation expresses this idea; it is a statement
of the first law of thermodynamics:

Elight + Eneat + Eelectricat + Emass + ... = a constant
0RO

]

H 139 First Law of Thermodynamics [=02%:

In the late nineteenth century, John Venn formalized this visual approach to
segregating things and concepts into circles as a way of logically viewing relationships
between them. The Venn diagrams used in the following figures are simple and help clarify
concepts of energy in the universe. For more complex examples showing overlapping
components of the universe (i.e., those that share some but not all attributes), google “Venn
diagrams.” For our purposes, let's stay simple and go with the simpler binary notion of useful
and useless energy.
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Our equation shortens to the sum of just two kinds of energy in the universe:

Euniversal = Guniversal + TSuniversal
In this equation, G is useful energy; it stands for “Gibbs" free energy, named after Josiah W.
Gibbs, who is credited with applying the inductive scientific method to the study of
thermodynamics. S is useless energy (entropy), and T is absolute temperature (included
because of the third law). This equation is also a statement of the first law, and it is shown in
the revised Venn diagram in Figure 4.2.

‘ . and the other way to
Energy in the Universe... look at it!

Efree energy

E

entropy useless

the universe the universe

Fig. 4.2: Since even mass is a form of energy, the universe depicted at the left consists of only two
components: entropy and free energy (defined as energy that is available to do work. The universe
redrawn at the right just redefines free energy as the useful kind, and entropy as useless energy
(the opposite of useful!). Both models are still consistent with the first law of thermodynamics.
In this binary energy model, it follows that as universal entropy increases, free energy
in the universe must decrease (as graphed in Figure 4.3).

more

unstable Useful energy

(Euseful)

Entropy

(Euseless)
time
Fig. 4.3: Entropy and free energy have a reciprocal relationship, which is graphed here as it changes

over time. If all activities in the universe proceed by increasing entropy, and if the universe consists only
of free energy and entropy, then as entropy increases, free energy must be decreasing in the universe.
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Free or potentially useful energy is higher in more ordered and complex and therefore
relatively unstable systems. Such unstable, ordered systems will release free energy
spontaneously. In other words, stuff (i.e., spontaneous reactions) will happen!

10

H 140-2 Second Law of Thermodynamics

4.3.2 Energy Is Exchanged Between Systems in the Universe

While the arithmetic statements about changes in energy are useful concepts, the parameters
are, of course, not measurable! But if we isolate a bit of the universe, we can measure energies
and watch energy flow. If we can measure the amount of energy put into or removed from a
system within the universe, we can write a more useful equation to follow the transfer of
energy between a system and its surroundings:

AH = AG + TAS

In this formula, AH is the change (A) in enthalpy, (i.e., it is the energy entering/leaving the
system in units of heat energy); AG is change in free energy; AS is change in entropy; and T is
the absolute temperature in degrees Kelvin (K).

Heat given off in a reaction (or other event) is often confused with entropy. True, much
of the increase in entropy that occurs in living things is indeed in the form of random
molecular motion, or heat. But remember that heat can have its uses; not all heat is entropic!
Hence, it is more interesting (and accurate!) to think of energy in terms of changes in
enthalpy, free energy, and entropy during energy transfers. Thus, we must consider the
arithmetic of energy transfers to involve not two, but three terms!

According to the equation AH = AG + TAS, interacting systems in our universe would
seem to be closed systems. Accordingly, energy put into or taken from the system (AH) will be
exactly balanced by increases or decreases in the other two terms in the equation (AG, TAS).

Recall that we say a system is closed not because it is really closed but because we can
isolate it well enough to measure energy flow into and out of it. This or any algebraic equation
with three variables is useful since, if you know two of the values you can calculate the third!
Here is a simple situation to illustrate the point: If I put a liter of water onto a burner and light
the flame, the water gets hot. If the temperature of the liter of water rises by 1°C, we know that
it has absorbed 1,000 calories (1 kilocalorie, or 1 food Calorie) of the heat from the burner.

Since energy interactions depend on physical conditions, such as temperature and air
pressure, we need to standardize those conditions when we conduct experiments that measure
energy changes in experimentally isolated systems. For more on how this standardization
enables the measuring of energy change in chemical reactions (in fact, any energy exchange),
go to the following link.

Ei2E

H 141 Deriving Closed-System Thermodynamics
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Turning to bioenergetics, let's apply the equation AH = AG + TAS to the conditions in
which chemical reactions occur in cells. Because most life on Earth lives at sea level, where
the air pressure is 1 atm (atmosphere), typical determinations of AH, AG, and TAS are made
under defined, well-controlled sfandard conditions that include "unimolar conditions," an
absolute T of 298 °K (25°C), 1 atm, and a constant pH of 7.0. The latter is defined as such
because the pH inside of a typical cell is close to neutral. Our equation for reactions under
these standard conditions becomes the following:

AH = AGo + TAS

AGo is the standard free energy change for a reaction conducted in a closed system under
standard conditions. AH and AS are still the enthalpy and entropy changes, but they are
determined under standard conditions. So, what are those "“unimolar conditions”? To meet
these conditions, you would measure the calories released by burning (oxidizing) a small
amount, say 180 mg of glucose. Then just multiply the number of calories released by 1,000 to
get AH, which equates to the number of calories that would have been released by burning 180
gm (i.e., the molecular mass, or a whole mole) of the stuff.

Now we are ready to consider examples of how we determine the energetics of reactions.
4.3.3 How is Enthalpy Change (AH) Determined?

AH (the heat released or absorbed) in a chemical reaction can easily be determined by
conducting the reaction under standard conditions in a bomb calorimefer, which is essentially
an inner chamber surrounded by an outer chamber filled with water (Figure 4.4).

Measuring AH for a Chemical Reaction
in a Calorimeter

Reaction will release or
absorb heat, measurable
by change in temperature
of water in the calorimeter
water ‘jacket’

Fig. 4.4: Basic design of a bomb calorimeter, with an inner chamber for conducting reactions and an
outer chamber containing water with a thermometer to measure temperature change (heat absorption
or release, or AH) during the reaction.
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Food manufacturers determine the Calorie content of food by bomb calorimetry. As a
reaction takes place in the beaker, it will either release or absorb heat, either heating or
cooling the water in the calorimeter jacket, as measured by the thermometer. A closed system
reaction that releases heat as it reaches equilibrium is defined as exothermic; the AH for an
exothermic reaction is negative. For example, a package says that a chocolate bar has 90
Calories. This means that burning the bar will generate 90 kilocalories (Kcal) of heat as
measured in the calorimeter. Recall that 1 Calorie (with a capital C) is equal to 1,000 calories,
(1 Kcal). One calorie (cal; lowercase) is the energy needed to raise the temperature of 1 gram
of water by one degree Celsius.

You are probably most familiar with reactions that release heat, but some chemical
reactions actually absorb heat. Take the common hospital cold pack, for example. Squeeze it to
get it going, toss it into a calorimeter and watch the temperature in the calorimeter drop as the
pack absorbs heat from its surroundings! Such reactions are called endothermic, with a
positive AH. OK, we can measure one of the energy parameters, but we will need to know at
least one other, either AGo or AS before the equation AH = AGo + TAS becomes useful.

4.3.4 How Is Standard Free Energy Change (AGo) Determined?

As it turns out, AGo (the standard free energy change) is directly proportional to the
concentrations of the reactants and the products of a reaction conducted to completion (i.e.,
equilibrium) under standard conditions. Therefore, to determine AGo, we need to know or to
be able to measure the concentration of reactants and reaction products before and after a
chemical reaction (i.e., when the reaction reaches equilibrium). Take the following generic
chemical reaction:

2A + B<====>2C + D

The Boltzmann equation relates AGo to equilibrium concentrations of A, B, C, and D:

AGo = —RTInKeq = RTIn [C]*[D]
[A]*[B]

In this equation, R is the gas constant (1.806 cal/mol-deg); T is 298 °K; and Keq is the
equilibrium constant. As you can see, the Keq for the reaction is the ratio of the product of the
concentrations of the products (raised to their stoichiometric powers) to the product of the
concentrations of the reactants (raised to their stoichiometric powers).

Once you know (or have determined) the equilibrium concentrations of reactants and
products in a chemical reaction, you can use this equation to calculate the AGo for a reaction.
Remember, if the AGo is a negative number, the reaction is defined as exergonic, i.e., reactions
release free energy. Reactions that release fee energy are also referred to as sponfaneous
reactions. If the AGo is a positive number, the reaction absorbs free energy. Defined as
endergonic, such uphill reactions are not spontaneous.

IEIE;EI
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1.3.5 Working an Example Using These Equations for Closed Systems

Consider the following reaction:

X< AY

This reaction is endergonic, but if you do not know [X] or [Y] (and therefore don't know the
AGo), how can you tell? If you are given [X] and [Y], you can also do the math. Assume we
measure the concentrations of reactants and products for this reaction at equilibrium, with the
following results:

[X] = 2.5 Kcal/mol and [Y] = 500 cal/mol

Try using the Boltzmann equation (in section 4.3.4) to calculate the standard free energy for
this reaction. What is the Keq for this reaction? What is the AGo for the reaction? If you did not
come up with a Keq of 0.2 and an absolute value for the standard free energy for |AGo| of
866.2 Kcal/mol, recalculate or collaborate with a classmate. Hint: make sure that you convert
the units in your equation so that they are all the same (e.g., calories to Kcal)! Based on the
calculated value of AGo, is this reaction in fact endergonic? Now if you conduct the reaction in
a bomb calorimeter, you find that it proceeds to equilibrium with a AH = -750 Kcal/mol. What
kind of reaction is this? Together with the enthalpy change, it is now possible to use the
equation AH = AGo + TAS to calculate an absolute value for the entropy change: |AS| =
116.2 cal/mol-deqg for the reaction. At equilibrium, the reaction proceeded with an increase in
entropy under standard conditions.

If you still did not get the correct answer, recalculate, or collaborate with a classmate.

g

H 143 Determining AS in Closed Systems

4.4 Summary: The Properties of Closed Systems

First, let's reiterate that there is no such thing as a closed system, unless of course the universe
is one! What we call a closed system is simply one for which we can measure the energy
entering and exiting it and within which we can measure energy transfers and transductions
(changes from one kind of energy to another). Features of closed systems can be defined by
their properties:

¢ Closed systems are experimentally defined by an investigalor.

e Defined sftandard conditions apply.

¢ Energy entering or leaving the system is measurable.

e Reactions reach equilibrium regardless of reaction rate.

e Product and reactant concentrations at equilibrium are constant (hence the Keq).

e Measured energy transfers/transductions are constant for a set of defined conditions.
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Now let's turn our attention to open systems, since that's what cells are!

4.5 Open Systems and Actual Free Energy Change

Cells are open systems that are constantly exchanging mass and energy with their
environment; they never reach equilibrium. In addition, diverse organisms live under very
different atmospheric conditions and maintain different body temperatures (e.g., your cat has a
higher body temperature than you do!). Clearly, the conditions under which cells conduct their
biochemical reactions are decidedly nonstandard. However, while open systems do not reach
equilibrium, they do achieve a sfeady state in which the rate of input of energy and matter is
equal to the rate of output of energy and matter. Think of a biochemical pathway like
glycolysis. If a cell's energy needs are constant, the pathway will reach a steady state. Of
course, a cell's need for energy (as ATP) can change as energy needs change. If it does, then
the steady state of ATP production will change to meet the needs of the cell.

Later we will discuss just how energy flows through living things, from sunlight into the
chemical energy of nutrient molecules, into energy-rich fuels like ATP, and finally into the
performance of all manner of cellular work. For now, let's characterize open systems by their
properties:

e Open systems exchange energy and mass with their surroundings.

e Open systems never reach equilibrium

o They achieve steady state where the energy input rate = output rate.

o The steady state can change.

e In open systems, endergonic reactions can be energetically favorable (spontaneous)
reactions), and exergonic reactions can become energetically unfavorable.

Fortunately, there is an equation to determine free energy changes in open systems.
For our chemical reaction 2A + B <====> 2C + D, this equation would be the following:

AG’ = AGo+ RTIn [C]s? [D] s
[A]ss” [B] s

AG' is the actual free energy change for a reaction in an open system; AGo is the standard free
energy change for the same reaction under standard conditions in a closed system; R is again
the gas constant (1.806 cal/mol-deg); and T is the absolute temperature in which the reaction
actually occurs. The ss subscripts designate reactant and product concentrations measured
under steady-state conditions. You can see here that this equation states a relationship
between AGo and AG’. So, to determine the actual free energy of a biochemical reaction in a
cell or any living tissue, all you need to know are the AGo for the reaction, the steady-state
concentrations of reaction components in the cells/tissues, and the absolute T under which the
reactions are occurring.

o] 3o [m]

H 144 The Enerqgetics of Open Systems
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Elsewhere, we will use the reactions of the glycolytic pathway to exemplify the
properties, as well as the energetics of open and closed systems. At that time, pay careful
attention to the application of the terminology of energetics in describing energy flow in closed

VS open systems.

Some iText & VOP Key Words and Terms

actual free energy endothermic law of conservation
ATP energy laws of thermodynamics
bioenergetics energy transduction light

Boltzmann equation energy transfer mass

calories

enthalpy

open-system properties

calorimeter

entropy

open systems

chemical energy

equilibrium constant

order vs entropy

chemical equilibrium exergonic standard conditions
closed systems exothermic standard free energy
decibels free energy steady state

e = mc? gas constant useful energy
electricity Gibbs free energy useless energy
endergonic Keq volts
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Chapter 5
Enzyme Catalysis and Kinetics

Mechanism of enzyme catalysis, induced fit, activation energy, understanding enzyme kinetics
Reminder: For inactive links, google key words/terms for alternative resources.

52| jsten Here-
Version 2

51Listen Here-
Version 1

enzyme
“We Belong to a Mutual Admiration Society...”

5.1 Introduction

By definition, all catalysts accelerate chemical reactions, including enzymes. But enzymes and
inorganic catalysts differ in important ways (Table 5.1).

Table 5.1 .
Enzymes vs Inorganic Catalysts
Inorganic Catalysts Enzymes
e.g., Ni, Pl, Ag, etc. e.g., pepsin, trypsin, ATP

synthase, ribonuclease, etc.
increase rxn rate increase rxn rate
unchanged at end of rxn unchanged at end of rxn
non-specific highly specific

rigid, inflexible flexible - can undergo
allosteric change...

cannot be regulated can be regulated

In this chapter, we look at the properties and mechanism of action of enzymes. These
include allosteric change (induced fit, enzyme regulation), energetic events (changes in
activation energy), and how enzymes work in open and closed (experimental) systems.
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Most enzymes are proteins; a few are RNAs. All enzymes are long flexible polymers
that fold into intricate shapes, able to recognize and tightly bind specific target molecules. In
contrast, inorganic catalysts are rigid, weakly binding many molecules and catalyzing many
random reactions. The specificity of an enzyme lies in the structure and flexibility of its acfive
site. We will see that the active site of an enzyme undergoes conformational change during
catalysis.

The structural flexibility of enzymes also explains their ability to respond to metabolites
in a cell, metabolites which indicate the cell's biochemical status. When such regulatory
metabolites bind to an enzyme, the resulting conformational changes can speed up or slow
down the catalytic rate of the reaction—a phenomenon called allosteric regulation. As you
might imagine, changing the rate of a biochemical reaction can change the rate of an entire
biochemical pathway—and ultimately the steady-state concentrations of products and
reactants in that pathway.

To understand the importance of allosteric regulation, we'll look at how we measure
the speed of enzyme catalysis. As we consider the classic early twentieth-century enzyme
kinetic studies of Leonor Michaelis and Maud Menten, we'll focus on the significance of the
Km and Vmax values that they derived from their data. But before we begin our discussion,
remember that chemical reactions are intrinsically reversible. The action of catalysts, either
organic or inorganic, depends on this concept of reversibility.

Finally, let's give a nod to recent human ingenuity that enabled enzyme action to turn
an extracellular profit! You can now find enzymes in household cleaning products like spot
removers and detergents, where they function to digest and to remove stains caused by fats
and pigmented proteins. Enzymes added to meat tenderizers also digest (hydrolyze) animal
proteins down to smaller peptides. Enzymes can even clean a clogged drain!

Learning Objectives
When you have mastered the information in this chapter, you should be able to do the
following:

1. Describe how the flexibility of proteins and RNAs makes them ideal biological catalysts.
Compare and contrast the properties of inorganic and organic catalysts.

3. Explain why catalysts do not change equilibrium concentrations of a reaction conducted in
a closed system.

4. Compare the activation energies of catalyzed and uncatalyzed reactions and explain the
roles of allosteric effectors in enzymatic reactions.

5. Discuss how allosteric sites interact with an enzyme's active site and explain the concept of

the rate-limiting reaction in a biochemical pathway.

Write simple rate equations for chemical reactions.

Write possible chemical rate equations for catalyzed reactions.

Distinguish between Vmax and Km in the Michaelis-Menten kinetics equation.

State what Vmax and Km say about the progress of an enzyme-catalyzed reaction.

10 Interpret enzyme kinetics and the progress of an enzyme-catalyzed reaction from this data.

11. More accurately identify Leonor Michaelis and Maud Menten!

©®No
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5.2 Enzymes and the Mechanisms of Enzyme Catalysis

Studies by George W. Beadle and Edward L. Tatum correlating mutations with enzyme
deficiencies in Neurospora crassa (bread mold) and Drosophila melanogaster led them to
propose the one-gene/one-enzyme hypothesis in 1941. By 1958, they shared the Nobel Prize
in Physiology or Medicine for this work. Their original hypothesis had already morphed
twice—first into the one-gene/one-protein, and then into the omne-gene/one-polypepftide
hypothesis..., helping to launch the age of molecular biology.

The subsequent discovery of RNA catalysts came as quite a surprise! The revelation of RNA
catalysts, dubbed ribozymes, earned Sidney Altman and Thomas Cech a Nobel Prize in
Chemistry in 1989. Ribozymes are now known to catalyze RNA splicing (the removal of
unwanted regions of a precursor RNA). They also catalyze a step in the protein synthesis
(translation) by ribosomes. In fact, almost no biochemical reactions or pathways exist that are
not directly the result of enzyme catalysis, from the digestion of nutrients in your mouth,
stomach, and small intestines to pretty much every chemical reaction inside your cells (check
out Kornberg A. 1989. Never a Dull Enzyme. Ann. Rev. Biochem. 58:1-30). The focus in this
chapter is on the long history of protein enzyme catalysis. But as you study, you may recognize
that the mechanisms of enzyme catalysis described here involve common essential features
seen in all biocatalysts.

Most enzymes are soluble inside or outside cells, while a few are part of membranes or
other cellular structures. In all cases, they bind to soluble substrates (the reactants in enzyme-
catalyzed reactions). The large size and exquisite diversity of protein structures make enzymes
highly specific catalysts. As already noted, the specificity of an enzyme results from the shape
of its active site, which is dependent on the 3D arrangement of amino acids in and around the
region. The substrates of a catalyzed biochemical reaction are bound to and held in place on
the enzyme while rapid bond rearrangements take place. The flexibility of enzymes allows
enzymes to change in shape at the active site during catalysis. The flexibility of enzymes also
enables small metabolites in cells to interact with an enzyme, change its shape and thereby
changing its catalytic rate. The latter phenomenon enables allosteric regulation, allowing cells
to control the rates and even the direction of many biochemical reactions and pathways. As we
will see, enzymes may be bound to prosthetic groups or ions, which contribute to the shape and
activity of the enzyme.

Any understanding the mechanism of catalysis must also include knowledge about the
energetics of catalyzed reactions. We'll see that enzymes lower the acfivafion energy of a
chemical reaction, and that activation energy is an inherent energy barrier to the reaction.
Finally, we look at the energetics of enzyme action. We will also describe the action of
biological catalysis in terms biochemical pathways and the structural features of enzymes (e.g.,
active-site and overall conformation and the affinities of an enzyme for its substrates), as well
as free energy changes that occur during catalysis. Of course, structural and energy
considerations of enzyme catalysis are related, as we will see in more detail in a later chapter.
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5.2.1 Structural Considerations of Catalysis

From a chemistry course, you may recall that the rate of an uncatalyzed reaction is dependent
on the concentration of the reactants in solution. This is the law of mass action, recognized in
the nineteenth century. Look at this simple reaction:

A+B=C+D

The law of mass action makes two key assumptions:

1. At any given time following the start of the reaction, the rate of product formation is
proportional to the concentrations of the reactants and products ([A], [B], [C], and [D] in
this case).

2. Chemical reactions in the laboratory (i.e., a “closed system'") eventually reach equilibrium,
at which point the net rate of formation of reaction products is zero. In other words, the
forward and reverse reactions occur at the same rate.

There are no products (i.e., C and D) at the start of the reaction written above. As there are no
products yet, the reaction rate should be directly proportional only to the concentration of the
reactants. The law of mass action predicts that any chemical reaction will occur its fastest rate
when reactants (e.g., A and B above) are first mixed—that is, when A and B at their highest
concentrations. This is because there are more reactant molecules in solution and a greater
likelihood that they will collide in an orientation that allows the bond rearrangements
necessary for the reaction to occur.

Of course, chemical rates decline as reactant concentrations diminish products
accumulate over time. But even as the rate of formation of C and D slows down, their rising
levels of should also influence the rate of their own production. Remember, all chemical
reactions are inherently reversible; those rising concentrations of products will begin to push
the reaction in reverse to form A and B, further slowing down the net accumulation of C and D.

The chemical rate equations that you may recall from a chemistry course in fact treat all
chemical reactions as reversible (elsewhere we'll address the concept that some reactions in
cells are biologically irreversible!). Chemical rate equations enable the determination of
reaction rates for our sample reaction. Here is an equation for the rate of formation of the
products C & D:

rate of formation of C and D = k,[A][B] — k.1[C][D]

In this equation, ki[A][B] is the rate of the forward reaction and k.4[C][D] is the rate of the
reverse reaction. This equation recognizes that the reaction is reversible. The equation states
that the net reaction rate is equal to the rate of the forward reaction (k{[A][B]) minus the rate of
the back reaction (k.1[C][D]). The equation is valid (applicable) at any time during the reaction.
k: and k., are rafe constants for the forward and reverse reactions, respectively.
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So how do catalysts work? Catalysts increase chemical reaction rates by bringing
reactants (now called substrates) together more rapidly than they would encounter each other
based just on random molecular motion in solution. This is possible because catalysts have an
affinity for their substrates. In the case of inorganic catalysts, relatively weak, generic forces
account for the affinity of reactants and inorganic catalysts. Thus, a metallic catalyst (e.g.,
silver or platinum) attracts molecules with an appropriate (usually a charge) configuration. If
the attraction (affinity) is sufficient, the metal will hold reactants in place long enough to
catalyze the bond rearrangements of a chemical reaction. In contrast to inorganic catalysts,
enzymes have evolved highly specific shapes with physical-chemical properties. As a result,
typical enzymes only attract substrates for specific reactions, and do so with high affinities. The
lock-and-key mechanism was the first attempt to explain enzyme-substrate specificity (Figure
5.1, below).

enzyme+
products

enzyme-substrate QG &
complex '

substrate

enzyme "%

E+S "E-S E+P

Fig. 5.1: In the lock-and-key model, reactants i.e., substrates (S) are ‘keys’ that fit in enzyme (E)
‘locks’: (1, left), E and S attract each other; (2, middle) S enters the catalytic site on E like a key in a
lock, forming an E-S complex (middle); (3, right) catalysis occurs, E and P separate.

The active site of an enzyme has an exquisite, selective affinity for its substrate(s). This
affinity is many times greater than those of inorganic catalysts for generic reactants. The result
is that enzymes are more efficient and faster than inorganic catalysts. According to this model,
the affinity of an enzyme for a particular substrate engages the substrate “key" in the tumblers
(i.e., in the active site) of the enzyme's “lock” Thus engaged, the substrate(s) would undergo
the bond rearrangements specific for the catalyzed reaction to generate products and to
regenerate an unchanged enzyme.

However, X-ray crystallography of enzyme-substrate interactions revealed that the
active sites of enzymes change shape during catalysis. This allosteric change suggested the
Iinduced-fit mechanism of enzyme action. In this model, enzyme-substrate affinity causes the
substrate to bind to the enzyme surface. Once bound, the enzyme undergoes an allosteric
change, drawing the substrate(s) more tightly into the active site and catalyzing the reaction.
Of course, after the reaction products detach from the enzyme, it returns to its original shape.
(modeled in Figure 5.2, below).
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Fig. 5.2: In the induced-fit model, E and S attract each, other initially forming a short-lived ES*, inducing
an allosteric (shape) change leading to a tight fit of S in the catalytic site of E to form an E-S complex.
Catalysis occurs and E and P separate.
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5.2.2 Energetic Considerations of Catalysis

Consider the random motion of substrates in solution, which only occasionally encounter one
another. They even more rarely bump into one another in just the right orientation to cause a
reaction. This explains why adding more reactants or increasing the temperature of a reaction
can speed it up: it increases the number of random as well as productive molecular collisions.
Unlike molecules and reactions in a test tube, living organisms do not have these options for
increasing reaction rates. But they do have enzymes! All catalysts work by lowering the
activation energy (E,) for a reaction, thereby increasing the rate of the reaction. Activation
energy is essentially a barrier that makes it difficult for interacting substrates to come together
to actually undergo a biochemical reaction.

Inorganic catalytic surfaces attract reactants where catalysis can occur. The attractions
are weak compared to those of enzymes and their substrates. An enzyme's active site very
strongly attracts otherwise randomly distributed substrates, making enzyme catalysis faster
than inorganic catalysis. Again, cells cannot use inorganic catalysts, most of which are
insoluble and would attract reactants indiscriminately—not a good way for cells to control
metabolism! The advent of enzymes with their specificity and high rate of catalysis was a key
event in chemical evolution and was required for the origins of life. As we saw, allosteric
change during the “induction of fit" enables specific catalysis. In fact, a catalyzed reaction will
be faster than the same reaction catalyzed by a piece of metal, and of course much faster
(millions of times faster!) than the uncatalyzed reaction. The energetics of catalysis helps to
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explain why. Let's look at the energetics of a simple reaction in which A and B are converted to
C and D (Figure 5.3).

Activation Energy for the Reaction
A+B—=C+D

high transition complex: Ams B

uncatalyzed

i . inorganic catalyst
activation

free energy

energy

low

time

Fig. 5.3: This graph follows the free energy change over time as reactants A and B react. The activation-
energy peak in the middle of the curve defines that free energy barrier which A and B must overcome
before much C and D can be made. The barrier is due mainly to thermal motion of A and B molecules
that rarely encounter each other in relatively dilute solutions. Enzymes are even more efficient that
inorganic catalysts in lowering the activation-energy barrier to a reaction.

Conducted in a closed system, enzyme-catalyzed reactions rapidly reach equilibrium.
Like all catalysts, enzymes are not consumed by the reactions they catalyze, nor do they alter
equilibrium concentrations of reactants and products of these reactions. One estimate is that as
few as 4,000 biochemical reactions are catalyzed in a given cell at a given time. Another
estimate is that there are 20,000-25,000 genes in the human genome. Many of these encode
enzymes. What are these genes and their protein products good for if so few biochemical
reactions are needed by an average cell? Is this in fact an underestimate?

[=] 4= [=]
[
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5.3 Enzyme Regulation

We noted that some enzymes are regulated, which just means that there are factors in the cell
that can slow down or speed up their rate of catalysis. In this way the cell can respond quickly
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to the metabolic needs reflected by the intracellular levels of these factors. Factors that slow
down catalysis are inhibitors. Those that speed up catalysis are called acfivators.

In addition to responding to intracellular molecular indicators of the metabolic status of the
cell, enzymes may also be inhibited by drugs, poisons, or changes in the chemical milieu (e.g.,

pH). Since cellular reactions occur as part of biochemical pathways, regulating a single
enzyme can affect an entire pathway (e.g., Figure 5.4).

Regulated Enzymes are Key
Players in Biochemical Pathways

[ e T T -
- - —_—— e
- -—-
—_——

When final
product (D)
builds up...

enzyme1 enzyme2 enzyme 3

Fig. 5.4: Reaction products in a biochemical pathway can alter the rate of synthesis of the pathway's
final products. In this generic pathway, the end-product (D) accumulates (far right). At some point,
excess E binds to the allosteric regulatory sites on enzyme 1 at the left, blocking the formation of B,
an intermediate product. This kind of feed-back inhibition prevents a wasteful overproduction of D.

This biochemical pathway will produce substance E. Under normal conditions, another
series of metabolic reactions would consume E. However, if the cell no longer needs so much
E, it will accumulate in the cell. If there is an excess of E in the cell, some of the excess might
bind to one of the enzymes. In the pathway shown, E binds to enzyme 1. This binding causes
an allosteric change in the enzyme, inhibiting catalysis and slowing down the entire pathway.

In this example of allosteric regulation, the inhibitory regulation of enzyme 1 evolved
to control the rate of production of substance E. This common mode of allosteric regulation is
called feedback inhibition. Enzymes can be regulated precisely because they can be bent out
of shape (or into shape for that matter!). Some small metabolites are chemical information
when they accumulate in cells and can communicate cellular metabolic status. The result is a
decrease or increase in enzyme activities to achieve an appropriate cellular response.

Whether an activator or an inhibitor of enzyme catalysis, regulatory molecules typically
bind to enzymes at allosferic regulatory sites, causing local conformational changes in the
enzyme, which are transmitted to the active site. Enzyme inhibition would occur if a change in
shape reduced the affinity of the enzyme for a substrate—or if it reduced the rate of bond
rearrangements after the substrate had already entered the active site. Enzyme activation
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would occur if the allosteric effect were to increase this affinity and/or catalytic rate. The
mechanism of allosteric regulation of enzyme activity is shown in Figure 5.5.

Enzyme Regulation

substrate

&
<
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%

increase in

v [allosteric effector]
+§ regulatory

site
unregulated enzyme aF allosteric
I y effectors

allosteric effector
@ molecule @ @ éf
Enzyme undergoes conformational change

Fig. 5.5: Levels of small metabolic chemicals (metabolites) can reflect and control a cell’'s metabolic
status. Such metabolites, called allosteric effectors, have an affinity for regulatory sites on an
enzyme (shown at the left), causing conformational (shape) changes in its active site (seen at the
right). Allosteric regulation can reduce or increase the affinity of enzyme and substrate, either
inhibiting catalysis, as suggested here, or stimulating it.
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5.4 Enzyme Kinetics

Studying enzyme kinetics not only tells us about the catalytic properties of a particular enzyme
but can also reveal important properties of biochemical pathways. Thus, one can determine a
standard rate-limiting reaction under a given set of conditions by comparing kinetic data for
each enzyme in a biochemical pathway. But what else can we do with kinetic data?

5.4.1 Why Study Enzyme Kinetics?

Apart from their value in teaching us how a given enzyme actually works, kinetic data has
considerable clinical value. For example, let's assume that we know the kinetics of every
enzyme in the biochemical pathway ending in the synthesis of a liver metabolite in a healthy
person. Also assume we know what the rafe-limiting (slowest) enzyme in the pathway is.
Consider the following scenario: A patient presents with higher-than-normal blood levels of X.
Is this because the normal rate-limiting reaction is no longer rate-limiting in the patient? If so,
what is new rate-limiting enzyme?
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One can ask similar questions of an alternate scenario in which a patient is producing too little
of the metabolite. A cellular biochemical might deviate from “normal” levels for a variety of
reasons:

e Viral and bacterial infection or environmental poisons: These can interfere with a
specific reaction in a metabolic pathway; remedies depend on this information!

e Chronic illness resulting from mutational enzyme deficiencies: knowing the kinetics of
enzymes in a pathway suspected to be involved in the illness could lead to treatments,
including medications designed to enhance or to inhibit (as appropriate) enzyme activity.

e Genetic illness tied fo melabolic deficiency: If a specific enzyme is the culprit,
investigation of a pre- and/or postnatal course of treatment might be possible (e.qg.,
medication or perhaps even gene therapy).

o Lifestyle changes and choices: These might include eating habits, usually remediated by a
change in diet.

o Lifestyle changes brought on by circumstance rather than choice: These are changes due
to aging. An all-too-common example is the onset of type 2 diabetes. This can be treated
with medication and/or delayed by switching to a low-carb diet favoring hormonal changes
that would improve proper sugar metabolism.

Knowing the rate-limiting reaction(s) in a biochemical pathway can identify regulated
enzymes. This allows research to focus on the search for remedies to correct a metabolic
imbalance. As noted, ribozymes are RNA molecules that catalyze biochemical reactions; their
kinetics can also be analyzed and classified. We will consider how enzymes are regulated later,
when we discuss glycolysis, a biochemical pathway that most living things use to extract
energy from nutrients. For now, let's look at an overview of experimental enzyme kinetics.

5.4.2 How We Determine Enzyme Kinetics and Interpret Kinetic Data

In enzyme kinetic studies, the enzyme is considered to be a reactant, albeit one that is
regenerated by the end of the reaction. The reaction begins when substrate is added to the
enzyme. In enzyme kinetic studies, the concentration of the enzyme is held constant while
reaction rates are measured, after different amounts of substrate are added. As a consequence,
all catalyzed reactions will reflect saturation of the enzyme at high concentration of substrate.
This is the basis of saturation kinetics illustrated below in Figure 5.6.

Saturation Kinetics
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Fig. 5.6: Enzyme saturation occurs when all available enzymes in solution are bound to substrate(s).
Saturation kinetics experiments measure catalytic rates at different substrate(s) concentrations. At
high substrate concentrations the active sites of all the enzymes are occupied, i.e., enzyme is
saturated with substrate (far right). Under these conditions the reaction occurs at its fastest rate.
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In the illustration, the active sites on all the enzyme molecules are bound to substrate
molecules at a high substrate concentration. Under these conditions, a catalyzed reaction is
proceeding at its fastest. Let's generate some kinetic data to see saturation in action. The
experiment illustrated in Figure 5.7 will determine the kinetics of the conversion of substrate
(S) to product (P) by an enzyme (E).

Determining the Kinetics of the Reaction
E
S— P

dHHHE

1. Hold [E] constant while varying [S]
2. Measure the initial rate of [P] formation at each [S].
Fig. 5.7: The test tubes shown in this experiment each contain the same concentration of enzyme.
After adding different amounts of substrate(s) to each tube, rates of product formation near the start
of the reaction are measured to determine the kinetics of the enzyme-catalyzed reaction.
A series of reaction tubes are set up, each containing the same concentrations of E
([E]) but different concentrations of S ([S]). The concentration of P ([P]) produced at different
times (beginning just after the start of the reaction in each tube) is plotted to determine the
initial rate of P formation for each [S] tested. Figure 5.8 below is such a plot.

Plot of the Rate of an Enzyme-Catalyzed Reaction
at Different Substrate (S) Concentrations
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Fig. 5.8: This graph plots the rate of product (P) formation at different substrate concentrations ([S]) while
holding the enzyme concentration ([E]) constant, as described in the experimental protocol in Fig. 5.7.

In this hypothetical example, the rates of the reactions (amounts of P made over time)
do not increase beyond an [S] higher than 4 x 107> M. The upper curves thus represent the
maximal rate of the reaction at the experimental concentration of enzyme. We say that the
maximal reaction rate occurs at saturation.
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Next, we can estimate the initial reaction rate (v,) at each substrate concentration by
plotting the slope of the first few time points through the origin of each curve in the graph.
Consider the graph of the initial reaction rates estimated in this way in Figure 5.9 (below).

Finding the Initial Reaction Rate of an Enzyme-Catalyzed
Reaction at Different Substrate (S) Concentrations

S| = initial [S]=8X10°M
reaction rates (v,) [S]=4X105M

[P] [S]=2X 105 M

[S]=105M

60
Time (seconds)

Fig. 5.9: This graph shows the slopes (straight lines at the left) of the initial reaction rates taken from

the curves in the previous graph (Fig. 5.8). From the graph we can say that the enzyme became
saturated somewhere between the two highest concentrations of substrate.

The slope of each straight line is the v, for the reaction at a different [S] value near the
very beginning of the reaction, when [S] is high and [P] is vanishingly low. Next, we plot these

rates (slopes, or v, values) against the different [S] values in the experiment to get the curve of
the reaction kinetics in Figure 5.10.

Initial Enzyme Reaction Rates and
the Rectangular Hyperbola

asymptote

[S]
Fig. 5.10: This graph plots the initial reaction rates (slopes, or vo) for the reactions plotted in Figure

5.9. The curve is approaching a maximum vo (the asymptote at the right). The formula shown for
this curve describes a rectangular hyperbola.
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This is an example of Michaelis-Menten kinetics, which is common to many enzymes.
Named after the biochemists who realized that the curve described recfangular hyperbola. Put
another way, the equation mathematically describes the mechanism of catalysis of the enzyme!
The following equation mathematically describes a rectangular hyperbola:

- Xd
Y= x+b

You might be asked to understand the derivation of the Michaelis-Menten equation in
a biochemistry course. You might even be asked to do the derivation yourself! We won't make
you do that but suffice it to say that Michaelis and Menten started with some simple
assumptions about how an enzyme-catalyzed reaction would proceed and then wrote
reasonable chemical and rate equations for those reactions. The goal here is to understand
those assumptions, to see how the kinetic data support those assumptions, and to realize what
this tells us about how enzymes really work.

Here is one way to write the chemical equation for a simple reaction in which an
enzyme (E) catalyzes the conversion of substrate (S) to product (P):

S =P
E

Michaelis and Menten rationalized that this reaction might actually proceed in three steps. In
each step, enzyme E is treated as a reactant in the conversion of S to P. The resulting chemical
equations are shown below:

E+S # E-S binding of enzyme and substrate

E-S ;\' E-P conversion of substrate to product

E-P ;\ E + P dissociation of product and enzyme

Reasoning that the middle reaction (the conversion of E and S to E and P) would be the fastest
one and therefore would not be the rate-limiting reaction of catalysis, they only considered the
first and third reactions to be relevant in determining the overall kinetics of product formation.
Then they wrote the following rate equations for just these two chemical reactions (as one
would in an introductory chemistry course):

VE-s formation = K1[E][S] - k1[E-S]

VP formation = kZ[E'S] - k-Z[E][P]

Both of these equations describe a straight line. Therefore, neither describe the observed
hyperbolic reaction kinetics. Finally, if you solve one of the equations for a term common to
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both (e.g., E-S) and then plug your solution into the other equation, your combined equation
still describes described a straight line—again, not the expected rectangular hyperbola. To
arrive at a chemical rate equation consistent with a rectangular hyperbola, Michaelis and
Menten had to make several assumptions, including those made by G. E. Briggs and J. B. S.
Haldane, about how E, S, and P would behave in a catalyzed reaction. Those assumptions
allowed them to rewrite each equation, then to combine and to rewrite them into a single
mathematical equation—one that did indeed describe a rectangular hyperbola. Here are
Briggs and Haldane's assumptions:

1. [S] >> [E] at the start and during the “steady state”
2. [P] << [S] at the start of a reaction.

3. All E is bound to S at the start of the reaction.

4. [E]total = [E]free + [E— S] at all times.

We've already seen the equation that Michaelis and Menten derived from these assumptions,
which is now known as the Michaelis-Menten equation:

Vmax[S]
Km + [S]

The take-home message here is that the assumptions about an enzyme-catalyzed reaction are
a good approximation of how the reaction proceeds over time. Michaelis and Menten defined
Vmax and Km as key kinetic factors in enzyme-catalyzed reactions. In the generic example of
substrate conversion to product, we saw that increasing [S] results in a higher rate of product
formation because there is a higher rate of encounters between enzyme and substrate
molecules. At some point, however, increasing [S] does not increase the initial reaction rate
any further. Instead, v, asympfotically approaches a theoretical maximum for the reaction,
defined as Vmax, the maximum initial rate. As we have already seen, Vmax occurs when all
available enzyme active sites are saturated (occupied by substrate). At this point, the intrinsic
catalytic rate determines the turnover rate of the enzyme. The substrate concentration at which
the reaction rate has reached 2 Vmax is defined as Km (the Michaelis-Menten constant),
which is a ratio of the rate constants derived when rate equations for E-S and P formation
(above) are rewritten and then combined into the single equation that describes a rectangular
hyperbola.
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To recapitulate, the two most important kinetic properties of an enzyme are the
following:

1. The rate at which the enzyme becomes saturated with a particular substrate, which is
related to the reaction’'s Km
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2. The maximum rate of the catalyzed reaction, which is described by the reaction's Vmax

These properties suggest how an enzyme might behave under cellular conditions and can
show how the enzyme should respond to allosteric regulation by natural inhibitory or
activating factors, as well as how it might respond to poisons or other noxious chemicals.

For clear, detailed explanations of enzyme catalytic mechanisms, check out Jencks WP
1987, Catalysis in Chemistry and Enzymology Mineola, NY, Courier Dover Publications. You
can also find more details of how Kkinetic equations are derived (an important step in
understanding how the enzyme works) in any good biochemistry textbook, or you can check
out the Michaelis-Menten Kinetics entry in the *3All About Enzymes Wikipedia link.

Some iText & VOP Key Words and Terms

activation energy enzyme Michaelis-Menten constant
active site enzyme activation Michaelis-Menten kinetics
allosteric change enzyme inhibition rate-limiting reaction
allosteric regulation enzyme kinetics ribozyme

allosteric site enzyme regulation saturation kinetics
biochemical pathway induced fit substrate specificity
catalytic RNAs inorganic catalyst substrates

conformation Km Vmax

CHAPTER 5 WEB LINKS
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Chapter 6
Glycolysis, the Krebs Cycle, and the Atkins Diet

Glycolysis, gluconeogenesis, the Krebs cycle—getting energy from food; enzyme regulation; how
cells capture free energy (bioenergetics); liver cells glucose metabolism; diets to fool your body
Reminder: For inactive links, google key words/terms for alternative resources.

METABOLIC PATHWAYS

BY: EVANS LOVE

Glycolysis

<5 /——Krebs Cycle

o

This (in fact, any!) metabolic pathway chart highlights the centrality of the Krebs (citric-acid) cycle to
virtually all biochemical pathways. See a sizable version of this chart at &'Human Metabolic Pathways

6.1 Introduction

We used to get free metabolic pathway wall charts like this one from vendors of biochemical
reagents. The big picture is correct (as noted, a sizable version is available at the link below
the chart), but the charts may be out of date in small details of metabolism. In this chapter,
we'll zoom in on the middle of the chart, encompassing glycolysis and the Krebs cycle (named
for Hand Krebs, its discoverer) to see how thermodynamic laws apply to chemical reactions.
We've looked at the principles governing thermodynamics (the flow of energy in the universe)
and bioenergetics (energy flow in living systems). We saw evidence that energy is exchanged
between components in the universe, but that it can be neither created nor destroyed. That
makes the universe a closed system, a conclusion codified as the first law of thermodynamics.
Personally, I find the idea of a closed universe troubling since there is no escape from it—that
is, until I remind myself that the universe is a big place, and I am only a small part of a small
system that you can define for yourself: the solar system, planet Earth, the country you pledge
allegiance to, your city or village, your school, your farm, or your homestead!
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You may derive comfort from the realization that you can move from one system to
another and even exchange goods and services between them. This is a metaphor for energy
flow between systems in the universe. We also saw that the first law applies to closed systems
within the universe, and that there are no closed systems in the universe! Any system in the
universe is open, always exchanging energy and mass with neighboring systems. What we
mean by the term closed system is that we can define and isolate some small part of the
universe and then measure any energy that this isolated system gives up to its environment or
takes in from it. The simplest demonstration of the first law in action is the bomb calorimeter,
which measures heat released or absorbed during a chemical reaction.

A second thermodynamic concept says that energy flows from one place to another
only when it can. In the vernacular, we say that energy flows downhill. Anything that happens
in the universe (a galaxy moving through space, a planet rotating, you getting out of bed in the
morning, coffee perking you up, your cells burning sugar, DNA replicating...) does so because
energy flows downhill. We saw that any happening or event in the universe, however large or
small, must be sponfaneous. That is, it occurs with a release of free energy. Remember,
spontaneous means "by itself” and not necessarily “instantaneous” or “fast"”! Finally, we noted
that when enzymes catalyze biochemical reactions in a closed system, the reactions still reach
equilibrium, despite the higher rate of the catalyzed reaction. What does this tell you about the
energetics of catalyzed reactions in closed systems?

With this brief reminder about energy flow and what enzymes do, we'll look at how our
cells capture nutrient free energy (the chemical energy in foods), a topic that will include
examples of the energetics of closed systems that reach equilibrium and open systems that
don't! First, we tackle glycolysis, an anaerobic fermentation pathway for generating chemical
energy from glucose, as well as the first of several aerobic pathways of respiration. We'll see
that most of the energy from glycolysis and respiration is captured in molecules of ATP, the
universal energy currency of life, used by cells to...livel Then we look at gluconeogenesis, a
regulated reversal of glycolysis. We ask when, where, and why we would want to make rather
than burn glucose. Finally, we begin a discussion of respiration with a look at the Krebs cycle.
The complete respiratory pathway can be summarized by the following equation:

c.H,,0, + 60, == 6CO, + 6H,0

The standard free energy change for this reaction (AGo) is about —687 Kcal/mol. This
is the maximum amount of nutrient free energy that is (at least in theory) available from the
complete respiration of a mole of glucose. Given a cost of about 7.3 Kcal to make each mole of
ATP (adenosine triphosphate), how many moles of ATP might a cell produce after burning a
mole of glucose? We'll figure this out here.

Learning Objectives

When you have mastered the information in this chapter, you should be able to do the

following:

1. Explain the difference between fermentation and respiratory glycolysis and the role of
redox reactions in both processes.

2. Calculate, compare, and contrast AGo and AG’ for the same reaction, and explain any
differences in free energy in open and closed systems.
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10.

11.
12.

13.

6.2

Describe and explain the major events of the first stage of glycolysis, and then trace the
free energy changes through the formation of G-3-P.

Describe and explain the major events of the second stage of glycolysis and trace the free
energy changes through the formation of pyruvate and lactic acid.

State the role of redox reactions in glycolysis and fermentation.

Compare and contrast glucose (i.e., carbohydrates in general), ATP, NADH, and FADH, as
high-energy molecules.

Explain why only a few cell types in the human body conduct gluconeogenesis.

Explain how gluconeogenesis, an energetically unfavorable pathway, can occur at all.
Explain why the Atkins diet (and similar low carbohydrate/high protein diets) works and
speculate on any downsides.

Explain the supercatalyst concept and speculate on why a supercatalyst (e.g., the Krebs
cycle) would have evolved.

Explain the role of high-energy linkages and electron carriers in the Krebs cycle.

In terms of energetics and biochemical reactions, compare phosphate ester linkages in ATP
and GTP with the thioester linkages in acetyl-S-CoA and succinyl-S-CoA.

Speculate on why the E. coli Krebs cycle generates GTP rather than ATP molecules.

Glycolysis: A Key Pathway in Energy Flow through Life

One of the properties of life is that living things require energy. The pathways of energy flow
through life are shown in Figure 6.1.

Free Energy Flow Through Life

1. Visible

light photosynthesis Chemical energy

photo- - (nutrients, mostly
autotrophs (reductive rxns) glucose)
2. Chemical fergge_l:;eggonn, High energy
energy L intermediates

T >
(nutrients) (reductive and
all organisms oxidative rxns) (ATP)

3. High energy led metabolism,
intermediates So7p2 - growth, etc.
all organisms  hydrolyses (cellular work)

Fig. 6.1: Three paths (top, middle and bottom, respectively) follow of the flow of free energy through life,
from visible light to chemical energy (e.g., photosynthesis of glucose) to the high-energy intermediates like
ATP (fermentation or respiration), and finally to the work of a cell (growth and metabolism).
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To begin with, recall that the most common intracellular energy currency with which
livings things “pay" for cellular work is ATP. The energy to make ATP on planet Earth
ultimately comes from the sun via photosynthesis. Recall that light energy fuels the formation
of glucose and O, from CO; and water in green plants, algae, cyanobacteria, and a few other
bacteria. Photosynthesis even produces some ATP directly, but not enough to fuel all cellular
and organismic growth and metabolism. In fact, all cells, even plant cells, use fermentation
and/or respiration (anaerobic or aerobic processes, respectively) to capture nutrient free
energy (mostly) as ATP.

ATP is called a high-energy intermediate because its hydrolysis releases a large
amount to free energy. In the condensation reactions that make ATP, it takes about 7.3 Kcal of
free energy to link a phosphate to ADP in a phosphate ester linkage.

Having captured nutrient free energy in a form that cells can use, ATP hydrolysis then
releases that free energy to fuel cellular work. Cellular work includes bending cilia, whipping
flagella, contracting muscles, transmitting neural information, building polymers from
monomers, and more. The free energy needed to make ATP in animal cells comes exclusively
from nutrients (sugars, fats, and proteins). As noted, plants get free energy directly from
sunlight, but they mobilize nutrient free energy, which they make in much the same way as
the rest of us get it from what we eat! The energetics of ATP hydrolysis and synthesis are
summarized in Figure 6.2.

Energetics of ATP Hydrolysis
and Synthesis

hydrolysis
ATP + H,O p >ADP + Pi
AG, = -7.3 Kcal/mole

an exergonic reaction

therefore,

condensation rxn

ADP + Pi * > H,O + ATP
AG, = +7.3 Kcal/mole

an endergonic reaction

Fig. 6.2: For cells, the flow of free energy involves hydrolyzing ATP (the main chemical
energy currency of life on earth) to power the cellular work (upper chemical equation) and
harnessing free energy from the environment to make more of it (lower chemical equation)!
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In all living things, glucose oxidation releases a considerable amount of free energy—
enough to synthesize many molecules of ATP (Figure 6.3).

Cells Make ATP using nutrient free energy

glycolysis, TCA cycle,

60,#CH,,0q — — — — o o"QLIAMSROI _ _ _ ., 6O, + 6H,0

AG, = -686 Kcal/mole glucose oxidized

Substrate level &

36 ADP+ 36 Pj — - 2'2%e RNosPhoyl2ton _ , 36ATP + 36 H,0

36X7.3 = 263 Kcal/mole glucose oxidized

Fig. 6.3: The exergonic oxidation of one glucose molecule by glycolysis, the Krebs cycle, electron transport,
and oxidative phosphorylation (upper reaction) is coupled to the synthesis of up to 36 molecules of ATP (lower
reaction).

Cellular respiration—the oxidation of glucose—starts with glycolysis. Derived from the
Greek glykos-("sweet") + -lysis (“loosening”), glycolysis is the breakdown of sugar. Otto
Meyerhof and Archibald V. Hill shared a Nobel Prize in Physiology or Medicine in 1923 for
isolating enzymes of glucose metabolism from muscle cells. Thanks to their efforts and the
efforts of others (e.g., Gustav Embden, Otto Warburg, Gerty Cori, and Carl Cori), all the
enzymes and reactions of the glycolytic pathway were known by 1940, when the pathway
became known as the Embden-Meyerhof pathway.

As we will see, glycolysis is an evolutionarily conserved biochemical fermentation used
by all organisms to capture a small amount of nutrient free energy. Check out Fothergill-
Gilmore LA [(1986) The evolution of the glycolytic pathway. Trends Biochem. Sci. 11:47-51] for
more detail. The glycolytic pathway occurs in the cytosol of cells, where it breaks down each
molecule of glucose (C¢H120) into two molecules of pyruvic acid (pyruvate: CH;COCOOH).
This occurs in two stages, capturing nutrient free energy in two ATP molecules per glucose
molecule that enters the pathway. Figure 6.4 (below) gives an overview of glycolysis,
highlighting its two stages.

Stage 1 of glycolysis consumes ATP. Phosphates are transferred first from ATP to
glucose and then to fructose-6-phosphate, reactions catalyzed by hexokinase and
Phosphofructokinase, respectively. So, these Stage-1 phosphorylations consume free energy.
Later, in Sfage 2 of glycolysis, nutrient free energy is captured in ATP and NADH (reduced
nicotinamide adenine dinucleotide). NADH forms in redox reactions, in which NAD?* is
reduced as some metabolite is oxidized. In Stage 2, it is glyceraldehyde-3-phosphate that is
oxidized—but more on that later! To summarize, by the end of glycolysis, a single starting
glucose molecule has been split into two molecules of pyruvafe while four molecules of ATP
and two molecules of NADH have been produced.
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An overview of glycolysis

glucose cell membrane out

lucose

A PNexokinase

glucose-6-phosphate

\glucose-s-phosphate isomerase ATP consumed
2~ Stage 1
fructose-6-phosphate 6C —— 2 (3C) g

ATP ; phosphofructokinase

fructose-1,6-diphosphate

fructose diphosphate aldolasi//"
dihydroxyacetone phosphate + glyceraldehyde-3-phosphate (2x)
triose phosphate isomerase 2NAD* + 2Pi

a redox reaction
glyceraldehyde phosphate dehydrogenase 2NADH

2 x 1,3 diphosphoglycerate

phosphoglycerate kinase N 2ATP
Stage 2~ lel\:g (Txai‘giez,e d 2 x 3-phosphoglycerate

phosphoglycerate mutase

2 x 2-phosphoglycerate substrate level

phosphorylation
enolase
- 2 x phosphoenol pyruvate

pyruvate kinas*»ZATP

2 pyruvate
Fig. 6.4: In this overview of glycolysis, a 6C glucose splits into 3C pyruvates. Two ATPs are consumed
in Stage 1. The oxidation of glyceraldehyde-3-P marks the start of Stage 2, in which 4 ATPs are made.

Pyruvate will be metabolized either anaerobically or aerobically. The alternate fates of
pyruvate are summarized in Figure 6.5.
Alternate Fates of Pyruvate
Anaerobic IS Aerobic

S

methbolism , '« metabolism

-~

¥
lactate, alcohol,
succinate, etc. in
cytoplasm

e aTatep
‘mitochondrion

YIS AVIVAT ENY

Fig. 6.5: Alternate Fates of Pyruvate: fermentation, the anaerobic reduction to alcohol or other end-
products..., or respiration, the aerobic oxidation, using oxygen as a final electron acceptor, resulting
in H20 and COz production).

oR
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Overall, anaerobic (complete) glycolysis is an exergonic fermentation. Two NADH
molecules are made per glucose, and two will reduce pyruvate at the end of the fermentation
pathway. Thus, by the end of complete glycolysis, there is no consumption of O, and no net
oxidation of nutrient (i.e., glucose).
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A familiar anaerobic glycolytic pathway is the production of alcohol by yeast in the
absence of oxygen. Another is the production of lactic acid by skeletal muscle during strenuous
exercise, which leads to the muscle fatigue you might have experienced after an especially
vigorous workout. Muscle fatigue is due to a buildup of lactic acid in the muscle cells, which
under these conditions can't oxidize pyruvate and instead reduces it to lactate. Other cell types
produce different fermentative end products, while still capturing free energy in two ATPs per
starting glucose.

We will also consider gluconeogenesis, a pathway that essentially reverses the
glycolysis and results in glucose synthesis. Gluconeogenesis may occur under normal
conditions as well as during high-protein/low-carb diets and during fasting or starvation. Next,
we learn that cellular respiration—the aerobic oxidation of pyruvate after incomplete
glycolysis—takes place in the mitochondria of eukaryotic cells. We'll see the role of the Krebs
cycle (also called the TCA, or Tri-Carboxylic Acid cycle) in the complete oxidation of pyruvate
and why the oxidation takes a cycle. We will take a moment to look at the experiments of Hans
Krebs that revealed this cycle that starts a respiratory pathway that oxidizes glucose to CO,
and H,O, leaving no carbohydrates behind. As we look at the reactions of glycolysis and the
Krebs cycle, watch for redox reactions in both pathways.

6.3 Some Details of Glycolysis

Here we focus on the enzyme-catalyzed reactions and free energy transfers between pathway
components, looking at the energetics and enzymatic features of each reaction.

6.3.1 Glycolysis, Stage 1

Reaction 1: In the first reaction of glycolysis, hexokinase rapidly phosphorylates glucose
entering the cell, forming glucose-6-phosphate (G-6-P). Figure 6.6 (below) shows that the
overall reaction is exergonic. The standard free energy change for the reaction is —4 Kcal per
mole of G-6-P synthesized.

1. D-glucose

glycogen-animals
a coupled ATP starch - plants

reaction 60 =-4 Kcal/mol Pl - Pi HOH
hexokinase o=-% icalimole s bétvreeﬁ
A meals, at

ADP & / b

K Q&‘ e \.\g\(\, 7 I night

QSIS |

v
G-6-P < = 2 G-1-P

P-glucomutase

Fig. 6.6: In reaction 1, phosphorylation of glucose to make glucose-6-phosphate (G-6-P) consumes a
molecule of ATP. If cellular energy needs are being met, G-6-P will be polymerized to make storage
polysaccharides. In animals, G-6-P can be retrieved by glycogen hydrolysis to G-1-P by glycogen
phosphorylase when the cells require nutrient energy; at that time, the G-6-P will resume glycolysis.
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The hexokinase reaction is a coupled reaction, in which phosphorylation of glucose is
coupled to ATP hydrolysis. The free energy of ATP hydrolysis (an energetically favorable
reaction) fuels glucose phosphorylation (an energetically unfavorable reaction). The reaction is
also biologically irreversible, as shown by the single vertical arrow.

Excess dietary glucose can be stored in most cells (especially liver and kidney cells) as
glycogen—a highly branched polymer of glucose monomers. In green algae and plants,
glucose made by photosynthesis is stored as polymers of starch. When glucose is necessary for
energy, glycogen and starch hydrolysis form glucose-1-phosphate (G-1-P), which is then
converted to G-6-P. Let's look at the energetics, i.e., the flow of free energy in the hexokinase-
catalyzed reaction. This reaction can be seen as the sum of two reactions in Figure 6.7.

Hexokinase - Energetics

Under standard conditions: Glucose
phosphorylation can be seen as the sum
of two reactions:

AG
ATP+HOA———> ADP+Bi’ -7 Kecalimole

an exergonic reaction

G 'M{i" G-6-P + H—O{-I + 3 Kcal/mole

an endergonic reaction

ATP + G r\ G-6-P + ADP - 4 Kcal/mole

an exergonic reaction

What is AG,, for:

HOH + G-6-P == Pi+G
G-6-P phosphatase

Fig. 6.7: Free energy flow (exchange) for reaction 1 of glycolysis, and for the removal (hydrolysis) of the
phosphate from G-6-P. The hexokinase reaction is the sum of 2 reactions in which the exergonic
hydrolysis of ATP is coupled to the endergonic phosphorylation of glucose to G-6-P. What do you think
the delta-Go is for the hydrolysis of G-6-P, shown in the reaction at the bottom of the slide? Can you
figure out the standard free energy change for the hydrolysis of G-6-P?

Recall that ATP hydrolysis is an exergonic reaction, releasing about 7 (~7) Kcal/mol
(rounding down!) in a closed system under standard conditions. The condensation reaction of
glucose phosphorylation occurs with a AGo of +3 Kcal/mol. Under standard conditions, this is
an endergonic reaction. Summing up the free energy changes of the two reactions, we can
calculate the overall AGo of —4 Kcal/mol for the coupled reaction under standard conditions in
a closed system.
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The reactions in Figure 6.7 are written as if they are reversible. However, we said that
the overall coupled reaction is biologically irreversible. Why the contradiction? To explain, we
say that an enzyme-catalyzed reaction is biologically irreversible when its products have a
relatively low affinity for the enzyme's active site, making catalysis of the reverse reaction very
inefficient. While enzymes catalyzing biologically irreversible reactions don't facilitate the
return of products back into reactants, they are often allosterically regulated. This is the case
for hexokinase. Imagine a cell that slows its consumption of G-6-P because its energy needs
are being met. As a result, cellular G-6-P levels rise. As you might expect, the hexokinase
reaction slows down so that the cell doesn't unnecessarily consume a precious nutrient free
energy resource. The allosteric regulation of hexokinase is shown below in Figure 6.8.

Hexokinase - Enzymatics:

*Biologically irreversible: enzyme can’t
readily catalyze reverse reaction.

once in cell, G can’t leave;
Value to the organism? glucose transporter doesn’t
recognize G-6-P

*Allosteric regulation by G-6-P (inhibition)

m? cells keep what they need,

Value to the organis
g share what they don’t

Fig. 6.8: Enzymatics of the hexokinase reaction: this enzyme catalyzes a biologically irreversible reaction
and is allosterically regulated. This ensures that glucose entering a cell cannot leave it as G-6-P.
Hexokinase is one of several 'allosterically regulated' glycolytic enzymes whose regulation allows some
cells to slow the reaction and divert glucose to other cells.

As G-6-P concentrations rise in the cell, excess G-6-P binds to an allosteric site on
hexokinase. The resulting conformational change in the enzyme is then transferred to the
active site, inhibiting the glucose phosphorylation reaction. The inhibition is reversible: when
G-6-P levels decline in the cell, it comes off of the enzyme, the allosteric change is reversed,
and uninhibited reaction rates resume.

H 152-2 Glycolysis Stage 1, Reaction 1

Reaction 2: In this slightly endergonic and reversible reaction, isomerase catalyzes the
isomerization of G-6-P to fructose-6-P (F-6-P). The reaction is shown below in Figure 6.9.
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2. G-6-P

G-6-P isomerase | AG, = +0.4 Kcal/mole

F-6-P

Energetics: mildly endergonic,
freely reversible, unregulated

Enzymatics: isomerases catalyze
isomer interconversions.

Fig. 6.9: Reaction 2 of glycolysis is the isomerization of G-6-P to F-6-P by an isomerase (fructose is
a structural isomer of glucose). The reaction is endergonic and reversible.

Reaction 3: In this biologically irreversible reaction, 6-P-fructokinase catalyzes the
phosphorylation of F-6-P to make fructose 1,6-diphosphate (F1,6-diP). In this coupled reaction,
ATP again provides the second phosphate. The overall reaction is written as the sum of two
reactions in Figure 6.10.

3. Fructose-6-P

a coupled ATP
reaction AG, = -3.7 Kcal/mole
6-P-fructokinase ADP

F1,6-diP
Energetics: AG,
ATP + uﬁﬁﬁ ADP 371 -7.3Kcal/mole

F-6-P+Pl «______F1,6-diP +yeﬁ +3.6Kcal/mole
—7

ATP + F-6-P4r F1,6-diP +ADP -3.7 Kcal/mole

an exergonic reaction

Fig. 6.10: In reaction 3 of glycolysis, a kinase catalyzes the phosphorylation of F-6-P to F1,6-diP in a
biologically irreversible reaction, consuming molecule of ATP.

Like the hexokinase reaction, the 6-P-fructokinase reaction is a coupled, exergonic, and
allosterically regulated reaction. Multiple allosteric effectors, including ATP, ADP, AMP, and
long-chain fatty acids, regulate this enzyme.

115



Reactions 4 and 5: These are the last two reactions of the first stage of glycolysis. In
reaction 4, F1,6-diP (still a 6-C sugar) is reversibly split into dihydroxyacetone phosphate
(DHAP) and glyceraldehyde-3-phosphate (G-3-P), each 3-C molecules. In reaction 5 (also
reversible), DHAP is converted into another G-3-P. Both reactions are summarized below in
Figure 6.11.

4. F1,6-diP
F-diP aldolase [ AG,= +5.7 Kcal/mole

5. DHAP + G-3-P
! [AG,= +1.83 Kcal/imole
triose-P-isomerase

Energetics: these are 2 endergonic rxns:  AG,

F1,6-diP—— DHKP + G-3-P +5.7 Kcal/mole

— G-3-P +1.83 Kcal/mole

F1,6-diP —= 2G-3-P +7.53 Kcal/mole

Fig. 6.11: In reaction 4, F1,6-diP is split into glyceraldehyde-3-P (G-3-P) and dihydroxyacetone

phosphate (DHAP) by an aldolase. In reaction 5, DHAP is isomerized to G-3-P. Both reactions

are endergonic, consuming free energy. These two reactions mark the end of Stage 1 of

glycolysis.

The net result is the formation of two molecules of G-3-P at the end of the reactions of

Stage 1. The enzymes F-diP aldolase and triose-P-isomerase both catalyze freely reversible
reactions. Also, both reactions proceed with a positive free energy change and are therefore
endergonic. The sum of the free energy changes for splitting F1,6-diP into two G-3-Ps is a
whopping +7.5 Kcal/mol, a very energetically unfavorable process.

In summary, by the end of Stage 1 of glycolysis, two ATP molecules have been
consumed, and one 6-C carbohydrate has been split into two 3-C carbohydrates. We have also
seen two biologically irreversible and allosterically regulated enzymes.

B4k

H 153 Glycolysis Stage 1, Reactions 2-5 [=] ¢
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6.3.2 Glycolysis, Stage 2

We will follow just one of the two molecules of G-3-P generated by the end of Stage 1 of
glycolysis but remember that both proceed through Stage 2 (the remainder) of glycolysis.

Reaction 6: In this redox reaction, G-3-P is oxidized to 1,3-diphosphoglyceric acid (1,3-

diPG), and NAD" is reduced to NADH. The reaction catalyzed by the G-3-P dehydrogenase
enzyme, as shown in Figure 6.12.

6. (X2) G-3-P
NAD+, Pi ~_}

G-3-P dehydrogenase | AG, = +1.5 Kcal/mole

an endergonic reaction
NADH + H+~/

v

1,3diPG
(1,3 diphosphoglyceric acid)

Fig. 6.12: Reaction 6, a redox reaction catalyzed by G-3-P dehydrogenase, is freely reversible. hydride
(H°) ions are transferred to NAD* from G-3-P to make NADH and 1,3 diphosphoglyceric acid (1,3diPG).

This freely reversible endergonic redox reaction, removes a hydrogen molecule (H,
from G-3-P, leaving behind phosphoglyceric acid. This short-lived oxidation intermediate is
phosphorylated to make 1,3 diphosphoglyceric acid (1,3diPG). At the same time, the hydrogen
molecule is split into a hydride ion (H™) and a proton (H*). The H™ ions reduce NAD* to
NADH, leaving the protons behind in solution. Remember that all of this is happening in the
active site of the same enzyme, and remind yourself of what is oxidized and what is reduced

here!

Even though it catalyzes a reversible reaction, G-3-P dehydrogenase is allosterically
regulated. However, in contrast to the regulation of hexokinase, that of G-3-P dehydrogenase
is more complicated! The regulator is NAD™", and the mechanism of allosteric regulation is
called negative cooperativity. It turns out that the higher the [NAD®] in the cell, the lower the
affinity of the enzyme for more NAD* and the faster the reaction in the cell! The mechanism is
discussed at the following link.

ﬁ 154 Glycolysis Stage 2, Reaction 6
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Reaction 7: This reaction, catalyzed by phosphoglycerate kinase, is freely reversible
and exergonic (Figure 6.13), yielding ATP and 3-phosphoglyceric acid (3PG).

7.(X2) 1,3diPG

A

H20 4\

ADP «
AGy:

P-glycerate -4.5 Kcal/mole

kinase a coupled,
ATP <« exergonic

H,O ] reaction
v
3PG
a substrate-level
phosphorylation

Fig. 6.13: Reaction 7—a reversible, exergonic, coupled reaction generates ATP using free energy
released by the hydrolysis of one of the phosphates from 1,3diPG. The mechanism of ATP synthesis
here is called substrate-level phosphorylation.

In glycolysis, catalysis of phosphate group transfer between molecules by kinases is
called substrate-level phosphorylation, one of the ways of phosphorylating ADP to make ATP.
In this coupled reaction, the free energy released by hydrolyzing a phosphate from 1,3diPG is
used to make ATP. Remember that this reaction occurs twice per starting molecule of glucose,
so that two ATPs have been synthesized during this reaction of glycolysis. We call 1,3diPG a
very high-energy phosphate compound.

Reaction 8: This freely reversible endergonic reaction transfers the phosphate from the
number 3-C of 3PG to the number 2-C (Figure 6.14). Mutases like phosphoglyceromutase are
enzymes that catalyze the transfer of functional groups within a molecule.

8. (X2) 3-PG

P-glyceromutase | AG, = +1.06 Kcal/mole

2-PG

Fig. 6.14: Reaction 8 is a reversible, endergonic reaction catalyzed by a mutase. Mutases catalyze the
transfer of a chemical group from one part of a molecule to another. Here, 3-PG is converted to 2-PG.
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Reaction 9: In this reaction (Figure 6.15), enolase catalyzes the conversion of 2-PG to
phosphoenolpyruvate (PEP).

9. (X2) 2-PG

enolase| AG, = +0.44 Kcal/mole

A\
Fig. 6.15: Reaction 9 is a reversible endergonic reaction. An enolase catalyzes the conversion of 2-PG
to phosphoenolpyruvate (PEP).

Reaction 10: This reaction results in the formation of a molecule of pyruvic acid
(pyruvate), illustrated in Figure 6.16.

10. (X2) PEP

ADP —

a,gg,’;’ﬁ(’,‘f,d pig(/ir#;/:;e AG, = -7.2 Kcal/mole

ATP

pyr'uvate

Fig. 6.16: Reaction 10 is biologically irreversible. In a coupled reaction, pyruvate kinase catalyzes a highly
exergonic transfer of a phosphate on PEP to ADP to make ATP.

Remember again that two pyruvates are produced per starting glucose molecule. The
enzyme pyruvate kinase couples the biologically irreversible, exergonic hydrolysis of a
phosphate from PEP and the transfer of that phosphate to ADP in a coupled reaction. The
reaction produces PEP, another very high-energy phosphate compound. Pyruvate kinase is
allosterically regulated by increases in cellular levels of ATP, citric acid, long-chain fatty acids,
F1,6-diP—or even PEP, one of its own substrates.

E'."
i
[=
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H 155-2 Glycolysis Stage 2, Reactions 7-10
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As we have seen, there are alternate fates of pyruvate, the product of incomplete
glycolysis. One is the aerobic mitochondrial oxidation of pyruvate, following incomplete
glycolysis. The other is an anaerobic fermenfation, or complete glycolysis, in which pyruvate is
reduced to one or another end product. Recall that muscle fatigue results when skeletal muscle
uses anaerobic fermentation to get the free energy required for vigorous exercise by reducing
pyruvate to Jactic acid. 1t is the accumulation of lactic acid in skeletal-muscle cells that causes
muscle fatigue. The enzyme LDH (lactate dehydrogenase) that catalyzes the reduction of
pyruvate to lactate is regulated—but not allosterically! Instead, different types of muscle
tissues regulate LDH by making different versions of the enzyme. Go to the following link for a
more detailed explanation.

[=] ez [m]

H 156 Fermentation: Requlation of Pyruvate Reduction Is NOT Allosteric!

6.4 A Chemical and Energy Balance Sheet for Glycolysis

Compare the balance sheets for complete glycolysis (fermentation) to lactic acid and for
incomplete (aerobic) glycolysis, showing chemical products and energy transfers (Figure 6.17).

Complete Glycolysis (e.g., to lactate)
no net oxidation

AG, = -50 Kcal/mole

2 ATP + 2 lactate
efficiency of ATP production=14.6/50=29%

Incomplete Glycolysis to pyruvate
net oxidation

AG, = -44 Kcal/mole

2 ATP + 2 pyruvate + 2NADH + 2 H*
efficiency of ATP production=14.6/44=33%

Fig. 6.17: The free energy and ATP yields of complete glycolysis (fermentation) and incomplete
glycolysis (respiration) result from net exergonic pathways. The percentages, which represent the
efficiency of ATP production, are based on the ratios of the free energy captured as ATP to the free
energy released by the different pathways for metabolizing glucose. From the data, incomplete
glycolysis is a more efficient way to extract nutrient free energy.

There are two reactions in Stage 2 of glycolysis that each yield a molecule of ATP, and
each occurs twice per starting glucose molecule. Stage 2 of glycolysis thus produces four ATP
molecules per glucose. Since Stage 2 consumed two ATPs, the net yield of chemical energy for
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the cell by the end of glycolysis is two ATPs, whether complete to lactate or incomplete to
pyruvate! Because anaerobic cells can't make use of oxygen, they have to settle for the measly
few (15) kilocalories' worth of ATP that they get from a fermentation. Since there are 687
kilocalories potentially available from the complete combustion of a mole of glucose, there is a
lot of nutrient free energy left on the table, to be captured during the rest of respiration (i.e.,
pyruvate oxidation).

[E1:

H 157-2 Balance Sheet of Glycolysis

Remember also that the only redox reaction in aerobic glycolysis is in Stage 2. This is
the oxidation of G-3-P, a 3-C glycolytic intermediate. Now check out the redox reaction of a
fermentation pathway. Since pyruvate, also a 3-C intermediate, was reduced, there has been
no net oxidation of glucose (i.e., glycolytic intermediates) in complete glycolysis.

By this time, you will have realized that glycolysis is a net energetically favorable
(downhill, spontaneous) pathway in a closed system, with an overall negative AGo. Under
normal circumstances, glycolysis is also spontaneous in most of our cells, driven of course, by a
constant need for energy to do cellular work. Thus, you would expect that the actual free
energy, or AG', of glycolysis, is also normally negative. In fact, glycolysis in actively respiring
cells proceeds with a release of more free energy than it would in a closed system. In other
words, the AG' for glycolysis in active cells is more negative than the AGo of glycolysis! Feel
free to investigate the truth of this statement on your own.

Before we discuss the aerobic fate of pyruvate, let's take look at gluconeogenesis, the
Atkins diet, and at not-so-normal circumstances when glycolysis essentially goes in reverse (at
least in a few cell types). Under these conditions, glycolysis is energetically unfavorable, and
even the otherwise-exergonic reactions of glycolysis (those with a negative AGo) will proceed
with a negative AG'".

6.5 Gluconeogenesis

In well-fed animals, most cells can store some of glucose as glycogen, which they break down
as needed to retrieve nutrient energy as G-6-P. Glycogen hydrolysis (glycogenolysis) produces
G-1-P, which is converted to G-6-P as we saw at the beginning of Stage 1 of glycolysis. But
glycogen in most cells is quickly used up between meals. Therefore, most cells depend on a
different, external source of carbohydrates (i.e., glucose) other than diet. Those sources are
liver (and to a lesser extent kidney) that can store large amounts of glycogen after meals. In
continual feeders (cows and other ruminants), glycogenolysis is ongoing.

Glycogenolysis by liver cells supplies glucose to the blood for up to six to eight hours
between meals in intermittent feeders (like us), to be distributed as needed to all cells of the
body. Thus, you can expect to use up liver and kidney glycogen reserves after a good night's
sleep, a period of intense exercise, or any prolonged period of low carbohydrate intake (fasting
or starvation). Under these circumstances, animals use gluconeogenesis (literally, new glucose
synthesis) in liver and kidney cells to provide systemic glucose to nourish other cells.
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In healthy individuals, the hormones glucagon and insulin regulate blood glucose
homeostasis, depending on cellular glucose (energy) needs. These hormones raise or lower
blood glucose levels to protect the organism from hypoglycemia (low blood sugar) and
hyperglycemia (high blood sugar), respectively. The gluconeogenic pathway produces glucose
from carbohydrate and non-carbohydrate precursors that include pyruvate, lactate, glycerol,
and gluconeogenic amino acids. The latter are amino acids that can be converted to alanine.
The reactions of glycolysis and gluconeogenesis are shown side-by-side in Figure 6.18.

| Glycolysis vs. Gluconeogenesis
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Fig. 6.18: Comparison of incomplete glycolysis to gluconeogenesis. The two pathways are essentially
the reverse of one another, except for the bypass enzymes in gluconeogenesis (shown in green), which
are required to get around biologically irreversible enzymes of glycolysis.

In Figure 6.18, look for bypass reactions that are catalyzed by carboxylases and
phosphatases and at the glycolytic reactions that function in reverse during gluconeogenesis.
Glycolysis overall is an exergonic pathway; therefore, gluconeogenesis must be an endergonic
pathway. In fact, the free energy released by glycolysis generates a net of two ATPs from two
pyruvates, while synthesizing glucose from two pyruvates during gluconeogenesis, costs four
ATPs and two GTPs!
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Likewise, gluconeogenesis is only possible if the bypass enzymes are present. These
are necessary to get around the three biologically irreversible reactions of glycolysis. Except for
the bypass reactions, gluconeogenesis is essentially a reversal of glycolysis. As drawn in the
pathways in Figure 6.18, glycolysis and gluconeogenesis would seem to be cyclic. In fact, this
apparent cycle was recognized by Carl and Gerty Cori, who shared the 1947 Nobel Prize for
Medicine or Physiology with Bernardo Houssay for discovering how glycogen is broken down
in muscle cells (and in fact in most cells) to pyruvate to be reconverted to glucose in liver cells.
Named after the Coris, The Cori cycle (Figure 6.19, below) recognizes the interdependence of
liver and muscle in glucose breakdown and re-synthesis.

The Cori Cycle
Connecting Glycolysis and Gluconeogenesis

f lucose ﬂ\\ s lucose
.q"A 5 9‘ \

glycolysis I\

gluconeogenesis n
6 ATP | C2ATP

2 pyruvate 2 pyruvate

NG 2 lactate / N 2 lactate /

liver cells muscle cells

Fig. 6.19: The Cori cycle reveals the relationship between glycolysis and gluconeogenesis. Lactic
acid produced by complete glycolysis in active skeletal muscle goes to the liver, where it could be
converted to pyruvate and then to glucose.

Despite the free energy requirement of gluconeogenic reactions in a closed system under
standard conditions, gluconeogenesis in liver and kidney cells is energetically favorable...,
because cells are open systems. Pyruvate accumulation in liver cells and a rapid release of new
glucose into the blood drive the gluconeogenesis forward, synthesizing glucose with a
negative AG’, a decline in actual free energy. Of course, glycolysis and gluconeogenesis are
not simultaneous. Which pathways operate in which cells is tightly controlled. Glycolysis is the
norm in all cell types, even liver and kidney. However, the cessation of glycolysis in favor of
gluconeogenesis in the latter cells is under hormonal control (Figure 6.20, below).

Key in turning on liver gluconeogenesis is the role of glucocorticoid hormones. What causes
the secretion of glucocorticoids? A long night's sleep, fasting and in the extreme, and
starvation are forms of stress. Stress responses start in the hypothalamic-pituitary axis.
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Different stressors cause the hypothalamus to secrete a neurohormone which stimulates the
release of ACTH (adrenocorticotropic hormone) from the pituitary gland.

ACTH then stimulates the release of cortisone and other glucocorticoids from the cortex (outer
layer) of the adrenal glands. As the name glucocorticoid suggests, these hormones participate
in the regulation of glucose metabolism.

Hormonal Control of Gluconeogenesis
hypothalamus

neurosecretory (neuro) hormones

pituitary gland
ACTH

adrenal glands
glucocorticoids (e.g., cortisone)

; ¥
many tissues skeletal muscle liver
' ' |
tlipases { proteases 1 ‘bypass’ enzymes
R /—__—\
s proteins amino non-CHOs  glucose
fats  fatty acids acids v, ¢
+ glycerol ’ ‘

A ™ j
ketogeni luconeogenic
\ ams;nc? acilgsJ \‘gamino el -/ /

Fig. 6.20: Hormones of the hypothalamic-pituitary axis control gluconeogenesis. A need for
glucose-derived energy stimulates hypothalamic hormones, which in turn stimulate the pituitary
gland to release ACTH (adrenocorticotropic hormone). ACTH then stimulates the adrenal glands
to release glucocorticoid hormones stimulate many tissues to control gluconeogenic glucose
production, as well as the use of alternate nutrient fuels by many cells in the body.

Here is what happens at times of low blood sugar (e.g., when carbohydrate intake is low):

1.
2.

Glucocorticoids stimulate the synthesis of gluconeogenic bypass enzymes in liver cells.

Glucocorticoids stimulate protease synthesis in skeletal muscle, causing hydrolysis of the
peptide bonds between amino acids. Gluconeogenic amino acids circulate to the liver
where they are converted to pyruvate, a major precursor of gluconeogenesis. Some amino
acids are ketogenic and are converted to Acetyl-S-CoA, a precursor to ketone bodies.
Glucocorticoids stimulate increased levels of enzymes including lipases which catalyze
hydrolysis of the ester linkages in triglycerides (fat) in adipose and other cells. This
generates falty acids and glycerol.
Glycerol circulates to liver cells where it is taken up and converted into to G-3-P,
augmenting gluconeogenesis. Fatty acids circulate to liver cells where they are oxidized to
Acetyl-S-CoA that is then converted to ketone bodies. and released to the circulation.
Most cells switch from glycolysis to fatty acid oxidation an alternate energy source when
glucose is limiting. Heart and brain cells depend on glucose for energy, but under extreme
conditions (prolonged fasting, starvation), brain cells can use ketone bodies as an energy
source of last resort.
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Thus, the essential roles of glucocorticoids include the following:

1. Enabling most cells to oxidize fats (fatty acids) for energy

2. Allowing brain cells to use gluconeogenic glucose for energy, and in the extreme, ketone
bodies as an alternate energy source

3. Allowing cardiac muscle to use gluconeogenic glucose as its energy source

It's a pity that we humans can't use fatty acids as gluconeogenic substrates! Plants and
some lower animals have a glyoxylate cycle pathway that can convert fatty-acid oxidation
products directly into gluconeogenic carbohydrate substrates. Lacking this pathway, we (and
higher animals in general) cannot convert fats to carbohydrates, in spite of the fact that we can
all too easily convert the latter to the former! For us, when the gluconeogenic response is
inadequate to the task, the body can resort to ketogenic fat metabolism. Think of this as a last
resort, leading to the production of ketone bodies and the "acetone breath” in long-term
fasting or people with severe eating disorders (e.g., anorexia nervosa).

The dark side of the limits of gluconeogenic metabolism is prolonged starvation, which
will eventually overwhelm the gluconeogenic response. You see this in reports from third-
world regions where many people may suffer starvation due to drought, other natural disasters,
or war. The spindly arms and legs of starving children result from muscle wasting as the body
tries to provide the glucose necessary for survival.

6.6 The Atkins Diet and Gluconeogenesis

You may know the Atkins Diet as an ultra-low-carb diet, one of several ketogenic diets.
Glucocorticoid hormones released on such a diet trick the body into maintaining a constant
gluconeogenic state. Glucose production by the gluconeogenic liver is limited and reserved for
brain and heart cells; the rest of the cells in our bodies switch to burning fats, hence the weight
loss. Carried to an extreme, restriction of carbohydrate intake results in high blood levels of
ketones and the acetone breath also encountered during extreme malnutrition. Discredited
some years ago, the Atkins and similar 'ketogenic' diets (e.g., Paleo, South Beach) are now
back in favor.

Low-carb diets are important in the control of any diabetic disease. Older folks with type-2
(adult-onset) diabetes can control their disease with a low-carb diet, with exercise, and with
medication. For example, metformin is a drug that blocks gluconeogenesis to reduce glucose
synthesis from gluconeogenic substrates, at the same time as it stimulates cellular receptors to
take up available glucose. Look at Hundal RS et al. (2000. Mechanism by Which Metformin
Reduces Glucose Production in Type 2 Diabetes. Diabetes 49: 2063-9) for more details on how
metformin works. Given the prevalence of adult obesity and type 2 diabetes in the United
States, it's likely that someone you know is taking metformin or another similar medication!
Unfortunately, a high rate of obesity in children may lead to type 2 diabetes in youngsters in
the U.S. Of course, the treatment of last resort insulin, the pancreatic hormone that increases
cellular glucose uptake.

H 158-2 Gluconeogenesis & the Atkins Diet



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2995498
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2995498
https://youtu.be/xWp4e7h7mtM

6.7 The Krebs/TCA/Citric acid cycle

The glycolytic reactions through fermentative reactions to pyruvate produce ATP
anaerobically. The evolution of respiration (the aerobic use of oxygen to efficiently burn
nutrient fuels) had to wait until photosynthesis created the oxygenic atmosphere we live in
now. Read more about the source of our oxygenic atmosphere in Dismukes GC et al. [(2001)
The origin of atmospheric oxygen on Earth: the innovation of oxygenic photosynthesis. Proc.
Nat. Acad. Sci. USA 98:2170-2175].

The Krebs cycle is the earliest pathway of eukaryotic mitochondrial oxygenic
respiration. The Krebs cycle no doubt evolved a few reactions at a time, perhaps in the
beginning, as a means of protecting anaerobic cells from the “poisonous” effects of oxygen as
photosynthetic organisms spread. Along the way, natural selection elaborated the aerobic
Krebs cycle, electron transport and oxidative phosphorylation metabolic pathways we see
today. Whatever their initial utility, these reactions were an adaptive response to the increase
in oxygen in the Earth's atmosphere. As we've seen, respiration is a much more efficient
pathway than glycolysis is for extracting chemical energy from nutrients. Animals rely on it,
but even plants and photosynthetic algae use the respiratory pathway when sunlight is not
available! Here we focus on oxidative reactions in the mitochondrion, beginning with pyruvate
oxidation and continuing to the redox reactions of the Krebs cycle.

In mitochondria, pyruvate dehydrogenase catalyzes pyruvate oxidation to Acetyl-S-
Coenzyme A (Ac-S-CoA). The Krebs cycle then completely oxidizes Ac-S-CoA. These
mitochondrial redox reactions generate CO, and a lot of reduced electron carriers (NADH,
FADH,). The free energy released in these redox reactions is coupled to the synthesis of
only one ATP per oxidized pyruvate (i.e., two per the glucose we started with). In fact, it is
the NADH and FADH, molecules that have captured most of the free energy in the original
glucose molecules. The entry of pyruvate from glycolysis into the mitochondrion and its
oxidation are summarized in Figure 6.21.

The first step is entry of pyruvate
into mitochondria:

anaerobic pathway

pyruvate ...........................
fermentation

/ oxidative ¥ pathway \

pyruvate

*Pyruvate is first oxidized to acetyl-S-CoA.

*Then the TCA (Krebs) Cycle oxidizes
acetyl-S-CoA, releasing CO,

*The remaining free energy from glucose
oxidation is captured in reduced e- carriers...

mitochondrion

Fig. 6.21: Pyruvate enters the mitochondrion to be oxidized to acetyl-S-Coenzyme A (acetyl-S-CoA).
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Pyruvate oxidation by pyruvate dehydrogenase converts a 3-C carbohydrate into a 2-C
acetate molecule, releasing a molecule of CO,. In this highly exergonic reaction, a reduced
coenzyme A (CoA-SH) forms a high-energy thioester (the -S- linkage) with acetate to make Ac-
S-CoA. In this reaction, NAD"* is reduced to NADH a CO, molecule is produced, along with
the Ac-S-CoA. Figure 6.22 shows the complete redox reaction.

3C pyr deHase 1C 2C

pyr + CoA-SH + NAD* =—— NADH + H* + Ac-S-CoA
AG, = -8 Kcal/mole

First of the CO, molecules resulting
from glucose respiration!

Fig. 6.22: Pyruvate dehydrogenase catalyzes pyruvate oxidation to Ac-S-CoA, releasing a molecule
of CO2 and reducing NAD* to NADH.

The Krebs cycle (illustrated in Figure 6.23 below) functions during respiration to
oxidize Ac-S-CoA and to reduce NAD" and FAD to NADH and FADH),, respectively.

Overview of
the Citric Acid (Krebs) Cycle

(3C) pyruvate

NAD* + CoA-SH
NADH

CO, (1C)

ruvate
deh’;%rogenas
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(4C)oxaloacetate cis aconitase
NADH’ﬁ malate _
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FAD . ehy rogenas;{
succinate O,, NADH

succinyl Co-A i -S-
Synthase succinyl-S-CoA

CoA-SH GDP + Pi
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Fig. 6.23: Krebs Cycle highlights: The first reaction is the condensation of Ac-S-CoA and oxaloacetate
(OAA), forming citric acid (citrate). Four reactions in the cycle are redox reactions which create reduced
electron carriers (NADH, FADH2); one reaction makes GTP by substrate-level phosphorylation.
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Overall, the cycle is exergonic. Intermediates of the Krebs cycle also function in amino
acid metabolism and interconversions. All aerobic organisms alive today share the Krebs cycle.
This is consistent with its spread early in the evolution of our oxygenic environment. Because
of the central role of Krebs cycle intermediates in other biochemical pathways, parts of the
pathway may even have predated the complete respiratory pathway. This centrality of the
Krebs cycle to cellular metabolism is emphasized in the biochemical pathways chart shown at
the top of this chapter.

After the oxidation of pyruvate in mitochondria, the resulting Ac-S-CoA enters the
Krebs cycle in the first reaction, condensing with oxaloacetate (OAA) to form citric acid, or
citrate. Citrate is a tricarboxylic acid (TCA), for which the cycle was first named. There are four
redox reactions in the Krebs cycle. As we discuss the cycle, look for the accumulation of
reduced electron carriers (FADH,, NADH) and a small amount of ATP synthesis by substrate-
level phosphorylation. Also follow the carbons in pyruvate into CO,. The following checklist
will help you understand the events of the cycle:

1. Find the two molecules of CO, produced in the Krebs cycle itself.

Find GTP (which quickly transfers its phosphate to ADP to make ATP). Note that in
bacteria, ATP is made directly at this step.

3. Count all the reduced electron carriers (NADH, FADH,) in the biochemical pathway. Each
will “carry” a pair of electrons into the mitochondria. If you include the electrons on each
of the NADH molecules made in glycolysis, how many electrons have been removed from
cytoplasmic glucose for during its complete oxidation in mitochondria?

Remember that glycolysis produces two pyruvates per glucose and thus two molecules
of Ac-S-CoA. Thus, the Krebs cycle turns twice per glucose that enters the glycolytic pathway.
The high-energy thioester linkages formed in the Krebs cycle fuel ATP synthesis as well as the
condensation of oxaloacetate and acetate to form citrate in the first reaction. Each NADH
carries about 50 Kcal of the 687 Kcal of free energy originally available in a mole of glucose;
each FADH), carries about 45 Kcal of this free energy. This energy will fuel ATP production
during electron transport and oxidative phosphorylation.

Clk210
=

L |

H 159-2 Highlights of the Krebs Cycle

Finally, the story of the discovery of the Krebs cycle is at least as interesting as the
cycle itself! Albert von Szent-Gyorgyi initially discovered several organic acid oxidation
reactions that were thought at the time to be part of a linear pathway of nutrient oxidation, and
for which he won a Nobel Prize in 1937. Hans Krebs then performed the elegant experiments
showing that the reactions were part of a cyclic pathway. He proposed (correctly!) that the
cycle would be a supercatalyst that would catalyze the oxidation of yet another organic acid.
Some of the experiments are described by Krebs and his coworkers in their classic paper:
Krebs HA, et al. [(1938) The formation of citric and a-ketoglutaric acids in the mammalian
body. Biochem. J. 32: 113-117].

Hans Krebs and Fritz Lipmann shared the 1953 Nobel Prize in Physiology or
Medicine. Krebs was recognized for his discovery of the TCA cycle, which more commonly
carries his name. Lipmann was recognized for proposing ATP as the mediator between food
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(nutrient) energy and intracellular work energy and for discovering the reactions that oxidize
pyruvate and synthesize Ac-S-CoA, bridging the Krebs cycle and oxidative phosphorylation (to
be considered in the next chapter).

ﬁ 160 Discovery of the Krebs Cycle

%EI

[=]; =

You can read Krebs' review of his own research in Krebs HA [(1970) The history of the
tricarboxylic acid cycle. Perspect. Biol. Med. 14:154-170]. For a classic read on how Krebs
described his supercatalyst suggestion, check out 52Citrate and a-Ketoglutarate Formation in

Mammals . For more about the life of Lipmann, check the brief Nobel note on the 53Fritz

Lipmann Biography.
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Chapter 7
Electron Transport, Oxidative Phosphorylation,
Photosynthesis

Electron transport, oxidative phosphorylation, and protein motors make ATP in mitochondria;
H»O0 is split, COq, -fixation by “light” and “dark” reactions makes glucose in chloroplasts
Reminder: For inactive links, google key words/terms for alternative resources.
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7.1 Introduction

We saw that glycolysis generates two pyruvates per glucose, and that subsequent oxidation of
each pyruvate generates two Ac-S-CoA molecules. In aerobic cells, oxidation of each Ac-S-
CoA by the Krebs cycle captures about 4% (30/687 Kcal) available in a mole of glucose—in just
two ATP molecules; not much for all that biochemical effort! But a total of twenty-four H* ions
(protons) in glucose have captured in reduced electron carriers (NADH, FADH,) in redox
reactions. Here we'll see how oxidation of NADH and FADH, by an electron transport system
releases free energy that fuels the creation of a proton (H*) gradient Then we'll see how
dissipation of this gradient powers oxidative phosphorylation and ATP synthesis. Electron
transport and oxidative phosphorylation account for the cellular capture most nutrient free
energy in ATP. We'll contrast oxidative phosphorylation with glycolytic and Krebs cycle
substrate-level phosphorylation and look at an energy balance sheet for respiration. Then we'll
look at cellular free energy capture from alternate nutrients. Finally, we look at
photosynthesis, and then compare ATP production in what are essentially, opposite pathways.

Learning Objectives

When you have mastered the information in this chapter, you should be able to do the
following:

1. Explain the centrality of the Krebs cycle to aerobic metabolism (cellular respiration).

2. Identify sources of electrons in redox reactions leading to and within the Krebs cycle.

3. Draw the path of electrons from the Krebs cycle to the electron transport chain to O..
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4. Trace the evolution of the electron transport chain from its location on an aerobic bacterial
membrane to its location in eukaryotic cells.

5. List the expected properties of a proton gate and a proton pump.

6. Interpret experiments involving redox reactions, ATP synthesis, and ATP hydrolysis
conducted with intact mitochondria and separated mitochondrial membranes.

7. Distinguish between the pH, proton (H+) and electrical gradients established by electron
transport.

8. Explain the chemiosmotic mechanism of ATP synthesis and contrast it with subsirate-level
phosphorylation.

9. Discuss the evolution of electron transport in respiration and in photosynthesis and each.

10. Trace the different paths that electrons can take in photosynthesis and explain the
circumstances that would result in the different paths.

11. Explain the similar (or identical) biochemical intermediates in respiration and
photosynthesis.

7.2  Electron Transport Chains

All cells use an electron transport chain (ETC) to oxidize substrates (Krebs cycle products) in
exergonic reactions. The flow of electrons from reduced substrates through an ETC is like the
movement of electrons between the poles of a battery. In the case of the battery, the electron
flow releases free energy to power motors, lights, cell phones.... During mitochondrial
respiration, reduced electron carriers (NADH, FADH,) are oxidized, and electrons flow down
an ETC to molecular oxygen (O, to make water. In plants and other photosynthetic organisms,
electron flow down an ETC oxidizes NADPH (nicotinamide adenine dinucleotide phosphate, a
phosphorylated version of NADH), eventually reducing CO, to sugars.

In both respiration and photosynthesis, the oxidation of energy-rich reduced electron
carriers releases free energy. This free energy of electron flow is coupled to the active
transport of protons (H+ ions) across a membrane by profon pumps. The proton pumps create
a chemical (proton) gradient and consequently a pH and electrical gradient. In shorthand, we
say that the free energy once in reduced substrates is now in an electrochemical gradient. The
proton gradient (in fact, any gradient) is a source of potential (i.e., free) energy. The proton
gradients of respiration and of photosynthesis will be used to make ATP by oxidative
phosphorylation and by photophosphorylation, respectively.

The Chemiosmotic Mechanism explains how the electrochemical gradient forms and
how it stores free energy, and how its free energy ends up in ATP. For his insight on this
mechanism, Peter Mitchell won the Nobel Prize in Chemistry in 1978. Read Mitchell's original
proposal of the chemiosmosis model of mitochondrial ATP synthesis in Mitchell P (1961)
Coupling of phosphorylation to electron and hydrogen transfer by a chemiosmotic type of
mechanism. Nature 191:144-148.

7.3 Electron Transport in Respiration

Here we focus on the details of respiration as it occurs in the mitochondria of eukaryotic cells.
The end products of electron transport are NAD*, FAD, water, and protons. The protons end
up outside the mitochondrial matrix because they are pumped across the cristal membrane
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using the free energy of electron transport. Electron transport and oxidative phosphorylation
are summarized in Figure 7.1.

Mitochondrial Electron Transport and Oxidative Phosphorylation
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Fig. 7.1: Electron transport and oxidative phosphorylation on the cristal membrane: NADH and FADH:2
oxidation feeds electrons into electron transport, releasing free energy to powers proton pumps that force
H* ions (i.e., protons) out of the mitochondrion. The resulting pH (i.e., H*) gradient fuels ATP synthesis
when protons flow into the mitochondrial matrix through a regulated cristal membrane ATP synthase (red).

Roman-numbered protein complexes, along with coenzyme Q (“Q") and cytochrome C

("Cyt C") constitute the ETC. The role of the respiratory ETC is to oxidize NADH or FADH; to

NAD* and FAD, respectively. Electrons from these reduced electron carriers are transferred

from one ETC complex to the next. At the end of the chain, electrons, protons, and oxygen

unite in complex IV to make water. Under standard conditions in a closed system, electron
transport is downhill, with an overall release of free energy (a negative AGo) at equilibrium.
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In the illustration above, we can see three sites in the respiratory ETC that function as
H* pumps. At these sites, the negative change in free energy of electron transfer is large and
coupled to the action of a proton pump, which forces protons out of the mitochondrial matrix
and across the cristal membrane. Because the outer mitochondrial membrane is freely
permeable to protons, the gradient created is, in effect, between the cytoplasm and the
mitochondrial matrix. Protons flow back into the mitochondrial matrix through lollipop-shaped
ATP synthase complexes on the cristal membrane, and this flow releases the gradient free
(potential) energy that will be harnessed to make ATP by oxidative phosphorylation.
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7.4  Oxidative Phosphorylation in Respiration

Oxidative phosphorylation is the mechanism by which ATP captures the free energy in the
mitochondrial proton gradient. Most of the ATP made in aerobic organisms is made by
oxidative phosphorylation, and not by substrate-level phosphorylation (the mechanism of ATP
synthesis in reactions of glycolysis or the Krebs cycle). Some oxidative biochemistry may have
existed early in evolution. After photosynthetic organisms appeared, the response of anaerobic
organisms to the toxicity of rising environmental oxygen levels may have been to coopt early
oxidative biochemistries oxygen detoxification. The later elaboration of respiratory metabolism
was undoubtedly selected because it turned out to be significantly more efficient at making
ATP than were the anaerobic fermentations (such as “complete” glycolysis). In other words,
oxidative phosphorylation is more efficient than substrate-level phosphorylation.

Summarizing electron travel down the electron-transport chain fuels the three proton
pumps that establish a proton gradient across the cristal membrane that stores free energy.
Oxidative phosphorylation then allows controlled diffusion of protons back into the
mitochondrial matrix through cristal membrane\ ATP synthases, fueling ATP production. We
say that the proton gradient has a profon motive force. We also recognize the proton gradient
as a pH gradient as well as an electrical gradient (i.e., the difference in electric potential).

The use of this proton motive force to make ATP is regulated. Conditions in the cell
control when the energy stored in this gradient will be released to make ATP. The switch that
allows protons to flow across the cristal membrane to relieve the proton gradient is a
mitochondrial cristal membrane ATP synthase, a tiny, complex enzymatic protein motor.

When this “switch"” is open, protons pumped out of the mitochondrial matrix during
electron transport can flow back into the matrix through the ATP synthase. For a clear
discussion of this complex enzyme, see P. D. Boyer (1997) The ATP synthase — a splendid
molecular machine. Ann. Rev. Biochem. 66:717-749.

The splendid molecular machine was discovered when isolated mitochondria were
themselves fractionated. When a membrane fraction (Fraction 1) of the organelle was shown to
hydrolyze ATP, the putative enzyme responsible was designated an F1 ATPase. Intact
mitochondria cannot hydrolyze ATP! In further experiments, vesicles formed from isolated
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mitochondrial membranes were exposed to high pH in the presence of ADP and inorganic
phosphate, resulting in ATP synthesis. Hence, F1 ATPase was redesignated the mitochondrial
ATP synthase (or F1 ATP synthase). The capture of free energy of protons flowing through this
lollipop-shaped ATP synthase by facilitated diffusion is shown in Figure 7.2.
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Fig. 7.2: The passive diffusion of protons through the cristal membrane ATP synthase relieves
the proton gradient, releasing free energy that fuels ATP synthesis in the mitochondrial matrix.

If the three ETC sites in the cristal membrane that actively transport protons are proton
pumps, then the cristal membrane ATP synthase complexes function as regulated proton gates
which catalyze ATP synthesis as protons flow through. For their discovery of the details of ATP
synthase function, P. D. Boyer and J. E. Walker shared the Nobel Prize in Chemistry in 1997.
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H 165-2 Proton Gates Capture Proton Gradient Free Energy as ATP

The ratio of ATP to ADP concentrations regulates proton flow through the ATP
synthase gates. A high ATP/ADP ratio in the mitochondrial matrix indicates that the cell does
not need more ATP and closes the proton gate so that the proton gradient cannot be relieved.
On the other hand, a low ATP/ADP ratio in the matrix means that the cell is hydrolyzing a lot of
ATP and that the cell needs more. Then the proton gate opens, and protons flow through cristal
membrane ATP synthases back into the matrix, going down the concentration gradient. As
they flow, they release free energy to power a protein motor in the enzyme, which in turn
activates ATP synthesis. Just as we did for glycolysis, we can count the ATPs and see how
much free energy we get from aerobic respiration, (i.e., the complete oxidation of glucose). You
can see this in the following link.

H 166 A Balance Sheet for Respiration
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If the endosymbiotic theory is correct, then aerobic bacteria are the evolutionary
ancestor to mitochondria, and the bacterial cell membrane should be the site an ETC and a
chemiosmotic mechanism of ATP generation, much like that in mitochondria. This is in fact the
case. And proton gradients not only power molecular motors linked to ATP synthesis but are
also linked directly to the spinning of a bacterial flagellum (yet another “splendid molecular
machine," Figure 7.3, below.

Bacterial electron transport chain pumps protons
and cations from cytoplasm:

g 7‘ flagellum

periplasmic space
cell wall

inner
membrane

H* H* )
electron transport chain

ADP + Pi 2H ATP
*HATP synthase

Relief of the resulting ion gradient powers ATP
synthase and flagellar motor.

Fig. 7.3: A bacterial electron transport system can pump protons and other cations (Na+, Ca++) from the
cytoplasm into the periplasmic space, at the left on the inner (cell) membrane. Relief of the proton
gradient can power an ATP synthase or motility by fueling a spinning flagellum (at the right). In both
cases. proton flow into the cell powers complex protein motors.

Electron transport in the cell membrane creates the gradient, in some cases co-
transporting a proton and another cation (Na*, Ca**). Relief of the proton gradient typically
powers both ATP synthesis and the flagellum, though recent studies indicate that relief of the
Na* gradient can also spin the flagellum in some species of bacteria.

7.5 Photosynthesis

Plants have evolved different photosynthetic adaptations, called C3, CAM and C4. All are
essentially the reverse of respiration. We'll consider each in turn later. Chemically,
photosynthesis is the reverse reaction of respiration. Compare the following chemical reactions
of respiration and photosynthesis:

1. CH,,0, +60,—=—6C0O, + 6H,0 (AGo = -687 Kcal/mole)
2. 6CO, + 6H,0 “<=——C,H,,0, + 60, (AGo = +687 Kcal/mole)
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If respiration (reaction 1) is a complete oxidation of glucose to H,O and CO, then
photosynthesis (reaction 2) is a reduction of CO, by electrons from H,O to make glucose. Thus,
photosynthesis is an endergonic reaction pathway. During photosynthesis, sunlight (i.e.,
visible light) fuels the reduction of CO; (Figure 7.4).

Oxidation of Organic Carbon
respiration

Yy _ Krebs ETS,
glycolysis

Cycle
glucose—> —— —CO0,, H,0

free energy in ATP

Reduction of Inorganic Carbon
photosynthesis

CO,, H,O e glucose

free energy from
visible sunlight

Fig. 7.4: The flow of carbon through life. Oxidation of organic carbon (e.g., glucose) releases free energy to
make ATP. Free energy from sunlight fuels photosynthesis, turning CO2 back into organic carbon (glucose).

Photosynthesis began in the absence of oxygen; it preceded oxygenic respiration on

Earth. But after it evolved, it led to increasing levels of atmospheric oxygen that resulted in the
selection of oxygenic respiratory pathways (the Krebs cycle, electron transport, and oxidative
phosphorylation). We will see here that photosynthesis and respiration both have electron-
transport-ATP-synthesizing systems that share similar features. This suggests that both
pathways share a common evolutionary ancestry. Elsewhere, we will consider what a common
ancestral system might have looked like. Two biochemical pathways make up photosynthesis:

Light-dependent reactions use visible light energy to remove electrons from water to
reduce electron carriers, to pump protons, and to make ATP.
Light-independent reactions use ATP to transfer electrons from the reduced electron

carriers to CO; to synthesize glucose.
136



These light-dependent and light-independent pathways of photosynthesis are summarized
below in Figure. 7.5.

Photosynthesis has light-dependent
and light-independent components:

Light-
Light- independent
dependent (“dark”)

reactions chemical reactions

light elf_ll_'gy
energy NJ(ADPi-I) ;
H,0 O, Co,

Fig. 7.5: The light-dependent (“light’) reactions of photosynthesis “split” water, releasing oxygen and
protons, and capturing solar free energy as chemical energy. The light-independent (“dark”) reactions
use this chemical free energy to “fix” CO2 into organic molecules (nutrients).

7.5.1 The Light-Dependent Reactions

Colored substances contain pigments which reflect the colors that we see, and which
simultaneously absorb all the other colors of visible light. Early studies asked which plant
pigments absorbed the light that allow (or as we say now, “support”) photosynthesis. The
abundant chlorophyll pigment we see in plant tissues is actually two separate green pigments:
chlorophyll a and chlorophyll b. One might therefore predict that light absorbed by either or
both chlorophylls will support photosynthesis. Figure 7.6 illustrates the experiment that tested
this hypothesis.

Photosynthesis Uses Visible Light
all A

visible
light — = <
prism single A

filter

Fig. 7.6: This experiment asks which wavelengths of light support photosynthesis. Visible light is
separated into different colors (wavelengths) by a prism (left), and then passed through filters
(center) that block all but one wavelength of light (right) to see which wavelengths support plant
growth and carbohydrate synthesis.
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The action spectrum of photosynthesis (Figure 7.7, below) plots the results of this experiment.

An Action Spectrum of Photosynthesis

e,.g., rate of
photosynthesis

300 40 600 700

0 500
Fig. 7.7: The action spectrum of photosynthesis plots the rate of photosynthesis (e.g., glucose

synthesis) of a plant illuminated by different wavelengths of light. The graph shows that a wide range
of visible-light wavelengths support photosynthesis.

The spectrum shows that all wavelengths of visible light energy can support
photosynthesis. In addition, other experiments revealed that radiation other than visible light
(e.g., ultraviolet and infrared light) do not support photosynthesis. One can conclude that
chlorophylls are likely not the only pigments to support photosynthesis.

Chlorophylls are easily purified from leaves. The graph in Figure 7.8 shows an average

absorbance spectrum of chlorophylls. The absorbance of chlorophyll a and chlorophyll b are
slightly different, but they center at wavelengths of 450 nm and 675 nm.

Absorbance Spectrum of Chlorophylls

absorbance

300 400 500 600 700
A(nm)

Fig. 7.8: This graph plots the absorbance spectrum of purified chlorophylls, showing two main peaks of
absorbance, suggesting the hypothesis that different pigments must be absorbing other wavelengths of

light that support photosynthesis.
Comparing the action and absorbance spectra, we can conclude that the chlorophylls
support photosynthesis, but that chlorophylls alone do not account for the action spectrum of
photosynthesis!
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In fact, other pigments absorbing light elsewhere in the visible spectrum also support
photosynthesis. Of course, we knew that these other pigments were present in leaves and other
photosynthetic plant tissues because we could see many of them as fall colors. All of these
pigments (including chlorophylls) are found in chloroplasts, the organelles that conduct
photosynthesis in plants. Take another look at the structure of chloroplasts in the electron
micrographs in Figure 7.9.

Low & High Magnification EM Cross-Sections
Through a Chloroplast

Plastoglobules

Interthylakoid
membranes

Grana
(thylakoid
stacks)

stroma -
contains
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RNA, o
ribosomes =

P

outer & inner
membrane

Fig. 7.9: A low-power transmission micrograph of a chloroplast (left) shows grana (thylakoid stacks).
A high-power micrograph (right) shows a few grana in detail, revealing thylakoid membranes in a
granum and the interthylakoid membranes linking grana.
Figure 7.10 shows that the visible light absorbance spectra of the chlorophylis,
carotenoids and possibly other pigments coincide with the photosynthetic acfion spectrum.
This implies that the absorption of light by those pigments is responsible for photosynthesis.

Plant Pigment Action vs. Absorbance Spectra
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Fig. 7.10: Here a photosynthetic action spectrum is shown above the absorbance spectra of different
plant pigments. The absorbance peaks of different chloroplast pigments lie under different regions of the
action spectrum, consistent with the hypothesis that multiple pigments support photosynthesis.
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In fact, chlorophyll a, chlorophyll b, carotenoids, and other accessory pigments
participate in capturing light energy for photosynthesis. Two pigment clusters, called reaction
centers, capture light energy as part of photosystem 1 (PSI) and photosystem 2 (PSII) on
thylakoid membranes of chloroplasts.

Johann Deisenhofer, Robert Huber and Hartmut Michel first determined the 3D
structure of a bacterial reaction center. Then they unraveled the relationship between the
structure of the proteins in the center and the membrane in which they were embedded. For
this, they shared the 1988 Nobel Prize in Chemistry.

The activities of PSI are animated at "*Photosystem I Action. You can watch as photon
of light excites electron (e~) pairs from PSI pigments, which then transfer their energy from
pigment to pigment, ultimately to chlorophyll a P700. The impact of the electron pair excites a
pair of electrons from chlorophyll a P700, and that pair is captured by a PSI e~ acceptor, an
event referred to as charge separation. Next, the reduced PSI acceptor is oxidized as electrons
move down a short ETC, eventually reducing NADP* to NADPH. Electrons on NADPH will
eventually be used to reduce CO; to a carbohydrate. So far, so good! But that leaves an
electron deficit in PSI. The Z-Scheme illustrated in Figure 7.11 (below) follows electrons taken
from water (absorbed through roots) into PSII, which will replace those electrons missing from
PSI

The Z-Scheme: Electrons Missing from PSI
Replaced With Electrons from PSII

:
acceptor 2N ADP

ferrodoxin ,I
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3 ~

ADP

4e

photon

2NADPH
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4 e oo
2H,0 —Z>4H+ + O, | water ‘splits’

e”s lost from P680 replaced by e”s from water...

nergy of electron

Fig. 7.11: In the “Z-Scheme” of photosynthesis, pigments in PSI and PSII absorb light energy that excites
electrons captured by electron acceptors. Electrons excited from PSI reduce NADPH, the starting point of
the light-independent reactions (right). Electrons excited out of PSII come from splitting water, releasing
oxygen (left). These electrons will flow down a photosynthetic electron transport chain to replace
electrons lost from PSI. Along the way, free energy from those excited electrons fuels ATP synthesis
(middle of the illustration).
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Let's summarize electron flow through the Z-scheme. Light excites an e~ pair from the P680
form of chlorophyll a in PSII. A PSII electron acceptor in the thylakoid membrane, identified as
pheophytin, captures these electrons, another act of photosynthetic charge separation. An
electron transport chain oxidizes the pheophytin, transferring e~ pairs down to PSI.

Some of the free energy released then pumps protons from the siroma into the luminal
space of the thylakoid membranes. The gradient free energy fuels ATP synthesis as protons
flow back into the stroma through a chloroplast ATP synthase. The video at "°Z-Scheme
Action animates the entire Z-Scheme, showing first how PSI electrons reduce NADP* and then
how PSII electrons replace missing PSI electrons, making ATP along the way. The oxygen
released by splitting water ends up in the atmosphere.

The goal of photosynthesis is to make and to store glucose, so the photosynthesizing
cells get ATP to power glucose production by photophosphorylation during electron transport
via the Z-scheme. However, cyclic photophosphorylation can occur when the cell's need for
ATP exceeds the capacity of the Z-scheme to supply it. Cyclic photophosphorylation is
illustrated in Figure 7.12.

Energy from light can be used to make
ATP directly, without splitting water:
Cyclic Photophosphorylation

higher
F 3
| =
o) ~
= ™~ .
7] ‘ .
Q@
@ \\
© ADP hoton 2NADP
i photon
o
e
[<}]
c
b s
©w &« hotosystem I
lower

pigments

In the blue path, electrons excited from P700 are

replaced by e’s from the PSI electron acceptor by

cyclic electron flow, during which ATP is made.
Fig. 7.12: In Cyclic Photophosphorylation electrons excited from PSI don’t reduce NADP+, PSII is
not active, water is not split, and the excited PSI electrons are captured by the photosynthetic
electron transport chain, to be returned to PSI. ATP made by this cycle is used for cellular work
when there is no need or capacity to make more sugar.

Cyclic Photophosphorylation is a variation on the light-dependent reactions, a kind of
time-out to make ATP without reducing NADP* and thus, without reducing CO, to make
sugar). The cycle simply takes excited electrons to the PSI electron acceptor, and instead of
sending them to NADP*, it deposits them on PC (plastocyanin) in the electron transport chain
between PSII and PSI. These electrons then flow down the “long line" of the Z, right back to
PSI, releasing their free energy to make ATP. In light, the electrons just keep going up and
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around, hence the name Cyclic Photophosphorylation. The path of electrons shown in Figure
7.12 is also animated at 7'6Cvclic Photophosphorylation Activity.

7.5.2 The Light-Independent (“Dark") Reactions of Photosynthesis

As we have seen, the light-dependent reactions of photosynthesis require light energy and
water to generate O,, ATP, and NADPH. In the light-independent (or “dark™) reactions of
chloroplasts, the ATP and NADPH will provide free energy and electrons (respectively) for
carbon fixation (the reduction of CO, to make carbohydrates). There are three main pathways
for the so-called “dark reactions.”

7.5.2.a The Calvin-Cycle C3 Pathway

The Calvin cycle is the most common light-independent reaction pathway. In 1950 Melvin
Calvin and his colleagues (James Bassham and Andrew Benson) described the complete cycle
from CO, to glucose (Figure 7.13). They followed the radioactive *C isotope of carbon into
14CO,, then into glucose, and then into carbohydrates in photosynthesizing plants. For his
work, Calvin received the Nobel Prize in Chemistry in 1961.

CH,0-P
é o Stage 1:
| - carbon
CHOH 3 molecules of fixation
| co,
CHOH * coo-
I | |
CHZO-P / RuBisCO ‘ CHOH
3 molecules |
RuBP CH,0-P
6 molecules
3 ADP 3-PGA
6 ATP
3 ATP Calvi |
alvin Cycle 6 ADP
Stage 3: RuBP
regeneration
[ 5 molecules of GA3P || CHO
| 6 NADPH
CHOH
| 6 NADP* + H*
CH,0-P
| 1molecule GA3P | |6 molecules Stage 2:
% molecule glucose reduction
of (CgH,,0¢)

Fig. 7.13: In the Calvin cycle in C3 (i.e., most) plants, three ribulose bisphosphate (RuBP) molecules
are fixed to three CO2 molecules, catalyzed by RuBisCO. The 3 resulting 6-C molecules are split into
six 3-C carbohydrates that then make six glyceraldehyde-3-phosphate molecules (G3P, or GA3P in
the illustration). Five of these go on to regenerate three RuBP molecules; the sixth G3P waits for the
Calvin cycle to repeat, producing another G3P. Two G3Ps from two turns of the cycle are substrates
for glucose synthesis.
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Check the animation at ’’Calvin Cycle Action. Each carbon dioxide entering the
Calvin cycle is "fixed" to a 5-C ribulose bisphosphate molecule (RuBP), catalyzed by the
enzyme RuBP carboxylase-oxygenase, or RUBISCO for short. Seemingly, the expected 6-C
molecule quickly splits into two 3-C molecules since it has not been found as an intermediate
to date! The first detectable products are two molecules of 3PGA (3-phosphoglyceric acid).
Each 3PGA is in turn reduced to glyceraldehyde-3-phosphate (GA3P in the illustration, or G-3-
P). Some of the Calvin cycle intermediates should look familiar: the cycle regenerates the
RuBP and the essential intermediates of glucose production. Figure 7.14 (below) may help
with the arithmetic of the Calvin cycle.

Calvin Cycle Arithmetic!

How to make one molecule of glucose and regenerate
5 molecules of RubP

The basic reaction:
RubP + CO, ------ > unknown intermediate ------ >2 G-3-P
5C 1C total=6C

Making glucose and regenerating RubP:
6RubP + 6CO, ----> unknown intermediates ----> 12 G-3-P
5C 1C total=36C

2 G-3-P‘W

6C 30C

L LLTYTRY

v
glucose 6RubP
6C 30C

Fig. 7.14: Visualizing a turn of the Calvin Cycle can be difficult. This presentation of Calvin Cycle
arithmetic shows how 6 turns of the cycle accounts for making one glucose and regenerating five RuBP
molecules.

Perhaps the easiest way to see this is to imagine the cycle going around six times,
fixing six molecules of CO;, as shown in the illustration. In fact, a photosynthetic cell must fix
six CO, carbons onto six RuBP molecules to generate a single 6-C glucose. This leaves thirty
carbons on the table (as G-3-P molecules) with which to make six 5-C RuBP molecules.

There are times that even plants in temperate environments suffer prolonged hot, dry
spells. Perhaps you've seen lawns grow slowly and turn brown after a dry heat wave in
summer, only to grow and re-green when rains return. The C3 plants can resort to
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Pphotorespiration during drought and dry weather, closing their stomata to conserve water.
Under these conditions, CO, can't get into the leaves—and O, can't get out! As CO, levels
drop and O, levels rise in photosynthetic cells, the Calvin cycle slows down. Instead of fixing
CO,, RUBISCO now catalyzes "O; fixation" using its oxygenase activity. The combination of
RuBP with O, splits RuBP into 3-C and 2-C molecules: 3-phosphoglyceric acid (3-PG) and
phosphoglycolate, respectively (Figure 7.15).

H
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H=C=0H —
! I;I Oy /0
H=6=0 H=C=0-po; C
I ribulose bisphosphate 1 3 ! -
O,+H -(I: = OH carboxylase-oxygenase (I: =0 + H ‘(II' 0= PO,
H=C = OH (RUBISCO) +Cs H
(l: D 0¥ ~0 2-phosphoglycolate
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ribulose
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Fig. 7.15: Photorespiration is a C3-plant strategy to conserve water during a dry spell. Under these
conditions, RuBP carboxylase-oxygenase uses its oxygenase activity to, in effect, 'fix oxygen', by splitting
ribulose bisphosphate (at the left) into 3-phosphoglyceric acid and 2-phosphoglycolate (at the right).

Under these conditions, not only does photorespiration result in only one three-carbon
carbohydrate (compared to two in the Calvin cycle), but the phosphoglycolate produced is
cytotoxic (not healthy for «cells!). It is necessary to remove the phosphate from
phosphoglycolate and to then metabolize the remaining glycolic acid; this costs energy.
Therefore, photorespiration can only be sustained for a short time.

On the other hand, plants that have adapted to live in hot, arid environments all the
time have evolved one of two alternate pathways: the CAM (Crassulacean Acid Metabolism)
and the C4 pathway. Each is an alternative to the C3 pathway of carbon fixation.

7.5.2.b The CAM Photosynthetic Pathway

Crassulacean acid metabolism (CAM) was discovered in the Crassulaceae family, which
contains succulents like sedum (a common ground cover), cactuses, jade plants, and some
orchids. This pathway was selected in evolution to allow plants to conserve water, especially
during the high daytime temperatures. The CAM pathway is shown below in Figure 7.16.

Stomata in chlorenchyma (mesophyll leaf cells) close during the day to minimize water loss,
which would result from #ranspiration. The stomata open at night, allowing plant tissues to
take up CO,. CAM plants fix CO; by combining it with PEP (phosphoenolpyruvate) to make
oxaloacetate (OAA). This eventually produces malic acid that is stored in plant cell vacuoles.
By day, stored malic acid retrieved from the vacuoles splits into pyruvate and CO,. The CO,
then enters chloroplasts and joins the Calvin cycle to make glucose and the starches.
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Fig. 7.16: Crassulacean Acid Metabolism evolve to help some plants conserve water during high daytime
temperatures. Chlorenchymal cell stomata open at night, fixing CO2 to oxaloacetate (OAA) which is
converted to malic acid to be stored. Stomata close at daybreak to conserve water while stored malic acid
releases CO2 to be refixed to make glucose.

In sum, CAM plant mesophyll cells do the following:
e They open stomata at night to collect, to fix, and to store CO, as an organic acid.
e They close stomata to conserve water in the daytime.

e They re-fix the stored CO, as carbohydrates, using the NADPH and ATP from the light
reactions the next the day.

7.5.2.c The C4 Photosynthetic Pathway
The end-product of the C4 pathway is the malic acid (4 carbons). As in the CAM pathway,
phosphoenolpyruvate (PEP) carboxylase catalyzes carbon fixation, converting PEP to

oxaloacetate (OAA) and OAA to malate. But the pathways differ in what next happens to
malate (malic acid). Figure 7.17 (below) shows the role of malate in the C4 pathway.
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C4 Photosynthesis: Adaptations to Hot Tropical Environments
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Fig. 7.17: Some plants that spend a lot of time in hot conditions have adapted to use the C4
photosynthetic pathway. In these plants the “dark” reactions are shared by mesophyll and bundle sheath
cells, allowing efficient photosynthesis during the day, even hot ones! Stomata open part of day in
mesophyll cells, CO2 enter and is fixed to PEP that is converted to OAA, then malate. The malate moves
to bundle sheath cells, where it releases CO2 to be re-fixed by the Calvin cycle.

C4 metabolism diverges from the CAM pathway after malate formation. PEP-carboxylase
catalysis is rapid in C4 plants, in part because malic acid does not accumulate in the mesophyll
cells. Instead, malate is rapidly transferred from the mesophyll cells into adjacent bundle
sheath cells, where it enters chloroplasts. As a result, the C4 plants can keep their stomata
open to capture CO, for part of the day (unlike CAM plants), but they must close them for at
least part of the day to conserve water. The four-carbon malic acid is oxidized to pyruvate
(three carbons) in the bundle-sheath-cell chloroplasts. The CO, that is released then enters the
Calvin cycle to be rapidly fixed by RUBISCO. Of course, the result is that, compared to C3
photosynthetic metabolism, C4 plant photosynthesis results in a more efficient use of water
and faster carbon fixation, properties most useful under dry, hot conditions. Corn is perhaps
the best-known C¥ plant! By the way, we don't think of corn as tropical plant! Why not?

7.6  On the Origins and Evolution of Respiration and Photosynthesis

In one scenario, abundant chemical energy on our once-cooling planet favored the formation

of cells that could capture free energy from energy-rich nutrients in the absence of any O,. We

initially thought that these first cells would extract nutrient free energy by non-oxidative,
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fermentation pathways. But they would have been voracious, quickly depleting environmental
nutrient resources. Of course, this didn't happen!

It was the evolution of autotrophy that saved heterotrophic life from an early extinction! Why?
Because autotrophs create organic molecules by extracting free energy from inorganic
molecules or from light. An alternative scenario gaining traction suggests that the first cells
may respired but using something other than oxygen as a final electron acceptor. In this
scenario (considered in detail elsewhere), non-oxygenic "oxidative" chemistries came first,
followed by the evolution of anoxic fermentative chemistries, then by photosynthesis, and
respiratory pathways. In either scenario,
photosynthesis existed before oxygenic respiration.

finally by oxygenic we can assume that

We also assume that oxygenic photoautotrophs that capture free energy from light would
become the most abundant autotrophs, if for no other reason than sunlight is always available
(during the day!), and of course, O; is now abundant in the air! Early photoautotrophs were
likely the ancestors of today's cyanobacteria, and in fact, a phylogenetic study of many genes—
including genes in plastids and in nuclei that encode plastid proteins—along with a wealth of
cyanobacterial genome data, suggests a common ancestry of freshwater cyanobacteria and
eukaryotic chloroplasts (Ponce-Toledo, R.I. et al.,, 2017, An Early-Branching Freshwater
Cyanobacterium at the Origin of Plastids. Current Biology 27:386-391).

Finally, think about the origins of respiratory metabolism and the endosymbiotic
origins of mitochondria. How did cellular respiration co-opt the photosynthetic electron
transport reactions that captured the electrons from H,O needed to reduce CO; and then direct
those reactions to the task of burning sugars back to H,O and CO,? As photosynthetic
organisms emerged and atmospheric O, increased, higher O, levels would become toxic to
most living things. Still, some autotrophic cells must have had a preexisting genetic potential
to conduct detoxifying respiratory chemistry. These would have been facultative aerobes able
to switch from photosynthesis to respiration as O, levels rose. Today's purple non-sulfur
bacteria (e.g., Rhodobacter sphaeroides) are just such facultative aerobes! Perhaps we aerobes
descend from the ancestors of Rhodobacter-like cells that survived and spread from localized
environments, where small amounts of O, threatened their otherwise strictly anaerobic
neighbors. Is it possible that the endosymbiotic critter that became the first mitochondrion in a
eukaryotic cell was not just any aerobic bacterium, but a purple photosynthetic bacterium?
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Chapter 8
DNA, Chromosomes and Chromatin

The “stuff of genes”; the double helix; chromosomes and chromatin;
naked, circular bacterial DNA
Reminder: For inactive links, google key words/terms for alternative resources.

in-gathering re-distribution
of gemmules of gemmules
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cell

germ cells
(sperm, egg)

Darwin proposes pangenesis of gemmules to explain natural selection

8.1 Introduction

In 1868, seeking a source for the hereditary variation to support evolution by natural selection,
Charles Darwin came up with pangenesis (from the Greek pan, “all"; genetikos, "origins") in
which hereditary particles that he called gemmules (from Greek, meaning “small buds") are
gathered from all cells of the body cells, to be funneled into germ cells and later redistributed
to body cells during embryogenesis.

In the 1890s, Hugo de Vries, at first unaware of Mendel's work independently rediscovered
the Mendelian laws of heredity in plants, adopting and repurposing Darwin's term pangenes
for Mendel's heritable factors. One of three scientists credited with the rediscovery of Mendel's
work, he also coined the term mufation for novel traits that suddenly appeared in his plants. In
1905, William Bateson first defined genetfics as the study of inheritance and in 1909, Wilhelm
Johannsen, a Danish botanist, shortened pangene to gene, also coining the terms genotfype
and phenotype to distinguish genes from the visible traits they determine. Finally, we knew by
the start of the twentieth century that chromosome shapes were species-specific, that each
species had a characteristic karyotype (from the Greek karyo, “nuclear”). Feel free to search for
more historical details. This brief etymological history brings us to the topic of this chapter —
the stuff of genes!

Here we look at classic experiments that led to our understanding that genes are composed of
DNA. We already knew that genes are on chromosomes (chromo: colored; soma: body). Early
twentieth-century gene mapping had shown the relative location (locus) of genes on the linear
chromosomes of eukaryotes. We'll see that eukaryotic chromosomes are highly condensed
structures composed of DNA and protein, visible only during mifosis or meiosis. During the
much longer inferphase portion of the eukaryotic cell cycle, chromosomes decondense to
chromatin, a less-organized form of protein-associated DNA in the nucleus. In this chapter,
we'll learn that eukaryotic chromatin is the gatekeeper of gene activily, a situation quite
different from the case in bacterial cells. Unlike eukaryotic cells, bacteria contain a tiny
amount of more simply organized DNA. We'll learn that bacterial gene (mutation) mapping
revealed the bacterial “chromosome” to be a closed, naked, and circular DNA double helix.
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Such knowledge of DNA structure and organization is essential to our understanding of how
and when cells turn genes on and off. When we look at the gene regulation in an upcoming
chapter, remember this and that the genetic content of eukaryotic as well as of prokaryotic
organisms is species-specific.

Learning Objectives

When you have mastered the information in this chapter, you should be able to do the
following:

1. Summarize the evidence that led to acceptance that genes are made of DNA.

2. Discuss how Chargaff's DNA base ratios support DNA as the “stuff of genes."

3. Interpret the findings of Griffith, of Avery et al. and of Hershey and Chase in their
historical context.

Outline and explain how Watson and Crick built their model of a DNA double helix.
Distinguish between conservative, semiconservative, and dispersive replication.

Describe and/or draw the progress of a viral infection.

Trace the fate of %SO, (sulfate) into proteins that are synthesized in cultured bacteria.

© N o

Distinguish between chromatin and chromosomes in terms of DNA organization and
speculate on how this organization impacts replication.

9. List some different uses of karyotypes.

10. Compare and contrast euchromatin and heterochromatin structure and function.

11. Outline an experiment to purify histone H1 from chromatin.

12. Formulate a hypothesis to explain why chromatin is found only in eukaryotes.

13. Describe the roles of different histones in nucleosome structure.

14. Explain the role of Hfr strains in mapping genes in E. coli.

15. Explain the chemical rationale of using different salt concentrations to extract 10 nm
nucleosome filaments vs 30 nm solenoid structures from chromatin.

8.2 The Stuif of Genes

Mendel presented his Laws of Inheritance in 1865 but they were not widely
understood—probably because they included a strong dose of math and statistics at a time
when quantitative biology was not in vogue. By the late 1800s we knew that all eukaryotic
cells contain a nucleus, shown by histological staining to contain mainly proteins and nucleic
acids; the nucleus as the site genetic information was gaining traction. As the 19" century was
ending and the 20" was beginning, the discovery paired chromosomes emerging from nuclei
during mitosis and the rediscovery of Mendel's work on paired hereditary factors, set off an
explosion of genetic studies that led to the understanding that any organism's observable traits
are based on patterns of inheritance of paired genetic factors housed in the nuclei of cells. In
honor of Gregor Mendel, we call this seminal insight Mendelian Genetics.

By 1901, Albrecht had discovered the four DNA bases (adenine, thymine, cytosine, and
guanine) and uracil, the substitute for thymine in RNA, earning him the 1910 Nobel Prize in
Physiology or Medicine. Yet for many years, DNA was thought to be just a small molecule
made up of only its four bases. How could such a simple molecule account for the inheritance
of so many different physical and physiological traits? Recall Beadle Tatum and Lederberg's
one-gene/one-enzyme hypothesis, recognizing the inheritance of enzyme activities according
to Mendelian rules. After morphing first into the one-gene/one-protein, and then into the one-
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gene/one-polypeptide hypothesis, this relationship between genes and polypeptides supported
proteins as the stuff of genes, and an enduring prejudice against DNA as the genetic material,
despite early and growing evidence to the contrary.

Compared to DNA, only chains of up to twenty different amino acids in polypeptides
and proteins seemed to have had the potential for enough structural diversity to account for
the growing number of heritable traits in each organism. Proteins were arguably the most
likely candidates for the molecules of inheritance. The experiments you'll read about here
began around the start of World War I and lasted until just after World War II. The work of
Phoebus Levene over this period revealed that DNA was no mere tetramer of deoxynucleotides
but was in fact a long polymer (check it out at 8'lLonq Nucleotide Polymers). This led to the

clever experiments that eventually forced the conclusion that DNA, not protein, was the
genetic molecule, despite it being composed of just four monomeric units. Finally, we will look
at the classic work of Watson, Crick, Franklin, and Wilkins, which revealed the structure of the
genetic molecule.

8.2.1 Griffith's Experiment

Fred Neufeld, a German bacteriologist studying pneumococcal bacteria in the early 1900s,
discovered three immunologically different strains of Streptococcus pneumoniae (types I, II
and III). The virulent strain (type III) was responsible for much of the mortality during the
Spanish flu (influenza) pandemic of 1918-20. This pandemic killed between twenty million
and one hundred million people, commonly because of bacterial pneumonia, a superinfection
by Streptococcus pneumoniae. Viral infection may weaken the immune defense against S.
pneumoniae, and a recent study suggests how: the virus causes bronchial and alveolar
capillary leakage increasing susceptibility of the lungs to bacterial infection (see *?Influenza
Causes Bronchoalveolar Capillary Leakage).

In the 1920s, Frederick Griffith was working with virulent wild-fype (type III) and
benign (type II) strains of S. pneumoniae. The two strains are easy to tell apart in petri dishes
because the virulent strain grew as morphologically smooth (S) colonies, while the benign
strain formed rough (R) colonies. It turns out that the S cells are coated with a polysaccharide
(mucus) capsule, which makes their colonies appear smooth, and The R cell colonies look
rough (i.e., don't glisten) because they lack the polysaccharide coating. Griffith knew that
injecting mice with S cells killed them within about a day, and that injecting them with
nonlethal R cells, on the other hand, caused no harm. He decided to test the hypothesis that
exposure of mice to the R strain of S. pneumoniae might immunize them against lethal
infection by subsequent exposure to S cells. To test his hypothesis, Griffith injected mice with
R cells. Sometime later, he injected them with S cells. Unfortunately, the attempt to immunize
the mice against S. pneumoniae was unsuccessful: both the control mice injected with S cells,
and the experimental mice (that received the R-strain cells first and then S cells) all died in
short order! As expected, mice injected only with R cells survived. Griffith also checked the
blood of his mice for the presence of bacterial cells by growing the cells from the blood in petri
dishes; he made the following observations:

e Mice injected with benign R-strain cells survived, and after he plated blood from the mice
on a nutrient medium, no bacterial cells grew.
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e Mice injected with S-strain cells died, and bacterial cell colonies grew from their blood.
Griffith's experiments and results, published in 1928, are summarized in Figure 8.1.

Griffith’s Discovery of Bacterial Transformation

live R live S heat-killed S  live R + heat-
cells cells cells killed S cells

5 %% &00

/
Mice live: no R Mice die: mouse Mice live: no S Mice die: mouse
cellsin blood, no  bloodis full of S cellsin blood, no blood is full of
immunity to S cells immunity to S cells
strain strain
Transformation: transfer of a gene between organisms,
resulting in genetic change, in this case making harmless
recipient bacteria infectious and virulent...

Fig. 8.1: Griffith did the experiments shown here, hoping to make antibodies against streptococcal
pneumonia. Across the top are his experiments, with 2 control experiments at the left. The 2 key
experiments are at the right. Neither of these yielded the desired antibodies. Instead, he discovered a
chemical from dead cells that genetically transformed live bacteria (the experiment at the far right). He
called the chemical a "transforming principle", what we now know as DNA.

Griffith then performed two other experiments, also shown in the illustration:

e He injected mice with heat-killed S cells; these mice survived. Blood from these mice
contained no bacterial cells. This was expected, since heating the S cells would likely have
the same effect as pasteurization has on bacteria in milk!

e (Griffith also injected mice with a mixture of live R cells and heat-killed S cells, in the hope
that the combination might induce immunity in the mouse, whereas injecting the R cells
alone had failed. You can imagine his surprise when, far from being immunized against S-
cell infection, the injected mice died, and abundant S cells had accumulated in their blood.

Griffith realized that something important had happened in his experiments: in the mixture of
live R cells and heat-killed S cells, something released from the dead S cells had transformed
some R cells. Griffith named this “something” the fransforming principle—a molecule in the
debris of dead S cells that could sometimes be acquired by a few live R cells and turn them into
virulent S cells.

152



8.2.2 The Avery-MacLeod-McCarty Experiment

While Griffith didn't know the chemical identity of his fransforming principle, his experiments
led to studies that proved DNA to be the stuff of genes. With improved molecular purification
techniques developed in the 1930s, Oswald Avery, Colin MacLeod, and Maclyn McCarty
transformed R cells in vitro (that is, without the help of a mouse!). They purified heat-killed S-
cell DNA, proteins, carbohydrates, and lipids and separately tested the transforming ability of
each molecular component on R cells in a test tube. Since only the DNA fraction of the dead S
cells could cause bacterial transformation, the three scientists concluded that DNA must be the
transforming principle. Figure 8.2 summarizes their experiments. But despite the evidence,
DNA was not yet readily accepted as the stuff of genes.

Avery et al. ask: What causes transformation?
(What is the transforming principle)?

DNA from
virulent (S) cells

non-virulent
R cells

...neither protein nor lipids
nor RNA nor CHOs, etc.
had this effect.

Fig. 8.2: The experiments of Avery et al. demonstrated for the first time that the chemical “stuff of
genes’ (i.e., of inheritance) is DNA.

The sticking point was that DNA is composed of only the four nucleotides:
monophosphates of adenosine, cytidine, guanosine, and thymidine. Scientists knew that DNA
was a large polymer, but they still thought of it as a simple molecule—a polymer made up of
repeating sequences of the four bases (e.g., -A-G-C-T-A-G-C-T-A-G-C-T-A-G-C-T-A-G-C-T...).

It seemed that only the endless possible combinations of the twenty amino acids in
proteins seemed to promise the biological specificity necessary to account for an organism's
many genetic traits. Lacking structural diversity, DNA was explained as a mere scaffold for
protein genes.
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To adapt Marshall McLuhan's famous statement: “The medium is the message" (i.e.,
airwaves do not merely convey but are the message), many scientists still believed that
proteins were the medium of genetic information as well as the functional message itself. The
reluctance of influential scientists of the day to accept DNA as a transforming principle
deprived its discoverers of the Nobel Prize stature they deserved. After new evidence made
further resistance to that idea untenable, even the Nobel Committee admitted its error in
failing to award a Nobel Prize for the discoveries of Avery, MacLeod, and McCarty. It took the
experiments of Alfred Hershey and Martha Chase finally put to rest any notion that proteins
were genes.
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ﬁ 167-2 Transformation In and Out of Mice—Griffith, McCarty, et al.

8.2.3 The Hershey-Chase Experiment

Earlier we learned that viruses cannot live an independent life! A bacterial virus, called a
bacteriophage (or just phage for short), consists of DNA inside a protein capsule. The life cycle
of bacterial viruses is shown in Figure 8.3.

Structure & Life Cycle of a Bacteriophage
(phage, or bacterial virus)

bacteri
phage (DNA inside % acterium
a protein coat) G DO @

TR/
& infection,
tir]:uet
R

lysis, release ® .
of new phage @ @

Fig. 8.3: Life cycle of a bacteriophage: the phage’s coat remains attached to a cell after infection, but the
chemicals inside the phage enter the infected cell.

Phage are inert particles until they bind to and infect bacterial cells. Phage added to a
bacterial culture can be seen attached to bacterial surfaces with an electron microscope.
Investigators found that they could detach phage particles from bacteria simply by agitation in
a blender (like one you might have in your kitchen). Centrifugation then separated the
bacterial cells in a pellet at the bottom of the centrifuge tube, leaving the detached phage
particles in the supernatant.
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By adding phage to bacteria, then detaching them from the bacteria at different times,
investigators were able to determine how long the phage had to remain attached before the
bacteria would become infected. It turned out that pelleted cells that had been attached to
phage for short times would survive and reproduce when resuspended in a growth medium,
but pelleted cells left attached to phage for longer times would become infected. When
centrifugally separated from the detached phage particles and resuspended in fresh medium,
these infected cells would go on to lyse, releasing new phage. Therefore, the transfer of genetic
information for virulence (i.e., infectivity) from the phage to cells took some time. Furthermore,
the viral genetic material responsible for infection was apparently no longer associated with
the phage capsule, which could be recovered from the centrifugal supernatant.

Alfred Hershey and Martha Chase designed an experiment to determine whether the
DNA that was enclosed by the viral protein capsule or the capsule protein itself caused a phage
to infect the bacterium. In the experiment, they separately grew Escherichia coli cells infected
with 72 bacteriophage in the presence of either 3?P or 3°S (radioactive isotopes of phosphorous
and sulfur, respectively). The result was to generate phage that contained either radioactive
DNA or radioactive proteins, but not both (recall that only DNA contains phosphorous and
only proteins contain sulfur). They then separately infected fresh E. coli cells with either *2P- or
35S-labeled radioactive phage. Their experiment is illustrated in Figure 8.4.

The Hershey & Chase Experiment

E .

N — i Radioactive DNA is
Nn: pelleted cells

%

32p.Jabeled T2
bacteriophage
+ E. coli cells

minimum . .
. p high speed  centrifuge
C;'I-'“'-:("e 'nc;'ilrﬁ:'on blender  to separate N
askKs (required (dislodges phage examine in
'“;!or phage from coats from
infection) cells cells -
()] Ao
¥R
35S-labeled T2 S

bacteriophage
+ E. coli cells

are in pelleted cells

Pelleted cells were indeed infected; when cultured for more time, they
lyse, releasing new phage. Conclusion: DNA contains viral genes.

—_ i Radloactlve proteins

Fig. 8.4: Alfred Hershey and Martha Chase demonstrated that the chemical stuff of viral genes is DNA
by showing that cells exposed to phage for the short time needed to become infected contained only
the DNA from the virus, and not the viral proteins.

Phage and cells were incubated with either 3*P or *S just long enough to allow
infection. Some of each culture was allowed to go on and lyse to prove that the cells were
infected. The remainder of each mixture was sent to the blender. After centrifugation of each
blend, the pellets and supernatants were examined to see where the radioactive proteins or
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DNA had gone. From the results, the 32P always ended up in the pellet of bacterial cells, while
the %S was found in the phage remnant in the supernatant. Hershey and Chase concluded that
the genetic material of bacterial viruses was DNA, not protein, and that—just as Avery's group
had suggested—DNA was the bacterial transforming principle. Given the earlier resistance to
“simple"” DNA being the genetic material, Hershey and Chase used cautious language in
framing their conclusions. They need not have; all subsequent experiments confirmed that
DNA was the genetic material. Concurrent with these confirmations were experiments
demonstrating that DNA might not be (indeed, was not) such a simple, uncomplicated
molecule!

For their final contributions to pinning down DNA as the "stuff of genes,” Hershey
shared the 1969 Nobel Prize in Physiology or Medicine with Max Delbriick and Salvador E.
Luria. So why didn't Martha Chase get a share of the recognition in the Nobel Prize, given that
she was Hershey's sole coauthor on the paper presenting their findings? You may well ask!

[=]y% =
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H 168 Hershey and Chase: Viral Genes Are in Viral DNA

In a later chapter you will read about our benevolent (even crucial) microbiomes and the
phenomenon of horizontal gene transfer (essentially, what Griffith discovered). Under the
rubric not only in the lab, you can read about the role of horizontal gene transfer how gut
bacteria can become harmful in 3% A link to the full paper is in Nature Communications at
83Not Only In the Lab: Gut Bacteria Breaking Bad.

8.3 DNA Structure

By 1878 a substance in the pus of wounded soldiers derived from cell nuclei (called nuclein)
was shown to be composed of five bases (the familiar ones of DNA and RNA). The four bases
known to make up DNA (as part of nucleotides) were thought to be connected through the
phosphate groups, in short repeating chains of four nucleotides. By the 1940s, we knew that

DNA was a long polymer. Nevertheless, it was still considered too simple to account for genes.

After the Hershey and Chase experiments, only a few holdouts would not accept DNA as the

genetic material. When the scientific community finally accepted DNA as the stuff of genes,

the next questions were the following:

e What did DNA look like?

e How did its structure account for its ability to encode and reproduce life? While the four
phosphate-linked nucleotide composition of DNA was known for some time, it became
mandatory to explain how such a “simple molecule” could inform the thousands of
proteins necessary for life. The answer to this question lay (at least in part) in an
understanding of the physical structure of DNA, made possible by the advent of X-ray
crystallography.

8.3.1 X-Ray Crystallography and the Beginnings of Molecular Biology
If a substance can be crystallized, the crystal will diffract X-rays at angles revealing regular

(repeating) structures of the crystal. William Astbury demonstrated that high molecular-weight
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DNA had just such a reqular structure. His crysfallographs suggested DNA to be a linear
polymer of stacked bases (nucleotides), each separated from the next by 0.34 nm. Astbury is
also remembered for coining the term “molecular biology" to describe his studies. The term
now covers all aspects of biomolecular structure, encompassing all of the topics covered in this
book!

In an irony of history, the Russian biologist Nikolai Konstantinovich Koltsov had
already intuited in 1927 that the basis for the genetic transfer of traits would be a "giant
hereditary molecule” made up of "“two mirror strands that would replicate in a
semiconservative fashion using each strand as a template” (**The Remarkable Nikolai Koltsov

- scroll down to read the biography). This was a pretty fantastic inference if you think about it,
since it was proposed long before Watson, Crick, and their colleagues worked out the structure
of the DNA double-helix!

8.3.2 Wilkins, Franklin, Watson, and Crick—DNA Structure Revealed

Maurice Wilkins, an English biophysicist at King's College, London, had obtained samples of a
highly purified, very high molecular weight DNA “gel"” (or "fibers") that he obtained from a
Swiss colleague, Rudolph Signer. Wilkins' first X-ray diffraction studies with these fibers
yielded good results. After joining Wilkin's lab, Rosalind Franklin and her assistant, Raymond
Gosling, produced even higher resolution X-ray diffraction images of Signer's fibers, among
which was her most famous (and definitive) crystallograph, Photo 51 (Figure 8.5).

Photo 51

Fig. 8.5: Photo 51, the X-ray crystallograph of DNA taken by Rosalind Franklin, revealed three crucial
molecular dimensions that ultimately led to the double-helical DNA model.

This image confirmed Astbury's 0.34 nm repeated dimension and revealed two more
numbers, 3.4 nm and 2 nm, reflecting additional repeat structures in the DNA crystal. These
numbers and other evidence suggested to Franklin that DNA's negatively charged phosphates
were on the outer surface of what was likely a helix. At some point, Wilkins shared Photo 51
with James Watson and Francis Crick, who instantly realized its significance, used it along
with other data to build DNA models out of nuts, bolts, and tubes. Their models eventually
revealed DNA to be a pair of antiparallel, complementary strands of nucleic acid polymers —
shades of Koltsov's mirror-image macromolecules! Each strand is a string of nucleotides linked
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by phosphodiester linkages, the two strands held together in a double helix by complementary
H-bond interactions. Let's look at the evidence for these conclusions. As we do, refer to the two
illustrations of the double helix below, in Figure 8.6.

Base-

Dimensions Pairing in
of DNA Antiparallel
DNA strands
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Adenine
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Fig. 8.6: The three molecular dimensions from Franklin’s Photo 51 could be best explained by the
proposition of a DNA double helix (left). Model-building by Watson and Crick revealed the antiparallel
structure of the double helix (right).

Recalling that Astbury's 0.34 nm dimension was the distance between successive
nucleotides in a DNA strand, Watson and Crick surmised that the 3.4 nm repeat was a
structurally meaningful tenfold multiple of Astbury's number. When they began building their
DNA models, Watson and Crick confirmed from the bond angles connecting the nucleotides,
that the DNA strands were forming a helix, from which they suggested that the 3.4 nm repeat
was detecting the pifch of the helix (i.e., the length of one complete turn of the helix). This
meant that there were ten bases per turn of the helix. They further suggested that the 2.0 nm
number might reflect the diameter of the helix. When their scale models of a single-stranded
DNA helix predicted a helical diameter much less than 2.0 nm, they were able to confirm an
intertwined double-stranded DNA in their model (their double helix) that more nearly met the
requirement for a 2.0 nm diameter. In building this double helix, Watson and Crick realized
that bases in opposing strands would indeed come together within the double helix to form H-
bonds, holding the helices together. However, for their double helix to have a constant
diameter of 2.0 nm, they also realized that the smaller pyrimidine bases, thymine (T) and
cytosine (C), would have to H-bond to the larger purine bases, adenine (A) and guanine (G),
and that neither A-G nor C-T pairing could account for a uniform 2.0 nm diameter along the
length of the double helix.

158



And now to the question of how a "simple” DNA molecule could have the structural
diversity needed to encode thousands of different polypeptides and proteins. In early studies,
purified E. coli DNA was chemically hydrolyzed down to nucleotide monomers. The hydrolytic
products contained nearly equal amounts of each base, reinforcing the notion that DNA was
that simple molecule that could not encode genes. But Watson and Crick had private access to
data from Erwin Chargaff, who had determined the base composition of DNA isolated from
different species, including E. coli. He found that the base composition of DNA from different
species was not always equimolar, meaning that for some species, the DNA was not composed
of equal amounts of each of the four bases (see some of this data in Table 8.1).

Table 8.1
Composition of DNA from Different Organisms
base human yeast fly
purine A 27% 21% 15%
pyrimidine C 23% 32% 35%
purine G 23% 32% 35%
pyrimidine T 27% 21% 15%

The mere fact that Chargaff had shown that DNA from some species could have base
compositions that deviated from equimolarity put to rest the argument that DNA had to be a
very simple sequence. Finally, it was safe to accept the obvious, namely that DNA sequences
could vary almost infinitely and could indeed be the stuff of genes. Even more convincing was
his data showing unique patterns of base ratios. Although base compositions could vary
between species, the A/T and G/C ratios were always 1 for every species; likewise, the ratio of
(A+C)/(G+T) and (A+G)/(C+T). From this information, Watson and Crick inferred that A (a
purine) would H-bond with T (a pyrimidine), and that G (a purine) would H-bond with C (a
pyrimidine) in the double helix. Building their model with this new information, they also
confirmed that H-bonding between the complementary bases would be maximal only if the two
DNA strands were antiparallel, leading to the most stable structure of the double helix.
Watson and Crick published their paper A Structure for Deoxyribose Nucleic Acid in 1953 in
Nature (read an annotated version of this seminal article at 83The Classic 1953 Watson-Crick.
Their article is also famous for predicting a semiconservative mechanism of replication,

something that had been predicted by Koltsov twenty-six years earlier, albeit based on
intuition... and much less evidence! Watson, Crick, and Wilkins shared a Nobel Prize in 1962
for their work on DNA structure. Franklin was never nominated for her work on DNA
structure, and since she died in 1958, her chances ended since Nobel prizes are not awarded
posthumously. In the years between 1953 and 1958, Franklin had left King's College for
Cambridge where she studied Tobacco Mosaic Virus, an RNA virus. By X-ray crystallography,
she showed that the RNA was inside the virus, interwoven with the viral coat proteins.
Posthumously she did get delayed recognition, including a named building at King's College
and later, a whole Chicago university There remain questions about why Franklin did not get
more timely credit for her role in the work, but a BBC documentary at
8%https://www.youtube.com/watch?v=FpZQvDFQpmg sheds some light in the controversy.
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8.3.3 Meselson and Stahl's Experiment—Replication is Semiconservative

Confirmation of Watson and Crick's suggestion of semiconservative replication came from
Matthew Meselson and Franklin Stahl's very elegant experiment, which tested the three
possible models of replication (Figure 8.7)

Models of Replication

Conservative Semi-Conservative

parental dsDNA is one new and one strand breakage & repair
conserved parental strand leads to mosaic strands

Fig. 8.7: Three possible modes of DNA replication could be imagined.

In their experiment, E. coli cells were grown in a medium containing *N, a "heavy"
nitrogen isotope. After many generations, the DNA in all of the cells had become labeled with
the heavy isotope. At that point, the N-tagged cells were placed back into a medium
containing the more common, "“light" N isotope and were allowed to grow for exactly one
generation. Figure 8.8 shows Meselson and Stahl's predictions for their experiment. Meselson
and Stahl knew that !YN-labeled and “N-labeled DNA would form separate bands after
centrifugation on CsClI (cesium chloride) density gradients.

Meselson & Stahl Experiment & Predictions

DNA from cells cultured
in light “N isotope

1 50%/50%
| heavy and
light DNA

=1 100% middle-
~1 weight DNA

All DNA 000 mi
heavy N Grow cells one generation in g g
isotope 1“N medium; 3 possible outcomes

Fig. 8.8: Meselson and Stahl predicted experimental outcomes based on possible modes of replication.

They tested their predictions by purifying and centrifuging the DNA from the *N-labeled cells

grown in the "N medium for one generation. They found that this DNA formed a one band

with a density between that of '*N-labeled DNA and '“N-labeled DNA, eliminating a

conservative DNA replication model (possibility #1), as Watson and Crick had also predicted.
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That left two possibilities: replication was either semiconservative (possibility #2) or
dispersive (possibility #3). The dispersive model was eliminated when DNA isolated from cells
that had been grown for a second generation on N were shown to contain two bands of DNA
on the CsCl density gradients.
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8.4 Chromosomes

It was clear by the twentieth century that eukaryotic nuclei were somehow involved in
inheritance and further, that the behavior of paired chromosomes in meiosis mimicked the
behavior of Mendel's heritable factors. Hence, the chromosome theory of heredity, which posits
that chromosomes contain genes. Let's take a brief look at how we came to know this. As with
much of genetics, it begins with Mendel! He was unable to account for deviations from his
Law of Independent Assorimeni— e.g., an unexpected green pea plant among the many yellow
pea plants expected from a genetic cross. But, in the early 1900s, genetic studies of Drosophila
melanogaster in Thomas Hunt Morgan's lab showed that Mendel's misbehaving pea plant
traits were due to recombination (crossing over) between bits of homologous chromosomes
during meiosis. Furthermore, these crossings over were frequent. In fact, the recombination
frequency of a given pair of genes was reproducible, effectively a constant. This suggested that
such gene pairs were linked on the same chromosome, consistent with chromosome theory. For
this work, Morgan earned the 1933 Nobel Prize for Physiology or Medicine. He further
suggested that genes far apart on a chromosome would cross over more often than those closer
together. Alfred H. Sturtevant (one of Morgan's students) tested the possibility that
recombination frequencies might be used to map the position (Jocus) of genes on
chromosomes. He confirmed this by generating the first maps of D. melanogaster's four
chromosomes! See 3’D. melanogaster Gene Mapping (or I. Lobo & K. Shaw, 2008; T. H.

Morgan, Genetic recombination, and gene mapping. Nature Educ. 1:205) for more details.)
Let's look at a typical chromosome (Figure 8.9).

A Female Chromosome

/— telomeres—

centromer:

!

Fig. 8.9: A female chromosome stained for banding and defining a cenfromere and two telomeres.

Late nineteenth-century microscopists saw chromosomes condense a dispersed state as
the nucleus broke down during mitosis or meiosis. They were visible as they moved to opposite
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poles of the cell during cell division. Look at chromatids separating in mitotic anaphase in the
computer-colorized micrograph at **Chromatid Separation in Anaphase.

It's possible to distinguish one chromosome from another by karyotyping. Cells in
metaphase of mitosis placed under pressure will burst and the chromosomes spread out.
Figure 8.10 shows such a chromosomal spread.

Human Chromosomes

Mitotic chromosomes are
spread by bursting cells in
mitosis and staining to
reveal banding and
morphological variation
along their lengths.

Fig. 8.10: Spread of human mitotic cell chromosomes.

Such spreads showed that chromosomes come in matched pairs, again parallel to Mendel's
paired heritable factors. By the early 1900s, the number, sizes, and shapes of chromosomes
were known to be species-specific. Cutting apart micrographs like the ones in Figures 8.10 and
8.11, and then pairing the chromosomes by their morphology, generates a karyotype. Paired
human homologs are easily identified in the modern colorized micrograph (Figure 8.11).

Fig. 8.11: Computer-colorized human chromosome spread (right) and karyotype (inset at left).
An intact nucleus is seen above the karyotype.
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As seen in cells undergoing mitosis, all dividing human cells contain twenty-three pairs of
homologous chromosomes. The karyotype in Figure 8.11 is from a female; note the pair of
homologous sex (X) chromosomes (lower right of the inset). X and Y chromosomes in males
are not truly homologous. Chromosomes in the original spread and in the aligned karyotype
were stained with fluorescent antibodies against chromosome-specific DNA sequences to
"light up" the different chromosomes.
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8.5 Genes and Chromatin in Eukaryotes

Chromosomes and chromatin are a uniquely eukaryotic association of DNA with proteins of
different types and amounts. Bacterial DNA (as well as prokaryotic DNA generally) is
relatively “naked"—that is, not visibly associated with protein.

The electron micrograph of an interphase cell (Figure 8.12) reveals that the chromatin
can itself exist in various states of condensation.

Chromatin

Euchromatin: more dispersed, less condensed, associated
with fewer proteins; DNA is less compacted

Reversible chemical modifications of
chromatin proteins & DNA include
methylation, phosphorylation, acetylation

Heterochromatin: more condensed, associated with more
proteins; the nucleolus (n) is a special case of heterochromatin.

Fig. 8.12: Transmission micrograph of euchromatin and heterochromatin in the nucleus.

Chromatin is maximally condensed during mitosis to form chromosomes. During
interphase, chromatin exists in more- or less-condensed forms, called heferochromatin and
euchromatin, respectively. Transition between these chromatin forms involves changes in the
amounts and types of proteins that can bind to the chromatin during gene regulation (i.e.,
when genes are turned on or off). Experiments (to be described later) showed that active genes
tend to be in the more dispersed euchromatin, where enzymes of replication and transcription
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have easier access to the DNA. Transcriptionally inactive genes are heterochromatic, obscured
by additional chromatin proteins present in heterochromatin.

We can define three levels of chromatin organization in general terms:

1. DNA is wrapped around histone proteins (nucleosomes) like "beads on a string."

2. Multiple nucleosomes are coiled (condensed) into 30 nm fiber (solenoid) structures.

3. The 30 nm fibers are packed in higher order to form the familiar metaphase chromosome.

These aspects of chromatin structure were determined by gentle disruption of the
nuclear envelope of nuclei, followed by salt extraction of extracted chromatin. Salt extraction
dissociates most of the proteins from the chromatin. The results of a low-salt extraction are
shown in Figure 8.13.

A Chromatln Extraction

2 . ﬁ Fractionate
interphase
nuclei

‘dissect’ nuclei
low salt extraction

10 nm filament
E:‘-,&?H E;‘:?’-‘}Lé"{‘;%lg (d’t ’:‘“:‘%

Sty
f« g:g‘:;-’
\J\.

e

W
8§09 2 Nucleosomes
S 24 ‘beads-on-a-string’

Fig. 8.13: Low-salt fractionation of interphase nuclei yields 10 nm nucleosome beads on a string.

When the low-salt extract is centrifuged and the pellet is resuspended, the remaining
chromatin looks like a 10 nm filament of attached nucleosomes, or beads on a string. DNA-
wrapped nucleosomes are the beads, which are in turn linked by uniform lengths of the
metaphorical DNA "“string."”

After a high-salt chromatin extraction, the structure visible in the electron microscope
is the 30 nm solenoid, the coil of nucleosomes, themselves a polymer of histone proteins
encoiled (wrapped up in) DNA, as modeled below in Figure 8.14. The effect of the higher [salt]
is to change the chromatin conformation by re-aggregating nucleosomes with non-histone
nuclear proteins. As shown in the illustration, increasing the salt concentration of an already-
extracted nucleosome preparation will cause the “necklace” to re-fold into the 30 nm solenoid
structure.
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Alternate
Chromatin Extractions

Fractionate
interphase nuclei

Low [salt] High [salt]
extraction “Dissect” nuclei extraction

10 nm filament: 30 nm fiber:
nucleosomes solenoid
S o T AR
g
Increase
——-
[salt] ~|
“beads-on-a-string” modeled from low (left) & high

(right) power EM images

Fig. 8.14: High-salt chromatin extraction from nuclei, or high-salt treatment of 10 nm filaments selectively
removes chromatin proteins, yielding 30 nm solenoid structures, essentially coils of 10 nm filaments. The
solenoid can also form by adding salt to isolated 10nm filament extracts.

In fact, there are at least five levels (orders) of chromatin structure. These are
illustrated below in Figure 8.15.

Organization of DNA in Chromatin

) mgmu

nucleosome core particles 1
along DNA (beads-on-a-

euchromatin = string), 10 nm fiber M‘\(
A
- [ solenoid, 30 nm fiber ] \ ! 2

Nt

3
heterochromatin — MW

[ looped domains ] N o

Interphase chromatin

—

Histones + DNA form nucleosomes.

Then h!gher order s.tructures form metaphase
by adding progressively more non-

; h chromosome
histone proteins. Chromosomes are

the most condensed form of
chromatin

Fig. 8.15: Five different levels (orders) of chromatin structure.
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The first two orders, as we have discussed, are the string of beads (#1) and the solenoid (#2).
Other extraction protocols reveal other orders of chromatin structure (#3 and #4). Metaphase
chromosomes of mitosis (#5) are the "highest order,"” or most condensed form of chromatin.

The results of deoxyribonuclease (DNAse I) digestion of a beads-on-a-string extract
are shown in Figure 8.16. DNase I briefly digests nucleosome “necklaces,” degrading DNA
between the “beads"” and leaving behind shortened, different length 10 nm filaments. After a
longer digestion, only single beads (nucleosomes) remain, bound to small amounts of DNA.

Nucleosome Digestion

W_./.

| deoxyribonuclease |

complete partial
DNase | DNase |
digestion digestion

e .

<9
extract nucleosomal DNA
from digestion products

size separation by electrophoresis

Fig. 8.16: Short digestion times with DNase | leave behind shortened 10 nm filaments (or beads
on a string). Longer digestion releases single nucleosomes associated with some DNA.

Roger Kornberg, one son of Nobel laureate Arthur Kornberg (discoverer of the first
DNA polymerase enzyme of replication—see the next chapter), participated in the discovery
and characterization of nucleosomes while still a postdoc! He discovered that each nucleosome
consisted of histone proteins and about two hundred base pairs of DNA. Here are some details
about his experiments:

After DNA extracts of a brief DNase I digest of nucleosome ‘beads,' the nucleosomes
remained. But about 80 nucleotides of DNA had disappeared, suggesting that nucleosomes are
separated by a DNA “linker” of about eighty base pairs. DNA extracted from nucleosomes
themselves was about 147 base pairs long, a closer estimate of the DNA wrapped around the
proteins of the nucleosome. Five histone proteins could be isolated from nucleosomes and
separated by electrophoresis; the results are illustrated at the left in Figure 8.17 (below).
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Nucleosome Protein Electrophoresis
DNA

H1
/
= H3 )

———H2A Two each of these
'{_ histones form the

: \ H2B ~ core histone

\ octamer
H4 »

Fig. 8.17: Electrophoretic separation of five histones extracted from 10 nm filaments (left) and the role of
histones in the nucleosome.

Histones are basic proteins, with many lysines and arginines, whose positively charged side
chains enable them to bind to the acidic negatively charged, acidic phosphodiester backbone of
double helical DNA. The DNA wraps around octamers, each of which is composed of two out
of four histones (H3, H2A, H3B, H4), to form the nucleosome (Figure 8.17, right). Histone H1
is a linker between nucleosomes. About a gram of histones associates with each gram of DNA.

o

ﬁ 172-2 Nucleosomes: DNA and Protein

H 173-2 Chromatin Structure: Dissecting Chromatin

As you might guess, acid extraction of chromatin should selectively remove the basic
histone proteins. An electron micrograph of the chromatin remnant after an acid extraction of
metaphase chromosomes is shown below in Figure 8.18.

Acid extraction removes histones from metaphase

”fﬁ;’ Chromosome
v, o PLRNEAN
Ay scaffold
ok

koL “

DNA loops

e N Siai i ey
Scaffold proteins: topoisomerases are a
major component of non-histone proteins.
Fig. 8.18: Acid extraction of chromatin removes histones, leaving nonhistone proteins behind.
(See the original micrograph at 8:9Acid Extract of Chromatin.)
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DNA freed of the regularly spaced histone-based nucleosomes loops out and away
from the long axis of the chromatin, leaving behind an association of DNA with non-histone
proteins. The dark material along this axis is a protein scaffold, most of which is made up of
fopoisomerase, an enzyme that prevents DNA from breaking apart under the strain of
replication, as we will see in detail later.

8.6  Structure and Organization of Bacterial DNA... and Bacterial Sex

Sexual reproduction allows compatible genders (think male and female) to share genes, a
strategy that increases species diversity. It turns out that bacteria and other single-celled
organisms can also share genes and spread diversity with the help of plasmids. Plasmids are
circular, extrachromosomal bits of DNA that contain their own genes (often, antibiotic-
resistance genes), and which replicate themselves in bacteria. We'll close this chapter with a
look at sex (E. coli style!) and plasmid-assisted gene-mapping experiments showing linearly
arranged genes on a circular bacterial DNA molecule (the bacterial “chromosome").

E. coli sex begins when F* and F~ cells meet. These “opposite” mating type cells can
share DNA during conjugation. F* cells contain the extrachromosomal fertility plasmid, or F
plasmid, which is separate from the E. coli chromosome. The F plasmid has genes which
encode sex pili on F* cells, as well as factors needed to form a “mating bridge,"” or conjugation
tube. Figure 8.19 (below) illustrates the behavior of the F plasmid during conjugation.

E. Coli conjugation

conjugation tube (mating bridge) One F plasmid strand linearizes,

F+ and F- mating strains meet forms begins transfer through tube...

4 khromosome,

O

F plasmid

F+ recipient |

|
|
|

AP+
Q donor cell

\\,\.\\ e S— strandstaysm
Sex pilli bind F+ to F- cells conjugation the F+ cell to be a template for
replication

Fig. 8.19: Bacterial conjugation (sex in bacteria): F plasmids (Fertility plasmids) transfer chromosomal
DNA from E. coli F* mating strain cells to F~ strain cells, leading to genetic diversity.
When an F* (donor) cell meets an F~ (recipient) cell, donor cell sex pili initiate recognition. A
conjugation tube then forms, linking the cytoplasm of both cells. After the donor F* cell nicks
one strand of the F plasmid DNA, the nicked strand enters the conjugation tube, rolling into
the F~ cell. Both the "traveling” DNA strand and the intact DNA circle remaining in the donor
cell replicate (shown in red in Figure 8.19). E. coli conjugation can have different outcomes:
1. One of two semi-conservatively replicated F plasmids stays in the donor cell, and the other
ends up in the recipient cell, making the recipient cell a new F* donor cell!
2. The F plasmid inserts itself into recipient cell's chromosomal DNA, typically at a specific
site in the DNA where there is sufficient sequence similarity between the plasmid and the
chromosomal DNA. This allows insertion by recombination. With the fertility-factor genes
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now part of its chromosome, the recipient cell becomes an Hfr (High-frequency
recombination) cell, and it will produce Hfr-strain progeny cells.

In both outcomes the mating type of the recipient F~ cell becomes either an F* or an Hfr cell

that can initiate mating with other F~ cells as illustrated below in Figure 8.20.
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Fig. 8.20: After conjugal F plasmid transfer, F- recipients can become F* or, if the plasmid integrates
into the recipient genome, it will become an Hfr cell.

Hir cells readily express their integrated F-plasmid genes, and like F+ cells, they
develop sex pili and form a conjugation tube with an F~ cell. One strand of the bacterial
chromosomal DNA will be nicked at the original insertion site of the F plasmid. The next
events parallel the replicative transfer of an F plasmid during F*/F~ conjugation, except that
only part of the Hfr donor chromosomal DNA is transferred, as seen in Figure 8.21 (below).

e\
B
A A Conjugation:
Chromosome
break at F

plasmid insertion
site (arrowhead)

\_Hfr strain ) \ Hfr strain ) A F strain )
E. Coli chromosome F plasmid transfer through mating bridge
with integrated F (conjugation tube), trailing some E. coli
plasmid genes with it.

Fig. 8.21: During conjugation with Hfr-donor strain cells, a portion of the donor’'s chromosomal DNA
follows the excised plasmid across the conjugation bridge into the F~ recipient cell.

In the illustration, the F plasmid (red) has inserted itself in front of an A gene so that when it

enters the conjugation tube, it brings along several E. coli chromosomal genes. Because of the

size of the bacterial chromosome, only a few bacterial genes enter the recipient gene before

transfer is aborted. But in the brief time of DNA transfer, at least some genes did get into the
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recipient F~ strain where they can be expressed. Here is the outline of an experiment that

allowed bacterial genes on a circular DNA chromosome to be mapped:

1. Hifr cells containing functional A, B, C, and D genes were mated with recipient cells
containing mutants of the A, B, C, or D genes.

2. Conjugation was mechanically disrupted at different times after the formation of a
conjugation tube.

3. Recipient cells from each of the disrupted conjugations were then grown into culture and
analyzed for specific gene function.

A chromosome map based on such experiments generated the map shown below in Figure

8.22:

Specific F Plasmid Insertion
Sites in E. coli Chromosomes

Hfr3

Genes A-Z

on E.coli

Fig. 8.22: Map of the E. coli chromosome (its genome!) based on conjugation of F~ recipient cells
with different strains of Hfr donor cells (indicated as Hfr 1, 2, 3...): the different Hfr donors are cells in
from which Hfr plasmids have integrated at different places on a recipient cell’'s chromosome. When
the Hfr strains transfer DNA to new F~ cells, they bring along different regions of the donor cell
chromosome (and thus different genes) into their conjugated recipient cells.

Let's look in detail at how this map could have been generated. First, a recipient cell with a
mutant A gene would have acquired a wild-type A gene (and therefore A-gene function) after
only a short time before conjugation disruption. Progressively longer conjugation times
(measured in separate experiments) were required to transfer genes B, then C, then D to the
recipient cell. Thus, the order of these genes on the bacterial chromosome was -A-B-C-D-. In
fact, the timing of conjugation that led to F~ mutants acquiring a functional gene from the Hfr
strain was so refined that it was possible to determine not only the gene locus but also the size
(length) of the genes! Thus, the time to transfer a complete gene to an F~ cell reflects the
length of the gene and the linear order of genes on bacterial DNA. Recall that genes mapped
along the eukaryotic chromosomes had already implied a linear order of the genes. However,
little was known about eukaryotic chromosome structure at the time, and the role of DNA as
the “stuff of genes" was not yet appreciated. These bacterial mating experiments demonstrated
for the first time that genes are linearly arranged not just along a chromosome but also along
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the DNA molecule. Over time, many bacterial genes were mapped all along the E. coli
chromosome by isolating many different Hfr strains in which an F plasmid had been inserted
into different sites around the DNA circle. As shown below in Figure. 8.22. These Hir strains
were mated to F~ bacteria, each with mutations in one or another known bacterial gene. As in
the original "ABCD" experiment, the order of many genes was determined and even shown to
be linked at a greater or lesser distance to those ABCD genes and each other. Using these Hir
strains in conjugation experiments, it was shown that in fact, the different Hfr cells transferred
different genes into the recipient cells in the order implied by the chromosome map illustrated
in Figure 8.22. What's more, when the experiment was done with Hfr4 (in this generic
diagram), the order of genes transferred after longer times of conjugation was found to be -V-
W-X-Y-Z-A-B-.... The conclusion here is that an E. coli DNA molecule (i.e., its "chromosome")
is a closed circle! We will see visual evidence of this fact in the next chapter, with some
discussion of how this evidence informed our understanding of DNA replication.

8.7 Phage Can Integrate Their DNA into the Bacterial Chromosome

We have seen how a phage can infect bacterial cells and co-opt the host's bacterial metabolic
machinery to reproduce itself, eventually lysing the bacterium and releasing the phage. This
Iytic activity of infection is one of two alternate phage life cycles. Lysogeny is the other life-
cycle pathway for bacteriophage. Lysogeny typically begins when the phage DNA is
incorporated (i.e., is spliced) into the host bacterium’'s genome. There it will replicate along
with the host's chromosome during rounds of binary fission. Upon excision, usually when the
bacterium is under stress (e.g., nutrient-deprivation), the phage DNA can reenter the lytic
pathway, reproducing and lysing the host cell. During excision, phage DNA can pick up
bacterial DNA (i.e., genes) that will then be transferred to a new host cell in a subsequent
infection. The transfer of genes from one bacterial cell to another in this way is called bactferial
transduction. Esther and Joshua Lederberg studied the lysogenic activity of lambda phage (A
phage) in E. coli, showing that—Ilike conjugation—bacterial transduction by A phage results in
lateral gene transfer between bacteria. In general, lateral gene transfer increases genetic
diversity in bacteria, in fact in many prokaryotes and eukaryotes. We will see more examples of
lateral gene transfer in later chapters. The events of lysogenic phage infection are shown
below in Figure 8.23.
Lysogenic Cycle of a Bacteriophage

(“Phage” or Bacterial Virus)

bacteriophage‘

I
DNAin a

protein ‘coat’ adverse Lysogeny:
S—— ) ) environmental integration of phage DNA
infection conditions: phage DNA replicates
phage DNA with host
inserts into bacterial
bacterial DNA

chromosome

Phage can excise & re-enter the lytic cycle when
- environmental conditions threaten the host cell
(e.g., harmful chemical or UV light exposure).

Fig. 8.23: The lysogenic life cycle of phage.
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Recall that Joshua Lederberg shared a Nobel Prize with George Beadle and Edward
Tatum for proposing the one-gene/one-enzyme hypothesis (eventually the one-gene/one-
polypeptide relationship). Esther Lederberg had studied earlier with Beadle, Tatum, and her
husband at Stanford University in 1944, and many credit her with helping her mentors win
that 1958 Nobel Prize. In her own right, she held adjunct or directorial positions at the
University of Wisconsin—-Madison and at Stanford University, where her other seminal
research included the discovery of lambda phage (1950), the invention of the replica-plating
technique (1951), the demonstration of lambda-phage transduction in E. coli, and the discovery
of the fertility factor in E. coli. See ®*'°Esther Lederberg's Accomplishments to explore why she

was never a faculty member or a Nobel laureate.
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Chapter 9
Details of DNA Replication and Repair

Replicons, replication origins and forks; bidirectional replication; many enzymes of replication;
Okazaki fragments; mechanisms, actions, and enzymes of DNA repair; when DNA repair fails
Reminder: For inactive links, google key words/terms for alternative resources.
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9 c*rfculéf But tssi,y double helix

9.1 Introduction

Replication begins at one or more origins of replication along DNA. Helicase enzymes
catalyze unwinding of the double helix, creating replicating bubbles, or replicons, with
replication forks at either end. Making a new DNA strand starts with making an RNA primer
using RNA nucleotides and primase enzymes. DNA nucleotides are added to the 3' ends of
primers by a DNA polymerase. Later, other DNA polymerases catalyze removal of RNA
primers and the replacement of the hydrolyzed ribonucleotides with new deoxyribo-
nucleotides. Finally, DNA ligases stitch together the fragments of new DNA synthesized at the
replication forks. This complex mechanism is common to the replication of “naked”
prokaryotic DNA and of chromatin-encased eukaryotic DNA and must therefore have arisen
early in the evolution of replication biochemistry. In this chapter, we'll see details of
replication, including differences between prokaryotic and eukaryotic replication that arise
because of differences in DNA packing. As with any process with many moving parts,
replication is error prone, so we'll also see how the overall fidelity of replication relies on DNA
repair mechanisms that target specific kinds of replication mistakes, or mutations. Lest we
think that uncorrected errors in replication are always bad, we'll learn that they usually do not
have bad outcomes. Instead, that they leave behind the mutations necessary for natural
selection and the evolution of diversity.

Learning Objectives
When you have mastered the information in this chapter, you should be able to do the
following:
1. Explain how Cairns interpreted his theta (0) images.
2. Compare and contrast the activities of enzymes required for replication.
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3. Describe the order of events at an origin of replication and at each replication fork.

4. Compare unidirectional and bidirectional DNA synthesis from an origin of replication.

5. Outline the basic synthesis and proofreading functions of DNA polymerase I and explain
why only this one of the several DNA polymerases can proofread newly synthesized DNA.

6. Identify the major players and their roles in the initiation of replication.

7. Explain how Reiji Okazaki's experimental results were not entirely consistent with how
both strands of DNA replicate.

8. List the major molecular players (enzymes, etc.) that elongate a growing DNA strand.

9. List the nonenzymatic players in replication and describe their functions.

10. Describe how the structure of telomerase enables proper replication.

11. Compare the activities of topoisomerases 1 and 2.

12. Explain the reasoning behind the hypothesis of processive replication.

13. Compare and contrast the impacts of germline and somatic mutations.

14. Describe common forms of DNA damage.

15. List enzymes of replication that were adapted to tasks of DNA repair.

16. Explain why a DNA glycosylase is useful in DNA repair.

17. Explain the connection between “breast cancer genes" and DNA repair.

9.2 DNA Replication

As we've seen, single DNA strands have directionality, with a 5’ nucleotide phosphate end and
a 3' deoxyribose hydroxyl end. This is also true for circular bacterial chromosomes; you can see
this if the circle is broken! Because the strands of the double helix are antiparallel, the 5' end of
one strand aligns with the 3’ end of the other at both ends of the double helix. In looking at the
complementary pairing of bases of deoxynucleotides in the double helix, Watson and Crick
quickly realized that the base sequence of one strand of DNA could serve as a template to
make a new complementary strand. As we'll see, this structure raised questions about DNA
replication. Finding answers began with experiments that visualized the replication process.

9.2.1 Visualizing Replication and Replication Forks

Recall the phenomenon of bacterial conjugation showing that the bacterial chromosome (i.e.,
genome) is circular. In 1963, John Cairns confirmed this fact by direct visualization of bacterial
DNA. He cultured E. coli cells for long periods on H-thymidine (*H-T), a radioactive precursor
to DNA, to make their entire cellular DNA radioactive. He then disrupted the cells gently to
minimize damage to the DNA. The released DNA was allowed to settle and to adhere to
membranes. Cairns placed a sensitive film over the membrane, allowed time for the radiation
to expose the film and then developed the films (auforadiographs).

When he examined the autoradiographs in the electron microscope, Cairns saw tracks of silver
grains, the same kind of silver in a photographic emulsion that make up an image on film in
old-fashioned photography. A facsimile of Cairns' results is illustrated in Fig. 9.1 below. He
measured the length of the “silver” tracks on his autoradiographs, which most often consisted
of three different closed loops, or circles (see the right-hand drawing in the figure). The
circumferences of two of these circles were always equal, and their lengths, measured in
nanometers, corresponded closely to a predicted DNA content of a single, non-dividing cell.
Cairns therefore interpreted these images to be bacterial DNA in the process of replication.
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Facsimile of Silver Tracks
Seen by Cairns in His Electron
Microscope Autoradiographs
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Circumferences of complete circles (red dots
or blue dashes) were always 1.36 nm,
consistent with 4x10¢ nt (2x10° base pairs),
and with the 0.0044 pg DNA per bacterial cell.
Fig. 9.1: Cairns cultured E. coli cells in radioactive (°*H-) thymidine to let the cells to make radioactive (‘hot’)
DNA. He extracted the 'hot' DNA and spread it on electron microscope (EM) 'grids’, coating them with
radiation-sensitive emulsion. After exposing the grids he saw ‘silver tracks’ in the EM, like those drawn here.
In each image, Cairns could always trace at least 2 equal length (circumference) intersecting circles,
consistent with the known DNA content per bacterial cell.
Cairns called his replicating chromosomes " fheta images" because they resembled the
Greek letter theta (0). From many 0 images, he arranged a sequence (shown in Figure 9.2) to
illustrate his inference that replication starts at a single origin of replication on the bacterial
chromosome, before proceeding around the circle at replication forks to completion.

Cairn’s Interpretation of ‘Theta’ (6) Images

origin of
repl i cati on s:‘-'.'....:.’ *,, el N

Fig. 9.2: Many of Cairns' silver tracks resembled the Greek letter theta, so called them theta images.
He could order his theta images to suggest the progress of chromosomal replication, as drawn here.
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11.2.2 Visualizing Bidirectional Replication

David Prescott demonstrated bidirectional replication, which began at a replication origin but
replicated DNA in opposite directions at not one but two replication forks (Figure 9.3).
Demonstration of Bidirectional
Replication in E. coli
Origin of
Replication (OR)

Replication Forks
(RFs)
Fig. 9.3: Theta images suggested that DNA replication happens where silver tracks intersect, but at one
or both intersections? D. Prescott showed that in the E. coli circular chromosome, the intersections were

replication forks (RFs) where DNA was unwinding and replicating in opposite directions from a single
origin of replication (OR). The E. coli OR was later shown to be a specific sequence.
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A typical rate of DNA synthesis is about 2 X 10° base pairs per hour, just about the size
of the E. coli genome! A typical eukaryotic cell nucleus contains thousands of times more DNA
than a bacterium but divides every fifteen to twenty hours. Even a small eukaryotic
chromosome can contain hundreds or thousands of times as much DNA as a bacterium. Thus,
eukaryotic cells can't afford to replicate DNA at a bacterial rate! Eukaryotes solved this
problem not by evolving faster replication biochemistry, but by synthesizing their DNA
bidirectionally from multiple origins of replication, creating multiple replicons. These grow,
joining other growing replicons along each linear chromosome, as suggested in Figure 9.4.

Replicon Growth & Replication in Eukaryotes

replicons

REZ= ——=u\RF RFZ—X\RF
\—_k-___—-'——} @
Newly replicated daughter strands from semiconservative replication are

in red. Multiple origins of replication form many unsynchronized replicons,
ensuring on-time completion of replication in the S phase of the cell cycle.

Fig. 9.4: Replication in linear eukaryotic chromosomes begins at many ORs and proceeds bidirectionally,
forming 'replicons' that eventually merge.
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Before we consider the biochemical events at replication forks in detail, let's look at the role of
DNA-polymerase enzymes in the process.

9.3 DNA Polymerases Catalyze Replication

Before considering what happens at replication forks in detail, let's look at the role of DNA
polymerases in the process. The first DNA polymerase enzyme was discovered in E. coli by
Arthur Kornberg, for which he received the 1959 Nobel Prize in Chemistry. However, the rate
of catalysis of new DNA, at least in vitro, was too slow to account for the in vivo rate of E. coli
replication. It was Thomas Kornberg, one of Arthur's sons, who later found two additional,
faster-acting DNA polymerases. (We already met the older Kornberg brother, Roger!)

All DNA polymerases require a template strand against which to synthesize the new
complementary strand. In successive condensation reactions, all DNA polymerases catalyze
the addition of nucleotides to the 3' end of the growing DNA strand. Finally, all DNA
polymerases also have the odd property that they can only add to a preexisting strand of
nucleic acid, raising the question of where the "preexisting” strand comes from! The
polymerases catalyze the formation of a phosphodiester linkage between the end of a growing
strand and an incoming nucleotide. The latter must complement a nucleotide in the template
strand. Energy for the formation of the phosphodiester linkage comes in part from the
hydrolysis of two phosphates (pyrophosphate) from the incoming nucleotide during the
reaction. While replication requires the participation of many nuclear proteins in both
prokaryotes and eukaryotes, polymerases perform the basic steps of replication (Figure 9.5).

DNA Polymerases Catalyze
5’-to-3’ Replication

nucleotide triphosphate

DNA ® (P

polymerase
3 3l
5" _ - 3
®—@®

3

extension

nucleotide triphosphate
vV e

Fig. 9.5: DNA polymerases require a template strand and use deoxynucleotide triphosphate
precursors (upper illustration) to catalyze the replication of new DNA in the 5' to 3’ direction, shown
here extending the new DNA by one nucleotide (lower illustration).
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https://youtu.be/riscpBwOuTY

Although DNA polymerases replicate DNA with high fidelity and make as few errors as
one per 107 nucleotides, mistakes do occur. The proofreading ability of some DNA polymerases
corrects many of these mistakes. The polymerase can sense a mismatched base pair, slow
down, and then catalyze repeated hydrolyses of nucleotides until it reaches the mismatched
base pair. Figure 9.6 illustrates this basic proofreading by a DNA polymerase.

Some DNA Polymerases Can
Proofread and Correct Errors:

Extension —_—
N\ 7 error ."I
®®

Proofreading —

polymerase catalyzes
.  hydrolysis of ‘wrong’
nucleotide @@ g

v Extension
®&® resumes

Fig. 9.6: If during replication, a wrong nucleotide is inserted in a growing DNA (upper illustration),
some DNA polymerases will detect and proofread the incorrect nucleotide and replace it with the
correct one (middle illustration). Replication will then resume (lower illustration.

After mismatch repair, the DNA polymerase resumes its forward movement at replication forks.
Of course, not all mistakes are caught by this or other repair mechanisms (see section 9.5,
"DNA Repair"). While mutations in eukaryotic germline cells that escape correction can cause
genetic diseases, most of these replication errors are the very mutations that fuel evolution.
Without mutations in germline cells (i.e., egg and sperm cells), there would be no mutations
and no evolution, and without evolution, life itself would have reached a quick dead end! On
the other hand, replication mistakes can generate mutations in somatic cells. If these somatic
mutations escape correction, they can have serious consequences, including the generation of
tumors and cancers.

9.4 The Process of Replication

As noted, DNA replication is a sequence of repeated condensation (dehydration synthesis)
reactions linking nucleotide monomers into a DNA polymer. Replication, like all biological
polymerizations, proceeds in three enzymatically catalyzed and coordinated steps: initiation,
elongation, and fermination.
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9.4.1 Initiation

As we have seen, DNA synthesis starts at one or more origins of replication. These are DNA
sequences targeted by initiation proteins (Figure 9.7).

Initiation of Replication in E. coli

Origin of Repllcatlon—, )
|n|t|at|on proteins
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stranded DNA polymerase lll (@),
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Fig. 9.7: In E. coli, replication starts when initiation proteins and SSBs (Single-Stranded Binding proteins
bind to the DNA at the origin of replication (OR), bending the DNA (upper illustration). Helicase begins
unwinding the DNA as DNA polymerase and other enzymes of replication bind to the DNA to begin
replication (lower illustration).

After these proteins break the hydrogen (H-) bonds at the origin of replication, the
DNA double helix is progressively unzipped in both directions (i.e., by bidirectional
replication). The separated DNA strands serve as templates for new DNA synthesis. Sequences
at replication origins that bind to initiation proteins tend to be rich in adenine and thymine
bases. This is because A-T base pairs have two H-bonds, which require less energy to break
than the three H-bonds that hold G-C pairs together. Once initiation proteins loosen H-bonds
at a replication origin, DNA helicase uses the energy of ATP hydrolysis to further unwind the
double helix. DNA polymerase III is the main enzyme that then elongates new DNA. Once
initiated, a replication bubble (replicon) forms as repeated cycles of elongation proceed at
opposite replication forks.
OFEAD)
M
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Recall that new nucleotides are only added to the free 3’ hydroxyl end of a preexisting
nucleic acid strand. Since no known DNA polymerase can start synthesizing new DNA strands
from scratch, this is a problem! It turns out that DNA polymerases require a primer, a nucleic
acid strand onto which they can add nucleotides. So, what is that primer, and where does it
come from? RNA polymerases catalyze RNA synthesis from in a 5'-to-3' direction and are the
only polymerases that grow a new nucleic acid strand from the first base. Therefore, it was
suggested that primers for replication might actually be RNA. Discovery of short stretches of
RNA at the 5" end of Okazaki fragments confirmed the notion of RNA primers. We now know
that cells use a special RNA polymerase called primase, to make RNA primers against DNA
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templates. Replication from the 3" end of a primer implies that DNA polymerases can add
deoxynucleotides to the 3’ end of the RNA. We'll see in the next section that the requirement
for RNA primers is nowhere more evident than in the events at a replication fork.

9.4.2 Elongation

Looking at elongation at one replication fork, we see another problem: one of the two new
DNA strands will grow continuously toward the replication fork as the double helix unwinds.
But what about the other strand? Either this other strand must grow in pieces in the opposite
direction, or it must wait to begin synthesis until the double helix is fully unwound. The
problem is illustrated in Figure 9.8.

If one new DNA strand at an RF is synthesized non-stop, what
about the DNA against the opposite template?

leading strand template

leading
strand

3’
51
Fig. 9.8: In replication, the 5'-to-3' strand elongation catalyzed by all DNA polymerases presents a

problem at the RF: only one new DNA strand (the leading strand) can be made continuously along its
parental template strand. How does replication progress along the opposite template strand?

If one strand of DNA must be replicated in fragments, then those fragments would have to be
stitched (i.e., ligated) together, as hypothesized in Figure 9.9.

Hypothesis: One of the new
DNA strands at an RF is
synthesized in pieces

leading strand
template

leading strand

ligation of lagging strand
fragments... by a DNA

ligase? ————— /
lagging
strands
g’ lagging strand
template

Fig. 9.9: The hypothesis proposed here is that during the elongation of DNA strands, at least one DNA
strand at a replication fork (the lower, so-called lagging strand) must be synthesized discontinuously,
i.e., in pieces. Each new “piece” would begin with an RNA primer. And these pieces would have to be
correctly stitched together into a continuous DNA strand.
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According to this hypothesis, a new leading strand of DNA grows (is lengthened)
continuously by sequential addition of nucleotides to its 3' end, against its leading-strand
femplate. The other strand, however, would be made in pieces that would be joined in
phosphodiester linkages in a subsequent reaction (discontinuous replication). Because joining
these new DNA fragments should take extra time, this new DNA is called the lagging strand,
making its template the lagging-strand templafte.

Reiji Okazaki and his colleagues were studying infections of slow-growing mutants of
T4 phage in E. coli host cells. A DNA ligase enzyme was already known to catalyze the
circularization of the linear phage DNA molecules that were being replicated in infected host
cells. Okazaki's hypothesis was that a deficient DNA ligase in the mutant phage not only
slowed down the circularization of the replicating T4 phage DNA but would also slow the
joining phage DNA fragments replicated against at least one of the two template DNA strands.
The investigators compared the growth rates of wild-type and mutant T4 phage and
demonstrated that slow growth of the mutant phage was due to a deficient DNA ligase
enzyme. (Figure 9.10).

Okazaki studied slow-growing
ligase deficient mutants of T4 phage:

ligase-deficient

wild type mutant

# of T4
phage

*show delayed
circularization

*show slower
replication

time of .
infectiont time

Perhaps, reasoned Okazaki, mutant phage
would be slow to ligate fragments of DNA

that were replicated in pieces...
Fig. 9.10: Wild-type and mutant T4 bacteriophage growth curves are compared. Slow growth of the T4
mutant phage in infected cells (at the right) is due a slow-acting DNA ligase enzyme encoded by a mutant

T4 gene. R. Okazaki suggested that slower growth was due to inefficient ligation (elongation) of lagging
strand DNA, as well as the slow circularization of the linear T4 DNA that enters host cells during infection.

When they tested the hypothesis, they found that short DNA fragments did indeed accumulate
in E. coli cells infected with ligase-deficient mutants but not in cells infected with wild type
phage. The lagging strand fragments are now called Okazaki fragments. You can check out
Reiji Okazaki's original research at *'1968 Okazaki article.

H 180-2 Okazaki Experiments: Solving a Problem at an RF
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Each Okazaki fragment would have to begin with a 5° RNA primer, creating yet
another dilemma! The RNA primer must be replaced with deoxynucleotides before the
fragments could be stitched together—a process that indeed happens (Figure 9.11, below).
Removal of RNA primer nucleotides from Okazaki fragments requires the action of DNA
polymerase 1.

This is the slow-acting DNA polymerase first characterized by Arthur Kornberg. DNA
polymerase I has the unique ability to catalyze hydrolysis of the phosphodiester linkages
between the RNA (or DNA) nucleotides and the 5’ end of a nucleic acid strand.

Removal of Okazaki Fragment Primers:
a form of DNA Repair

leading
3 strand

\/\/J\

NMPs v 7 dNTPs 3’ . helicase

lagging 5
strand \ ‘—’”//(—
i lagging

H
5 DNA Eglll? strand

ligase

*DNA Pol 1 binds to 5’ end of the primer
*DNA Pol 1 adds dNMPs 3’ end of newer Okazaki
fragment as it hydrolyzes NMPs 5’ to 3’ from
previous Okazaki fragment.
*DNA ligase ‘stitches’ Okazaki fragments
together.
Fig. 9.11: Steps in the synthesis of DNA against the lagging template strand.
Another enzyme, flap endonuclease 1 (FENI1) plays a role in removing "flaps" of
nucleic acid from the 5’ ends of the fragments. These flaps are often displaced by polymerase

as the enzyme replaces the replication primer. At the same time as the RNA nucleotides are
removed, DNA polymerase I catalyzes their replacement by appropriate deoxynucleotides.

Finally, when a fragment is composed entirely of DNA, DNA ligase links it to the rest
of the already-assembled lagging-strand DNA. Because of its 5’ exonuclease activity (not
found in other DNA polymerases), DNA polymerase I also plays unique roles in DNA repair
(discussed further in section 9.5).

As Cairns suggested and as others had demonstrated, replication proceeds in two
directions from the origin and forms a replicon with two replication forks (RFs). Each RF has a
primase associated with replicating Okazaki fragments along lagging strand templates. Figure
9.12 below illustrates the requirement for primases at replication forks.
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Bi-Directional Replication Requires Primase
at both Replication Forks

[~
_( primase%
4‘;&

Fig. 9.12: As replication proceeds, all the enzymes (primase, DNA polymerase Ill, DNA polymerase |,
DNA ligase, helicase) and other proteins required for replication are assembled in each replication fork
(RF) of replicons. Note that primase is present at both RFs, but only on the lagging strands.

Now we can ask what happens when replicons reach the ends of linear chromosomes in
eukaryotes.

H 182 Replication Elongation in FE. coli

9.4.3 Termination

In prokaryotes, replication is complete when two replication forks meet after replicating their
portion of the circular DNA molecule. In eukaryotes, many replicons fuse to become larger
replicons, eventually reaching the ends of the chromosomes. And now there is still another
problem, illustrated in Figure 9.13!

Problem at the End of a Chromosome

template g:
1 Continuously replicated DNA
Okazaki Fragments Rl:|mer primers,
template
template ———— — g:
2 . DNA polymerase | elongates last
- \ Okazaki Fragment; removes primer? ,
template 3’
’
template ————— ;
3 DNA ligase What happens at the
e ) chromosome end ? 5’
template 3

Fig. 9.13: Problems arising in lagging strand replication when replication reaches the ends
(telomeres) of linear chromosomal DNA. After a final Okazaki strand is primed and replicated
(panel 1) the primer is removed from the penultimate fragment (panel 2). Then primer on the last
strand is removed (panel 3). But then, there would be no DNA strand 3' end at which to add
replacement DNA nucleotides. This would cause chromosomal shortening at each cell division.
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When a replicon nears the end of a double-stranded DNA molecule (i.e., the end of a
chromosome), the new continuously synthesized strand stops when it reaches the 5’ end of its
template DNA, and the primer is removed, having completed its replication. But what about
lagging-strand replication? The illustration shows primer removal from an Okazaki fragment
primed near the end of the chromosome, and replacement with DNA nucleotides catalyzed by
DNA polymerase I. The question marks above the DNA point to a dilemma: if a final Okazaki
fragment is primed and synthesized, DNA polymerase I has no free 3’ end to begin RNA
nucleotide replacement with DNA nucleotides. The problem then would be that every time a
cell replicates, at least one strand of new DNA would get shorter. Of course, this would not
do—and doesn't happen! Eukaryotic replication undergoes a fermination process that extends
the length of one of the two strands using the enzyme felomerase, as illustrated in Figure 9.14.

Telomerase: a ribonucleoprotein (RNP)

telomerase

CAACCCCAACC

GTTGGGGTTGGGGTTG

1. primer removal (DNA Pol 1)
binding of telomerase

3. extension of template strand by telomerase: synthesis
of

4. telomerase shifts to right

5. more extension of (3’ end of) template strand by
telomerase

6. Priming, synthesis and ligation of ‘extra’ Okazaki

fragment from extended template strand...

Fig. 9.14: Following removal of the primer from a telomeric Okazaki fragment, the ribonucleoprotein
enzyme telomerase prevents chromosome-shortening. Its RNA serves as a template to generate
repeats at the 3’ telomeric end of lagging-strand DNA. When the extended repeated sequences on the
3’ end of the template DNA are long enough, they then serve as templates for new primer and Okazaki
fragment synthesis, maintaining chromosome length.

Telomerase consists of several proteins and an RNA molecule. From the drawing, the
RNA component serves as a template for 5'— 3’ extension of the problematic DNA strand. The
protein with the requisite reverse transcriptase activity is called Telomerase Reverse
Transcriptase, or TERT. The Telomerase RNA Component is called TERC. Carol Greider, Jack
Szostak, and Elizabeth Blackburn shared the 2009 Nobel Prize in Physiology or Medicine for
discovering telomerase.
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We know now that differentiated, non-dividing cells no longer produce the telomerase enzyme
but that telomerase genes are still active in dividing cells (e.g., stem cells and cancer cells),
which contain abundant telomerase.

9.4.4 Is Replication Processive?

Drawings of replicons and replication forks suggest separate events on each DNA strand. Yet
events at replication forks seem to be coordinated. Thus, replication may be processive,
meaning both new DNA strands are replicated in the same direction at the same time,
smoothing out the process. How might this be possible? The drawing in Figure 9.15 shows how
lagging-strand template DNA bends so that it points in the same direction as the leading
strand at the replication fork.

Processive Replication

the repllisome
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unwinding
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Fig. 9.15: The Processive Replication hypothesis unites all components for replicating both DNA strands
in a replisome. In this model, the lagging strand template is "looped backwards" so the direction of
replication new DNA strands occurs in the same direction.
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The replisome structure cartooned at the replication fork consists of clamp proteins,
primase, helicase, DNA polymerase, and single-stranded binding proteins, among others.
Now, newer techniques of visualizing replication by real-time fluorescence videography have
called the processive model into question, suggesting that the replication process is anything
but smooth! Is the observed jerky movement of DNA elongation in the video an artifact? Or is
the model of smooth, coordinated replication integrated at a replisome no longer valid? And if
not, must coordination of replication be defined and achieved in some other way? Or, finally,
are lagging-strand and leading-strand replication simply just not coordinated? Check out the
video yourself at “?Real-Time Fluorescent Replication Video.
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9.4.5 One More Problem with Replication

Cairns recorded many images of E. coli of the sort shown in Figure 9.16.

DNA Changes Shape (Topology)
During Replication

Unwinding the double helix causes supercoiling
(1 twist for each turn of the helix unwound).

from Cairns’
images:

Fig. 9.16: Unwinding a circular DNA molecule or any eukaryotic double helix (rigidly associated with
chromosomal proteins) causes the DNA to form supercoils, twisting and coiling in on itself. Cairns saw
such supercoils in E. coli chromosome, as in this illustration.

The coiled, twisted appearance of the replicating circles was interpreted to be a natural
consequence of the helically intertwined strands of DNA pulling apart (as is the case with
intertwined strands of any material). As the strands continued to unwind, the DNA would twist
into a supercoil of DNA. Too much unwinding would cause the phosphodiester linkages in the
DNA to rupture, fragmenting the DNA. Obviously, this does not happen.

Experiments were devised to demonstrate supercoiling and to test hypotheses explaining how
cells would relax the supercoils during replication. Testing these hypotheses revealed the
fopoisomerase enzymes. These enzymes bind and hold on to DNA, catalyze the hydrolysis of
phosphodiester linkages, control the unwinding of the double helix, and finally catalyze the re-
formation of the phosphodiester linkages. It is important to note that the topoisomerases are
not part of a replisome and can act far from a replication fork, probably responding to tensions
anywhere in the supercoiled DNA. Recall that topoisomerases comprise much of the protein
lying along eukaryotic chromatin.
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L
o

ﬁ 185-2 Topoisomerases Relieve Supercoiling During Replication

We have considered most of the molecular players in replication. Key replication proteins and
their functions are listed in Table 9.2 below, taken from 93DNA Replication.
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Table 9.2

ENZYME FUNCTION IN DNA REPLICATION
DNA helicase A ht=:I|x c_jestablllzmg protein that unwinds a double helix at
replication forks
Builds new double-stranded DNA, adding deoxy-nucleotides 5’-
DNA polymerase

3’; some can proofread and correct errors

DNA clamp protein

Prevents DNA pol lll from separating from the parent template
strand.

Single-strand
binding proteins

Keep unwound DNA strands at replication forks from re-
annealing during replication

(SSBs)

Relax supercoiled DNA caused by DNA unwinding during

topoisomerases ..
replication

DNA gyrases A specific kind of topoisomerase

DNA ligase Join? Olfazaki Fragments to growing DNA strands during
replication
Initiates replication using nucleotides to synthesize an RNA

primase primer required for DNA polymerases to then add

deoxynucleotides

S T— Enzyme that adds repetitive DNA sequences to telomeric DNA
to maintain the length of eukaryotic chromosomal DNA

9.5 DNA Repair

We generally accept the notion that replication faithfully duplicates the genetic material,
occasional making mistakes (i.e., mutating). At the same time, evolution would not be possible
without those mistakes, those mutations, and mutation is not possible without at least some
adverse consequences. Because we see the results of mutation as disease, the word mutation in
common parlance (and even among scientists) anticipates dire consequences. But mutations
(changes in DNA sequence) are a requirement of life. In fact, mutations occur frequently
between generations. Most are inconsequential, and many are corrected by one or another
mechanism of DNA repair.

9.5.1 Germline vs Somatic Mutations: A Balance Between Mutation and Evolution
Germline mutations are heritable. When present in one, but especially in both alleles of a
gene, such mutations can result in genetic disease (e.g., Tay-Sachs disease, cystic fibrosis,
hemophilia, and sickle cell anemia). Rather than causing disease, some germline mutations
may increase the likelihood of becoming ill (e.g., mutations of the BRCA2 gene greatly increase
a woman's odds of getting 195, cancer).

Somatic mutations in actively dividing cells might result in benign “cysts” or malignant
tumors (i.e., cancer). Other somatic mutations may play a role in dementia (Alzheimer's
disease) or in some neuropathologies (e.g., along the autism spectrum). Since the complex
chemistry of replication is subject to an inherently high rate of error, cells have evolved
systems of DNA repair, so that they may survive high mutation rates. As we saw, DNA
polymerases themselves can proofread, so incorrectly inserted bases can be quickly removed
and replaced.
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Beyond this, multiple mechanisms have evolved to repair mismatched base pairs and other
kinds of damaged DNA that escape early detection. How often and where DNA damage occurs
is random, as is which damage will be repaired and which will escape to become a mutation.
For those suffering the awful consequences of unrepaired mutation, the balance between
retained and repaired DNA damage is, to say the least, imperfect. However, evolution and the
continuance of life itself rely on this balance.

9.5.2 What Causes DNA Damage?

The simplest damage to DNA is a point mutation, the accidental insertion of a "wrong"
nucleotide into a growing DNA strand. Other mutations, equally accidental, include DNA
deletions, insertions, duplications, inversions, and the like, any of which might escape repair.
The causes of DNA damage can be chemical or physical and include spontaneous intracellular
events (e.g., oxidative reactions) and environmental factors (e.g., radiation, exogenous
chemicals).

These random events are in fact not rare, but frequent. Basing his calculations on studies of
different kinds of DNA damage, Tomas Lindahl estimated that DNA-damaging events might
be occurring at the rate of ten thousand per day! Lindahl realized that there must be some
basic DNA repair mechanisms at work to protect cells against such a high rate of DNA
damage. The discovery of the base excision repair mechanism earned Tomas Lindahl a share
of the 2015 Nobel Prize in Chemistry.

Specific environmental factors that can damage DNA include UV light, X-rays, and other
radiation, as well as chemicals (e.g., toxins, carcinogens, and even drugs). Both germline and
somatic cells can be affected. While mutations can and do cause often debilitating diseases, it
is instructive to keep the impact of mutations in perspective. Most mutations are in fact silent;
they do not cause disease. And among mutations that could cause disease, much of the DNA
damage is repaired. Cells correct more than 99.9% of mistaken base changes before they have
a chance to become mutations. That is why we think of replication as a “faithful” process. Let's
look at some common types of DNA damage that are usually repaired:

e Pyrimidine dimers: the dimerization of adjacent pyrimidines (typically thymines, but
occasionally cytosines) in a single DNA strand, caused by UV exposure

e Depurination: the hydrolytic removal of guanine or adenine from the #1 carbon of
deoxyribose in a DNA strand

e Deamination: the hydrolytic removal of amino (-NH;) groups from guanine (most common),
cytosine, or adenine

e Oxidative damage of the deoxyribose sugar with any base (but most commonly with a purine
base)

e Inappropriate methylation of any bases (but most commonly of purine bases)

e DNA strand breakage during replication or from radiation or chemical exposure
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9.6 Molecular Consequences of Uncorrected DNA Damage

While bacteria also suffer DNA damage, we will focus here on eukaryotes, since they have
evolved the most sophisticated repair mechanisms. Remember that unrepaired DNA damage
will be passed on to daughter cells in mitosis and mightbe passed on to the next generation if
the mutation occurs in a germline cell.

9.6.1 Depurination

Depurination is the spontaneous hydrolytic removal of guanine or adenine from the #1 carbon
of deoxyribose in a DNA strand. Its frequency of five thousand depurinations per cell per day
emphasizes the high rate of DNA damage that demands a fix! If not repaired, depurination
results in a single base-pair deletion in the DNA of one chromosome after replication, leaving
the DNA in the same region of the other chromosome unchanged. Figure 9.17 shows the
effects.

Depurination

unchanged

missing
A on old strand B AT B
base-pair deletion

Fig. 9.17: Spontaneous depurination is the hydrolytic removal of a guanine or adenine from a nucleotide,
resulting in a nucleotide deletion at that site in the DNA during replication.
The replisome ignores the depurinated nucleotide (an A in this example), jumping to the C in
the template DNA. Unrepaired, one new double-stranded DNA will have a deletion, leaving
the other new one with no mutation.

9.6.2 Pyrimidine Dimerization

Exposure of DNA to UV light can cause adjacent pyrimidines (commonly thymines; less often,
cytosines) on a DNA strand to dimerize. Pyrimidine dimers form at a rate of a bit less than one
hundred per cell per day! Uncorrected dimerization results in a two-base deletion in one
chromosome, while the other remains unchanged (Figure 9.18, below).
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Fig. 9.18: Exposure of DNA to UV light can cause adjacent thymines to dimerize, resulting in deletion
of two nucleotides at that site in the DNA during replication.

You can predict that the correction of this radiation-induced damage will either involve
disrupting the dimers (in this example, thymine dimers) or removing the dimerized bases and
replacing them with monomeric bases.

9.6.3 Deamination

Figure 9.19 shows the consequences of deamination to a DNA base sequence.

Base Deamination u m

jcation
[ | || [ | [ | replication _,

- u H
_ H u
= = .*C—VU || unchanged

*G=>A
on old strand; | [ |
altered base-pairing ~ ©n new strand
Fig. 9.19: Amino (-NHz) group removal (deamination) from a base in one DNA strand results in a

base substitution during replication. Use the asterisks to help follow the deamination and changes
after replication.
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Deamination is the hydrolytic removal of amino (-NH:) groups from guanine (most
common), cytosine, or adenine, at a rate of one hundred per cell per day. Deamination does
not affect thymine (because it has no amino groups!). Uncorrected deamination results in a
base substitution on one chromosome (or in this example, a T-A pair substitution for the
original C-G) and no change on the other. Deamination of adenine or guanine results in
unnatural bases (hypoxanthine and xanthine, respectively). These are easily recognized and
corrected by DNA repair systems. Occasionally, some of the U-A base pairs remain unrepaired.

9.7 DNA Repair Mechanisms

Many enzymes and proteins are involved in DNA repair, including eleven out of fourteen DNA
polymerases in humans! Three DNA polymerases are for replication). Some of these function
in normal replication, mitosis and meiosis, but were co-opted for DNA repair activities. These
molecular co-optations are so vital to normal cell function that some repair activities and
molecular players are highly conserved in evolution. Among the DNA repair pathways that
have been identified, we will look at base excision repair, nucleotide excision repair,
transcription-coupled repair, nonhomologous end-joining and homologous recombination.
Of these, the last is perhaps the most complex.

9.7.3 Base Excision Repair

On detection of an error (e.g., oxidization, an open-ring, deamination, or bases containing
saturated C=C bonds), DNA glycosylases catalyze hydrolysis of the damaged base from its
deoxyribose. For more on these enzymes, see **DNA Glycosylases. Figure 9.20 shows base

excision repair.

Base Excision Repair Following Deamination

-
1
2 uracil- @ B uracil @ o ap B B bNA W
DNA deleted endonuclease nicks polymerase adds
glycosylase DNA at missing back C; ligase

_base; phospho- seals nick to_
diesterase removes complete repair
base-less sugar

Fig. 9.20: In Base Excision Repair, (1) a glycosylase removes the sugar from the deaminated
nucleotide; (2) an endonuclease nicks the strand at that nucleotide; (3) a DNA polymerase adds
back a correct nucleotide and a DNA ligase seals the DNA strand to complete the repair.
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9.7.4 Nucleotide Excision Repair

The discovery of nucleotide excision repair earned Aziz Sancar a share of the 2015 Nobel
Prize in Chemistry. Figure 9.21 illustrates nucleotide excision repair for a pyrimidine dimer.

Nucleotide Excision Repair to Remove a Pyrimidine Dimer
B U 0 b 1l
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=0l
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i remnant
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- =0

=) e =0

= O 2 <
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, 12 nt gap

=<

- . excision nuclease[l DNA W ! DNA ligase | O
5- cuts @ arrows; polymerase fills in seals nick repair is
helicase releases missin complete
" é"l . er ‘damaged’ nucleotides
fragment

Fig. 9.21: In nucleotide excision repair, (1) a fragment containing the damaged DNA, e.g., a pyrimidine
(C-T) dimer is excised; (2) a polymerase fills in the missing nucleotides in the gap, and (3) a DNA ligase
seals the remaining nick, resulting repaired DNA strands.

In this example, an Excision Nuclease recognizes a pyrimidine dimer, where it hydrolyzes
phosphodiester linkages between nucleotides several bases away from either side of the dimer.
A DNA helicase then unwinds and separates the DNA fragment containing the dimerized
bases from the damaged DNA strand. Finally, DNA polymerase acts 5' — 3' to fill in the gap,
and DNA ligase seals the remaining nick to complete the repair.

9.7.5 Mismatch Repair

DNA mismatch repair occurs when the proofreading DNA polymerase misses an incorrect
base insertion into a new DNA strand. This repair mechanism relies on the fact that double-
stranded DNA shows a specific pattern of methylation. The discovery of the mismatch repair
mechanism earned Paul Modrich a share of the 2015 Nobel Prize in Chemistry.

The methylation patterns themselves are related to epigenetic patterns of gene activity and
chromosome structure, which are expected to be inherited by daughter cells. When DNA
replicates, the methyl groups on the template DNA strands remain, but the newly synthesized
DNA is unmethylated. In fact, it takes some time for methylation enzymes to locate and to
methylate the appropriate nucleotides in the new DNA. In the intervening time, several
proteins and enzymes can detect inappropriate base pairing (the mismatches) and initiate
mismatch repair.
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The basic DNA mismatch repair process is illustrated in Figure 9.22.

DNA Mismatch Repair

When nucleotide mismatches occur in
replication, mismatch repair efficiently fixes the
problem, i.e., ~99% of the time!

2 OOEH00 5 (/NS YN

1. Muts, | detect mismatch
MHtL on template DNA
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2. MutH Cleavage in the

finds CH, | GATC site (at

at GACT | some distance
site... from mismatch)

0008000

4. DNA pol lll; Jresynthesis,
replacement Jof mismatch

5. DNA ligase, | ligation

SDOOEOVE3
Mismatch Removed,
Repair Completed

Fig. 9.22: Repair of a base mismatch in DNA begins when two Mut proteins (MutS and Mut) detect the
mismatch (1); a third Mut protein (MutH) catalyzes cleavage at a methylated GATC site some distance
from the mismatch (2), removing the mismatch (3); DNA polymerase Il replaces the missing bases
around the original mismatch (4); DNA ligase completes the repair (5).

Presumably, after mismatch repair is complete, the unmethylated new DNA is appropriately
remethylated.

9.7.6 Transcription-Coupled Repair (in Eukaryotes)

If an RNA polymerase reading a template DNA encounters a nicked template or one with an
unusual base substitution, it might stall transcription and seemingly “not know what to do
next." A normal transcript would not be made, and the cell might not survive. That's no big
deal in a tissue comprised of thousands if not millions of cells, right? But nevertheless,
Transcription Coupled Repair exists!

In this repair pathway, if RNA polymerase encounters a DNA lesion (i.e., damaged DNA)
while transcribing a template strand, it will indeed stall. This allows time for coupling proteins
to reach the stalled polymerase and to enable repair machinery (e.g., by base or nucleotide
excision) to make the repair. Once the repair is complete, the RNA polymerase "backs up"
along the template strand (with the help of other factors) and resumes transcription of the
corrected template.
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9.7.5 Nonhomologous End-Joining

DNA replication errors can cause double-sfranded breaks, as can environmental factors
(lonizing radiation, oxidation). Repair by nonhomologous end-joining deletes damaged and
adjacent DNA and rejoins the “cut” ends. When a double-stranded break is first recognized,
nucleotides are hydrolyzed from the ends of both strands at the break-site, leaving “blunt
ends." Ku among other proteins then bring DNA strands together and further hydrolyze single
DNA strands, creating overlapping staggered (complementary or sticky) ends. The
overlapping ends of these DNA strands form H-bonds. Finally, DNA ligase seals the H-
bonded overlapping ends of DNA strands, leaving a repair with deleted bases. Repair by
nonhomologous end-joining is illustrated in Figure 9.23.

Non-Homologous End Joining

endonuclease-
catalyzed removal of Ku & other __
i 5&3endsof i proteins :: s s
damaged DNA bind 3 "
> deleted
1 ends of 9 _
DNA - 3 \r 4 deletion
> > A — site
2 R/‘,;-.:\/.
nick-site of |
hydrolytic i
cleavage 1 :
Double- Creation of overlapping
stranded (complementary) ends,
DNA ligation to end-join the

eleted DNA strands

Fig. 9.23: During Non-homologous End-Joining, endonucleases find and trim back DNA at the break
(1); specific proteins bind to the trimmed ends of the DNAs (2); catalysis of single-strand trimming forms
complementary (sticky) ends that overlap the break site (3). After H-bonds form between the staggered
sticky ends (4), a DNA ligase seals the ends of the overlapping DNA strands (4) completing an effective
repair, albeit with a deletion.

In older people, there is evidence of more than two thousand "“footprints" of this kind of
repair per cell. How is this possible? This quick-fix repair often works with no ill effects
because most of the eukaryotic genome does not encode genes or even regulatory DNA (the
damage of which would be more serious).

9.7.6 Homologous Recombination

Homologous recombination is a complex but normal, frequent part of meiosis in eukaryotes.

Recall that homologous recombination occurs in synapsis in the first cell division of meiosis

(meiosis I). During synapsis, alignment of homologous chromosomes may lead to DNA

breakage, an exchange of alleles, and ligation to reseal newly recombinant DNA molecules.

Novel recombinations of variant alleles in the chromosomes of sperm and eggs ensure genefic
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diversity in species. The key point is that DNA breakage is required to exchange alleles
between homologous chromosomes. Consult the genetics chapter in an introductory biology
textbook or the recombination chapter in a genetics text to be reminded of these events.

Cells use the same machinery to reseal DNA breaks during normal recombination and
to repair DNA damaged by single- or double-stranded breakage. A single DNA strand that is
nicked during replication can be repaired by recombination with the strands of homologous
DNA that are being replicated on the other strand. A double-stranded break can be repaired
using the same recombination machinery that operates on sister chromatids in meiosis. In both
cases, the process accurately repairs damaged DNA without any delefions. These mechanisms
are conserved in the cells of all species, further demonstrating an evolutionary imperative of
accurate repair to the survival of species, no less important than the imperative to maintain the
genetic diversity of species.

9.7.6.a Repair of a Single-Stranded Break

When a replisome reaches a break in one of the two strands of replicating DNA, the damage
must be repaired, and the replication fork (RF) must be reestablished. Figure 9.24 illustrates
the example of homologous recombination to repair a single stranded break at a replication
fork.

Single-Stranded Break Repair
Accurate Repair of a broken Replication Fork (RF) Due to a Single-Strand Nick

Other proteins

enable strand * Leading strand
invasion, template breakage e n
followed by * DNA synthesis ae 0o
replication of repairs leading
a new leading strand template Completion of
strand on the | | - New leading strand /% 2\ replication by
RF opens unbroken synthesis vl Homologous
further, but 5’ Exonuc- homolog + Formation of a vl Recombination
breaks at nick lease template 'y new RF M after RF repair
>l > > |- —_— —
A 2 O\, 3 : 4 v 5
5-3’ . -
\ hydrolysis , Replication v Homologous
nick on 3 5 continues... recombination
leadin leads to accurate
stran repair of nick-
near RF damaged DNA...
I with no deletion
3 5 3 5 5’ 3 5’ 3 5 == 2

Fig. 9.24: Single-stranded break repair by homologous recombination: An RF reaches a break in the left
template strand (1), template DNA behind the break is trimmed back (2), while the 3’ end of the new
DNA strand invades the new, (complementary) DNA strand replicating on the homologous parental
template DNA and continues replicating (3). The missing DNA at the original break is re-synthesized (4).
homologous recombination accurately repairs the break (5).
Such a break may have occurred prior to replication itself. Repair begins when the RF reaches
the lesion. In the first step, a 8’-3’ exonuclease trims template DNA back along its newly
synthesized complement. Next, RecA protein monomers (each with multiple DNA-binding
sites) bind to the single-stranded DNA to form a nucleoprotein filament. With the help of
additional proteins, the 3’ end of the filament scans the other replicating strand for
homologous sequences. When such sequences are found, the RecA-DNA filament binds to the
homologous sequences, and the filament of new DNA "“invades" the homologous (i.e.,
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opposite) double-stranded DNA, separating its template from its newly replicated DNA. After
this strand invasion, the replication of the leading strand continues from the 3’ end of the
invading strand. A new RF is established as the leading-strand template is broken and re-
ligated to the original break. New lagging-strand replication then resumes at the newly rebuilt
RF. The result is an accurate repair of the original damage, with no deletions or insertions of
DNA.

RecA is a bacterial protein, an example of another one of those evolutionarily
conserved proteins. Its homolog in the archaea is called RadA. In eukaryotes, the homolog is
called Rad51, and it initiates synapsis during meiosis. Thus, it seems that a role for RecA and
its conserved homologs in DNA repair predated its use in synapsis and crossing over in
eukaryotes! For more about the functions of RecA protein and its homologs, see °°The
Functions of RecA.

9.7.6.b Repair of a Double-Stranded Break

Homologous recombination can also repair a double-stranded DNA break with the aid of
several enzymes and other proteins. Alternate repair pathways are summarized in Figure 9.25
(below). Here is a list of proteins involved in these homologous-recombination pathways:

e MRX, MRN: proteins that bind at double-stranded break and recruit other factors

e Sae2: an endonuclease active when phosphorylated to hydrolyze internal phosphodiester
linkages

e SgslI: a helicase that unwinds DNA that is under repair at a damaged RF
e Exol, Dna2: single-strand exonucleases that hydrolyze terminal phosphodiester linkages

e RPA, Rad51, DMCI: proteins that bind to overhanging DNA to form a nucleoprotein
filament and then initiate strand invasion at similar sequences

The activities of other enzymes involved in the repair are also identified in Figure 9.25
(below). But not shown in the illustration are products of the BRCA1 and BRCA2 genes which
binding to Rad51 (the human RecA homolog). Expressed mainly in breast tissue, their wild-
type (normal) protein products participate in homologous recombination repair of double-
stranded DNA breaks.

When mutated and dysfunctional, BRCA1 and BRCA2 genes increase the likelihood of
a woman getting breast cancer due to uncorrected DNA damage in breast cells. It doesn't help
matters that the normal BRCA1 protein also plays a role in mismatch repair—and that the
mutated protein can't!

To end this chapter, here is a bit of weird science! Consider the tardigrade, a tiny
critter that can survive the vacuum in space, along with assorted forms of radiation, resisting
DNA damage, and failing that, rapidly repairing DNA damage (*°DNA Repair of the

Tardigrade Genome).
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The Role of Homologous
Recombination in Repair of
a Double-Stranded Break
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3’ resection 5 5
5) e — 3' 3’

2 RPA, Rad51 | proteins

strand invasion, D-loop formation,
DNA synthesis

3.a/ DSBR pNA SDSA~_ 3b
second end capture, polymerase \

DNA synthesis, ligation Strand displacement, annealing
- x R -— x - - TTTmmmmmT -
endonuclease nicking,4a 4b DNAlponmerase,
DNA| ligase DNA{ ligase
Branch migration, resolution DNA synthesis, ligation
no recombination
5\ (crossover), uncommon
e R homologous

recombination (crossing
over), common

Fig. 9.25: In repairing a double-stranded DNA break, MRX or MRN proteins detect the break, after which
several proteins (including exonuclease) enable trimming the strands at the break to make 'sticky ends'
((1). Other proteins, including Rad51, enable strand invasion while DNA polymerase replicates the
invading strand (2). Alternate mechanisms called second end capture (3a) or strand displacement (3b)
lead either to branch migration to resolve interlocking replicating DNA strands (4a), followed by
homologous recombination to complete the repair (5), or to DNA synthesis and ligation to complete the
repair without recombination (4b).
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10.1

Transcription, the synthesis of RNA based on a DNA template, is the “central” step of the
Central Dogma proposed by Crick in 1958. The basic steps of transcription are the same as for
replication: initiation, elongation, and fermination. The differences between transcription in

Chapter 10
Transcription and RNA Processing

RNA transcription, RNA polymerases, initiation, elongation, termination, and processing
Reminder: For inactive links, google key words/terms for alternative resources.
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Introduction

prokaryotes and eukaryotes are in the details. Here are some:

E. coli uses a single RNA polymerase enzyme to transcribe all kinds of RNAs, while
eukaryotic cells use different RNA polymerases to catalyze the syntheses of ribosomal

RNA (rRNA), transfer RNA (IRNA), and messenger RNA (nRNA).

e In contrast to the eukaryotic genetic makeup, some bacterial genes are part of operons

whose mRNAs encode multiple polypeptides.

e Most RNA transcripts in prokaryotes emerge from transcription ready to use.

e Eukaryotic transcripts synthesized as longer precursors undergo processing by trimming,

splicing, or both!
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e DNA in bacteria is virtually “naked" in the cytoplasm, while eukaryotic DNA is wrapped
up in chromatin proteins in a nucleus.

e In Dbacterial cells, the association of ribosomes with mRNA and the translation of a
polypeptide can begin even before the transcript is finished. This is because these cells
have no nucleus. In eukaryotic cells, RNAs must exit the nucleus before they encounter
ribosomes in the cytoplasm.

In this chapter, you will meet bacterial polycistronic mRNAs (transcripts of operons
that encode more than one polypeptide). You'll read about eukaryotic split genes, with introns
and exons). We will look at some details of transcription of the three major classes of RNA and
then at how eukaryotes process precursor transcripts into mature, functional RNAs. Along the
way, we will see one example of how protein structure has evolved to interact with DNA.

Learning Objectives

When you have mastered the information in this chapter, you should be able to do the

following:

1. Discriminate between the three steps of transcription in prokaryotes and eukaryotes, and
the factors involved in each.

2. State a hypothesis for why eukaryotes evolved complex RNA processing steps.

3. Speculate on why any cell in its “right mind" would have genes containing introns and
exons, with the result that their transcripts would have to be processed by splicing.

4. Articulate the differences between RNA and DNA structure.

5. Explain the need for sigma factors in bacteria.

6. Speculate on why eukaryotes do not have operons.

7. List structural features of proteins that bind and recognize specific DNA sequences and

speculate on why/how they came to differ.

8. Explain how proteins that do not bind specific DNA sequences can still bind to specific
regions of the genome.

9. Suggest a reason for why bacteria don't polyadenylate most their mRNAs while eukaryotes
do so.

10. Formulate a hypothesis for why bacteria do not “cap” their mRNAs.

10.2 Overview of Transcription

Transcription, the synthesis of RNA, is the first step of the “central dogma" of DNA-to-protein
information transfer. As we will see, some RNAs are translated into polypeptides, while others
serve functional and even enzymatic roles in the cell. We begin with a look at the main kinds
of RNA in cells.

10.2.1 The Major Types of Cellular RNA

All cells make three main kinds of RNA: ribosomal RNA (rRNA), transfer RNA (#RNA) and
messenger RNA (mRNA). rRNA is a structural as well as enzymatic component of ribosomes,
the protein-synthesizing machine in the cell; it's not surprising that rRNAs are by far the most
abundant RNAs in a cell. In contrast, mRNAs are the least abundant. Three rRNAs and about
fifty ribosomal proteins make up the two subunits of a bacterial ribosome, as illustrated in
Figure 10.1 below.
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rRNA (ribosomal RNA)
...part of ribosome structure

_ |[2RNAs +~30
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ribosome two subunits

Eukaryotic cells have a larger ribosome with more
proteins and an additional rRNA.

Fig. 10.1: Ribosomal RNAs (the 23S, 16S and 5S rRNAs) and as many as 50 proteins make up the
bacterial ribosome shown here. This structure probably does not exist in isolation, but only when the
subunits unite with an mRNA during translation. Eukaryotic ribosomal subunits are similar, but larger.

tRNAs decode base sequences of mRNAs into amino acids during protein synthesis
(translation), thereby converting nucleic-acid-sequence information into the amino-acid
sequences of polypeptides. The tRNAs that are attached to amino acids bind to ribosomes do
so based on codon-anticodon recognition (Figure 10.2).

tRNA (transfer RNA)
...decodes genetic information

amino acid

anticodon

—— mMRNA
mMRNA codon

Fig. 10.2: Complete ribosomes form when the subunits associate with mRNA. Transfer RNAs (tRNAs)
that decode the mRNA then 'enter' the ribosome. They are held in place by codon-anticodon
complementarity, as well as by tRNA-ribosomal forces.
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H 187 Transcription Overview: Demonstrating the Major RNAs

In 2009, 10-1yenkatraman Ramakrishnan, **Thomas A. Steitz, and **Ada Yonath won a Nobel
Prize in Chemistry for their studies of the structure and molecular biology of the ribosome.
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The fact that genes reside inside the eukaryotic nucleus but that the synthesis of
polypeptides (encoded by those genes) happens in the cytoplasm led to the proposal that there
must be an mRNA. Sydney Brenner eventually confirmed the existence of mRNAs. Check out
his classic experiment in Brenner S. (1961; An unstable intermediate carrying information from
genes to ribosomes for protein synthesis. Nature 190:576-581).

Before we look at details of transcription, recall for future reference that multiple

ribosomes can load an mRNA and move along it as polyribosomes (or polysomes), translating
multiple copies of the same polypeptide (Figure 10.3).

MRNA (messenger RNA)
...encodes proteins

Fig. 10.3: Polysomes form when ribosomes assemble on an mRNA, one after another, initiating
protein synthesis, each elongating and sequentially translating multiple polypeptides.

10.2.2 Key Steps of Transcription

As in replication, in transcription an RNA polymerase uses the template DNA strand of a gene
to catalyze synthesis of a complementary, antiparallel RNA strand. Also, like replication,
transcription is also error prone (though more so!). Here are some differences:

e RNA polymerases hydrolyze ribose nucleotide triphosphate (NTP) precursors, as they link
the resulting nucleotide monophosphates (NMPs) to form RNA chains, while DNA
polymerases use deoxyribose nucleotide triphosphate (ANTP) precursors.

e RNAs incorporate uridines (the uracil nucleotides) opposite a template adenine instead of
thymidines (the thymine nucleotide). Thymidines end up opposite adenines in new DNA.

e In contrast to replication, RNA synthesis does not require a primer. With the help of
transcription initiation factors, RNA polymerase locates the franscription start site of a
gene and begins synthesis of a new RNA strand from scratch.

Several of the DNA sequences that characterize a gene are seen below in the summary
of the basic steps of transcription in Figure 10.4. The promoter is the binding site for RNA
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polymerase. It usually lies upstream of (5' to) the transcription start site (the bent arrow).
Binding of the RNA polymerase positions the enzyme near the transcription start site, where it
will start unwinding the double helix and begin synthesizing new RNA.

Transcription — the basic steps

1. INITIATION: _
a. RNA polymerases bind to a promoter

' b. Transcription begins at the start site

promoter DNA to be transcribed Tern;iirtl:tion

2. ELONGATION:

T N
promoter
RNA 5s*""=="""

elongation continues

5 to 3’ until...
3. TERMINATION:

e e®,00000°
toee [
l.n....-...o-o

RNA polymerase reaches
termination site

Fig. 10.4: The basic steps of transcription are (1) Initiation, the recognition of a promoter sequence
near the transcription start site (the bent arrow) by RNA polymerase; (2) Elongation, the successive
addition of nucleotides to a growing RNA strand; (3) Termination, the mechanism by which at the
end of the gene, the newly made RNA is released.

In each of the three panels, the franscriptfion unitis the DNA region to be transcribed,
extending from the start site (the bent arrow to the right of the promoter) to a point just short of
the termination site. Termination sites are typically downstream of (5' to) the transcription unit.
By convention, upstream and downstream positions designate 5' and 3’ regions of a given
reference point on the DNA.

=] %A
= =

H 188-2 Transcription Overview: The Basics of RNA Synthesis e el

Some bacterial transcription units encode more than one mRNA. Bacterial operons are
an example of this phenomenon. The resulting mRNAs can be translated into multiple
polypeptides at the same time. In Figure 10.5 (below) RNA polymerase is transcribing an
operon into a single mRNA molecule encoding three separate polypeptides.
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Multiple genes of an operon are
transcribed together and later
translated as a single unit:

59

Fig. 10.5: An operon is a contiguous group of two or more genes in a bacterial genome that are
transcribed as a single messenger RNA encoding all of the genes, all of which are then translated
into polypeptides.

Transcription of all bacterial RNAs requires only one RNA polymerase. Different RNA
polymerases catalyze TRNA, mRNA, and tRNA transcription in eukaryotes. We already noted
that Roger Kornberg received the Nobel Prize in Medicine in 2006 for his discovery of the role
of RNA polymerase IT and other proteins involved in eukaryotic mRNA transcription.

3400

ﬁ 189 RNA Polymerases in Prokaryotes and Eukarvotes

While mRNAs, TRNAs, and tRNAs are most of what cells transcribe. A growing number
of other RNAs (e.g., siRNAs, miRNAs, and IncRNAs) are also transcribed. Some functions of
these transcripts (including control of gene expression or other transcript use) are discussed in
an upcoming chapter.

10.2.3 RNAs Are Extensively Processed After Transcription in Eukaryotes
Eukaryotic RNAs are processed (i.e., trimmed and chemically modified) from large precursor

RNAs into mature, functional RNAs. These precursor RNAs (pre-RNAs, or primary transcripts)
contain in their sequences the information necessary for their function in the cell.
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Figure 10.6 provides an overview of the transcription and processing of the three major
types of transcripts in eukaryotes.

Eukaryotic Transcript Processing
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Fig. 10.6: Eukaryotic mRNAs, rRNAs, and tRNAs are transcribed by different RNA polymerases and
are processed (hydrolyzed) by different mechanisms to yield functional RNAs. Pre mRNAs are spliced
to remove intron, ‘capped at their 5 ends and polyadenylated at their 3’ ends (left). Pre-rRNAs are
methylated and cleaved based on methylation patterns (middle). Pre-tRNAs processed by trimming
their 5" and 3’ ends and chemical modification of some bases (right).

To summarize the illustration:

. Many eukaryotic genes are “split,” consisting of coding regions (exons) and non-coding
(intervening) regions (infrons). Transcription of split genes generates a primary mRNA
(pre-mRNA) transcript. Pre-mRNA transcripts are spliced to remove the introns from the
exons; exons are then ligated into a continuous mRNA. In some cases, the same pre-
mRNA is spliced into alternate mRNAs that encode related but not identical polypeptides!

e Pre-rRNA is cleaved and/or trimmed (not spliced!) to make shorter mature rRNAs.

e Pre-tRNAs are trimmed, and some bases within the transcript are modified. Then three

bases (not encoded by the tRNA gene) are enzymatically added to the 3’ end.

H 190 Posttranscriptional Processing; an Overview

The details of transcription and processing differ substantially in prokaryotes and eukaryotes.
Let's focus first on details of transcription itself and then RNA processing.
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10.3 Details of Transcription

You can find a well-written summary of transcription in prokaryotes and eukaryotes on the
National Institutes of Health (NIH) website at 10‘4Transc1ription in Prokarvyotes and Eukaryotes.
At the link as well as here in this book, you will encounter proteins that bind DNA. Some
proteins bind DNA to regulate transcription, inducing or silencing the transcription of a gene;
we will discuss their role in the regulation of gene expression later. Other proteins interact
with DNA simply to allow transcription; these include one or more that, along with RNA

polymerase itself, must bind to the gene promoter to initiate transcription. We will look at
bacterial transcription first.

10.2.4 Details of Transcription in Prokaryotes

In E. coli, a single RNA polymerase transcribes all kinds of RNA, associating with one of
several sigma factor proteins (o—facfors) to initiate transcription. Different promoter sequences

and their corresponding o—factors play roles in the transcription of different genes (Figure.
10.7).

A Single RNA Polymerase Initiates all
Bacterial RNA Transcription
o-factors aid promoter recognition in bacteria

“-35” “pribnow box”
TTGACA TATATT

Different o-factors recognize different E. coli promoters:

..TTGACA TATATT..
..I'TACAC TATGTT..
..TAGACA TGTCAT..

Fig. 10.7: All transcription begins when RNA polymerase binds to a two-part 'promoter' in mRNA (here
shown as the '-35' and 'pribnow box' sequences). Bacterial RNA polymerase is associated with 'sigma

factors' that allow it to recognize and bind to the promoter. Different 'sigma factors' recognize different
promoter sequences.

In the absence of a o—factor, E. coli RNA polymerase transcribes RNA, but it does so at
a high rate and from random sequences in the chromosome. With a o—factor bound to the RNA
polymerase, the complex seemingly scans the DNA and recognizes and binds to the promoter
sequence of a gene. The overall transcription rate is slower, but rather than random bits of the
bacterial genome, only genes are transcribed! The Pribnow box, named for its discoverer, was
the first RNA polymerase-binding sequence in a promoter to be characterized.

One way that bacteria regulate which genes are expressed is to selectively control the
cellular concentrations of different o—factors available to the Pribnow box. o ”is the main
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o—factor of bacterial transcription initiation &%, a structurally unrelated factor regulates a
variety of different genes, typically in response to stress (e.g., high temperature or antibiotic
attack). Still other "alternative” o—factors participate in activating specific genes or gene
subsets (10'SSiqma Subunits and Bacterial Requlation). Typically, the o—factor falls off the RNA
polymerase very soon after transcription is initiated, which then continues unwinding the
double helix and elongating the transcript (Figure 10.8).

c-Factors Function Only
During Initiation

“-35" “pribnow box”
TTGACA TATATT

anns
o

‘o-factor soon
falls off

Fig. 10.8: After a bacterial RNA polymerase binds to the promoter (at the left), translation begins.
No longer needed to initiate transcription, the 'sigma factor' dissociates from the polymerase (at
the right), which then continues transcribing the RNA.

Elongation is the successive addition of nucleotides complementary to their DNA
templates by forming phosphodiester linkages between nucleotides. The enzymatic
condensation reactions of elongation are much like DNA polymerase-catalyzed elongation
during replication. Transcription continues until RNA polymerase reaches the end of a gene.
There are two ways that bacterial RNA polymerase “knows" when it has reached the end of a
transcription unit.

One way involves the rho protein fermination factor. As the RNA polymerase nears
the 3’ end of the nascent transcript, it transcribes a 72-base C-rich region, to which rho binds.
rho is an ATP-dependent helicase that breaks the H-bonds between the RNA and the template
DNA strand, preventing further transcription. Figure 10.9 (below) illustrates rho-dependent
termination.

Rho-Dependent
Transcription Termination

Rho protein;
an RNA-DNA
helicase

RNA polymerase

t‘-anscﬂpt

Fig. 10.9: Rho-dependent termination is one mechanism by which an RNA polymerase knows when it
has finished transcribing. The Rho protein is an RNA-DNA helicase that recognizes a sequence near
the end of the gene and transcript that unwinds the nascent RNA from the gene, ending transcription.
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In the other mechanism of termination, a sequence near the 3’ end of the transcript
folds into a hairpin loop secondary structure, which serves as a termination signal, also
causing dissociation of the RNA polymerase, template DNA, and the new RNA transcript. The
role of the hairpin loop in rho-independent termination is shown in Figure 10.10.

Rho-Independent
Transcription Termination

RNA polymerase

internally complementary
sequence near 3’ end of
transcript folds, forms hair-pin

loop to act as termination signal

Fig. 10.10: Rho-independent termination is another mechanism for terminating bacterial
transcription. A sequence near the end of the nascent transcript has internal complementary
bases that fold into a hairpin-loop that acts as a termination signal.

i3

H 191 Details of Prokaryotic Transcription [

10.2.5 Details of Transcription in Eukaryotes

Unlike prokaryotes, eukaryotes use three different RNA polymerases to synthesize the three
major RNAs (Figure 10.11).

Prokaryotic Transcription
Catalyzed by a single RNA polymerase

Eukaryotic Transcription

Catalyzed by 3 different RNA polymerases:
RNApoll RNApolll RNA pollll

28S, 188, 5.8  mRNA 48, 55
rRNA / N\
tRNA rRNA
(>90%) (<5%) (~5%)

Fig. 10.11: The work of Eukaryotic transcription is more complex than that of prokaryotes. The
latter transcribe all RNAs with a single RNA polymerase. Eukaryotes catalyze transcription of
their rRNAs, mRNAs and tRNAs with different RNA polymerases.
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With the help of initiation proteins, each RNA polymerase forms an initiation complex
by combining with several franscription factors (TFs). Once the DNA at the start site of
transcription unwinds, RNA polymerases catalyze the successive formation of phosphodiester
linkages to elongate the transcript. Note that catalysis of the synthesis of most of the RNA in a
eukaryotic cell (i.e., TRNAs) is by RNA polymerase I! These condensation reactions add ribose
nucleotides to the free 3’ end of a growing RNA molecule in reactions that are like those that
elongate DNA strands. Unfortunately, the details of the eukaryotic transcription termination
are not as well understood as they are in bacteria. Here we focus on initiation, followed by
discussion of the processing of different eukaryotic RNAs into ready-to-use molecules.

10.3.2.a Eukaryotic mRNA Transcription

Transcription of eukaryotic mRNAs by RNA polymerase II begins with sequential assembly of a
eukaryotic initiation complex at a gene promoter. The typical promoter for a protein-encoding
gene contains a -T-A-T-A- sequence motif, or TATA box, and other short upstream sequences
that recruit components of the initiation complex. The many steps of eukaryotic mRNA
transcription initiation are illustrated in Figure 10.12 (below).

The Many Steps of Eukaryotic
MRNA Transcription
[ | —

-
| / TFIID (TBP)
[ - :
2 TFIIA, TFIIB
LR

[ #‘l_.——

@) TFIE, @ TFIH, @TFIF, <>
3 ¢  other o

. J/- UTP, ATP, CTP, GTP

| —
P-P-P-Pl/_") -
RNA

Fig. 10.12: Eukaryotic mRNA-transcription initiation starts with recognition of a promoter TATA box by
initiation factor TFIID (TBP) (1). The association of a series of initiation factors follows (2, 3). RNA
polymerase Il binds last, and its phosphorylation starts mRNA transcription using the UTP, ATP, CTP,
and GTP nucleotide precursors (4).

RNA
polymerase
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TATA-binding protein (TBP) first binds to the TATA box, along with TFIID (transcription
factor IID). This intermediate in turn recruits TFIIA and TFIIB. Then TFIIE, TFIIF, and TFIIH
are added to form the core initiation complex. Finally, several other initiation factors and RNA
polymerase II bind to complete the mRNA transcription-initiation complex. Phosphorylation
adds several phosphates to the amino terminus of the RNA polymerase, after which some of
the transcription factors dissociate from the initiation complex. The remaining RNA-
polymerase transcription-factor complex can now start making the mRNA.

The first task of the complete initiation complex is to unwind the template DNA strands
at the start site of transcription. Unlike prokaryotic RNA polymerase, eukaryotic RNA
Polymerase II does not have an inherent DNA helicase activity. For this, eukaryotic gene
transcription relies on the multi-subunit TFIIH protein, two of whose subunits have an ATP-
dependent helicase activity. Once transcription is initiated, helicase activity is no longer
required for continued elongation of the RNA strand. Consistent with the closer relationship of
archaea to eukaryotes (rather than to prokaryotes), archaeal mRNA transcription initiation
more closely resembles transcription in eukaryotes, albeit requiring fewer initiation factors
during formation of an initiation complex.

H 192-2 Eukaryotic mRNA Transcription

A significant difference between prokaryotic and eukaryotic transcription is that RNA
polymerases and other proteins involved at a eukaryotic gene promoter do not see naked DNA.
Instead, they recognize specific DNA sequences behind a coat of chromatin proteins, and
some of whose bases have been chemically modified.

On the other hand, all proteins that interact with DNA have a common a need to
recognize the DNA sequences to which they must bind—within the double helix. In other
words, they must see the bases in the interior of the helix, not its uniformly electronegative
phosphodiester backbone surface. To this end, they must penetrate the DNA, usually through
the major groove of the double helix. We will see that DNA regulatory proteins face the same
problems in achieving specific shape-based interactions!

A

H 193-2 Recognition of Transcription Factors at Promoters

10.3.2.b Eukaryotic tRNA and 5S rRNA Transcription

It must have been something of a surprise to discover that the promoter sequence that binds
RNA polymerase III to begin transcribing 5S rRNAs and tRNAs is nof upstream of the
transcribed sequence; instead, it is located within the transcribed sequence. To begin
transcription of these RNAs, RNA polymerase III associates with structural relatives of the
RNA polymerase II transcription factors (TFs) to form a core initiation complex at these
“internal promoters.”
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After additional, gene-specific TFs combine with this core complex, the finished
initiation complex repositions RNA polymerase III from the internal promoter sequence to the
upstream transcription start site to begin RNA synthesis. As a result, the final 5S rRNA and
tRNA transcripts still contain retain the ‘promoter’ sequence! Note that, unlike initiation of
mRNA transcription, RNA polymerase III-dependent transcription initiation does not require
an independent DNA unwinding activity (i.e., a helicase). Figure 10.13 (below) illustrates the
transcription of a 5S rRNA (or a tRNA) by RNA polymerase III.

RNA pol lll Transcription of 5S rRNA
or 4S tRNAS From Internal Promoters

Pol II1 ) * initiation factors
[ |
internal
promoter 2 i,
sequences 1 pol lll repositions at
transcription start site

Pol 111

— Pol 1T

+ initiation
factors 2

T Pol 111

5S rRNA or 4S tRNA transcript

Fig. 10.13: RNA polymerase Il initiates 5S rRNA and tRNA transcription from an internal promoter
with the aid of transcription factors. After binding to the promoter, the polymerase repositions itself near
the transcription start site (1). Transcription begins, producing 5S rRNAs and tRNAs that include their
promoter sequences (2).

10.3.2.c Transcription of the Other Eukaryotic rRNAs

transcription

The production of the other TRNAs requires RNA polymerase I. A 45S precursor TRNA (pre-
rRNA) is made and then processed into 28S, 18S, and 5.8S rRNAs (see section 10.5). RNA
polymerase I and “core” TFs form a core initiation complex at the upstream promoters of the
45S genes. The addition of several gene-specific TFs completes assembly of the initiation
complex, which then unwinds the promoter DNA, again without a separate helicase.
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More information about the structure and function of eukaryotic transcription initiation
complexes can be had at 106Three Transcription Initiation Complexes. As already noted,

transcription termination is not as well understood in eukaryotes as in prokaryotes. Coupled
termination and polyadenylation steps common to most prokaryotic mRNAs are discussed in
more detail in the next section, and a useful summary can be found at the NIH-NCBI website,
1%7Eukaryotic Transcription Termination.

10.4 Details of mRNA Processing in Eukaryotic Nuclei

Eukaryotic mRNA primary transcripts undergo extensive processing, including splicing,
capping and polyadenylation. The steps described here are considered in order of (sometimes
overlapping!) occurrence. We begin with splicing—an mRNA phenomenon.

10.4.1 Spliceosomal Introns

The coding regions of bacterial genes are continuous. The discovery of eukaryotic split genes
with introns and exons came as quite a surprise. It seemed incongruous for evolution to have
stuck irrelevant DNA in the middle of coding DNA! For their discovery of split genes, Richard
J. Roberts and Phillip A. Sharp shared the Nobel Prize for Physiology or Medicine in 1993. In
fact, all but a few eukaryotic genes are split, and some have two or more infrons separating
bits of coding DNA, the exons. Figure 10.14 summarizes splicing to remove introns in pre-
mRNAs and to splice exons (in the right order!) to make a mature, functional mRNA.

RNA polymerase Il transcribes precursor
mRNAs (pre-mRNAs) that are spliced:

Gene in DNA
exon 1 intron exon 2

1 1 transcription
Pre-mRNA

exon 1 intron exon 2

2 | splicing
v
spliced mRNA

exon 1 exon 2

Fig. 10.14: Eukaryotic precursor mRNAs are encoded by split genes containing noncoding introns and
coding exons. After transcription of a pre-mRNA (1), splicing removes introns and ligates exons into a
contiguous polypeptide coding sequence (2).
snRNPs are particles composed of RNA and ribonuclear proteins. They bind to specific
sites in an mRNA and then direct a sequential series of cuts and ligations (the splicing)
necessary to process the mRNAs. The process was reminiscent of the way in which movies
were edited (see the photo of an early splicing "machine” at the top of this chapter), hence the
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term splicing to describe mRNA processing. Figure 10.15 below highlights the role of small
ribonuclear proteins (snRNPs) in splicing.

snRNPs (small nuclear RiboNuclear
Proteins) bind to pre-mRNA:

a’ o
.‘

3!
5’ GU splice / 3’ AG splice
site branch site site
Fig. 10.15: Splicing a eukaryotic pre-mRNA involves association of the primary transcript (pre-mRNA)

with five snRNPs (small nuclear RiboNuclear Proteins) that catalyze cleavage (hydrolysis) of the pre-
RNA at 5’ and 3’ splice sites (bottom of image), to be followed by ligation of the 3’ to 5’ exon ends.

When snRNPs (often pronounced “snurps”) bind to a pair of splice sites flanking a pre-
mRNA intron, they form a spliceosome, which completes the splicing, including the removal of
intermediate lariaf structures of the intron. The last step is to ligate exons into a continuous
mRNA, with all its codons intact and in the right order—an impressive trick for some pre-
mRNAs with as many as fifty introns! Spliceosome action is summarized in Figure 10.16 and in
the "mRNA Splicing" animation at one of the following links.

Forming a Spliceosome, sort of
‘Super-Enzyme’ to Orchestrate Splicing.

intron, or lariat A+——_intron branch site

S’ R}

spliceosome
snRNP binds to pre-mRNA forms spliceosome;
hydrolyses to remove intron start at 5’ splice site.

Fig. 10.16: The binding of snRNPs to a pre-mRNA leads brings 5’ and 3’ splice sites close to each
other, catalyzing the hydrolysis at the sites and forming a /ariat structure of the intron remnants.
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https://youtu.be/Vj_u5jZ3yJs
https://youtu.be/tVLbmhnf2Aw

10.4.2 Specific Nuclear-Body Proteins Facilitate shnRNP Assembly and Function

Recall the organization of nuclei facilitated by nuclear bodies, discussed in an earlier chapter.
Nuclear speckles are associated regions of high mRNA transcription, processing, and splicing.
(Check out the animation at 108Nuclear Bodies and Transcription for a 3D localization of

markers of nuclear body activity.)

Cajal bodies (CBs) and Gems are nuclear bodies that are similar in size and have
related functions in assembling spliceosomal snRNPs. Some splicing defects correlate with
mutations in the coil protein associated with Cajal bodies; others correlate with mutations in
SMN proteins normally associated with Gems. One hypothesis was that CBs and Gems
interact in SnRNP and spliceosome assembly—but how?

Consider the results of an experiment in which fluorescence-tagged antibodies to
coilin and the SMN protein were localized in undifferentiated and differentiated
neuroblastoma cells (Figure 10.17).

Nuclear Body Localization

Nuclei of SH-SY5Y treated with fluorescent
Coilin and SMN antibodies

SH-SY5Y (neuroblastoma) cells

Fig. 10.17: Light (A, B) micrographs of undifferentiated (A) and differentiated (B) neuroblastoma cells
show that Cajal bodies and Gems aggregate during differentiation. Fluorescent coilin and SMN
antibodies localize separately in undifferentiated cells (C), but together after in differentiation (D). Since
mutations in coilin and SMN proteins are associated with splicing defects, their co-localization after
differentiation suggests that Cajal bodies and Gems have become involved in snRNP function.

Panels A and C above are undifferentiated cells in culture; panels B and D are cells
that were stimulated to differentiate. In the fluorescence micrographs at the right, arrows point
to fluorescent nuclear bodies. In panel C, the green, fluorescent antibodies to coilin (arrows)
localize to CBs and the red fluorescent antibodies to SMN protein (arrowhead) binds to
Gems—as expected. But in panel D, the two antibodies co-localize, suggesting that the CBs
and Gems aggregate in the differentiated cells. This would explain the need for both coilin and
SMN proteins to produce functional snRNPs. The CBs and gems may aggregate in
differentiated cells because of an observed increase in expression of the SMN protein,
producing more Gems and driving the association with CBs.

This and similar experiments demonstrate that different nuclear bodies do have
specific functions, that they are not random structural artifacts sample preparation, and that
they have in fact, evolved to organize nuclear activities in time and space in ways that are
essential to the cell.
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10.4.3 Group I and Group II Self-Splicing Introns

While eukaryotic spliceosomal introns are spliced using snRNPs as described above, Group I or
Group II introns are removed by different mechanisms.

Group I introns interrupt mRNA and tRNA genes in bacteria and in the genomes of
mitochondria and chloroplasts. They are also occasionally found in bacteriophage genes, but
rarely in nuclear genes (and then only in lower eukaryotes). Group I introns are self-splicing!
Thus, they are themselves ribozymes. They do not require a spliceosome with its snRNPs or
other proteins for splicing activity. Instead, they fold into a secondary stem-loop structure that
positions catalytic nucleotides at appropriate splice sites to excise their own introns and to re-
ligate the exons.

Group II introns are found in chloroplast and mitochondrial rTRNA, mRNA, tRNA and some
bacterial mRNAs. These can be quite long. They form complex stem-loop tertiary structures
and self-splice, at least in a test tube! However, Group II introns encode proteins required for
their own splicing in vivo. Like spliceosomal introns, they form a lariat structure at an A-
residue branch site. All of this suggests that the mechanism of spliceosomal intron splicing
evolved from that of Group II introns.

10.4.4 So Why Splicing?

Whether via spliceosomes or by self-splicing in organelles, the puzzle implied by any kind of
splicing is why? Why do higher organisms have split genes in the first place? While the
following discussion can apply to all splicing, it will reference mainly spliceosomal introns.
Here are some answers to the question.

e Introns in the nuclear genes of some species are often longer (much longer!) than their
exons. Because introns are noncoding (i.e., non-informational) making them large targets
for mutation. In effect, most noncoding DNA—including introns—can buffer the ill effects
of random mutations.

e You may recall that gene duplication on one chromosome and the loss of a copy from its
homologue arise from unequal recombination (nonhomologous crossing over). It can occur
when similar DNA sequences align during synapsis of meiosis. In unequal cross-over
involving whole genes, one chromosome will lose the gene while its homologue will
contain two copies of the gene. In an organism that inherits a chromosome with both gene
copies, the duplicate can accumulate mutations if the other retains original function. The
diverging gene then becomes part of a pool of selectable DNA, the grist of evolution.
Descendants of organisms that inherit the duplicated genes have diversified the gene pool,
again increasing the potential for evolution and species diversity.

e Unequal recombination can also occur between similar sequences (e.g., in introns) in the
same or different genes, resulting in a sharing of exons between genes. After unequal
recombination between the introns that flank an exon, one gene will acquire another exon
while the other will lose it. Once again, if an organism retains a copy of the participating
genes with original function, the organism can make the required protein and survive.
Meanwhile, the gene with the extra exon may produce a similar protein, but one with a
new structural domain and function.
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e Just like a complete duplicate gene, one with a new exon that adds a new function to an
old gene has been entered in the pool of selectable DNA. By creating proteins with
different overall functions that nonetheless share at least one domain and one common
function, the phenomenon of exon shuffling increases species diversity!

An example discussed earlier involves calcium-binding proteins that regulate many
cellular processes. Structurally related calcium (Ca*™*) binding domains are common to many
otherwise structurally and functionally unrelated proteins. Consider exon shuffling in the
unequal crossover (nonhomologous recombination) shown in Figure 10.18.

Exon Shuffling

[ 1Al | B ] I

Cross-over sites: regions of
sequence similarity required
for recombination to occur.

| C | | pll_.
1 l, unequal crossing over
[ | Al [ B | [ C | |

2 1 transcription, splicing

LAl B | C|

A matter of probability: random crossing over
happens more often in introns because they are
typically longer than exons.

Fig. 10.18: Exon shuffling, the transfer or copying of an exon from one gene to another can occur by
unequal recombination (cross-over) between different (nonhomologous) genes due to some sequence
similarity within introns. The common sequences can align during synapsis in meiosis. If unequal
crossing over occurs within introns or non-coding DNA (1) it creates a new gene, in this case one with

three exons. Transcription and splicing of a pre-mRNA from this new gene produce a new protein.

In this example, regions of strong similarity exist in different (nonhomologous) introns
in the same gene. These regions align during synapsis of meiosis. Unequal crossing over
between the genes inserts exon C into one of the genes. The other gene loses the exon (not
shown in the illustration).

In sum, introns are buffers against deleterious mutations, and they are equally valuable
as potential targets for gene duplication and exon shuffling. This makes introns key players in
creating genetic diversity, the hallmark of evolution.

oRD

H 196-2 Oriqgin of Introns

Hl 97 Intron Evolution: What was selected here?
217



https://youtu.be/fxAz2puDVSA
https://youtu.be/CQr2-0d9upw

10.4.5 5-Prime Capping

Using GTP as a precursor, a methyl guanosine CAP added 5’-to-5’ to an mRNA functions, in
part, to help mRNAs leave the nucleus and associate with ribosomes. The CAP is added to an
exposed 5’ end, even as transcription and splicing are still in progress. A capping enzyme
places a methylated guanosine residue at the 5’ end of the mature mRNA. Figure 10.19 shows
the 5° CAP structure (the check marks are 5’-3’ linked nucleotides).

Capping: enzyme-catalyzed addition
of CH;-guanosine to 5’ ends of transcripts:

' capping enzyme

CH,-G
2) v
!_5!
o
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®

...a condensation reaction

Fig. 10.19: Capping of mRNA results from catalysis of a 5'-to-5’ condensation reaction linking the 5’
end of an MRNA to a methylated guanidine triphosphate (CH3-GTP).

10.4.6 3-Prime Polyadenylation

A poly(A) polymerase catalyzes the addition of adenine monophosphates (AMPs) to the 3” end
of most eukaryotic mRNAs, even before any splicing is complete. Polyadenylation requires
ATP and can add several hundred AMPs to the 3’ terminus of an mRNA. The enzyme binds to
an -A-A-U-A-A- sequence near the 3’ end of an mRNA and starts adding the AMPs.
Polyadenylation after transcription termination is illustrated in Figure 10.20.

Eukaryotic mRNAs also get a 3’ poly(A) tail...

poly(A) polymerase recognizes
sequence near 3’ end of mRNA...

ATR PP

i AAAAAAAAAAN
57 200-400 As

Fig. 10.20: mRNA polyadenylation is the addition of multiple adenine nucleotides to the 3’ end of an
mRNA, catalyzed by the enzyme poly(A) polymerase. Other than histone mRNAs, most eukaryotic
mRNAs are polyadenylated.
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The result of polyadenylation is a 3’ poly(A) tail whose functions include assisting in
the transit of mRNAs from the nucleus and regulating the half-life of mRNAs in the cytoplasm.
The poly(A) tail shortens each time a ribosome finishes translating the mRNA.
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10.5 Ribosomal RNA Processing in Eukaryotic Nuclei

In most eukaryotes, a large TRNA gene transcribes a 45S precursor transcript containing (from
shortest to longest) 5.8S rRNA, 18S rRNA and 28S rRNA. The S comes from Theodor
Svedberg, the biochemist who developed the sedimentation velocity ultra-centrifugation
technique to separate molecules like RNA by size. The higher the S value, the larger the
molecule and therefore the faster it moves through the viscous sugar gradient during
centrifugation. RNA polymerase I transcribes 45S precursor TRNAs (pre-RNAs) from multiple
large transcription units in the genome. One such unit is shown in Figure 10.21.

45S rDNA transcription units transcribed as
precursors are processed into 3 mature rRNAs:

--------- 458 — 453 _’T— }-uuuu

Ascrlbed spacer RNA

2 5.8S

transcription

specific rRNA|endonucleases

v

~——  —— —_— < —~—
4 18S rRNA 5.8S rRNA 28S rRNA

Fig. 10.21: The 45S eukaryotic rRNA genes (1) encode the 18S, 5.8S and 28S ribosomal RNAs (2). Pre-
rRNA transcripts contains the rRNAs (3). Hydrolytic cleavage of the pre-rRNA (3) will separate the rRNAs
and specific rRNA nucleases will hydrolyze spacer and flanking RNA, leaving behind mature rRNAs (4).

The 45S pre-rRNA is processed by hydrolytic cleavage. The many copies (two hundred
to four hundred!) of the 45S gene in eukaryotic cells might be expected, since making proteins
(and therefore ribosomes) will be an all-consuming cellular activity. In humans, 45S genes
(45S rDNA) are distributed among five acrocentric chromosomes (those that have a centromere
very near one end of the chromosome).
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Inside the nucleus, the 45S rDNA in chromosomes is packed into the nucleolus.
Because these genes are present in so many copies and are organized into a specific region of
chromatin, it is possible to visualize 45S transcription in progress in electron micrographs such
as the ones in Figure 10.22.

Light Micrographs of Amphibian
Lampbrush Chromosomes

LOV\.I power high power

Fig. 10.22: As early as 1906, chromatic fibers were described in light micrographs of stained nucleoli
of salamander oocytes. At high power (left) these fibers looked like a bottle brush used for cleaning
bottles, or a lamp brush used to clean the chimneys of old-fashioned kerosene lamps. Today we know
chromatic fibers as lampbrush chromosomes, and we also know that the bristles are nascent strands
of rRNA arranged along transcribed 45S genes.

The term Iampbrush comes from the shape of the 45S genes undergoing transcription;
the RNAs extending from the DNA template look like an old-fashioned brush used to clean the
chimney of a kerosene lamp. For a high-resolution transmission electron micrograph, see
1%9High Res Lampbrush Chromosomes.

Multiple gene copies encode 5S rRNAs. However, unlike the 45S rRNA genes, 5S
rRNA genes may be spread among many chromosomes (seven in Neurospora crassa, the bread
mold). Or in the case of humans, 5S RNA gene copies are found distributed along chromosome
1. The 5S rRNA genes are transcribed by RNA polymerase III with minimal posttranscriptional
processing. As we noted, the promoters of the 5S genes are within the transcribed part of the
genes, rather than upstream of their 5S transcription units.
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10.6 tRNA Processing in Eukaryotic Nuclei

RNA polymerase III also transcribes tRNA genes from internal promoters, but unlike the 5S
rRNA genes, tRNA genes tend to cluster in the genome (Figure. 10.23, below).
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Organization and Orientation of tRNA Genes
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Fig. 10.23: Genes encoding tRNAs for different amino acids are organized in characteristic gene-
clusters, with genes oriented (i.e., transcribed) in opposite directions.

Also, unlike 5S rRNA genes, tRNA primary transcripts are processed by trimming, the
enzymatic addition of a 3'-terminal-C-C-A triplet, and the modification of bases internal to the
molecule. A yeast tRNA showing these modifications is illustrated in Figure 10.24.

A Processed Yeast tRNA
added o\

enzymatically after 7 ¢ amino acid
transcription g attachment site
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modified bases € —C &~
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U—A c
ok U GACAC
D™ A - RN
D] ¢m'G]  [Whucuc

anticodon A
Ioop"-iu- Y
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Fig. 10.24: Structure of a processed, mature yeast tRNA, trimmed at 3' and 5' ends with an
enzymatically added three-nucleotide (C-C-A amino acid attachment site and modified bases.

The yeast tRNA folds into several hairpin loops based on internal H-bond formation
between complementary bases in the molecule. An amino acid specific for the tRNA will be
enzymatically added to the A residue of the 3' terminal -C-C-A.
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ﬁ 200-2 tRNA Transcription and Processing [=1;
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10.7 Export of mRNA and Ribosomes from the Nucleus

The synthesis and processing of rRNAs are coincident with the assembly of the ribosomal
subunits (Figure 10.25).

Ribosome Synthesis,
Assembly & Export
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Fig. 10.25: Cells coordinate the export of ribosomal subunits from nucleus to cytoplasm with

their assembly from mature rRNAs and ribosomal proteins imported from the cytoplasm.

The 45S pre-rRNAs initially bind to ribosomal proteins in the nucleolus (that big
nuclear body!) to initiate assembly, and then serve as a scaffold for the continued addition of
ribosomal proteins to both the small and the large ribosomal subunits. After the 5S rRNA is
added to the nascent large ribosomal subunit, processing (cleavage) of 45S rRNA is completed,
and the subunits are separated. The separated ribosomal subunits exit the nucleus to the
cytoplasm, where they will associate with mRNAs to translate new proteins. To better
understand what is going on, try summarizing what you see here in the correct order of steps.
You can also see this process animated at this link: **!°Ribosome Assembly & Nuclear Export.

Messenger RNAs are independently exported from the nucleus. Their 5° methyl
guanosine caps and poly(A) tails collaborate to facilitate transport into the cytoplasm. We now
understand that proteins in the nucleus participate in the export process: a nuclear transport
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receptor binds along the mature (or maturing) mRNA; a poly(A)-binding protein binds along
the poly(A) tail of the message; and another protein binds at or near the methyl guanosine CAP
itself. These interactions enable transport of the mRNA through nuclear pores. After the mRNA
is in the cytoplasm, the nuclear transport receptor recycles back into the nucleus while a
translation initiation factor replaces the protein bound to the CAP. Figure 10.26 summarizes
the nuclear transport process for mRNAs.

Specialized Proteins Mark Mature mRNAs for
Nuclear Export Via Nuclear Pores
nuclear transport factor

nuclear b |
transport recycles to nucleus
factor ‘,

translation initiation

(i e factor
. \ /’_\’W)

A 7 mature

(processed)
TRANSLATION/

mRNA
AAAAAAA-3'

Fig. 10.26: The 5' guanosine CAP and 3' Poly(A) tail on mRNAs function during mRNA export from

nucleus to cytoplasm. A nuclear transport factor along with specific 5° guanosine CAP and 3’ poly(A)

binding proteins associate with the mRNA during export. After export, the CAP binding protein and

nuclear transport protein are recycled to the nucleus.

See a more detailed description of mRNA transport from the nucleus at '*"'mRNA
Export from the Nucleus. The mature mRNA, now in the cytoplasm, is ready for translation,
the process of protein synthesis mediated by ribosomes and a host of translation factors. The
genetic code directs polypeptide synthesis during translation. We will discuss the details of
translation shortly.

Some iText & VOP Key Words and Terms

45S pre-rRNA introns rRNA

45S pre-rRNA methylation lariat rRNA cleavage

5S rRNA mature RNA transcript rRNA endonucleases
5.8S rRNA mRNA o-factor

16S rRNA mRNA capping snRNP

18S rRNA mRNA polyadenylation spacer RNA

23S rRNA mRNA splicing splice sites

28S rRNA operons spliceosome

45S rRNA poly(A) polymerase Svedberg unit

5’ methyl guanosine capping poly(A) tail TATA-binding protein
adenine polycistronic RNA TBP

branch sites Pribnow box termination
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Chapter 11
The Genetic Code and Translation

The genetic code, tRNA (adapter) molecules, translation (protein synthesis)
Reminder: For inactive links, google key words/terms for alternative resources.

Captain Midnight, assisted by radio listeners with a Code-
O-Graph (left), saved us from spies and sabotage in the

run-up to WW Il
m ...the allies
Then, the got hold of
need for the first of
encryption l these
& German
decryption Enigma
got real, Machines
and... that really
helped us

win the war.

11.1 Introduction

While evidence was accumulating that DNA was “the stuff of genes,” many still believed that
proteins were genes—at least until the experiments of Hershey and Chase. It was in this
somewhat ambivalent context that investigators wondered about how genes (whether proteins
or nucleic acids) might encode metabolically functional proteins such as enzymes—which, of
course, are also proteins. In 1944, the physicist-philosopher Erwin Schrédinger published
What Is Life? The Physical Aspect of the Living Cell Targeting the lay reader, Schrodinger
took a stab at explaining life, heredity, and development in terms of physical laws. Here in his
own words is what he had to say about the chemistry of heredity, which when deciphered
would dictate patterns of development (abridging and highlighting courtesy of your author!):

THE HEREDITARY CODE-SCRIPT
Now, this pattern is known to be determined by the structure of that one cell, the fertilized
egg. Moreover, we know that it is essentially determined by the structure of only a small
part of that cell, its large nucleus. This nucleus...usually appears as a network of
chromatine, distributed over the cell. But in the processes of cell division (mitosis and
meiosis) it is seen to consist of a set of particles, usually fibre-shaped o rod-like, called the
chromosomes, which number in man, 48 (2 X 24).... I ought to have spoken of two sets, in
order to use the expression in the customary sirict meaning of the biologist. For the iwo sets
are almost entirely alike. As we shall see in a moment, one set comes from the mother (egg
cell), one from the father (fertilizing spermatozoon). It is these chromosomes, or probably
only an axial skeleton fibre of what we actually see under the microscope as the
chromosome, that contain in some kind of code-script the enfire pattern of the
individual’s future development and of its functioning in the mature state. Every
complete set of chromosomes contains the full code; so there are, as a rule, iwo copies of the
latter in the fertilized egg cell, which forms the earliest stage of the future individual. In
calling the structure of the chromosome fibres a code-script we mean that the all-
penetrating mind, once conceived by Laplace, to which every causal connection lay
immediately open, could tell from their structure whether the egg would develop, under
225



suitable conditions, into a black cock or into a speckled hen, into a fly or a maize plant, a
rhododendron, a beetle, a mouse or a woman. To which we may add, that the appearances
of the egg cells are very often remarkably similar; and even when they are not, as in the
case of the comparatively gigantic eggs of birds and reptiles, the difference has not been so
much the relevant structures as in the nutritive material which in these cases is added for
obvious reasons. But the term code-script is, of course, too narrow. The chromosome
structures...are at the same time instrumental in bringing about the development they
foreshadow. They are law-code and executive power—or, fo use another simile, they are
architect’s plan and builder’s craft—in one. (From Schrodinger E: What is
Life. Cambridge, Cambridge University Press; 1944.)

Once again, keep in mind that these speculations presage the identification of DNA as
the genetic chemical. The terms code, broken, and deciphered themselves came from the
recent World War II history. Winning the war relied on breaking enemy codes (see the Enigma
Machine at the top of this chapter), as well as on hiding strategic battle information from the
enemy (recall or look up the history of the Navajo Code Talkers). In this chapter we will look at
the experiments that broke the genetic code in messenger RNA, and as a result in the genes...,
in DNA). We'll describe the elegant experiments that deciphered at first, only one of the
amino-acid codewords, then a few more of these three-base codons, and finally, all sixty-four
possible codons that could be ‘written' using four different nucleotides. Of these, it turns out
that sixty-one codons code for amino acids and three are sfop codons. Experiments like those
that broke the genetic code also led to our understanding of the mechanism of protein
synthesis. Earlier studies had indicated that genes and proteins are colinear—that is, that the
length of a gene was directly proportional to the polypeptide it encoded. If so, it follows that
the lengths of mRNAs are also colinear with (i.e., proportional to the lengths of) their
translation products. Finally, colinearity also suggested the obvious hypothesis that translation
proceeded in three steps (initiation, elongation, and termination), just like transcription. We
now know that initiation is also a multi-step process for assembling an inifiation complex at a
start codon near the 5’ end of the mRNA. The machine itseld is made up of ribosomes, mRNA,
Initiation factors and requires a source of chemical energy for assembly. Since mature mRNAs
are longer than needed to specify a polypeptide (even after splicing!), one function of initiation
factors is to correctly position the ribosome and associated proteins near a start codon. The start
codon specifies the first amino acid in a new polypeptide. Once the initiation complex forms,
elongation begins. Cycles of condensation reactions on the ribosome connect amino acids by
peptide linkages, growing the chain from its amino end to its carboxyl end. Translation
finishes when the ribosome moving along the mRNA encounters a stop codon. We will look at
how we came to understand these discrete steps of translation.

Learning Objectives

When you have mastered the information in this chapter, you should be able to do the

following:

1. Compare and contrast the mechanisms and energetics of initiation, elongation, and
termination in translation vs transcription.

2. Speculate on why the genetic code is universal (or nearly so).

Justify early thinking about a four-base genetic code.

4. Justify early thinking about an overlapping genetic code (for example, one in which the last
base of a codon could be the first base of the next codon in an mRNA.
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Explain why all iRNA structures share some but not all features.

Compare and contrast the roles of the ribosomal A, E, and P sites in translation.
Trace the formation of an aminoacyl tRNA and the bacterial initiation complex.
Describe the steps of translation that require chemical energy from NTPs.
Formulate a hypothesis to explain why stop codons all begin with the base U.

10 Create a set of rules for inferring an amino-acid sequence from a DNA sequence.
11. Speculate about why large eukaryotic genomes encode so few proteins.

© o N oo

11.2 Overview of the Genetic Code

The genetic code contains the information for linking amino acids in polypeptides in the order
determined by the deoxynucleotide base sequence of three-base code words (codons) in the
DNA of genes and in the nucleotide sequences of messenger RNA (mRNA). With a few
exceptions (e.g., some prokaryotes, mitochondria, and chloroplasts), the genetic code is
universal—it's the same in all organisms, from viruses and bacteria to humans. Here we'll look
at the genetic code itself and at how the information in the RNA nucleotide sequences of
transcribed genes is translated into polypeptides.

11.2.1 The Universal, Degenerate Genetic Code

The three-base code words (codons) of the (nearly) universal genetic code are shown
in the "language"” of RNA in the table in Figure. 11.1 (below).

Standard Genetic Code — RNA Codon Table

nonpolar polar basic acidic (stop codon)

1st 2nd base ard
base 1] c A (] base
U | (PhesF) ucu UAU uGu
(Tyr/Y) Tyrosine (Cys/C) Cysteine
uuc | Phenylalanine ucc UAC UGC
U uua UCA | (Ser/S) Serine UAA | Stop (Ochre) UGA | Stop (Opal) A
(Trp/W)
uuG ucG UAG | Stop (Amber) UGG G
Tryptophan
Cuu (Leu/L) Leucine CCu CAU . - CGU U
(His/H) Histidine
cuc CCC CAC cGC c
c (Pro/P) Proline (Arg/R) Arginine
CUA CCA CAA | (GIN/Q) CGA A
CUG cCG CAG | Glutamine CGG G
AUU ACU AAU | (Asn/N) AGU U
(Ser/S) Serine
AUC | (llefl) Isoleucine  ACC | (Thr/T) AAC | Asparagine AGC c
A :
AUA ACA | Threonine AAA AGA A
— (Lys/K) Lysine (Arg/R) Arginine
AUGH! | (Met/M) Methionine | ACG AAG AGG G
GUU GCU GAU | (Asp/D) Aspartic | GGU U
GUC GCC GAC | acid GGC c
G (ValV) Valine (Ala/A) Alanine (Gly/G) Glycine
GUA GCA GAA | (GIWE) Glutamic = GGA A
GUG GCG GAG | acid GGG G

Fig. 11.1: The Universal RNA Genetic Code Dictionary.

227



A look at this table reveals that there is a single codon for each of two amino acids,
methionine and tryptophan, but two or more for each of the other eighteen amino acids (and in
one case six!). For this reason, we say that the genetic code is degenerate. The table highlights
the AUG codon. At some point, evolution dictated that methionine will be the first amino acid
of polypeptides. It is in fact the start codon for all polypeptides as well as for placing
methionine in a polypeptide where it is needed for its function. And even though all
polypeptides start with an N-terminal methionine, most lose it after translation. Finally, while
the last amino acid in a polypeptide can be any amino acid consistent with the function of the
protein being made, the table also highlights three sfop codons in the standard genetic code
that “tell” ribosomes the location of the last amino acid of a polypeptide. We will see in
considerable detail that ribosomes are the living, biological equivalent an Enigma machine,
translating messages encrypted in DNA and RNA into polypeptides. And the key to this
remarkable mRNA translation machine is the tRNA decoding device. To function as the key,
each amino acid attaches to a specific tRNA whose short sequence contains a three-base
anticodon that is complementary to an mRNA codon. Enzymatic reactions catalyze the
dehydration synthesis reactions that link amino acids by peptide bonds in the order specified by
mRNA codons.

11.2.2 Comments on the Nature and Evolution of Genetic Information

The nearly universal genetic code found in viruses and all organism, from bacteria to humans)
implies that the code was "fixed'" early in evolution. It is probable that portions of the code
were in place even before life began. Once in place however, the genetic code was highly
constrained against evolutionary change. The degeneracy of the genetic code enabled (and
contributed to) this constraint by permitting base changes in most codons without an effect on
the amino acids that they encoded. We can compare our gene and other DNA sequences to
those of different organisms precisely because the genetic code is universal and resistant to
change. This is what allows us to compare genomes and establish evolutionary relationships
between larger groups of organisms (genus, family, order), between species, and even between
individuals of a species. In addition to constraints imposed by a universal genetic code, the
genomes of some organisms show codon bias, a preference to use some codons over the use of
others in their genes. For example, codon bias is seen in organisms that favor codons rich in A
and T or in organisms that prefer codons richer in G and C. Interestingly, codon bias in genes
often accompanies a corresponding genome-wide nucleotide bias. Thus, an organism with an
A-T codon bias may also have an A-T biased genome. Likewise, a G-C rich genome can exhibit
a bias toward the use of G and C in their codons. If you check back, you can recognize
genomic nucleotide bias in Chargaff's base ratios!

Finally, we often think of genetic information in a genome as genes that specify protein
sequences, in other words, coding DNA. On the other hand, obvious examples of noncoding
but critically informational DNA include the genes for ribosomal and transfer RNAs. The
relative amounts of informational DNA (genes for polypeptides, TRNAs, and tRNAs) and
noninformational DNA range across species, although they are higher in prokaryotes than
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eukaryotes. In fact, ~88% of the E. coli genome encodes polypeptides, compared to the
humans, in which that figure is less than ~1.5%!

Some of less obvious informative DNA in higher organisms is transcribed (e.qg.,
introns). But other informative DNA is never transcribed. They may not be called genes, the
latter include reqgulatory DNA sequences, sequences that support chromosome structure and
other DNA that contribute to development and phenotype.

As for truly noninformative (useless) DNA in a eukaryotic genome, that amount is
steadily shrinking as genome sequencing reveals novel DNA sequences, new potential genes,
and thus, new RNAs with new functions (topics covered elsewhere in this text).

11.3 Gene and Protein Colinearity and Triplet Codons

Serious efforts to understand how proteins are encoded began after Watson and Crick used the
experimental evidence of Maurice Wilkins and Rosalind Franklin (among others) to determine
the structure of DNA. Most hypotheses about the genetic code assumed colinearity, namely
that DNA (i.e., genes) and polypeptides were colinear.

11.3.1 Colinearity of Genes and Proteins
For genes and proteins, colinearity just means that the length of a DNA sequence in a gene is
proportional to the length of the polypeptide encoded by the gene. The gene-mapping

experiments in E. coli (which we have already discussed) certainly supported this hypothesis.
Figure 11.2 illustrates the concept of the colinearity of genes and proteins.

Colinear Genes & Proteins
in Bacteria

Genes along DNA:

ra e e

transcription

translation

...longer genes encode bigger proteins

Fig. 11.2: Colinearity of genes and proteins (polypeptides) in bacteria.

If the genetic code is colinear with the polypeptides it encodes, then a one-base codon
obviously would not work because such a code would only account for four amino acids. A two-
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base genetic code also doesn't work because it could only account for sixteen (42) of the twenty
amino acids found in proteins. However, three-nucleotide codons could code for a maximum of
sixty-four (4%) amino acids, more than enough to encode the twenty amino acids. And of
course, a four-base code also works; it satisfies the expectation that genes and proteins are
colinear, with the "advantage" that there would be 256 (4*) possible codons to choose from.

11.3.2 How Is a Linear Genetic Code “Read"” to Account for All genes in the genome of an
Organism?

George Gamow (a Soviet-American physicist working at the George Washington University)
was the first to propose friplet codons to encode the twenty amino acids. This was the simplest
hypothesis to account for the colinearity of genes and proteins, and for encoding twenty amino
acids. Once the concept of colinearity was accepted, a remaining concern was: Is there enough
DNA in an organism's genome to fit all the codons needed to make all of its proteins?
Assuming that genomes did not have a lot of extra DNA lying around, scientists still wondered
how genetic information might be compressed into short DNA sequences consistent with
colinearity and assumptions about the number of genes required by an organism. One idea
assumed that there were twenty meaningful three-base codons (one for each amino acid) and
forty-four meaningless codons, and that the meaningful codons in a gene (i.e., an mRNA)
would be read and translated in an overlapping manner. A code where codons overlap by one
base is shown in Figure 11.3 (below). You can figure out how compressed a gene could get
with codons that overlapped by two bases.

An Overlapping Genetic Code

aal aa2 aa3 aa4 aab aab6b aa7 aa8 aa9 aal10 aal1
l | | [ [ | [ [ | [ | |

UCCCUGGCCAAAAGGCAGCAGUUUGUGUCAU
aa2 CCU
aa3 UGG
aad GCC
aa5 CAA
aa6 AAA
aa7 AGG
aa8 GCA
aa9 AGC
aa10 CAU

aa11JuUu
aa12JGU...

Fig. 11.3: A single base overlapping genetic code would fit more genetic information in less DNA!

A genetic code with a single base overlap

would compress 15 codons into the

same number of nucleotides needed
to account for 10 amino acids

if there were no overlap.

As afttractive as an overlapping codon hypothesis was in achieving genomic
economies, it sank of its own weight almost as soon as it was floated! If you look carefully at
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the example above, you can see that each succeeding amino acid would have to start with a
specific base. A look back at the table of sixty-four triplet codons quickly shows that only one of
sixteen amino acids, those that begin with a C, can follow the first one in the illustration. Based
on the amino-acid sequences already accumulating in the literature, it was clear that virtually
any amino acid could follow another in a polypeptide. Therefore, overlapping genetic codes
are untenable. The genetic code must be nonoverlapping!

Sydney Brenner and Francis Crick performed elegant experiments directly
demonstrating the nonoverlapping genetic code. They showed that bacteria with a single base
deletion (and, likewise, a double base deletion) in the coding region of a gene failed to make
the expected protein. On the other hand, a bacterium containing a mutant version of a gene in
which three bases were deleted was able to make the protein. But the protein it made was less
active than the protein made by bacteria with genes that had no deletions.

The next issue was whether there were only twenty meaningful codons and forty-four
meaningless ones. If only twenty codons encoded amino acids, how would the translation
machinery know the correct twenty to translate? What would prevent the translational
machinery from "reading the wrong" triplets (i.e., reading an mRNA out of phase)?

For example, if the translation machine began reading an mRNA from the second or
third base of a codon, wouldn't it likely encounter a meaningless three-base sequence in short
order? An alternate hypothesis speculated that the code was punctuated. That is, perhaps there
were the chemical equivalents of commas between the meaningful triplets. The commas would
of course, be additional nucleotides. In this punctuated code, the translation machinery would
recognize the “commas” and would not translate any meaningless three-base triplets, avoiding
out-of-phase translation attempts. Of course, a code with nucleotide commas would increase
the amount of DNA needed to specify a polypeptide by a third! Finally, Crick proposed the
Comma-less Genetic Code. He divided the sixty-four triplets into twenty meaningful codons
(encoding the amino acids) and forty-four meaningless ones that did not encode amino acids.
His code was such that when the twenty meaningful codons are placed in any order, any of the
triplets read in overlap would be among the forty-four meaningless codons. In fact, he could
arrange several different sets of twenty and forty-four triplet codons with this property! Crick
had cleverly shown how to read the triplets in correct sequence without nucleotide commas.

O]

]
4

ﬁ 202 Speculations about a Triplet Code (=0

Of course, we know now that while the genetic code is indeed comma-less, it is not
comma-less in the sense that Crick had envisioned. What's more, thanks to experiments to be
described next, we know that ribosomes read the correct codons in the right order because they
know exactly where to start reading the mRNA!

11.4 Breaking the Genetic Code

Marshall W. Nirenberg and J. Heinrich Matthaei decoded the first triplet. They fractionated E.
coli as shown below in Figure 11.4, and then identified which fractions were required for cell-
free protein synthesis, i.e., in vitro translation.
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Nirenberg et al. break first few codewords by
finding the message!

E. coli
Iyse 19 a.a.+ 1 a.a., ATP

lysate \ »“polypeptides
| high speed centrifuge
[ I
pellet supernatant
(microsomes) (cytosol)

| RNA extractions |

pellet Super}latant RNA RNA-free

ribosomes RNA from from cytosol
ribosomes cytosol
1 2 3 4

Fig. 11.4: Nirenberg and Matthaei fractionated bacterial cells and recombined different combinations of
fractions (e.g., 1+2, 1+3, 1+4, 2+3 etc.) proving the requirement for a “messenger RNA” fraction (#2) in
reconstituted cell components to synthesize proteins.

Check out the original work in the classic paper by Nirenberg MW and Matthaei JH [(1961)
The dependence of cell-free protein synthesis in E. coli upon naturally occurring or synthetic
polyribo-nucleotides. Proc. Natl. Acad. Sci. USA 47:1588-1602]. Various combinations of the
isolated cell fractions were added back together, along with amino acids (one of which was
radioactive) and ATP (as an energy source). After the mixture underwent a short incubation,
Nirenberg and Matthaei looked for the presence of high molecular weight radioactive proteins
as evidence of in vitro translation. They found that all four final fractions (1-4 in Figure 11.4)
must be added together to make radioactive proteins in the test tube. One of the essential cell
fractions consisted of RNA that had been gently extracted from ribosomes (fraction 2 in the
illustration). Rea