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Preface

These lecture notes, and the accompanying slides, are intended for teaching human
metabolism at the undergraduate level. They aim to give a big picture view of the
field that takes into account physiological and some clinical aspects. They also strive
to be up to date. Some biochemistry texts present all the latest and greatest enzyme
crystal structures, but seem stuck in the 1960s when it comes to updating metabolic
pathways. It is likely that these notes are not completely free from this disease either,
and I therefore welcome any corrections and suggestions for improvement.

The notes and the slides are meant to be used in conjunction; the notes mostly
present the slides in sequence, augmenting each with explanatory text. Keeping the
figures and the corresponding text closely together may not always look as polished
as a conventional book layout, but it makes on-screen reading easier. This structure
also encourages me to stay on topic and to advance the plot with each successive
slide. Finally, it makes it easier to recapitulate or anticipate the content of a lecture;
this goes for both the students and the lecturer.

Another conscious choice is to make these materials freely available. The text is
entirely my own work. So is the majority of the images; all exceptions are listed in
chapter 21. Regarding those images, I would like to thank all individuals and insti-
tutions who gave me permission to reuse them in these notes. In particular, I thank
Katharina Glatz of Basel University for permission to use multiple histological pic-
tures from her excellent website pathorama.ch. You are free and welcome to use these
notes and slides for self-study or for classroom teaching. Some restrictions apply
concerning the copying and redistribution of these materials; refer to the copyright
notice in chapter 21 for details. I hope that, in return, you will bring to my attention
any errors or shortcomings that you may notice.

I would also like to thank my students, who have helped to improve these notes by
challenging and questioning me about the material and its presentation. In particular,
Stefanie Malatesta and Julia Plakhotnik have helped substantially in this manner.
Finally, I thank Thorsten Dieckmann, Alexey J. Merz, and Karen Borges for pointing
out errors in previous editions.

These notes were put together with a collection of excellent free software tools.
Apart from the well-known tools KIgX, Pymol, and Gnuplot, I must highlight the
outstanding chemfig KIEX package written by Christian Tellechea that was used to
draw all of the chemical structures and reaction mechanisms.


http://pathorama.ch

Update 2019: New material on reactive species has been added as chapter 18.
This is a fairly complex subject, and my attempt to do it justice has produced a text
that may strike some as fairly long. I feel, however, that this is justified, considering
the extensive overlap of this topic with metabolism in health and disease.

While some of the slides and text that had been present in other chapters have
now been moved to this new one to limit redundancy in this text, the slides still exist
(now as duplicates) in their original location in the accompanying Powerpoint and PDF
slide sets so as to better maintain flow and context.

Update 2022: My former university has fired me for my refusal to get “vaccinated.”
I will therefore just briefly state that I used to teach biochemistry for 20 years at a
major Canadian university, with metabolism being one of my main (and favorite)
teaching subjects. I will keep these teaching materials in the public domain, but may
not have time or occasion to update them in the future.
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Chapter 1

Introduction

1.1 Motivation: Why would you study metabolism?

Long answer: You have a generous and warm character, and you have spent too much
time in front of the family TV set. You are therefore determined to become a famous
doctor and save many, many lives every hour of the day, without asking anything
in compensation but the admiring gazes of the populace, and may be a Rolls Royce.
Metabolism is an ever so tiny part of the vast knowledge you have set out to master
in order to fulfil your destiny.

Wrong? Alternate long answer: You have the inquisitive mind of a Sherlock
Holmes and the financial savvy of a Howard Hughes, and you have determined that
soaking medical doctors for damages is the best road to wealth and fame. Under-
standing the biochemical basis of medicine will help you to stun your audiences in
court and grind the defendants and their counsels into the dust.

Wrong again? Then try the short answer: You want to pass your exam.

1.2 Significance of metabolism in medicine

 hereditary enzyme defects

» diabetes, atherosclerosis, gout

« antimetabolites in the chemotherapy of cancers and infections

« inactivation and elimination of xenobiotics and drugs
Metabolism is a central theme in biochemistry; it keeps cells and organisms alive, by
giving them the energy they need to carry on and the building blocks they require
for growth and propagation. Metabolism is also an important theme in medicine and

pharmacy. Genetic defects of metabolic enzymes, while not among the most common
forms of disease, are nevertheless common enough to warrant the routine screening
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of newborns. Knowledge of the metabolic pathways that will be affected by a genetic
enzyme defect is important to understand its clinical manifestations and to devise
strategies for proper diagnosis and treatment.

While metabolic diseases that result from single enzyme defects are comparatively
rare, there are metabolic diseases which are much more common, such as diabetes
mellitus and gout. Atherosclerosis, which is even more common, is not a purely
metabolic disease; however, its initiation and progression are determined to a large
extent by metabolic factors. In all these cases, an understanding of the underlying
metabolic aspects is the basis for prevention and treatment.

Even with diseases that are not primarily due to metabolic aberrations, meta-
bolic pathways often provide important targets for drug therapy. Cases in point
are malignant tumors and autoimmune diseases, which are commonly treated with
antimetabolites that disrupt cell proliferation and promote programmed cell death
(apoptosis). Antimicrobial drugs often target enzymes in vital metabolic pathways
of bacteria and parasites. Conversely, many drugs that target receptors other than
enzymes require metabolic modification for activation or elimination.

From all this, it should be quite clear that metabolism matters to all those who
pursue a career in medicine or a related field, and who want to truly understand what
they are doing. These lecture notes aim to supply this required foundation.

1.3 Catabolic and anabolic reactions

Foodstuffs Small intermediates
Complex
biomolecules
/—> NADP* ﬁ
NADPH + H*

<—>ADP+P1 —— 0,

ATP ¥

Small intermediates CO, + H,0

The metabolism of animals and humans can be divided into catabolic reactions (blue
arrows) and anabolic ones (green). The word “catabolic” means the same as “degra-
dative,” but it is Greek and therefore sounds a whole lot more erudite and scholarly.
A large share of the substrates broken down in catabolism are used for producing
ATP, the “electric energy” of the cell. Just as electricity can be used to drive just
about any household job, ATP is used for almost every energy-requiring task in cell
biology. Because of its key role in the life of the cell, we will devote a good deal of
space—chapters 3-6—to the metabolic pathways that allow the cell to regenerate ATP.

The word “anabolic” might be translated as “constructive.” Anabolic pathways are
the opposite of catabolic ones, that is, they create new biomolecules. They produce
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small molecules and building blocks that are not sufficiently available in the food,
as well as macromolecules, in particular proteins and nucleic acids. Apart from
building blocks and ATP, anabolic pathways also require a good deal of reducing
power, mostly in the form of NADPH. One major pathway that supplies NADPH is the
hexose monophosphate shunt, which is covered in chapter 9.

Some pathways can function both in a catabolic and an anabolic context. An
example is the citric acid cycle, which breaks down acetyl-CoA but also participates in
the synthesis of amino acids. Such pathways are sometimes referred to as amphibolic.

QD 11 Explain the concepts of anabolic, catabolic, and amphibolic pathways.

1.4 Diversity of metabolism: pathways in plants and bacteria

Pathway Organisms
photosynthesis plants and cyanobacteria
nitrogen fixation specialized soil bacteria
oxidation or reduction of archaebacteria

inorganic minerals

acid- and gas-producing anaerobic bacteria
fermentations

While the scope of this text is mostly restricted to human metabolism, it is useful to
take a brief look beyond these confines. There are several mainstream metabolic path-
ways that occur in all classes of living organisms. A good example is glycolysis, the
main pathway of glucose degradation, which is found all the way up from Escherichia
coli to Homo sapiens. On the other hand, some of the metabolic processes in plants or
in distinct groups of microbes are quite different from those found in man or animals.
Photosynthesis enables plants to create glucose—and from it, the carbon skele-
tons of all their other metabolites—from nothing but CO, and water. The same is
true of blue-green algae or cyanobacteria.! Organisms incapable of photosynthesis
are heterotrophic, which means that they must feed on other organisms. In contrast,
photosynthesis makes organisms autotrophic, that is, capable of feeding themselves.?2
Note, however, that plant life also depends on pathways other than photosynthesis.
An example is the degradation of starch, which is stored in large amounts in plant
seeds such as wheat and rice as well as in bulbs such as potatoes. The pathways of
starch utilization employed by plants are analogous to those found in animals.
Nitrogen fixation, that is, the reduction of atmospheric nitrogen (N2) to ammonia
(NH3), is performed by the bacterium Sinorhizobium meliloti and related soil bacte-

Indeed, cyanobacteria are the prokaryotic precursors of chloroplasts, the photosynthetic organelles
of plants. Like mitochondria, chloroplasts are endosymbionts of prokaryotic origin and still retain their
own genomes and ribosomes.

2Carnivorous plants could be considered both autotrophs and heterotrophs. It seems, however, that
plants evolved this lifestyle mostly to secure a supply of organic nitrogen rather than of carbon.
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ria. All other living organisms require nitrogen in already reduced form, and there-
fore depend on these bacteria. The word Rhizobium—the former first name of this
bacterium—means “living on roots”. Sinorhizobium meliloti thrives on the roots of
plants, which take up the surplus ammonia supplied by the bacteria and utilize it for
synthesizing their own amino acids; the plants, in turn, provide the bacteria with a
nutrient-rich environment. This symbiotic process is common with legumes such as
alfalfa, soy beans, and peas. Including these plants in crop rotation schemes helps
to keep the soil supplied with reduced nitrogen. Alternatively, the nitrogen fixation
bottleneck can be bypassed altogether by supplying reduced nitrogen with chemical
fertilizers.3

Some archaebacteria, which live in exotic environments such as submarine vol-
canic hot springs, have developed correspondingly exotic metabolic pathways. For
example, some of these organisms are capable of extracting energy from the oxidation
of iron or the reduction of sulfur.

While all these pathways are certainly very interesting, we will not consider them
any further in these notes. Instead, we will confine the discussion to the major
metabolic pathways that occur in the human body. We will also relate these pathways
to human health and disease, and to some of the therapeutic strategies that have been
developed for metabolic diseases.

In the remainder of this chapter, we will start with a broad overview of foodstuffs
and their digestion and uptake in the intestinal organs. This will provide some im-
portant context for the detailed discussion of metabolic pathways in the subsequent
chapters.

D 1.2  In the metabolism of heterotrophs like Homo sapiens, what are the ultimate sources of
organic carbon and of reduced nitrogen?

1.5 Types of foodstuffs

carbohydrates
« protein
- fat

« nucleic acids

The three major categories of foodstuffs relevant to human metabolism are named on
every box of cereal or cup of yogurt; and in case you do not remember them, I suggest

3Until the early 20™ century, the only practical source of nitrogen fertilizer was guano, which is
accumulated, dried bird poop. It is found in large deposits on cliffs and islands off the South American
west coast, and clippers ferrying the precious stuff used to go back and forth between Chile or Peru and
Europe or North America.

In 1909, Haber and Bosch devised a synthetic method for producing nitrogen fertilizer, as well as
nitrogen-based explosives. In this process, the reaction N, + 3H, — 2 NHj is induced by brute force: a
mixture of the two gases is compressed to very high pressures and heated to high temperature in the
presence of a metal catalyst. The method has been in use ever since for producing nitrogen fertilizer.
Among all the great inventions that have propelled the growth of the world population, the Haber-Bosch
process likely is the single most important one.
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you run out right now to buy some such educational piece of grocery; dollar for dollar,
its educational value might exceed that of your attendance of this class.

The fourth item in the list above, nucleic acids, could as well have been subsumed
under carbohydrates, since only the ribose and deoxyribose contained in them have
significant nutrient value. The pathways that would allow the reuse of the bases
for nucleotide and nucleic acid synthesis exist in principle, but experimental studies
indicate that ingested bases are mostly degraded and excreted (see section 16.4).

1.5.1 Breakdown of foodstuffs: Overview

Carbohydrates Proteins Triacylglycerol (fat)
Glycogen Glucose Amino acids Fatty acids
Pyruvate Acetyl-CoA Ketone bodies
C ADP + P;
ATP
CO, + H,0

In the first stage of their utilization, all foodstuffs are split into their building blocks;
this happens mostly during digestion in the small intestine. After the building blocks—
mainly glucose, amino acids, and fatty acids—have been taken up and distributed
through the blood stream, complete breakdown to CO2 and H»O proceeds intracellu-
larly via pyruvate and acetyl-CoA, which function as central hubs of foodstuff utiliza-
tion.

Glucose can transiently be stored in polymeric form as glycogen, which evens
out the peaks and valleys of glucose supply during the day. If required, additional
glucose can be produced via gluconeogenesis from amino acids whose degradation
yields pyruvate.

When other forms of substrate carbon are in short supply, fatty acids—either
taken up with the food or released from fat tissue—can be converted via acetyl-CoA
to ketone bodies, which represent a more water-soluble transport form of carbon than
the fatty acids themselves.

This slide is of course simplified and contains several approximations. For exam-
ple, some carbohydrates do not directly yield glucose upon depolymerization; these
may then be converted to glucose through dedicated adapter pathways. Similarly, the
breakdown of some amino acids does not yield pyruvate or acetyl-CoA but instead
produces citric cycle intermediates. Like pyruvate, these intermediates can also be
converted to glucose if needed.
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QD 1.3  Name the three major products of foodstuff digestion in the small intestine, and the two
central hubs of cellular foodstuff utilization.

1.6 Functional anatomy of the digestive system

Liver Stomach Liver

Pancreas
Bile duct

Bile bladder

Pancreatic duct

Small intestine Large intestine Duodenum

The digestive system contains the intestinal hollow organs, that is, the esophagus,
stomach, small and large intestine. In addition, it also comprises the pancreas and
the liver, both of which arise through budding and outgrowth from the primordial
intestine during embryonic development.

1.6.1 Intestinal organs: functional overview

Organ Function

stomach killing of microbes contained in the food;
protein denaturation

small intestine breakdown of macromolecules to small mole-
cules, uptake of the latter

large intestine fluid and ion reuptake

pancreas production of digestive enzymes and of hor-
mones

liver production of bile; metabolic homeostasis

The mucous membrane of the stomach produces gastric acid, HCl, which denatures
proteins and kills microbes contained in the food. The pancreas supplies most of the
digestive enzymes, whereas the liver provides bile acids, which are essential for the
solubilization of fat. The bile and the pancreatic juice also contain large amounts of
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sodium bicarbonate, which neutralizes the gastric acid; the milieu inside the small
intestine is slightly alkaline.*

The digestive enzymes secreted by the pancreas into the gut do most of the work
involved in digestion of ingested foodstuffs. Therefore, depolymerization of foodstuff
macromolecules occurs extracellularly.”

D 1.4 Name the digestive organs and summarize their functions.

Abdominal arteries
Liver vein
Liver artery
Portal vein

Upon uptake, most solutes will be exported on the other side of the mucosal cells and
then find themselves in the blood stream. A peculiarity of the intestines is that all
blood drained from them is first passed through the liver before being released into
the general circulation. This serves a twofold purpose:

1. It gives the liver a chance to take excess amounts of substrates—glucose, amino
acids—out of circulation and to store and process them. This serves to maintain

1.6.2 The portal circulation

Systemic
circulation

4The bile duct and the pancreatic duct join the duodenum, that is, the uppermost part of the small
intestine, at the same site (termed the papilla duodeni major). Bile stones traveling down the bile duct
may get stuck at this orifice and obstruct both secretory ducts. On top of bile colics, this may then result
in acute pancreatitis, in which the backed-up pancreatic enzymes start digesting the pancreas itself. This
is both exceedingly painful and a major, acutely life-threatening calamity.

SExtracellular digestion is employed by most organisms. Even bacteria secrete digestive enzymes
and take up substrates only at the stage of the monomeric breakdown products. Why is that so?

An obvious answer is that there are no transport mechanisms for the uptake of macromolecules across
the cell wall. While that is true, there is a deeper reason—taking up macromolecules in a non-specific
way would open the door for all kinds of viruses and Trojan horses. Extracellular digestion constitutes a
firewall that excludes hazardous macromolecules.

Exceptions to the rule above are amoebas, which ingest not only macromolecules but even whole
bacteria. However, the ingested bacteria remain confined within membrane vesicles called phagosomes,
which get swiftly flooded with acid as well as aggressive chemicals and enzymes that kill and degrade
the bacteria. The same occurs in our phagocytes, which are an essential part of our immune system (see
slide 9.3.7).
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stable blood nutrient concentrations, which is important for the well-being of the
more sensitive and fastidious cells in the other organs.

2. The bacteria that reside in the large intestine produce ammonia and other toxic
metabolites, which are cleared by the liver. In patients with liver failure, these toxic
metabolites spill over into the systemic circulation, which among other things will lead
to disturbances of cerebral function. The detoxifying activity of the liver also affects
many drugs; the inactivation of drugs by the liver immediately following intestinal
uptake is known as the first pass effect (see slide 19.1.3).

The large vein that drains all the blood from the intestines and channels it to the
liver is the portal vein; together with its tributaries, it forms the portal circulation.
Aside from the intestines, the pancreas and the spleen also have their blood drained
into the portal vein.

In addition to the blood carried by the portal vein, which is at least partially
oxygen-depleted, the liver also receives a direct supply of oxygen-rich blood through
the liver artery. The two feeds branch out in parallel throughout the liver and even-
tually merge within the tissue of the liver lobules (see below), from which all blood is
then drained toward the venous side of the general circulation.

®Q 1.5 What is the portal circulation, and which organs participate in it?

1.6.3 Liver tissue structure

Portal vein branch

Bile duct tributary

Central vein Liver artery branch

The liver has a peculiar tissue structure that is optimized for rapid and efficient solute
exchange between the percolating blood and the liver cells. While in the tissues of
most organs the blood is contained in capillaries with clearly defined boundaries and
walls, the liver has a sponge-like structure that permits direct contact of the blood
plasma with the liver cells.
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A: The liver is organized into functional units called lobules, which measure ~2 mm
across. In this tissue cross section, several lobules are demarcated by strands of
connective tissue that are stained red.

B: Blood from branches of the portal vein and of the liver artery percolates each
lobule and flows towards its central vein, which drains it into the general circulation.
Bile duct branches drain bile from each lobule toward the intestine.

C: Higher magnification shows the sponge-like structure of the liver tissue. In
life, blood flows through the sinusoids, which in this tissue section are visible as the
voids between strands of liver cells. The intimate contact of the liver tissue with the
percolating blood maximizes the rate of solute exchange between cells and blood
plasma.

1.6.4 Blood flow and bile flow within the liver lobule

Liver artery branch

Portal vein branch % é 0000
Gaanos] ioooon

Bile duct tributary

Liver vein tributary

The epithelial cells in each liver lobule are arranged in parallel layers. The basolateral
side of each cell faces the blood-filled sinusoid, while the apical side faces a bile duct
tributary. These finest, uppermost bile duct branches are so thin that they can only
be visualized using special histological techniques or by electron microscopy.

The liver cells extract solutes from the blood, modify them, and export them
either back into the bloodstream or directly into the bile. This process is very efficient;
with some solutes, extraction and modification is almost complete during a single
pass through the liver.

® 1.6 Liver tissue is organized into functional units. What is the name of such a unit, and what
does its function entail?

1.6.5 The stomach: functions of gastric acid

« HCl, pH 1-2
» secreted by specialized cells in the mucous membrane (parietal cells)

« kills germs contained in food; patients with lack of gastric acid are at increased
risk of intestinal infection

» denatures food proteins and makes them accessible to cleavage by proteases
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The activity of the HCl-secreting parietal cells is controlled by histamine Hy receptors;
accordingly, H» receptor blockers such as ranitidine are effective in the suppression of
acid secretion. Another class of drugs used to the same end inhibit the ATP-dependent
proton pump that actually brings about the secretion of acid.

Once upon a time, excessive secretion of gastric acid was considered the main
cause of gastric and duodenal ulcers. We now know that that the true cause of
ulcers is the bacterium Helicobacter pylori, and accordingly we treat this disease with
antibiotics. Nevertheless, inhibitors of gastric acid secretion continue to be used as
well, since gastric acid aggravates the ulcers and disturbs their healing.

Individuals that lack gastric acid, due either to a disease or to drugs that inhibit
acid secretion, are more susceptible to orally contracted infectious diseases such as
cholera, Salmonella enterocolitis, and intestinal tuberculosis.

1.6.6 Gastric acid and pepsin in protein digestion

pH1-2
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At very low pH, a protein molecule will become extensively protonated and thereby
accumulate positive charges. The mutual repulsion of these positive charges will
destabilize the protein and cause it to unfold. In this unfolded form, all the peptide
bonds become exposed and accessible to proteases.

Protein digestion is initiated right away in the stomach by the protease pepsin,
which is produced by the stomach mucous membrane. The peptide fragments will
no longer refold, even after the pH has reverted to slightly above neutral values in
the small intestine. Peptide digestion can therefore continue and be completed by the
pancreatic proteases and peptidases encountered there.

While most proteins will be unfolded by gastric acid, there are exceptions; an
obvious and important one is pepsin itself. Similarly, the coat proteins of many
pathogenic viruses, for example poliovirus or hepatitis A virus, are fairly resistant to
gastric acid as well. These viruses are therefore able to traverse the stomach intact
and then infect the mucous membranes of the intestine.
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Q 1.7 What is the physiological function of gastric acid?

1.6.7 Function of the exocrine pancreas
- secretion of digestive enzymes

- amylase
- proteases, peptidases
- lipases

- DNAse, RNAse

« secretion of sodium bicarbonate to neutralize gastric acid

The exocrine pancreas produces all the major depolymerizing enzymes for digestion.
Therefore, if the pancreas is not working properly—often as a result of acute or
chronic pancreatitis—maldigestion of all types of foodstuff results.

When the acidified food passes from the stomach to the duodenum, it is neutral-
ized by copious amounts of sodium bicarbonate that is contained in the pancreatic
juice, the bile, and the secretions of gland tissue embedded in the mucous membranes
of the duodenum itself. Accordingly, the pH optima of the pancreatic enzymes are in
the neutral to slightly alkaline range.6

1.6.8 Roles of bile in digestion

« Bile acids solubilize triacylglycerol and make it accessible to pancreatic lipase

« Bicarbonate contributes to the neutralization of gastric acid

Among its many other functions, the liver also serves as an exocrine gland.” The
digestive juice secreted by the liver is known as bile and is rich in bile acids, which
are important in solubilizing fat so as to render it accessible to enzymatic cleavage by
pancreatic lipase.? Bile that is not needed immediately is diverted to the bile bladder,
where it is concentrated and stored. In the bile concentrate, solutes may exceed their
solubility limit and start to precipitate or crystallize within the bile bladder, forming
gallstones. This occurs most commonly with cholesterol and bilirubin, both of which
are excreted with the bile (see chapters 11 and 17, respectively).

Like the pancreatic juice, the bile is also rich in sodium bicarbonate and con-
tributes to the neutralization of the acidified stomach content as it enters the duo-
denum. Unlike the pancreatic juice, however, the bile does not contain digestive

SIf you already have some lab experience, you may have treated cells with trypsin or fragmented
DNA with pancreatic DNAse, and may remember that these enzymes work best at pH 7.5-8.

“An exocrine gland secretes outwardly; this definition includes secretions into the digestive tract.
An endocrine gland secretes into the bloodstream. The products of endocrine glands are invariably
hormones.

8Bile acids solubilize fat (triacylglycerol) effectively because they are detergents with a high critical
micellar concentration (see slide 10.2.2). For the same reason, they are also useful for removing tough
stains from your laundry.
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enzymes. Disruption of bile secretion will therefore cause deficient digestion of fat
only, but not of proteins or carbohydrates.

The greater share of the bile acids is taken up again in the lowermost section of
the small intestine, that is, the terminal ileum. Via the portal vein, they return to the
liver, where they are extracted and again secreted.

QD 1.8 Describe and distinguish the roles of pancreatic juice and of bile in the digestion of
foodstuffs.

1.6.9 The small intestine

Circular fold,

. . covered with villi
Small intestine,

longitudinal section

e

From heart ----< == To liver

Individual
epithelial cell -—
with microvilli

The small intestine comprises, from top to bottom, the duodenum, the jejunum,
and the ileum. Small substrate molecules produced by the digestive enzymes within
the gut are taken up by active transport across the mucous membrane of the small
intestine. The capacity for substrate uptake is obviously related to the surface area.
Accordingly, the mucous membrane is highly folded so as to maximize the surface
available for substrate uptake. This slide illustrates how surface maximization is
realized at all hierarchical levels of tissue and cell structure. The inner surface of the
small intestine has circular folds, which in turn are covered by villi. The individual
epithelial cells that cover the villi are, on their luminal surfaces, covered by microvilli.

The blood that perfuses the villi of the intestinal mucosa (red arrow) and carries
away the absorbed nutrients is drained toward the liver via the portal vein (see slide
1.6.2).

Individual villus

I3
\
.

1.6.10 Microscopic structure of the small intestine

These microscopic pictures of the mucous membrane illustrate the villi and microvilli
in the small intestine. The left panel shows a low-power view of a section across a
circular fold, which is covered by a dense mane of villi. The right panel shows an
electron-microscopic image of microvilli atop an individual epithelial cell. In combi-
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nation, the circular folds, villi, and microvilli amplify the surface from approximately
0.3 to an estimated 30 square meters overall [1].

1.6.11 Amylose and amylopectin are polymers of x-D-glucose

As an example of foodstuff processing in the small intestine, let us take a quick look at
the digestion of starch. The constituents of starch are amylose and amylopectin. Amy-
lose (black) is an unbranched «(1—4) polymer of D-glucose. Amylopectin additionally
contains branches (blue) that are attached through «(1— 6)-glycosidic bonds.

CH,0H CH,0H CH,0H

@@Q

20H CHZOH CHZOH CHZO

1.6.12 Amylase breaks down starch to maltose and isomaltose

In the small intestine, amylose and amylopectin are broken down by pancreatic amy-
lase. The main product is maltose, which is produced from amylose and from the lin-
ear x(1—4) stretches of amylopectin. Isomaltose originates from the x(1—6) branch-
ing points of amylopectin.

The two disaccharides are cleaved to glucose by maltase and isomaltase, respec-
tively. These enzymes are anchored to the surfaces of the epithelial cells of the
intestinal mucosa. The same epithelial cells then take up glucose by active transport
(see next slide).
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1.6.13 Mechanism of glucose uptake from the gut

After digestion, the metabolites have to be taken up by the epithelial cells at the inner
surface of the small intestine. In most cases, nutrients are taken up by active transport,
which can transport solutes energetically uphill, that is, against their concentration
gradients. Active transport thus enables the quantitative uptake of the nutrients.

Gut lumen Cytosol Interstitial fluid
2 Na* 2 Na*
Glucose / Glucose Glucose
SGLT1 GLUT?2

—

In the case of glucose, active transport is driven by the simultaneous uptake of two
sodium ions per molecule of glucose. This coupling is effected by the SGLT1 trans-
porter. Sodium (secreted as bicarbonate) is plentiful in the gut lumen, while its
concentration is low inside the cells. An additional driving force is the membrane
potential: the cytosol is electrically negative relative to the extracellular space. The
uphill transport of glucose is therefore driven by the simultaneous downhill move-
ment of sodium. Similar transporters exist for other sugars, e.g. galactose, and for
amino acids and nucleosides.

On the basolateral side of the intestinal epithelia—that is, the side that faces
the surrounding tissue, not the gut lumen—glucose is released into the extracellular
space, from where it can freely diffuse into the bloodstream to reach the liver. The
export from the epithelial cells is mediated by GLUT transporters. These operate by
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passive transport, also known as facilitated diffusion (see slide 3.5.1). In other organs,
GLUT transporters mediate the uptake of glucose. GLUT transporters are found in all
cells of the body (see section 3.5).

D 1.9 Explain how starch is processed in the small intestine.

Q 1.10 Which forces affect the transport of glucose by the SGLT?

1.6.14 The large intestine

.

Anaerobic milieu—99% of all bacteria in the large intestine are strict anaerobes

Bacteria degrade non-utilized foodstuffs, reducing osmotic activity of gut content

« Mucous membrane recovers water and electrolytes

Bacterial metabolism releases potentially toxic products (e.g. ammonia), which are
taken up and inactivated by the liver

The cumulative volume of the fluids secreted into the stomach and the small intestine
exceeds four liters per day. It falls to the large intestine to recover most of that fluid.
This inevitably slows down the transport of the gut contents, which in turn will cause
them to be overgrown with bacteria.” The bacterial flora is mostly harmless, though,
and it even helps with breaking down undigested remnants in the gut content and
thereby freeing up the water bound osmotically by them. They produce some vitamins,
too, for example folic acid, but also some potentially toxic substances such as amines
and ammonia. The latter are taken up and dealt with by the liver.

1.7 Answers to practice questions

Question 1.1: Anabolic pathways create new biomolecules, usually complex ones, from
simple precursors. Catabolic pathways break down biomolecules in order to produce ATP,
NADPH, or building blocks for anabolic reactions. Amphibolic pathways can function in both
catabolic and anabolic processes.

Question 1.2: Organic carbon is derived from photosynthesis in plants, whereas reduced
nitrogen is derived from nitrogen fixation in soil bacteria.

Question 1.3: The major products of digestion are glucose, amino acids, and fatty acids,
which are released from carbohydrates, proteins, and triacylglycerol, respectively. Utilization
of these products proceeds via pyruvate an acetyl-CoA.

Question 1.4: See table in slide 1.6.1.

Question 1.5: The portal circulation drains venous blood from the stomach, intestines, pan-
creas, and spleen into the portal vein. The blood then enters the liver, where it is distributed
and processed before being drained again into the systemic circulation.

9The party trick that prevents bacterial colonization of our other hollow organs is to discharge and
replace the fluids more rapidly than the bacteria can grow. Accumulation and stasis of fluid invari-
ably leads to bacterial overgrowth and often infection; examples are recurrent urinary tract infections
when bladder function is impaired, and the respiratory infections facilitated by viscous, slowly flowing
bronchial secretions in patients with cystic fibrosis.
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Question 1.6: The functional unit of the liver is the lobule. It receives blood from branches
of both the liver artery and the portal vein, which flows through the lobule’s sinusoids toward
its central vein. The epithelial cells that line the sinusoids extract and process solutes from
the blood, some of which they secrete into bile duct tributaries.

Question 1.7: Gastric acid denatures proteins, which initiates the digestion of food proteins
and also helps to inactivate ingested microbes.

Question 1.8: Pancreatic juice supplies the depolymerizing enzymes for all foodstuffs, whe-
reas bile supplies no enzymes but contains bile acids, which solubilize fat but are not impor-
tant in the processing of other foodstuffs. Both pancreatic juice and bile contain bicarbonate,
which serves to neutralize gastric acid.

Question 1.9: Starch is broken down by pancreatic amylase to maltose and isomaltose, both
of which are cleaved to glucose by cognate disaccharidases located at the surface of intestinal
epithelial cells. The epithelia take up glucose by sodium cotransport and release it at the
basolateral side through facilitated diffusion.

Question 1.10: SGLT mediates the uptake of glucose into cells by sodium co-transport. The
transport is driven by three forces: (a) The concentration gradient of glucose itself—glucose
can be higher or lower outside the cell than inside, favouring or disfavouring uptake (b) The
concentration gradient for sodium; [Na*] is always higher outside the cell, which favors co-
transport (c) The membrane potential, which is always negative inside in non-excitable cells
such as those containing SGLT transporters; this also favors uptake.



Chapter 2

Refresher

2.1 Preliminary note

This chapter reviews some key concepts from second year biochemistry. Feel free to
skip it if you remember a thing or two from that distant past.

2.2 How enzymes work: active sites and catalytic mechanisms

As with all proteins, the activity of enzymes depends on the precise arrangement and
interaction of their amino acid residues and side chains. A straightforward example
of this is chymotrypsin. Chymotrypsin is one of the major proteases in the human
digestive tract, where its job is to knock down large protein molecules into small
peptides that are then further processed by peptidases.

2.2.1 The “catalytic triad” in the active site of chymotrypsin
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The active site of chymotrypsin contains aspartate 102, histidine 57, and serine 195.
The aspartate and the histidine cooperate to deprotonate the hydroxyl group of the

17
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serine, which then attacks the substrate peptide bond (see next slide). Molecular
structure rendered from 1afqg.pdb.

The Asp-His-Ser motif is very common among proteases and esterases, so much
so that it is often simply referred to as the catalytic triad. For example, the protease
trypsin and several lipases that occur in human metabolism also have this motif and
share the same mechanism of catalysis. Other enzymes, for example the proteasome,
may contain glutamic acid instead of aspartic acid, or threonine instead of serine.
These variants still contain the same functional groups and work the same way.

2.2.2 The catalytic mechanism of chymotrypsin
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After it has been deprotonated by aspartate and histidine, the serine performs a nu-
cleophilic attack on the carbonyl group of the substrate peptide bond. This produces
a short-lived tetrahedral intermediate that gives way when the C-terminal peptide
fragment leaves; the N-terminal fragment remains covalently attached to the serine.
This state of affairs, which is shown as the final stage in this slide, is reached after the
first half of the reaction.

In the second half reaction, which is not shown, the aspartate and histidine
residues deprotonate a water molecule, and the hydroxide ion thus formed then
bounces the N-terminal peptide fragment off the serine, again by nucleophilic attack
on the carbonyl group. The bond undergoing cleavage at this stage is an ester, which
yields more readily than the amide bond in the first stage.

® 2.1 Whatis the catalytic triad, and how does it work?

2.2.3 Many enzymes require coenzymes

With chymotrypsin, the enzyme molecule and its amino acid side chains supply all
the necessary tools for catalysis. In contrast, many other enzyme molecules require


http://www.rcsb.org/pdb/explore/explore.do?structureId=1afq
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coenzymes for their activity. For example, alanine aminotransferase, which transfers
the x-amino group from alanine to x-ketoglutarate, contains the coenzyme pyridoxal
phosphate within its active site. In the reaction, the coenzyme cooperates with a lysine
reside that is part of the enzyme itself (see slide 12.2.1).

Most enzyme molecules have just one active site, or, in case they are multimeric,
one active site per subunit. However, there are exceptions: Fatty acid synthase has
as many as six different active sites on each subunit (see slide 10.5.2). Pyruvate de-
hydrogenase is a multienzyme complex that contains one active site on each subunit,
but it combines three different types of subunits, each with a different coenzyme and
catalytic function, into one functional assembly (see slide 5.2.2).

2.2.4 IUBMB classification of enzymes

Enzyme class Catalyzed reactions

oxidoreductases catalyze redox reactions, frequently involving one of
the coenzymes NAD", NADP*, or FAD

transferases transfer functional groups between metabolites, e.g. a
phosphate from ATP to a sugar hydroxyl group

hydrolases catalyze hydrolysis reactions, such as those involved
in the digestion of foodstuffs

lyases perform elimination reactions that result in the for-
mation of double bonds

isomerases facilitate the interconversion of isomers

ligases form new covalent bonds at the expense of ATP hy-
drolysis

The IUBMB nomenclature divides all enzymes into six classes according to the re-
actions they catalyze. Within each of these main classes, there are subclasses and
sub-sub classes, which reflect differences in substrate usage and mechanism of cata-
lysis. The categories at all three hierarchical levels are assigned unique numbers, and
each individual enzyme receives a number as well that is unique within its sub-sub
class. An enzyme can therefore be unequivocally identified by a dot-separated identi-
fier containing four numbers overall. This identifier is prefixed with the letters “EC”
(for “Enzyme Commission”). Fittingly, the identifier EC 1.1.1.1 goes to the single most
important enzyme in student lifestyle—namely, alcohol dehydrogenase, or, as [IUBMB
puts it, alcohol:NAD oxidoreductase.! A list of all the enzyme activities recorded by
the IUBMB classification is available at chem.gmul.ac.uk/iubmb.

The TUBMB scheme also assigns explicit names, which can be rather formidable,
such as this one for the enzyme otherwise known as transketolase (see chapter 9):
sedoheptulose-7-phosphate: D-glyceraldehyde-3-phosphate glycolaldehydetransferase.

I'This commendable enzyme, residing in the liver, degrades ethanol, and without it, some of us might
be drunk all the time!
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Reciting this name three times in quick succession will cure any stammer; however,
we will forgo this benefit and use the traditional shorter names in this text.

Q 2.2  Why does alcohol dehydrogenase have the [IUBMB identifier EC 1.1.1.1?

2.3 Energetics of enzyme-catalyzed reactions

With each enzymatic reaction, as with any other chemical reaction, energy comes in
with these two questions: (a) will the reaction proceed at all in the desired direction,
and (b) if it does, will it proceed at a sufficient rate?

The first question is decided by the free energy of the reaction, AG; a reaction will
go forward if, and only if, the associated AG is negative. The second question depends
on the activation energy, AG*, which forms a barrier between the initial state and the
final state of the reactants. The very short-lived, energy-rich state at the top of this
barrier is called the transition state. Enzymes can substantially lower the activation
energy AG* and thus accelerate reactions, but they cannot change the overall free
energy AG—and therefore, the direction or equilibrium—of the reaction.

2.3.1 A simile: the Walchensee-Kochelsee hydroelectric power system

The different roles of AG and AG* in biochemical reactions can be illustrated with
a simile. The slide shows two natural lakes in the German Alps. The Walchensee is
situated 200 m above the Kochelsee. A conduit was dug across the barrier between
these two lakes to make the water flow downhill and drive a hydroelectric turbine.
Additional tunnels drain other lakes and rivers to enhance the supply of water to the
Walchensee.

2.3.2 Analogies in the simile

An enzyme facilitates the interconversion of metabolites by creating an energetic
“tunnel” across the energy barrier between them. Like a water conduit, an enzyme can
facilitate the flow. However, it cannot change its direction, which will depend solely
on the difference in altitude (AG).
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Hydroelectric system Metabolic pathway

altitude energy

difference in altitude between energy difference between meta-
lakes bolites (AG)

height of ridge between lakes AG* of uncatalyzed reaction
tunnels enzymes

tunnel barrages regulatory switches of enzymes

In the hydro-electric system, tunnels can be opened or shuttered by barrages to
accommodate variations in the amount of rainfall or in energy demand. Similarly,
enzymes have regulatory switches that allow for adjustments in the flow rate through
metabolic pathways in keeping with changing physiological needs.

2.3.3 Discrepancies in the simile

Hydroelectric system Metabolic pathway
all tunnels work the same way enzymes have different catalytic mech-
anisms

potential energy determined by free energy of metabolites depends on

one parameter: altitude two parameters: AH and AS
water always collects at the bot- molecules partition between lower and
tom higher energy levels

Our simile illustrates some, but not all aspects of enzyme reactions. For example,
all tunnels are alike; in contrast, each enzyme needs a specific “trick” or catalytic
mechanism in order to accomplish the specific task at hand. Investigating the cat-
alytic mechanisms of individual enzymes is an important and fascinating aspect of
biochemistry.

Another difference concerns the energetic states. The energy difference between
the two lakes is completely determined by their difference in altitude. However, the
difference in free energy (AG) between two metabolites also depends on entropy,
which is determined by their concentrations. Reactions are therefore subject to equi-
librium; states with higher AH are less populated, but never totally unoccupied. The
equilibrium is given by this relationship:

AG

= e RT (2.1

ny

n

where n; and n, represent the numbers of molecules in the high and low energy
states, respectively. (R is the gas constant, whereas T is the absolute temperature.)

Equation 2.1 applies to the occupancy of the initial and the final states of a

reaction. It also applies to the distribution of molecules between the initial state
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and the transition state of a reaction. The tendency of molecules to spontaneously
populate states of higher energy explains that chemical reactions will occur at all,
even though the energy level of the transition state is always higher than those of the
initial and final states. However, the higher the activation energy, the more rarefied
the transition state will become. The number of molecules that can first climb the
barrier and then hop down on the other side thus becomes smaller, and the reaction
slower with increasing activation energy. Enzymes—and catalysts in general—create
transition states that are lower in energy and therefore more populated than the
uncatalyzed ones.

Q 2.3 Explain the different meanings and implications of AG and AG* for the equilibrium and
rate of a chemical reaction, and the effect of an enzyme on each.

2.4 The role of ATP in enzyme-catalyzed reactions

As we have seen, enzymes alone cannot drive endergonic reactions forward; however,
an enzyme may couple an intrinsically endergonic reaction to an exergonic one, so as
to make the overall reaction exergonic also. Most commonly, the auxiliary exergonic
reaction consists in the hydrolysis of ATP to ADP or AMP. While this use of ATP
pervades all of enzymology, it is important to understand that there is no equally
general chemical mechanism of ATP utilization: each enzyme needs to find its own
way of actually, chemically linking ATP hydrolysis to the reaction which it needs to
drive.

2.4.1 The catalytic mechanism of glutamine synthetase
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As an example, this slide shows how glutamine synthetase uses ATP to produce
glutamine from glutamate and ammonia.

While the net turnover of ATP is hydrolysis, the ATP molecule isn’t hydrolyzed
directly. Instead, the phosphate group is first transferred to the substrate to create an
intermediate product, glutamyl-5-phosphate. In this mixed anhydride, the phosphate
group makes a very good leaving group, which facilitates its subsequent substitution
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by ammonia. Therefore, the utilization of ATP is a central part of this enzyme’s
catalytic mechanism. We will see some more examples of ATP usage in enzyme
catalysis in the remainder of this notes.

QD 2.4 How does ATP utilization facilitate the glutamine synthetase reaction?

2.5 Regulation of enzyme activity

Just as a hydroelectric power station has to adjust to variations in water supply and
demand for electricity, metabolic pathways and enzymes must adapt to changes in
substrate availability and in demand for their products. The activities of enzymes are
regulated at different levels. Activating gene expression will increase the abundance
of an enzyme, whereas activation of protein breakdown will decrease it. In addition,
there are mechanisms for reversibly activating or inactivating existing enzyme mole-
cules, which enable swifter and potentially less wasteful adaptation. These reversible
mechanisms are discussed in the following slides.

2.5.1 The phosphofructokinase reaction
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The enzyme phosphofructokinase transfers a phosphate group from ATP to fructose-
6-phosphate, producing fructose-1,6-bisphosphate. This reaction occurs as an early
step in the degradation of glucose. Since this pathway ultimately serves to regen-
erate ATP from ADP and phosphate, one might expect phosphofructokinase to be
activated by ADP. However, it turns out that activation is mediated by AMP instead.
The rationale for this preference is discussed in the next slide.

2.5.2 The adenylate kinase reaction equilibrates AMP, ADP and ATP

2ADP <« ATP + AMP

[AMP]
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When ATP is consumed and ADP levels rise, some ATP can be regenerated by adenylate
kinase, which turns two ADP molecules into one ATP and one AMP. According to the
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law of mass action, this also means that AMP levels rise quadratically with the level
of ADP (assuming that changes to the level of ATP are small, which is usually the
case). Its steeper rise makes AMP a better sensor of cellular energy demand than
ADP itself, and it therefore makes sense that AMP, not ADP regulates the activity of
phosphofructokinase.

@ 2.5 Explain how the cellular levels of AMP, ADP and ATP are related to each other.

2.5.3 Allosteric regulation of phosphofructokinase by AMP

To accomplish the stimulation of phosphofructokinase, AMP interacts with the en-
zyme at an allosteric binding site, that is, a site that is distant and functionally distinct
from the active site. In this structure of the dimeric enzyme (rendered from 1pfk.pdb),
two molecules of ADP are bound for each enzyme subunit. The left panel shows
an ADP molecule (red) bound in one of the active sites, which also contains the the
other product of the reaction (fructose-1,6-bisphosphate, green). The side view in the
right panel shows two more ADP molecules bound at the interface of the two enzyme
subunits, within the allosteric binding sites that in the cell would bind AMP rather
than ADP. The fourth ADP molecule in the second active site is hidden from view.

The adenine nucleotides bound at the two different sites assume entirely different
roles. The ADP in the active site participates in the reaction. The AMP in the allosteric
site does not; instead, its job is to change the conformation of the entire enzyme
molecule. This conformational change will be transmitted through the body of the
protein to the active site and increase the efficiency of catalysis there.

Allosteric regulation of enzymes is exceedingly common; it is not limited to nucle-
otides or any other particular class of metabolites. Allosteric effectors can be either
stimulatory, as is AMP in this example, or inhibitory. As an example of the latter, ATP
is not only a cosubstrate but also an allosteric inhibitor of phosphofructokinase.

Considering that the main purpose of the degradative pathway downstream of
phosphofructokinase is regeneration of ATP, it makes sense to reduce the substrate
flow through this pathway when ATP levels are high. The allosteric effect of ATP on
phosphofructokinase is an example of feedback inhibition, that is, the inhibition of
an early step in a pathway by that pathway’s main product. This is a very common
principle in metabolic regulation.


http://www.rcsb.org/pdb/explore/explore.do?structureId=1pfk
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2.5.4 How allosteric regulation works
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0 «l B

@substrate O activator |:| inhibitor

An allosterically regulated enzyme has two possible conformations that are in equilib-
rium with each other. Both the active site and the allosteric binding site change shape
along with the molecule. An allosteric activator will bind selectively to the regulatory
site in the shape that it assumes in the enzyme’s active conformation; the binding
energy will shift the equilibrium towards this conformation. Conversely, an inhibitor
will selectively bind and stabilize the enzyme’s inactive conformation.

As you can see from these considerations, activators and inhibitors may share
the same regulatory site; with phosphofructokinase, this applies to ATP and AMP.
Note, however, that human phosphofructokinase has an additional allosteric site that
permits regulation by another effector (see slide 7.5.3).

2.5.5 Enzyme regulation by protein phosphorylation

ADP ATP
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Another important means of regulating enzyme activity is through phosphorylation
of the enzyme molecules. This is mediated by protein kinases, which transfer a phos-
phate group from ATP to specific amino acid side chains on the regulated enzymes.
When considering how protein phosphorylation works, it is best to think of the
transferred phosphate group as an allosteric effector that happens to be covalently at-
tached to the enzyme. Like proper allosteric regulators, the phosphate group imposes
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a conformational change that is transmitted to the active site through the body of the
protein; and in both cases, it depends entirely on the enzyme in question whether
it responds to the effector with an increase or a decrease in activity. For example,
ATP allosterically inhibits phosphofructokinase, but it activates the functionally oppo-
site enzyme fructose-1,6-bisphosphatase (see slide 7.5.3). Similarly, phosphorylation
inhibits glycogen synthase but activates glycogen phosphorylase, which degrades
glycogen (slide 8.4.1).

The major difference between allosteric regulation on the one hand and protein
phosphorylation on the other is in the duration; an allosteric effector will dissociate
as soon as its concentration drops, whereas phosphorylation will remain in effect
until it is reversed by a specific protein phosphatase. Another, less obvious difference
is that phosphorylation can apply to multiple sites in one protein. For example, in
endothelial nitric oxide synthase (see slide 9.3.5), phosphorylation of alternate sites
causes either activation or inhibition, respectively; this is managed by separate, site-
specific protein kinases. In contrast, multiple and strictly alternate sites are not
feasible with non-covalently binding allosteric effectors.

D 26 Enzymes may be regulated by allosteric effectors and through phosphorylation. Discuss
the similarities and differences between both regulatory mechanisms.

2.5.6 Oligomeric enzymes behave cooperatively
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While allosteric control is in principle feasible with both monomeric and oligomeric
enzyme molecules, almost all allosteric enzymes are indeed oligomeric proteins. Phos-
phofructokinase is a dimer; this is not uncommon, but often the number of subunits
is considerably larger. Oligomeric enzymes usually respond cooperatively to effector
binding, which means that all subunits change conformation simultaneously. This
enables the enzymes to react more sensitively to small changes in effector concentra-
tion. Cooperative responses may be observed not only with allosteric effectors but
also with substrates.

This slide illustrates theoretical dose-response curves for monomeric, dimeric
and tetrameric enzymes. Each subunit is assumed to bind the ligand with the same
affinity; the differences in curve shape arise from cooperativity alone. Note, however,
that cooperativity may be partial, which means that oligomer subunits retain a degree
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of independence. Partial cooperativity results in experimental dose-response curves
that are not as steep as theoretically possible.

2.5.7 Substrate cycles can amplify molecular regulation mechanisms
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Cooperativity is one device for increasing the sensitivity of metabolic flux to regula-
tion; substrate cycles are another. This is illustrated here for activation, but it applies
similarly to inhibitory effectors as well. Let’s consider a simple, hypothetical pathway
A —> B — C (panel a). The rate is limited by the first reaction (A — B), so that
the basal throughput of both reactions is the same; we may assume that this flow
rate equals 1. If we apply an effector E that doubles the rate of the forward reaction
A — B, the subsequent reaction B — C will be accelerated by the same factor, since
we assumed the first reaction to be rate-limiting.

We can achieve the same basal throughput for B— C as in (a) using a substrate
cycle between A and B, in which one enzyme converts A to B with a flow rate of 2,
and a second enzyme converts B back to A with a rate of 1 (panel b). If we now
add the same effector as in (a) and accordingly double the flow rate A — B, we
obtain a flow rate of 4 from A to B. Diminished by the unchanged flow B — A,
the resulting net flow rate for B — C becomes 3. The substrate cycle therefore
amplifies the increase in metabolic flux in response to the same regulatory effect of
E. This regulatory mechanism can be made even more effective by subjecting the step
B — C to inhibition by E; such a pattern is observed for example with the substrate
cycle formed by phosphofructokinase and fructose-1,6-bisphosphatase (slide 7.5.3).

Substrate cycles occur in several places in metabolism; we will see some exam-
ples in sections 6.10 and 7.5. In order to crank such a cycle, some energy must be
expended—for example, the forward reaction may hydrolyze ATP, while the reverse
reaction does not regenerate it. This energy expenditure becomes the net effect of
the cycle, and for this reason substrate cycles are also referred to as futile cycles. The
energy is simply dissipated as heat, which to a degree may be useful, particularly in

warm-blooded animals; however, the throughput of such cycles must always be kept
in check in order to avoid excessive energy wastage.

C C C
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2.5.8 Regulation of enzyme molecule abundance

« transcriptional induction
» accelerated mRNA degradation

« ubiquitin ligation, followed by proteolytic degradation

While all of the mechanisms discussed above reversibly modulate the activity of ex-
isting enzyme molecules, an enzyme’s activity may also be varied by changing its
abundance in the cell. Firstly, the transcription of the gene encoding the enzyme can
be turned on or off. This mechanism is employed by many hormones, for example thy-
roid hormones or cortisol and other steroid hormones. Similarly, the stability of the
messenger RNA encoding the enzyme can be up- or downregulated by RNA-binding
proteins and other mechanisms [2], with the corresponding effects on the abundance
of the enzyme molecules.

Enzyme molecules can also be tagged with a small protein named ubiquitin, which
marks the protein for proteolytic degradation within the proteasomes. Hormones may
affect the activity of an enzyme through more than one of these mechanisms. For
example, insulin increases the activity of glycogen synthase by way of transcriptional
induction, increasing mRNA stability, and inhibition of protein phosphorylation.

In the following chapters, we will discuss the details of regulation only with
some selected enzymes. Nevertheless, please keep in mind that virtually all enzyme
molecules are subject to one or more regulatory mechanisms. The importance of these
molecular control mechanisms in the regulation of metabolism as a whole cannot be
overstated.

2.6 Answers to practice questions

Question 2.1: The catalytic triad is found in the active sites of esterases and peptidases.
It comprises the side chains of three amino acid residues, namely, aspartate, histidine, and
serine. In the catalytic mechanism, aspartate and histidine cooperate to deprotonate the
hydroxyl group of serine, which thus becomes the nucleophile that cleaves the substrate’s
ester or amide bond through attack on its carbonyl group.

Question 2.2: Most likely because someone on the Enzyme Commission was fond of a good
drink and had a sense of humor.

Question 2.3: AG measures the difference in free energy between the substrate and the
product of a reaction and thus determines its equilibrium. AG* measures the difference in
free energy between the substrate and the transition state of the reaction and determines its
rate. An enzyme that catalyzes the reaction will lower AG* but not affect AG; it will increase
the rate, but not change the equilibrium of the reaction.

Question 2.4: The terminal phosphate of ATP is transferred to the side chain carboxyl group
of glutamate. This produces a mixed anhydride, from which ionic phosphate is released after
substitution by free ammonia.
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Question 2.5: The three metabolites are at equilibrium, which is mediated by adenylate
kinase. This enzyme reversibly converts two molecules of ADP to ATP plus AMP. AMP rises
more sharply than ADP when ATP levels decline.

Question 2.6: Allosteric effectors bind non-covalently, whereas phosphorylation is a covalent
modification. Like allosteric effectors, regulatory phosphate groups are typically bound at a
location other than the active site, and both affect enzyme activity through conformational
changes that are transmitted to the active site. In both cases, it depends on the enzyme
molecule itself whether the regulatory effect consists in activation or inhibition.



Chapter 3

Glycolysis

3.1 Overview of glucose metabolism

Pathway Function

glycolysis, citric acid cycle, complete degradation of glucose for ATP
respiratory chain production

hexose monophosphate degradation of glucose for regeneration of
shunt NADPH

glycogen synthesis and short-term glucose storage

degradation

gluconeogenesis synthesis of glucose from amino acids, lac-

tate, or acetone

Glucose is a key metabolite in human metabolism, and we will spend a good bit of
time on the various pathways that are concerned with the utilization, storage, and
regeneration of glucose. The first step in the degradation of glucose is glycolysis,
which breaks down glucose to pyruvate. The main purpose of glycolysis is the genera-
tion of energy (ATP). A modest amount of ATP is produced in glycolysis directly, but
much more ATP is formed downstream of glycolysis through the complete oxidation
of pyruvate.

An alternative pathway for complete glucose breakdown is the hexose monophos-
phate shunt, which produces NADPH rather than ATP. Both ATP and NADPH are
needed in every cell, and accordingly both glycolysis and the hexose monophosphate
shunt are ubiquitous.

30
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Glycogen is a polymeric storage form of glucose, not unlike starch, which is found
in plants. Glycogen is most abundant in the liver and in striated muscle,! although
some is found in other tissues also. Glycogen is synthesized when glucose supply
is high, and its degradation helps to maintain the blood glucose level when we are
fasting. When glycogen is depleted, more glucose is synthesized from scratch in
gluconeogenesis. This pathway’s most important substrates are amino acids, which
are obtained either from a protein-rich diet—for example, when we feast on meat
exclusively—or, during starvation, from breakdown of cellular protein, mainly in
skeletal muscle. Gluconeogenesis occurs in the liver and in the kidneys.

3.1.1 The place of glycolysis in glucose degradation

glycolysis

glucose pyruvate
triacylglycerol
pyruvate \_’
dehydrogenase CO,
acetyl-CoA fatty acids
citric acid cycle \» CO,
“H,"
0, ADP + P,

respiratory chain

ATP
H,0
mitochondrion

As noted above, glycolysis is only the first stage of glucose degradation. Under aerobic
conditions, most of the pyruvate formed in glycolysis undergoes complete oxidative
degradation to CO» and H>O.

Pyruvate destined for complete degradation is transported to the mitochondria,
where it is decarboxylated to acetyl-CoA by pyruvate dehydrogenase. Acetyl-CoA is
completely degraded in the citric acid cycle (or tricarboxylic acid cycle; TCA cycle for
short). The “H»” that is produced here is not gaseous but bound to cosubstrates, as
NADH + H" and FADHp, respectively. It is subsequently oxidized in the respiratory
chain; it is in this final stage of glucose breakdown that most of the ATP is actually
produced.

If glucose is available in excess of immediate needs and glycogen is already
stocked up to capacity, it will still be broken down by glycolysis and pyruvate de-
hydrogenase to acetyl-CoA. However, acetyl-CoA will then not be oxidized, but it will

IStriated muscle comprises skeletal muscle and heart muscle. The second major type of muscle
tissue is smooth muscle, which occurs in blood vessels and internal organs and is under control by the
autonomic nervous system.
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instead be used for fatty acid synthesis; the fatty acids are converted to triacylglycerol.
Fatty acid synthesis occurs in the cytosol of cells in the liver and fat tissue.

We will now consider all these pathways in their turn, starting in this chapter with
glycolysis.

D 3.1 Name the pathways involved in glucose utilization and summarize their functions.

3.1.2 Alternate structures of D-glucose

CH,OH CH,OH CH,OH
o} OH o OH
OH _ OH —0 _ OH
HO OH HO HO
OH OH OH
«-D-Glucose Aldehyde form B-D-Glucose

Glucose occurs in & and S ring forms that are anomeric at the C1 carbon (highlighted).
In the presence of water, one form can reversibly change into the other via an open-
chain aldehyde form. Polymers of glucose contain either the « or the B ring form.
Within most of these polymers, the C1 hydroxyl groups participate in glycosidic bonds,
which prevents ring opening, and therefore the spontaneous transitions between the
anomeric forms cannot occur. Starch and glycogen consist of x-D-glucose and yield it
during degradation, and this form is also the first substrate in glycolysis.

3.2 Reactions in glycolysis

Glycolysis involves ten enzymatic reactions, as follows:

1. The phosphorylation of glucose at position 6 by hexokinase,

2. the conversion of glucose-6-phosphate to fructose-6-phosphate by phosphohex-
ose isomerase,

3. the phosphorylation of fructose-6-phosphate to the 1,6-bisphosphate by phospho-
fructokinase,

4. the cleavage of fructose-1,6-bisphosphate by aldolase. This yields two different
products, dihydroxyacetone phosphate and glyceraldehyde-3-phosphate,?

5. the isomerization of dihydroxyacetone phosphate to a second molecule of glycer-
aldehyde-3-phosphate by triose phosphate isomerase,

6. the dehydrogenation and concomitant phosphorylation of glyceraldehyde-3-phos-
phate to 1,3-bis-phosphoglycerate by glyceraldehyde-3-phosphate dehydrogenase,

7. the transfer of the 1-phosphate group from 1,3-bis-phosphoglycerate to ADP by
phosphoglycerate kinase, which yields ATP and 3-phosphoglycerate,

8. the isomerization of 3-phosphoglycerate to 2-phosphoglycerate by phosphoglyc-
erate mutase,

2Aldolase is sometimes referred to as aldolase A, in order to distinguish it from aldolase B, which
occurs in fructose degradation (see slide 4.2.1)
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9. the dehydration of 2-phosphoglycerate to phosphoenolpyruvate by enolase, and
finally
10. the transfer of the phosphate group from phosphoenolpyruvate to ADP by pyru-
vate kinase, to yield a second molecule of ATP.

Most of the pyruvate produced in step 10 undergoes oxidative degradation in
the mitochondria. The 11" reaction, catalyzed by lactate dehydrogenase, mostly
occurs under anaerobic conditions (see section 3.4), or in those cells that have no
mitochondria and therefore lack the ability to oxidatively degrade pyruvate altogether.
The latter applies to red blood cells and thrombocytes. Lymphocytes, which do have
mitochondria, apparently rely largely on anaerobic glycolysis as well.

Most, but not all reactions in glycolysis are reversible; this is indicated in the slide
by double and single arrows, respectively. Because it contains several irreversible
reactions, the pathway as a whole is also irreversible. However, as discussed in chapter
7, alternate routes exist that bypass the irreversible reactions and allow glucose to be
synthesized from pyruvate.

D 3.2  Name the metabolites and enzymes in glycolysis.

3.3 Mechanisms of enzyme catalysis in glycolysis

Metabolic reactions are catalyzed by enzymes. Enzymes are not magicians but sophis-
ticated catalysts, and their chemical mechanisms are often understood quite well, at
least in principle. We will now look at the catalytic mechanisms of several enzymes
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from glycolysis. Some of these mechanisms will recur in similar form in enzymes
from other pathways.

Our first example is hexokinase, which carries out the first reaction in the gly-
colytic pathway. The kind of reaction that it carries out—the transfer of the terminal
phosphate group from ATP onto a hydroxyl group on the substrate—is very common
in biochemistry, and we will see more examples in these notes. Since the mechanism
of phosphorylation is always the same, it suffices to discuss it once.

3.3.1 The phosphate groups in ATP are shielded from nucleophilic attack

NH»
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OH OH

Most reactions that involve the transfer of a phosphate group from ATP to something
else are exergonic, that is, they are energetically favorable. For example, the hydrolysis
of ATP—that is, the transfer of the phosphate group to water—has a free energy of
-35 kl/mol. It is interesting to note then that ATP is nevertheless quite stable in solution,
which means that there must be a high activation energy barrier that resists hydrolysis
of the phosphate anhydride bond.

This energy barrier is imposed by the negative charges at the outer sphere of the
triphosphate group that shield the phosphorus atoms in the center from nucleophiles
which are also negatively charged. Accordingly, to lower this barrier, kinases pro-
vide compensating positive charges within their active sites that engage the negative
charges on the ATP molecule and thereby clear the way for nucleophilic attack on the
phosphorus.

3.3.2 The catalytic mechanism of hexokinase

In hexokinase, the negative charges of the phosphate groups are shielded by magne-
sium ions and by positively charged amino acid side chains in the active site. This
facilitates nucleophilic attack by and phosphate group transfer to the substrate.

The charge shielding mechanism solves one problem, but another one remains,
namely, how to limit the reaction to the right nucleophile. After all, the most abundant
nucleophile in the cell is water, which should make hydrolysis the most likely outcome
of ATP activation. This problem is addressed in the next slide.
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3.3.3 Hexokinase envelopes its substrates to prevent ATP hydrolysis

After binding of its substrate glucose (yellow and red) and its cosubstrate ATP (not
shown), hexokinase adopts a closed conformation, in which substrate and cosubstrate
are buried within the enzyme, and water is excluded from the active site and from
the reaction (left). The magnified view on the right shows the C6 oxygen of glucose
peeking out of the enzyme’s active site; ATP would occupy the cavity above. (The

structures were rendered from 3b8a.pdb.)

H,C~OH
(6]
Glucose OH
HO OH
OH

If the enzyme is given xylose instead of glucose, one water molecule can squeeze into
the active site along with the sugar. This water molecule assumes the place of the C6
hydroxymethyl group of glucose, and it will be activated by hexokinase to react with

ATP, which will result in ATP hydrolysis.

QD 3.3  Explain the catalytic mechanism of hexokinase.


http://www.rcsb.org/pdb/explore/explore.do?structureId=3b8a
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3.3.4 Phosphohexose isomerase performs acid-base catalysis
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Phosphohexose isomerase provides an excellent example of acid-base catalysis, which
involves the reversible protonation and deprotonation of the substrate. The sub-
strate’s hemiacetal bond is opened by the concerted action of a protonated histidine
and of a hydroxide ion, which at the outset is bound to a lysine residue. Then, a
glutamate residue abstracts a proton from C2 and donates it back to C1, which causes
the C=0 double bond to migrate from C1 to C2.

Not shown in the picture are several auxiliary charged residues in the active site,
which form ion pairs with charges that develop transiently on the substrate, and
thereby stabilize the transition state. Closure of the hemiacetal bond in fructose-6-
phosphate, which concludes the reaction, is analogous to the initial ring opening and
involves the same catalytic amino acid residues [3].

3.3.5 Glyceraldehyde-3-phosphate dehydrogenase carries out covalent catalysis

‘ ‘ ‘ aNAD
Cys Cys
! LAY T A
e S 0—H“ IB
> . N i
—H R
N
{ Vi
N
His C\ c
S S
it i NADH
70 I O o
|
H \}O—P—O* \f\ I
. (\)7 — R ~—e0—P—0"

Glyceraldehyde-3-phosphate dehydrogenase provides a straightforward example of
covalent catalysis. This reaction mechanism is very common in dehydrogenation



3.3 Mechanisms of enzyme catalysis in glycolysis 37

reactions, for example in the citric acid cycle and in the S-oxidation of fatty acids. The
reaction goes through the following steps:

1. A cysteine in the enzyme’s active site is deprotonated by an auxiliary histidine to
a thiolate anion (-S7).

2. Glyceraldehyde-3-phosphate (shown as R(=0)-H) binds to the active site, and
the thiolate performs a nucleophilic attack on its aldehyde carbon. This yields a
tetrahedral intermediate state, in which the substrate becomes bound covalently
to the enzyme—hence the term “covalent catalysis”.

3. The covalent intermediate gives up two electrons and two protons to NAD* and
the enzyme, which yields NADH and converts the substrate to a thioester. NADH
leaves.

4. The thioester is cleaved by a phosphate ion, again through nucleophilic attack.
The product (1,3-bisphosphoglycerate) leaves, and the enzyme is restored to its
original state.

The redox cosubstrate used by glyceraldehyde-3-phosphate dehydrogenase, nico-
tinamide adenine dinucleotide (NAD™), also accepts most of the hydrogen that accrues
in the degradative pathways downstream of glycolysis. Its structure and the details
of its reduction by hydrogen are shown in slide 3.3.6.

QD 3.4 Summarize the catalytic mechanisms of phosphohexose isomerase and of glyceralde-
hyde-3-phosphate dehydrogenase.

3.3.6 Structure and redox chemistry of NAD* and NADP*
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The panel on the left shows the structure of NAD" and NADP?; the redox-active
nicotinamide moiety is highlighted. The panel on the right shows the reduction of
this moiety by glyceraldehyde-3-dehydrogenase. The electrons and the hydrogen are
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transferred from the substrate to the C4 of the nicotinamide. The electrons then
redistribute within the ring.

As you can see, NAD" and NADP" differ solely by the absence or presence of a
phosphate group at the lower ribose ring, which has absolutely nothing to do with
the actual redox chemistry. Why, then, is it there at all? It simply serves as a tag that
allows NAD* and NADP* to interact with separate sets of enzymes. The significance
of this duality is discussed in a later chapter (see slide 9.3.1).

3.3.7 Pyruvate Kinase
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The mechanism of pyruvate kinase is similar to that of hexokinase—except that the
reaction proceeds the other way, producing ATP rather than consuming it. Yet, both
reactions are irreversible. How can this be?

In the hexokinase reaction, the terminal phosphate of ATP is converted from an
anhydride to a phosphoester, which is inherently lower in energy; this makes the
reaction exergonic and irreversible. The same also applies to phosphofructokinase
and to most other phosphorylation reactions. However, the pyruvate kinase is a
special case. Its intermediate product, which occurs immediately after transfer of
the phosphate group from phosphoenolpyruvate to ADP, is enolpyruvate. Removal
of the phosphate group allows the enol group to rearrange itself into a keto group.
This second step of the reaction is sufficiently exergonic to offset the energetic cost
of converting the phosphoester to the anhydride, and it thus pushes the overall
equilibrium of the reaction towards ATP formation.

D 3.5 Explain why the reactions catalyzed by hexokinase and pyruvate kinase are both irre-
versible, but proceed in opposite directions.

3.3.8 Energy-rich functional groups in substrates of glycolysis

« the enolphosphate in PEP
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« the carboxyphosphate in 1,3-bisphosphoglycerate
« the thioester in the active site of glyceraldehyde-3-dehydrogenase

As you know, the most abundant and important energy-rich metabolite in the cell is
ATP. Within this molecule, the energy is stored in the energy-rich phosphate anhydride
bonds. Cleavage of these bonds is exergonic, and the energy released by cleavage
drives the various reactions and processes powered by ATP. Conversely, in creating
ATP from ADP, we require energy to form a new phosphate anhydride bond. We just
saw how this energy is derived from phosphoenolpyruvate, and we thus may say that
the enolphosphate group is another energy-rich group.

The first ATP in glycolysis is formed by cleavage of the carboxyphosphate mixed
anhydride in 1,3-bisphosphoglycerate, and we may thus infer that such mixed an-
hydrides are energy-rich groups, too. The same functional group also occurs in
acetylphosphate and in succinylphosphate, and both of these are capable as well
to drive the formation of phosphate anhydride bonds in ATP or GTP.

In slide 3.3.5, we saw that the carboxyphosphate was formed from ionic phosphate
and a thioester bond. Since the free phosphate ion is low in energy, it follows that the
energy that went into the mixed anhydride came from the thioester. This means that
thioesters are energy-rich groups as well.

3.4 Glycolysis under aerobic and anaerobic conditions

As we will see in subsequent chapters, the complete oxidative (aerobic) degradation of
each glucose molecule yields approximately 30 molecules of ATP. How much of this
accrues in glycolysis?

The initial phosphorylation reactions (steps 1 and 3 in slide 3.2) expend two
molecules of ATP. One molecule of ATP each is obtained in steps 7 and 10. Since all
of the steps from 6 to 11 occur twice per molecule of glucose, the net balance is a
gain of two moles of ATP per mole of glucose—a very modest contribution to the final
tally. Still, glycolysis is a viable source of ATP, and it is the major one that operates in
our tissues under anaerobic conditions, that is, while oxygen is in short supply. This
concerns mostly skeletal muscle during maximal exercise, such as a 100 meter dash.
As noted above, erythrocytes and some other cell types rely on anaerobic glycolysis
even under aerobic conditions.

3.4.1 Regeneration of cytosolic NAD" under aerobic conditions

The glyceraldehyde-3-phosphate dehydrogenase reaction (step 6 in slide 3.2) reduces
one equivalent of NAD* to NADH. The concentration of NAD* in the cytosol is not
high (less than 1 mM), and it must therefore be regenerated from NADH in order
for glycolysis to continue. Under aerobic conditions, the hydrogen is transferred
from NADH to one of several carriers that deliver it to the respiratory chain in the
mitochondria, and ultimately to oxygen. These shuttle mechanisms are discussed in
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detail in section 6.9. Under anaerobic conditions, this is impossible; therefore, other
means for hydrogen disposal are required.

Glyceraldehyde—S—@ \ 1,3—Bis—®—glycerate
NAD* NADH + H*
Carrier-H» Carrier

1/2 0, k j H,0 | Mitochondrion

3.4.2 Under anaerobic conditions, NAD" is regenerated by lactate dehydrogenase

In human metabolism, pyruvate serves as a makeshift hydrogen acceptor under anaer-
obic conditions; it is reduced to lactate by lactate dehydrogenase (step 11 in slide
3.2). The lactate is released into the bloodstream, where it accumulates; it is removed
and recycled after restoration of oxygen supply. The muscle pain caused by lactate
accumulation forces us to discontinue anaerobic exercise after a short while.?

Glyceraldehyde-3-(P) /\ 1,3-Bis-(P)-glycerate

NAD* NADH + H* l
(‘ZOO’ \ / COO~ /
H OH }:o
CH3 CHs
Lactate Pyruvate

3.4.3 Ethanolic fermentation in yeast serves a dual purpose

Anaerobic glycolysis also occurs in many microbes, which also face the need to reox-
idize NADH. Without the option of reverting to oxidative metabolism within a short
time span, they must also deal with the continued accumulation of acid. The yeast
Saccharomyces cerevisiae solves this problem through ethanolic fermentation: The
acid is converted to a neutral and considerably less toxic compound (ethanol) via

3Measurement of the blood lactate concentration is performed in sports medicine to gauge the
capacity of a trained athlete to sustain aerobic rather than anaerobic metabolism during prolonged
exertion. The anatomical correlate of endurance is not so much the quantity of muscle tissue but
the extent of its vascularization, that is, the abundance of capillaries in the tissue. A high density of
capillaries ensures good oxygen supply.
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decarboxylation. The CO; developed in this reaction makes bread dough rise up,
whereas the ethanol does the same to government tax revenue.*

X 36 Explain how the NADH that accumulates in the glyceraldehyde-3-dehydrogenase reaction
is oxidized under anaerobic conditions in humans and in baker’s yeast.

Glyceraldehyde-3-(P) /\ 1,3-Bis-(P)-glycerate

NAD* NADH + H* l

\ / CO0~ /
HZF*OH H(‘::O }:O
CH3 CHs3 ; CHs3

Ethanol Acetaldehyde CO, Pyruvate

3.5 Transport and utilization of glucose in the liver and in other organs

As was noted in slide 1.6.13, uptake of glucose from the blood occurs by facilitated
diffusion and is mediated by GLUT transporters. These occur in several sub-types
whose properties are tuned to the physiological roles of different organs.

3.5.1 Kinetics of glucose transport by facilitated diffusion

0

fast slow fast

WL TV
0

A typical carrier for passive substrate transport alternates between two conformations
that are open to either side of the membrane. On both sides of the membrane, the
substrate reversibly binds to the carrier protein; binding and dissociation are governed
by mass action kinetics. Transport occurs when the protein changes from the outward-
facing to the inward-facing conformation, or vice versa, while a substrate molecule is
bound to it.

The sequence of events in passive transport resembles the pattern of Michaelis-
Menten enzyme kinetics—in both cases, a solute binds reversibly to a protein, which
then performs some state-altering action on it. Accordingly, the velocity of transport
by facilitated diffusion follows the familiar Michaelis-Menten law:

4The English name of this organism is baker’s yeast, but the literal translation of the scientific name
would be “sugar fungus of the beer”.
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N
Vtransport = Vmax % (3.1)

where Ky is the Michaelis constant, [S] is the substrate concentration, Viransport is the
rate of transport, and Vi is the maximum rate of transport. This rate is reached at
high substrate concentrations, that is, when [S] > Ky;.

Vax is proportional to the number of carrier molecules. In many tissues, the
number of glucose transporters varies depending on insulin levels. In this way, insulin
controls the rate of glucose uptake into cells in these tissues (see slide 13.2.16).

3.5.2 GLUT transporters in different tissues vary in their affinity for glucose
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At lower substrate concentrations, the rate of transport becomes dependent on Ky,
which is inversely related to the affinity of the transporter for the substrate. From
equation 3.1, it can be seen that Viransport Will be equal to 1/2Vimax when the glucose
concentration equals Ky; therefore, the smaller Ky, the more effective the uptake of
glucose will be at low concentrations.

The lowest Ky—or in other words, the highest glucose affinity—occurs with the
GLUT3 transporter subtype, which is found in the brain. Given that normal plasma
glucose levels are between 4 and 7 mM, the brain will extract glucose efficiently at
both high and low glucose levels. In organs with GLUT subtypes of lower affinity, the
rate of uptake drops more significantly as glucose becomes depleted. The decrease in
transport efficiency is most pronounced with the GLUT2 transporter, which occurs in
the liver.

3.5.3 Reaction velocities of hexokinase and glucokinase

Organ-specific variation of glucose affinity is also observed at the stage of glucose
phosphorylation. The liver has a special enzyme called glucokinase, which performs
the same reaction as does hexokinase but differs from the latter by a higher Ky value.’

>Glucokinase also binds glucose cooperatively, as is evident from the slightly sigmoidal shape of
the graph. Interestingly, glucokinase is a monomer; apart from the active site, it also has a regulatory,
allosteric glucose binding site [4].
More detailed analysis shows that there are more than two variants of glucose-6-kinase activity, and
that organs may express more than one variant.
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Accordingly, in the liver, phosphorylation will proceed more slowly when the level of
blood glucose is low, and most of the glucose will be allowed to pass through the liver
and make its way into the general circulation. In contrast, at high concentration, the
liver will extract a greater share of the available glucose and convert it to glycogen
or fatty acids. The kinetic properties of both glucose transport and phosphorylation
therefore support the regulatory function of the liver in blood glucose metabolism.

At this point, we must note that the intrinsic kinetic properties of transporter
and enzyme molecules are but one piece in the puzzle of glucose regulation. Insulin
and several other hormones control the expression, distribution and activity of trans-
porters and enzymes. Hormonal regulation is essential for proper coordination of
glucose utilization, as is evident from its severe disturbances in diabetes mellitus and
other endocrine diseases (see chapters 13 and 14).

The graphs in this slide and the previous one were plotted using parameters
tabulated in references [5-7].

Q 3.7 Explain how glucose uptake and utilization is prioritized between different tissues.

3.6 Answers to practice questions

Question 3.1: See table in slide 3.1.
Question 3.2: See the list in section 3.2.

Question 3.3: Within the active site of hexokinase, the negative charges on the ATP molecule
are shielded by magnesium and cationic amino acid residues, which facilitates nucleophilic
attack by the hydroxyl group of glucose on the terminal phosphate of ATP. Hydrolysis of the
activated ATP is prevented by exclusion of water from the active site.

Question 3.4: Phosphohexose isomerase uses acid-base catalysis to open the pyranose ring
of glucose-6-phosphate, then shift the carbonyl group from the first to the second carbon
to produce fructose-6-phosphate, and finally close the furanose ring of the product. Glycer-
aldehyde-3-phosphate dehydrogenase uses covalent catalysis to transfer hydrogen from its
substrate to NAD* and then phosphorylate the remainder of the substrate to 1,3-bis-phospho-
glycerate.

Question 3.5: Like most other kinases, hexokinase catalyzes an exergonic phosphate transfer
from ATP to its substrate. Pyruvate kinase, in contrast, is able to transfer phosphate in
the opposite direction because this enables the product to undergo a strongly exergonic
tautomerization from its enol to the keto form.
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Question 3.6: Humans reoxidize NADH by reducing pyruvate to lactate. Baker’s yeast first
decarboxylates pyruvate to acetaldehyde, which it then reduces to ethanol. NADH is reoxidized
in the second reaction.

Question 3.7: Organs with high priority, in particular the brain, have GLUT transporters and
hexokinase isozymes with high affinity, which will work near maximum speed at both low
and high concentrations. In contrast, organs with low priority, particularly the liver, express
transporters and hexokinase isozymes (glucokinase) that have relatively high Ky values and
therefore lose activity at low glucose concentrations. Glucose utilization is also affected by
insulin, which is necessary for glucose uptake in many tissues (this applies in particular to
muscle and fat tissue, see slide 13.2.15).



Chapter 4

Catabolism of sugars other than glucose

4.1 Dietary sugars other than glucose

Trivial name Composition Source

lactose (milk sugar) disaccharide of glucose milk
and galactose

sucrose disaccharide of glucose sugar cane, sugar

and fructose beet, other fruits
fructose monosaccharide various fruits
sorbitol sugar alcohol fruits; semisynthetic
ribose, deoxyribose monosaccharides nucleic acids

Starch is the most abundant carbohydrate in our diet, which makes glucose the most
important dietary monosaccharide. However, our diet contains several other sugars
in significant amounts. The guiding motif in the metabolism of these sugars is econ-
omy: instead of completely separate degradative pathways, there are short adapter
pathways which merge into the main pathway of carbohydrate degradation, that is,
glycolysis.

Lactose and sucrose are disaccharides. Degradation of both sugars begins with
hydrolytic cleavage, which releases glucose and galactose or glucose and fructose,
respectively. Fructose is also found in the diet as a monosaccharide. We already
know how glucose is degraded, so we here only need to concern ourselves with the
remaining monosaccharides. The degradation of sorbitol will be discussed as well,
whereas ribose and deoxyribose will be covered in later chapters.

QD 4.1 Name the major dietary carbohydrates other than starch/glucose.

45
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4.2 Degradation of fructose and sucrose

CH,OH CH;0H CH,OH
o OH o) )
HO OH HO
CH,OH HO (0] CH,OH
OH OH OH
fructose x-D-glucosyl-(1,2)-B-D-fructoside (sucrose)

Sucrose is produced from sugar cane and sugar beet, which contain it in high con-
centrations (15-20%). In a typical Western diet, it may amount to as much as 20% of
the total carbohydrate intake. Sucrose consists of glucose and fructose joined by a
B-glycosidic bond between the carbon 1 of glucose and carbon 2 of fructose.

The hydrolytic cleavage of sucrose, like that of of maltose, occurs at the surface of
the intestinal epithelial cells. The enzyme responsible is S-fructosidase, also named
sucrase. Both sugars are then taken up by specific transport: Glucose by the SGLT1
transporter, and fructose by the GLUT5 transporter, which is named after glucose but
actually transports fructose more effectively than glucose.

4.2.1 The fructolysis pathway

C‘)’ Dihydroxyacetone-(P)
o= P (o
o
CH,OH CH,OH -
CH,OH ATP 0**"*0
H O O
OH
Fructose Fructose-l-@
3
E 477—<§» EOH (0]
—P 0-
Glyceraldehyde Glyceraldehyde-3-®

Fructose degradation, also called fructolysis, runs mostly in the liver. In the first step,
fructose is phosphorylated by fructokinase (1), which uses ATP as a cosubstrate. This
yields fructose-1-phosphate. The latter is then cleaved by aldolase B (2). The products
of this reaction are dihydroxyacetone phosphate, which is already a metabolite in
glycolysis, and glyceraldehyde, which can enter glycolysis after phosphorylation by
glyceraldehyde kinase (4).

Glyceraldehyde can alternately be utilized by conversion to glycerol and then to
glycerol-1-phosphate. The latter is a substrate in the synthesis of triacylglycerol, that
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is, fat. Fructose and sucrose appear to promote obesity more strongly than equivalent
amounts of starch or glucose, and it has been suggested that its utilization via glycerol-
1-phosphate, with subsequent triacylglycerol synthesis, may be among the reasons.

4.2.2 Fructose intolerance

Fructokinase Aldolase B

Fructose TFructose—l—@ Glyceraldehyde
Dihydroxyacetone-@
ATP, ApP/
Glyceraldehyde-S-@
3-(P)-glycerate 1,3-Bis-(P)-glycerate
® &Y PG-kinase @ el

NADH+H* NAD*

Fructose intolerance is a hereditary disease caused by a homozygous defect in the
aldolase B gene. In this condition, fructose is still phosphorylated by fructokinase. The
resulting fructose-1-phosphate, however, cannot be processed further, and therefore
the phosphate tied up in it cannot be reclaimed. Since phosphate is required for
the regeneration of ATP from ADP, this means that ATP will be lacking, too, which
will sooner or later damage or even destroy the cell. Accordingly, the disease is
characterized by potentially severe liver failure.

Fructose, alone or in combination with glucose, has been used in the past in the
intravenous nutrition of intensive care patients; the perceived advantage of this treat-
ment was the insulin-independent utilization of fructose. However, large intravenous
dosages of fructose can significantly deplete liver ATP [8]; it appears that, under heavy
load, aldolase B is unable to keep up with fructose kinase. Fructose is no longer a
major component of intravenous nutrition schemes.

A defect in the gene encoding fructokinase leads to a condition named fructosemia
or fructosuria. As these names suggest, fructose levels are increased both in the
blood! and the urine. Since fructose is not phosphorylated, no phosphate depletion
occurs, and the liver cells do not incur any damage. The disease is therefore quite
benign.

Q 4.2 Explain how fructose is degraded, and the causation of fructose intolerance and of
fructosemia.

! Haima is the Greek word for blood; haematology or hematology is the medical discipline that deals
with diseases of the blood.
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4.3 Lactose and galactose

CH,0H
(6]
OH
CH,0H CH,0H
HO 1) OH HO o (6] OH
OH OH OH
OH OH
B-D-galactose B-D-galactosyl-(1 — 4)-D-glucoside (lactose)

Lactose, a disaccharide of glucose and galactose, is the major carbohydrate contained
in milk. Like maltose and sucrose, it is cleaved at the brush border of the small
intestine, and the monosaccharide fragments are absorbed and passed along to the
liver. The enzyme that accomplishes the cleavage is lactase or, more precisely, -
galactosidase.

4.3.1 The Leloir pathway for galactose utilization

Lactose Galactose
Lactase

Galactokinase

Glucose Galactose-1-(P) UDP-Glucose
Gal-l-@ uridyltransferase UDP-Gal epimerase
Glucose-6- Glucose-1+ UDP-Galactose
® Phosphogluco- @
mutase
Glycolysis

Galactose is utilized by conversion to glucose; this happens to a large extent in the
liver, but the pathway is active in other tissues as well. The sugar is first phosphory-
lated by galactokinase. The resulting galactose-1-phosphate undergoes an exchange
reaction with UDP-glucose, which is catalyzed by galactose-1-phosphate uridyltrans-
ferase and releases glucose-1-phosphate and UDP-galactose. Glucose-1-phosphate can
be converted by phosphoglucomutase to glucose-6-phosphate, which is the first inter-
mediate in glycolysis. UDP-galactose is converted to UDP-glucose by UDP-galactose
epimerase.

In this pathway, UDP-glucose and UDP-galactose fulfill catalytic roles but are not
subject to any net turnover, much like the intermediates in the citric acid cycle. It
might therefore be said that they form a tiny metabolic cycle between the two of them.
Also note that, save for the final epimerase reaction, the pathway is really just smoke
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and mirrors—performing the epimerization on galactose directly would accomplish
the same net effect, without being chemically more difficult in any way.?

QD 4.3 Summarize the Leloir pathway of galactose degradation.

4.3.2 Mechanism of UDP-galactose epimerase
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One unusual feature of UDP-galactose epimerase is its use of NAD* as a coenzyme,
rather than as a cosubstrate—that is, NAD* undergoes no net reduction or oxidation
in this case. Nevertheless, it functions here much in the same way as it does in other
enzyme reactions. The 4"-hydroxyl group of the sugar is transiently dehydrogenated
to a keto group, and in this step NAD* accepts the abstracted hydrogen. The substrate
is then rotated within the active site before the H; is transferred back to it, which
causes the 4’-OH group to now point the other way.

4.3.3 Lactose intolerance

A deficiency of the lactase enzyme in the small intestine gives rise to lactose intoler-
ance, which is found frequently in people of East Asian descent who are past their
infant age.

If lactose is not cleaved, it cannot be absorbed, so it travels down the drain from
the small to the large intestine. Many of the bacteria found there have the capacity
to metabolize lactose, which they will happily convert to acids and gas. For example,
Escherichia coli has a pathway called mixed acid fermentation. One of the products of

2Galactose is contained in the glycosyl moieties of many glycoproteins and glycolipids. The enzymes
and activated intermediates for the synthesis of galactose from glucose and for its incorporation into
glycosyl moieties are widespread among life forms. They predate the emergence of lactose secretion by
mammals, and evolution chose to reuse them for lactose utilization.
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this fermentation is formic acid (HCOOH), which is then cleaved by formic acid lyase
to H» and CO,. The decarboxylation of formic acid serves the same purpose as that
of pyruvate in ethanolic fermentation, namely, the removal of excess acidity resulting
from the fermentation (see slide 3.4.3).

Normal lactose assimilation Lactose intolerance

Lactose Lactose
e
i ; y 1l
Liver Glucose sma
o5 i intestine
+
Galactose Galactose
Lung —
Liver large
intestine

The aberrant fermentation and gas formation leads to abdominal discomfort and
diarrhea. Since the environment in the large intestine lacks oxygen, H» generated in
the bacterial fermentation is not oxidized but instead enters the system as such and
is mostly exhaled. An increase in exhaled hydrogen gas provoked by ingesting a test
dose of lactose can be used to diagnose the condition.

Treatment consists in omission of lactose in the diet. Milk can be pre-treated with
purified bacterial S-galactosidase, rendering it suitable for consumption by lactose-
intolerant individuals. Fermented milk products such as yogurt and cheese are de-
pleted of lactose by microbial fermentation and therefore do not pose a problem for
lactose-intolerant individuals.

D 44 Explain the pathogenesis of lactose intolerance.

4.3.4 Galactosemia

Three different enzyme deficiencies in the pathway are subsumed under the name
galactosemia, which means “galactose in the blood.” All of these are rare; type I is
the most common and most severe form. Here, the deficient enzyme is galactose-1-
phosphate uridyltransferase. This leads to a buildup of galactose-phosphate, but also
of several other metabolites. The disease becomes manifest in newborns with acute
liver failure and is deadly if not promptly diagnosed and treated. In many countries,
this enzyme defect is part of neonatal screening programs.
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Type Enzyme deficiency Accumulating metabolites
I galactose-1-phosphate- galactose, galactose-1-phosphate,
uridyltransferase galactitol, galactonate
I galactokinase galactose, galactitol

I UDP-galactose epimerase galactose-1 phosphate, UDP-
galactose

Therapy consists in the removal of galactose from the diet, but even so organ damage
develops, most commonly affecting the CNS and, in girls, the ovaries. The residual
pathology that develops in spite of the diet is ascribed to the endogenous synthesis
of galactose, which proceeds via UDP-glucose and UDP-galactose; the UDP-galactose
epimerase reaction is reversible.

For a long time, it was assumed that accumulation of galactose-1-phosphate and
phosphate depletion are responsible for cell and organ damage, which is analogous
to the pathogenic mechanism in fructose intolerance (see slide 4.2.2). However, this
assumption has been called into question by the results of animal experiments. When
galactose-1-uridyltransferase is genetically knocked out in mice, these develop a pro-
file of metabolite accumulation that closely resembles human patients, but they do
not display any of the pathology typically observed in humans [9]. What is more, some
rare human cases have been reported that show the usual biochemical manifestations,
but no clinical signs [10]. The quest for the true cause of the pathology affecting most
human patients continues [11, 12].

In the order of the pathway, type II galactosemia comes first, as it involves a defect
of galactokinase. In this case, galactose simply does not enter the Leloir pathway at
all; it builds up in the blood and is mostly eliminated in the urine. The liver will not
be adversely affected. However, there is a common complication elsewhere: the eyes
will develop cataract, that is, obfuscation of the lenses. This is due to the reduction of
galactose to galactitol in the cells of these organs by aldose reductase (see slide 4.4).

The rarest form of galactosemia is due to the defect of UDP-galactose epimerase.
The biochemical pattern is similar to type I, except that UDP-galactose also accumu-
lates, and as in type I, developmental delay seems to occur [13]. In this condition, both
the utilization and the synthesis of galactose are inhibited, and it appears necessary
to maintain a low level of dietary galactose to supply the synthesis of galactose-con-
taining glycolipids and glycoproteins.

Q 4.5 Describe and discuss type I galactosemia.

4.4 Sorbitol is an intermediate of the polyol pathway

Sorbitol is not strictly a sugar but rather a sugar alcohol, since it has no keto or
aldehyde group. It is normally a minor component of dietary carbohydrates, but it
is also prepared semisynthetically and used as a sweetener. In addition, it is formed
in our own metabolism from glucose in the polyol pathway, which then converts it
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further to fructose. Note the use of NADPH as a cosubstrate in the first step, and of
NAD" in the second. NADP exists mostly in the reduced state, while NAD is mostly
oxidized (see slide 9.3.1), which means that both drive the pathway in the indicated
direction.

OH OH
NADPH+H* NADH+H*
OH OH o
HO %’ HO 7‘4’ HO
OH NADP* OH NAD* OH
OH OH OH
OH aldose OH sorbitol OH
reductase dehydrogenase
glucose sorbitol fructose

The first enzyme, aldose reductase, is not specific for glucose but can also reduce
galactose, which gives rise to galactitol. As stated above, the elevated blood level of
galactose that occurs in galactosemia type II causes galactitol to accumulate in the
lenses; the same occurs with glucose and sorbitol in insufficiently treated diabetes
mellitus (see slide 14.5.7). Accumulation of either sorbitol or galactitol causes cataract;
this is ascribed to their osmotic activity, which causes cell damage through swelling.

Like the cells in the lens, nerve cells are able to take up glucose in an insulin-
independent fashion, and like cataract, nerve cell damage (diabetic polyneuropathy)
is a common long-term complication in diabetes. It appears plausible that sorbitol
accumulation might also be responsible for this nerve cell damage. Inhibitors of
aldose reductase have been developed and have shown promise in animal models of
both diabetes and galactosemia, but evidence of clinical effectiveness in humans is
scarce.

Conversion of glucose to fructose via the polyol pathway occurs in the seminal
vesicles, which are part of the male sexual organs, and fructose is found in the sperm
fluid. It supplies the sperm cells with fuel in their frantic quest for an oocyte; the
advantage of this somewhat unusual source of energy may be that fructose will not
be pilfered by the other tissues the sperm fluid will get into contact with.

Now, if sperm cells require fructose to sustain their motility, one might expect
that prevention of fructose synthesis with aldose reductase inhibitors would disrupt
male fertility and thus might provide the long-sought pill for males. However, I have
not seen any experimental studies on this subject.

4.5 Answers to practice questions

Question 4.1: See table in section 4.1.

Question 4.2: Fructose is degraded by fructokinase, which produces fructose-1-phosphate,
aldolase B, which produces dihydroxyacetone phosphate and glyceraldehyde, and glyceralde-
hyde kinase. Fructose intolerance is due to a homozygous enzyme defect in aldolase B, which
causes fructose-1-phosphate to accumulate and free phosphate to be depleted. Fructosemia
results from a defect of fructokinase and causes a buildup of free fructose in blood and urine.
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Question 4.3: Galactose undergoes phosphorylation to the 1-phosphate by galactokinase.
Galactose-1-phosphate is exchanged for glucose-1-phosphate by galactose-1-phosphate uridyl-
transferase, which uses UDP-glucose as its other substrate. Glucose-1-phosphate is converted
to the 6-phosphate by phosphoglucomutase, whereas UDP-galactose epimerase regenerates
UDP-glucose.

Question 4.4: Lactose intolerance results from a deficiency of intestinal lactase. Ingested
lactose cannot be cleaved and taken up in the small intestine and therefore reaches the large
intestine, where it is metabolized by bacteria. Changes in bacterial metabolism, including
increased gas formation, gives rise to abdominal discomfort and diarrhea.

Question 4.5: Type I galactosemia is caused by a defect of galactose-1-phosphate uridyl-
transferase. Metabolites upstream of the deficient enzyme accumulate, as do the aberrant
conversion products galactitol and galactonate. The disease causes potentially severe pathol-
ogy in the liver and other organs, but the biochemical mechanism of organ damage is not
precisely understood.



Chapter 5

Pyruvate dehydrogenase and the citric acid cycle

5.1 Overview

In the complete degradation of pyruvate, pyruvate dehydrogenase (PDH) and the citric
acid cycle perform the oxidation of all substrate carbon to CO,. The hydrogen is
retained in reduced form,; it is subsequently oxidized in the respiratory chain.

5.1.1 Pyruvate degradation occurs in the mitochondria

Pyruvate is produced by glycolysis in the cytosol, while PDH and all subsequent
degradative steps are located in the mitochondria. Therefore, pyruvate needs to be
transported from the cytosol to the mitochondrial matrix.

The outer mitochondrial membrane contains porins, which are membrane proteins
that form non-specific pores and allow free permeation of most small metabolites,
including pyruvate. In contrast, the inner mitochondrial membrane is much more
restrictive, and it is permeable to only those metabolites for which it contains spe-
cific carrier systems. The pyruvate carrier is an active transporter that co-transports
pyruvate and a proton.!

Red blood cells and blood platelets lack mitochondria and accordingly cannot
degrade pyruvate. These cells reduce pyruvate to lactate, which they then release into
the bloodstream (see slide 3.4.2).

D 5.1 Summarize the metabolite transport properties of the inner and outer mitochondrial
membranes.

! Alternatively, we might say that pyruvate is exchanged for an OH" ion; the net effect is virtually
the same.

54
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5.2 Structure and function of pyruvate dehydrogenase

Pyruvate dehydrogenase is a large and complex molecule with interesting structural,
catalytic and regulatory properties.

5.2.1 The PDH reaction occurs in three successive steps that are catalyzed by
three different subunits

HsC” o CoA-SH NAD*

The overall reaction catalyzed by PDH is as follows:
Pyruvate + CoA-SH + NAD* — CO; + acetyl-CoA + NADH + H*

This reaction does not occur all at once; instead, it is carried out as a sequence of
group transfers and redox steps by three different catalytic subunits. These subunits
are named according to the specific partial reactions they catalyze:



56 5 Pyruvate dehydrogenase and the citric acid cycle

1. pyruvate dehydrogenase? removes CO,

2. dihydrolipoyl transacetylase transfers the remainder of the substrate to coenzyme
A, and

3. dihydrolipoyl dehydrogenase transfers the H, that was retained in the preceding
steps to NAD™.

Instead of using these explicit names, we will here adopt a commonly used short-
hand notation and refer to them as E;, E», and E3, respectively.

5.2.2 The structural organization of the E. coli PDH complex

E» Ex +E; E> +E; +E3

Each pyruvate dehydrogenase complex contains multiple copies of each of the three
enzyme subunits. E; and E; are present in 24 copies each. The E. coli enzyme contains
12 copies of E3, as shown in this illustration, whereas 24 copies are found in the
mammalian enzyme. In addition, the complex also contains regulatory kinase and
phosphatase subunits (see slide 5.3.2).

Within this large assembly, each E; subunit is still located close to one or more
subunits of the E> and E3 types. The reaction intermediates thus need to travel only a
short distance from one active site to the next, which increases the overall catalytic
efficiency. Generally speaking, high substrate throughput is the key advantage of
multi-enzyme complexes over a series of individual enzymes.?

5.2.3 A lipoamide tether guides the substrate from one active site to the next

The catalytic efficiency of PDH is further increased by another neat trick: The interme-
diate substrates become covalently attached to lipoamide. This coenzyme is covalently
attached to E, but due to its long, flexible linker can reach into the active sites of
adjacent E; and E3 subunits as well. The lipoamide tether thus guides the substrate
from one active site to the next, preventing it from leaving until it has completed the
course.

2You will notice that the name “pyruvate dehydrogenase” is ambiguous, denoting both the entire
complex and the first subunit.

3The pyruvate dehydrogenase complex remains intact when purified from cell extracts. With some
other enzymes, there is evidence that they form functional complexes in vivo, even though they are
recovered after cell disruption and protein purification procedures as individual and functional molecu-
les. For example, malate dehydrogenase and citrate synthase may associate in vivo, so that oxaloacetate
may pass directly from one to the other [14]. Another intriguing example is the association of glycolytic
enzymes with the outer surface of the mitochondria [15].
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Q 5.2 Describe the structural organization of pyruvate dehydrogenase, and explain the role of
the covalently bound dihydrolipoyl moiety.

[0} NH

5.2.4 The pyruvate dehydrogenase reaction involves multiple coenzymes

Each of the subunits E;-E; requires a coenzyme to work its particular magic. In
addition, two cosubstrates are also used, namely, NAD" and coenzyme A.*

Coenzyme Subunit  Role in catalysis

thiamine pyrophos- E, provides a carbanion for nucleophilic
phate attack on the substrate

lipoamide E, transfers substrate to coenzyme A, re-

tains hydrogen

flavin adenine dinu- E;3 transfers H, from lipoamide to NAD*
cleotide (FAD)

5.2.5 Thiamine pyrophosphate forms a carbanion

The coenzyme thiamine pyrophosphate (TPP), which is derived from thiamine (vitamin
B1), is associated with the E; subunit of PDH. In cooperation with an aspartate residue
in the active site, TPP forms a carbanion, that is, a negative charge on a carbon
atom. The TPP carbanion is resonance-stabilized; an electron can move back and forth
between the carbanion and the neighboring cationic nitrogen.

Carbanions are very powerful nucleophiles, and the TPP carbanion functions as
such in the decarboxylation of pyruvate.

4Yes, strictly speaking, coenzyme A is a cosubstrate, since it is transformed from one state to
another in the reaction; a true coenzyme should emerge from the reaction unchanged, just like the
enzyme. As you can see, the distinction between coenzymes and cosubstrates is not strictly maintained
in the traditional nomenclature.
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5.2.6 Decarboxylation of pyruvate by E;

The TPP> carbanion attacks the keto group of pyruvate, which leads to a covalent
intermediate from which CO; is cleaved. This yields another carbanion, now located
within the hydroxyethyl group that is the remainder of the substrate. This new car-
banion, which is again resonance-stabilized by TPP, sets the stage for the next step in

the reaction.
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5.2.7 Release of acetyl-CoA and disposal of hydrogen

The plot continues from the previous slide at the top right. The carbanion on the hy-
droxyethyl group that is bound to the TPP inside E; now attacks the disulfide bond of
lipoamide. The entire substrate is then cleaved from TPP and carried off by lipoamide.
Its next stop is the active site of E», where it is transferred to coenzyme A and released
as acetyl-CoA. Lipoamide is reduced to dihydrolipoamide in the process; it is reox-
idized by E3, which transfers the hydrogen to NAD™, using FAD as an intermediate

carrier. This concludes the pyruvate dehydrogenase reaction.
Q 5.3  Give an overview of the three steps involved in the PDH reaction.

>Note that only the thiazole ring of TPP is shown in this slide; its second ring is represented by R;.
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5.3 Regulation of pyruvate dehydrogenase

We had seen earlier that enzymes may be regulated by allosteric control or through

phosphorylation (section 2.5). Pyruvate dehydrogenase exemplifies both mecha-
: 6

nisms.

5.3.1 Alternate metabolic destinations of pyruvate

1. Conversion to acetyl-CoA by PDH for complete degradation or for synthesis of
fatty acids and cholesterol

2. Carboxylation to oxaloacetate, for use in gluconeogenesis or in the citric acid cycle
3. Synthesis of amino acids, e.g. transamination to alanine

4. Reduction to lactate

Pyruvate is used in several different pathways. All these pathways, including PDH,
must be coordinated and regulated in order to achieve the proper flow rates along
each of them. In the case of pyruvate dehydrogenase, the flow rate is controlled by
several feedback and feed-forward mechanisms.

5.3.2 Regulation of PDH by allosteric effectors and by phosphorylation

Pyruvate dehydrogenase may be allosterically activated by fructose-1,6-bisphosphate
and is inhibited by NADH and acetyl-CoA.

Phosphorylation of PDH is mediated by a special regulatory enzyme, pyruvate
dehydrogenase kinase. This enzyme is part of the PDH multienzyme complex. Phos-
phorylation inactivates pyruvate dehydrogenase. The kinase is, in turn, subject to

6The same applies also to e.g. glycogen synthase and phosphorylase (see section 8.4).
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allosteric activation by NADH and acetyl-CoA, while it is inhibited by ADP, NAD* and
by free coenzyme A. Phosphorylation is reversed, and the activity of pyruvate dehydro-
genase restored by a protein phosphatase, which is also associated with the pyruvate
dehydrogenase complex.

—o0 Catalysis PDH-@ Ca™
—@ Activation l
— Inhibition kinase ————0 O—— phosphatase
PDH
in E. coli T T

|

Fructose-l,6-bis-® CoA-SH, NAD*, pyruvate —— > Acetyl-CoA, NADH
: A

All of the above regulatory effects make good physiological sense. NADH and acetyl-
CoA inhibit PDH, which means that the enzyme will slow down when its products
accumulate. Such feedback inhibition is a straightforward way to link the activity of a
pathway to the metabolic requirements it serves. On the other hand, pyruvate, NAD*
and, in bacteria,” fructose-1,6-bisphosphate apply feed-forward activation—as more
substrate arrives, the PDH reaction should gather speed.

One more interesting detail is that the PDH phosphatase is activated by calcium
ions. Calcium ions also trigger the contraction of muscle cells. Concomitant acti-
vation of PDH anticipates the need to replace the ATP that will be consumed in the
contraction.

D 54 Summarize the regulation of pyruvate dehydrogenase.

5.4 The citric acid cycle

Most of the carbon that accrues in carbohydrate degradation is converted by PDH
to acetyl-CoA. The latter metabolite is also formed, by different enzymes, in the
degradation of fatty acids and of ketogenic amino acids, and it therefore is a central
hub in energy metabolism. The next step toward complete oxidation is the citric acid
cycle, also referred to as the Krebs cycle or the tricarboxylic acid cycle (TCA cycle for
short).

The basic idea of the TCA cycle consists in releasing the substrate carbon as CO»,
while retaining the substrate hydrogen for “cold combustion” in the respiratory chain.
However, a closer look reveals that something is missing from this description.

“Karin Borges pointed out to me that there seems to be no published evidence of PDH activation
by fructose-1,6-bisphosphate with the mammalian enzyme; all the evidence I could find pertains to
the E. coli enzyme [16, 17]. Considering that in eukaryotic cells glycolysis and PDH reside in distinct
compartments, fructose-1,6-bisphosphate is indeed unlikely to regulate PDH in mammals.
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5.4.1 The overall reaction of the TCA cycle: does it add up?

CH3COOH — 2CO2+4H; (5.1

2H,0 + CH3COOH — 2CO +4H>

While the substrate carbon enters the TCA cycle as acetyl-CoA, the coenzyme A moiety
is simply hydrolyzed off in the very first reaction; therefore, with only a little sleight
of hand, we can neglect coenzyme A and substitute acetate for acetyl-CoA as the
substrate.

If we look back at figure slide 5.1.1, we see that the TCA cycle produces four
molecules of H> and two molecules of CO». Now, if we attempt to balance our single
acetate substrate with these amounts of CO, and H», we see that we are short 4
hydrogen and 2 oxygen atoms on the left side. However, we can balance the equation
by adding two molecules of water.’

What this means is that half of the H, produced in the TCA cycle is gained by
the reduction of hydrogen contained in water. The oxygen atoms that came with
those two water molecules are used to complete the oxidation of the acetate carbon.”
Hydrogen derived from both water and acetate is then re-oxidized in the respiratory
chain to generate ATP.

The energy yield of the TCA cycle itself, in terms of directly generated energy-rich
phosphoanhydride bonds, is very modest—just one molecule of GTP, equivalent to
ATP, is generated for each molecule of acetyl-CoA degraded, compared to approxi-
mately 15 ATP molecules in the respiratory chain. This comparison shows that the
TCA cycle’s main contribution to ATP generation is to provide H, for the respiratory
chain.

5.4.2 The citrate synthase reaction

The first reaction in the TCA cycle is catalyzed by citrate synthase. It is mediated by
acid-base catalysis; abstraction of a proton from the methyl group of acetyl-CoA by
an aspartate residue in the active site converts acetyl-CoA to an enol form, which then
attacks the carbonyl group of oxaloacetate. The reaction is assisted by two histidine
residues and pulled forward by the subsequent hydrolysis of citryl-CoA. Figure drawn
after a scheme given in [18].

8Where exactly do the two water molecules enter the TCA cycle? For one of them, it is obvious
(see step 7 in slide 5.4.3). However, the second one is a bit harder to spot. Hint: it is not the H,O that
hydrolyzes off the acetyl-CoA in the citrate synthase reaction, since that is already accounted for by
substituting acetate for acetyl-CoA in our simplified reaction scheme.

9If we consider the standard enthalpies of formation of water, acetate, and carbon dioxide, it turns
out that the reaction, as written, has a AH of approximately 300k/mol. This energy is offset by the
hydrolysis of coenzyme A and by binding the abstracted hydrogen to NAD* and FAD (see below).
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5.4.3 Reactions in the TCA cycle: from citrate to oxaloacetate

The paragraph numbers below correspond to those of the reactions in the figure. The
first reaction in the figure is the second in the cycle overall, which is why it gets the
number 2.

2. The hydroxyl group in the newly formed citrate is shifted to an adjacent carbon
to vield isocitrate. This reaction is catalyzed by citrate isomerase and involves the
transient elimination of water across the two carbons involved; the water is then
added back in the reverse orientation.

3. Isocitrate is decarboxylated and dehydrogenated to x-ketoglutarate by isocitrate
dehydrogenase. In contrast to the pyruvate dehydrogenase reaction, dehydrogena-
tion here precedes decarboxylation. The dehydrogenated intermediate is known as
oxalosuccinate.

4. x-Ketoglutarate is converted to succinyl-CoA by x-ketoglutarate dehydrogenase.
This catalytic mechanism of this enzyme is completely analogous to that of pyruvate
dehydrogenase.

5. Succinyl-CoA is converted to succinate by succinate thiokinase, and GDP is con-
comitantly phosphorylated to GTP. From the mechanism of the glyceraldehyde-3-phos-
phate dehydrogenase reaction (Figure 3.3.5), we already know that thioester bonds
are energy-rich and can drive the phosphorylation of carboxylic acids. A carboxylic
acid phosphate, succinylphosphate, also occurs as an intermediate in the succinate
thiokinase reaction. As is the case with 1,3-bisphosphoglycerate, the phosphate group
is subsequently transferred to a nucleotide diphosphate. While succinate thiokinase
uses GDP rather than ADP, the amounts of energy involved are virtually the same.

6. Succinate is dehydrogenated across the CH, - CH, bond by succinate dehydroge-
nase, which yields fumarate. The coenzyme used in this reaction is flavin adenine
dinucleotide (FAD). As a rule of thumb, you can assume that FAD is used in the
dehydrogenation of CH-CH bonds, whereas either NAD* or NADP" are used in the
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dehydrogenation of CH- OH bonds. While all other enzymes in the TCA are in aqueous
solution in the mitochondrial matrix, succinate dehydrogenase is bound to the inner
surface of the inner mitochondrial membrane; it is identical with complex II of the
respiratory chain (see slide 6.4).
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7. Fumarate is hydrated to r-malate by fumarase.

8. Malate is dehydrogenated by malate dehydrogenase to oxaloacetate. This step
regenerates oxaloacetate, which can again enter the citrate synthase reaction, and
thus completes the cycle.

D 55 Dowe really have to know the structures?

5.4.4 -Ketoglutarate dehydrogenase resembles PDH

As pointed out above, x-ketoglutarate dehydrogenase uses the same catalytic mech-
anism as pyruvate dehydrogenase. The similarity is reflected in a high degree of
homology between the subunits of the two enzymes. If you look closely at the PDH
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mechanism (Figure 5.2.1), you will see that the reactions carried out by the final sub-
unit (E3) will be identical in both cases, since E; comes into play when only hydrogen
is left but the rest of the substrate has already been disposed of. Indeed, the two
multienzyme complexes share the very same Ej3 protein; only E; and E; are specific for
the respective substrates. The same E3 subunit occurs yet again in an analogous mul-
tienzyme complex that participates in the degradation of the branched chain amino
acids (slide 12.4.4), as well as in the glycine cleavage system (slide 15.2.6).
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5.5 Regulation of the citric acid cycle

« ATP and NADH inhibit isocitrate dehydrogenase
» NADH inhibits «-ketoglutarate dehydrogenase

« High levels of NADH will lower the oxaloacetate concentration, which limits citrate
synthase activity

Acetyl-CoA is not only utilized for complete oxidation but also for the biosynthesis
of fatty acids, cholesterol, and ketone bodies. Therefore, the activity of the citric acid
cycle must be balanced with those of the various synthetic pathways. This regulation
is mainly exercised by NADH, the major direct product of the TCA, and by ATP, the
ultimate product of complete substrate oxidation via the TCA and the respiratory
chain.

It is noteworthy that the equilibrium of the malate dehydrogenase reaction favors
malate. The concentration of oxaloacetate is thus quite low, and it will be lowered
further if NADH accumulates. This limits the rate of the initial reaction of the TCA,
that is, the synthesis of citrate, and it also detracts from the free energy of that
reaction. To make citrate synthesis go forward, it is necessary to sacrifice the energy-
rich thioester bond in the citryl-CoA intermediate, which in contrast to succinyl-CoA
is simply hydrolyzed and not used toward the synthesis of GTP or ATP.
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The mitochondrion contains two isozymes of isocitrate dehydrogenase; one uses
NAD™ and the other NADP" as the cosubstrate. Intriguingly, the feedback inhibition by
NADH and ATP applies only to the NAD"-dependent isozyme, but not to the NADP™-
dependent one.

In cells with high TCA activity, such as heart and skeletal muscle, the NADP-
dependent variant is actually present at higher activity than the NAD-dependent one.
How, then, is the NADP-dependent enzyme regulated? This regulation appears to
occur in coordination with the flow through the respiratory chain and the proton-
motive at the inner mitochondrial membrane. The mechanism is quite fascinating and
is discussed at the end of the following chapter.

QD 5.6 Summarize the regulation of the TCA cycle.

5.6 Reactions that divert and replenish TCA cycle intermediates

Several metabolites in the citric acid cycle are also substrates in biosynthetic pathways,
for example those for heme or various amino acids, and through these pathways are
drained from the cycle. When this occurs, they will need to be replenished. Similarly,
when the workload of a cell and its ATP demand increase, the TCA cycle must then
process acetyl-CoA at an accelerated rate, which requires an increase in the pool of
TCA cycle intermediates.

The first thing to note is that just feeding more acetyl-CoA into the TCA cycle
does not address this problem, since acetyl-CoA simply offsets the two CO» molecules
that are lost in subsequent reactions in the cycle. Instead, we need a net supply of
any of the intermediates with four or more carbon atoms that function catalytically
rather than as substrates.

One important and abundant source of TCA cycle intermediates is the pyruvate
carboxylase reaction, which makes oxaloacetate from pyruvate (slide 7.2.4). Often,
however, the oxaloacetate thus obtained is immediately diverted again toward glucose
synthesis (gluconeogenesis). In this situation, amino acids become the major net
source of TCA cycle intermediates (see chapter 12).

5.7 Answers to practice questions

Question 5.1: Mitochondria have two membranes. The outer membrane contains porins,
which non-selectively allow permeation of small metabolites. The inner membrane only con-
tains specific carrier proteins, which restrict transport to their cognate substrates.

Question 5.2: Pyruvate dehydrogenase is a multienzyme complex that contains multiple
copies of three different catalytic subunits (E;-E3), as well as two regulatory subunits. The
dihydrolipoyl moiety is bound to the E, subunit; it accepts the substrate in the active site of
E; and guides it along to the active sites of E; and Ej.

Question 5.3: In the active site of E;, thiamine pyrophosphate (TPP) cooperates with an
aspartate residue to form a carbanion, which performs nucleophilic attack on the carbonyl
group of pyruvate and thereby initiates its decarboxylation. The remainder of the substrate
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initially remains bound to TPP, but is then transferred to lipoamide as an acetyl group. In the
active site of Ep, the acetyl group is transferred from lipoamide to coenzyme A. Lipoamide
becomes reduced to dihydrolipoamide in the process; it is reoxidized by E3, which transfers
the H, to NAD*.

Question 5.4: PDH is subject to allosteric activation by NAD" and to inhibition by acetyl-CoA
and NADH. It is also subject to inhibition by phosphorylation, which in turn is activated by
the products and inhibited by the substrates of PDH.

Question 5.5: Yes. Metabolism without structures is about as useful as memorizing only the
numbers in a phone book.

Question 5.6: NAD-dependent isocitrate dehydrogenase is inhibited by ATP and NADH.
The latter also inhibits «-ketoglutarate dehydrogenase and shifts the malate dehydrogenase
equilibrium away from oxaloacetate, which slows down the citrate synthase reaction.



Chapter 6

The respiratory chain

6.1 Introduction

In the respiratory chain, the NADH and FADH, that was accumulated in the preceding
degradative pathways is finally disposed of by reacting it with molecular oxygen. The
free energy of this “cold combustion” is used to generate ATP. The amount of ATP
generated in the respiratory chain far exceeds the modest quantities produced in the
upstream pathways; this is the reason why only aerobic metabolism enables us to
sustain physical exertion for extended periods of time.

The workings of the respiratory chain are quite different from all other pathways
in human metabolism. Each of those other pathways consists of a succession of dis-
crete enzymatic reactions. Inasmuch as these pathways contribute to the production
ATP, the energy is always passed from one energy-rich bond to the next, with a newly
created phosphoanhydride bond in ATP as the final recipient. In contrast, the respira-
tory chain combines chemical reactions with physical forces that are not pinned down
to individual molecules, and the energy is stored and converted in novel ways.

6.2 Overview

The respiratory chain involves four large protein complexes (I-IV) as well as ATP
synthase (AS). All of these are embedded in the inner mitochondrial membrane. Coen-
zyme Q (Q) and cytochrome C (C) are diffusible electron carriers.

In this scheme, the mitochondrial matrix is below the membrane, whereas the
cytosol is above it. The reactions carried out in the chain are explained below. Note
that the reactants in this scheme are not stoichiometrically balanced.

67
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6.2.1 Functional stages in the respiratory chain

1. H, is abstracted from NADH+H"* and from FADH>»

2. The electrons obtained with the hydrogen are passed down a cascade of carrier
molecules located in complexes I-IV, then transferred to O>

3. Powered by electron transport, complexes I, III, and IV expel protons across the
inner mitochondrial membrane

4. The expelled protons reenter the mitochondrion through ATP synthase, driving
ATP synthesis

The electron transport chain (ETC) comprises complexes I-IV. Hydrogen is acquired
by complexes I and II from NADH and FADHj, respectively. The electrons are then
passed down the chain to complex IV, which transfers them to molecular oxygen; the
reduced oxygen then reacts with protons to yield water.

Complexes I, IIT and IV extract energy from the electron flow and use it to expel
protons across the membrane. For each electron migrating down the chain, multiple
protons are pumped out of the mitochondrion. The protons accumulated outside the
mitochondrion are allowed back in through ATP synthase. This protein is a molecular
motor, driven to rotate by the flow of protons through it into the mitochondrial matrix.
The rotary motion of ATP synthase in turn drives the synthesis of ATP from ADP and
phosphate.!

If you think that all this sounds somewhat strange and vague, you are quite right—
but don’t let that trouble you. The purpose of this overview is only to divide and
conquer, to break up the overall process into manageable parts that we can then
tackle in detail in their turn.

1As mentioned before, the porins in the outer mitochondrial membrane are permeable for most
small molecules and ions, and thus the proton concentration in the space between the two mitochondrial
membranes equilibrates readily with the cytosol. The proton concentration gradient that powers ATP
synthesis therefore exists across the inner mitochondrial membrane only.
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6.3 ATP synthesis can be separated from electron transport

The first thing to note about electron transport and ATP synthesis is that they can
be experimentally separated from one another. So-called uncoupling agents allow the
observation of electron transport without ATP synthesis. On the other hand, ATP
synthesis works without electron transport if a proton gradient is created in some
other way.

6.3.1 Uncoupling proteins dissipate the proton gradient
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Uncoupling proteins are membrane proteins, also embedded in the inner mitochon-
drial membrane, that passively transport protons, allowing them to bypass ATP syn-
thase. Electron transport and hydrogen oxidation—and, upstream of it, degradation
of energy-rich substrates—will continue, but ATP synthesis will cease; the energy that
would have gone into ATP synthesis is simply dissipated as heat.

Uncoupling proteins are found in particularly high concentration in the mitochon-
dria of brown fat tissue, which differs from the more abundant white fat tissue by its
high density of mitochondria.? Brown fat tissue serves the purpose of producing heat,
by way of simply oxidizing fat without ATP production. The physiological significance
is discussed in slide 10.3.8.

6.3.2 The uncoupling action of dinitrophenol

The synthetic compound dinitrophenol can diffuse across the inner mitochondrial
membrane in both its protonated and unprotonated form. It can therefore carry pro-
tons into the mitochondrion, thereby dissipating the driving force for ATP synthase.?
Just like uncoupling proteins do in brown fat tissue, dinitrophenol will induce the
burning of fat or other substrates and the production of heat—but in the mitochon-

2The cytochromes of the abundant mitochondria give this tissue its brown color; the white color of
regular fat tissue tells us that its density of mitochondria must be low.

3Dinitrophenol is a hydrophobic molecule, and it therefore is not surprising that it can cross mem-
branes in protonated form. However, the high membrane permeability of its deprotonated, negatively
charged form is unusual. This is related to the two electron-withdrawing nitro groups, which cause the
negative charge to be highly delocalized; this prevents the molecule from attracting a tightly bound
hydration shell that otherwise would interfere with its permeation across the membrane.
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dria everywhere, not just in brown fat tissue. In the 1930s, dinitrophenol was used
as a drug for losing excess body weight. It worked, too, but cases of fatal hyperther-
mia and other side effects caused the speedy discontinuation of this use. Wikipedia
reports that the drug remains popular among bodybuilders, however, which seems of
a piece with other reckless self-medication practices among the followers of this cult.
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6.3.3 The Racker experiment: bacteriorhodopsin can drive ATP synthase

The effects of uncouplers show that electron transport can occur in the absence of
ATP synthesis. On the other hand, ATP synthesis will occur in the absence of electron
transport if a proton gradient is sustained in some other way. This was elegantly
demonstrated by Ephraim Racker, who incorporated ATP synthase into liposomes
along with bacteriorhodopsin, a membrane protein from the halophilic (that is, salt-
loving) bacterium Halobacterium halobium.

ADP+P;

ATP
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Bacteriorhodopsin is a very unusual protein that functions as a light-driven proton
pump: just shining light on it makes it pump protons across the membrane. In our
experiment, illuminating the sample will make bacteriorhodopsin pump protons into
the liposome. This will crank the ATP synthase and make it synthesize ATP from ADP
and ionic phosphate.

Note that the orientation of both proteins shown here is inside-out relative to
that found in their natural host membranes. Therefore, protons will here accumulate
on the inside, and ATP synthesis proceed on the outside; this is the reverse of the
situation in vivo.

The theoretical significance of these experimental findings is that, although the
electron transport chain and ATP synthase reside in the same membrane and in close
proximity, the proton gradient is the only required functional link between them. The
electron transport chain generates the proton gradient, whereas ATP synthase puts
it to work and thereby dissipates it. Because of this clear distinction, we can safely
examine these two functions separately from each other.

D 6.1 Explain the theoretical implications of dinitrophenol uncoupling of the respiratory chain,
and of the Racker experiment.

6.4 Molecules in the electron transport chain
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This slide shows the structures of the four respiratory chain complexes that form the
respiratory chain.* The gray rectangle represents the inner mitochondrial membrane.
Among the redox cofactors, yellow and red blobs represent iron sulfur clusters. Or-
ganic rings (black) with red balls (iron atoms) in the center are hemes; other organic
rings are flavins or ubiquinone (Q). The blue ball next to one of the hemes in complex
IV is the copper ion in its active site. Each of the four complexes has a specific role in
the electron transport process:

4Drawn from 3m9s.pdb, 2fbw.pdb, 3¢x5.pdb, 2zxw.pdb, and 3cyt.pdb, after a figure in [19].
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1. Complex I accepts hydrogen from NADH + H"and is therefore also called NADH
dehydrogenase. The NADH is oxidized back to NAD" and thereby readied for the next
round of reduction in the TCA cycle or by pyruvate dehydrogenase. The hydrogen is
split into electrons and protons. The electrons travel along a string of redox cofactors
that traverses the entire protein complex and are then transferred to the small, mem-
brane-resident carrier molecule known as ubiquinone or coenzyme Q , which passes
them on to complex III. Powered by this electron migration, complex I ejects four
protons across the membrane.

2. Complex II accepts hydrogen from FADH;, which was reduced by succinate. It
was mentioned in slide 5.4.3 that complex is identical with succinate dehydrogenase,
which drives home the point that the two pathways are really functionally one. The
electrons are again transferred to coenzyme Q; however, no proton extrusion occurs
at complex II.>

3. Complex III reoxidizes coenzyme Q and expels more protons. According to the
coenzyme Q cycle model presented below, four protons are being expelled at this stage
for each pair of electrons transported, but in some sources the number of protons
expelled is given as two; this illustrates that there still is some uncertainty about the
mechanistic details. Having performed their work at complex III, the electrons are
delivered to the small electron carrier protein cytochrome C.

4. Complex IV accepts the electrons from cytochrome C and is accordingly also called
cytochrome C oxidase. The electrons are transferred to oxygen, and the considerable
free energy associated with this electron transfer step is used to expel up to four
protons from the mitochondrial matrix.

Electrons do not occur in free form but are always part of molecules or ions.°
Therefore, to make electrons flow along the prescribed path along complexes I-1V,
these proteins must provide functional groups that are able to accept and donate
electrons. These groups must be closely spaced, within a few Angstroms of each
other, to allow for efficient electron transfer. Furthermore, to persuade the electrons
to flow in the right direction, the successive transitions must be exergonic, that is,
their free energy (AG) must be negative.

In the figure above, you can see a multitude of redox cofactors, neatly spaced
along the protein molecules, that function as “stepping stones” for the migrating
electrons. These prosthetic groups fall into various structural classes.

6.4.1 Iron-containing redox cofactors

Most of the redox cofactors in the respiratory chain are hemes and iron-sulfur clusters,
both of which contain iron ions. Hemes are tetrapyrrol rings that hold a single central

°In contrast to complexes I, IIl and IV, complex II does not span the entire membrane; this readily
suggests that proton translocation will not occur here.

6Electrons do occur free as B particles in ionizing B radiation. However, to escape capture by
molecules, § particles must possess an amount of energy much higher than those available in biochemical
or other chemical reactions. When B particles impinge on a solid body, they dissipate their energy by
breaking up any molecules in their path into radicals or ions, until they are finally captured again.
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iron ion. This iron ion can adopt different oxidation states, mostly Fe?* and Fe?",
although Fe** occurs with one of the hemes in complex IV.”

Heme Iron-sulfur cluster

In iron-sulfur clusters, it is again the iron that accepts and donates electrons by alter-
nating between different oxidation states. Each iron ion is held in place by four sulfur
atoms, which either belong to cysteine side chains (orange) or are free sulfide ions
(S%7; yellow). The two types of sulfurs may occur in various numbers and proportions,
which results in iron-sulfur clusters of different size.

The pyrrole rings or sulfur atoms do not only keep the iron ions in place but also
modulate their redox potentials. These potentials are further tweaked by the specific
molecular environment of each cofactor, in such a way as to enable the electrons to
flow from one cofactor to the next.

® 6.2 Describe the iron-containing redox cofactors that occur in the respiratory chain.

6.4.2 Flavin-containing redox cofactors
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The flavin nucleotides flavin adenine dinucleotide (FAD) and flavin mononucleotide
(FMN) can occur in three different states of reduction, which differ by single electrons.
Unlike NAD, which can accept or donate electrons only in pairs, flavins can accept or
yield electrons one at a time. Therefore, flavins can buffer the electron flow between

“Some of the hemes in the respiratory chain are referred to as “cytochromes.” Somewhat confusingly,
the same term is, with other molecules, applied to the entire complex of a heme and the protein it is
bound to.



74 6 The respiratory chain

NAD and iron-containing redox cofactors, and this is why the very first cofactor that
accepts the electrons from NADH in complex I is indeed an FMN molecule.®

In addition to the stationary redox cofactors that occur within complexes I-IV,
there are two electron carriers that are not tightly associated with one individual
complex but function as shuttles between them:

1. Ubiquinone or coenzyme Q. This coenzyme contains a quinone group. It carries
electrons, as hydrogen, from complexes I and II to complex III. It also contains a long
hydrophobic polyisoprene tail, which confines it to the hydrophobic interior of the
membrane. Like flavins, ubiquinone can transfer electrons singly or in pairs; this is
important in the coenzyme Q cycle (see slide 6.6.3).

2. Cytochrome C. This is a small protein that again contains a heme. It is located
at the outer surface of the inner mitochondrial membrane and shuttles electrons
between complex III and complex IV.?

D 6.3 Explain the role of flavin cofactors in electron transfer processes.

6.4.3 The respiratory chain generates reactive oxygen species as by-products
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Several redox cofactors in the respiratory chain are prone to side reactions with
molecular oxygen, which produce superoxide (O2° ") and other reactive oxygen species,
that is, partially reduced forms of oxygen. These have the potential to damage cellular
membranes and macromolecules and must be scavenged. This topic is discussed
further in chapter 18.

8Electron buffering between NADPH and heme by flavins occurs in cytochrome P450 reductase (see
slide 19.2) and in nitric oxide synthase (slide 9.3.5).

9In addition to its role in the respiratory chain, cytochrome C is also an important intracellular
signaling molecule; its release from damaged mitochondria triggers apoptosis (programmed cell death;
see reference [20] and slide 19.5.1). Another molecule with surprising connections to apoptosis is
glyceraldehyde-3-phosphate dehydrogenase [21]; this enzyme is reportedly associated with the outer
mitochondrial membrane.
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6.5 The energetics of electron transport

In discussing the driving forces of electron transport above, we have referred to both
the free energy and the redox potential. Before considering the energetics of the
respiratory chain in more detail, we will briefly review how exactly these two physical
terms relate to one another.

6.5.1 Redox reactions can be compartmentalized to produce a measurable voltage
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This slide illustrates the experimental setup for measuring the redox potential of
an electron carrier. Left panel: coenzyme Q withdraws electrons from the standard
hydrogen electrode, which by definition gives it a positive redox potential (AE). Right:
NADH pushes electrons toward the standard electrode, making its AE negative.

In the experimental setup, the molecule of interest and a reference solute are
contained in two adjacent buffer-filled chambers. Platinum electrodes are immersed
in both solutions and connected through a voltmeter (V). As electrons are withdrawn
from the solute in one chamber and delivered to the other, the voltmeter indicates the
direction and magnitude of the potential difference. Protons and other ions can flow
across a salt bridge between the chambers so as to preserve electroneutrality. In order
to allow the flow of ions but prevent mixing of the chamber contents by convection,
this hole is covered with a porous membrane or plugged with agar.

The reference solute commonly used in chemistry is Hy, equilibrated with hydro-
gen gas at 1 atm above the solution. The corresponding oxidized form, H, is adjusted
to 1 mol/j or pH 0. The immersed platinum electrode not only conducts electrons but
also serves as a catalyst for the interconversion between H, and H*.

The potential of a redox carrier measured against this electrode is defined as its
standard redox potential or AEjy. For biochemical purposes, the standard electrode
solution is buffered at pH 7 rather than pH 0, and the redox potentials measured
against this electrode are referred to as AE('). A pH of 7 is just as arbitrary a reference
point as pH 0, but we will stick with it because the textbooks do so, too.
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6.5.2 The redox potential (AE) is proportional to the free energy (AG)

_ energy
AG = moles (number of molecules)
— energy
AE = charge transferred
AG = energy charge transferred

charge transferred moles

_ charge transferred
AG AE X —— oo

therefore

AG

—AEXn XxF (6.1)

From the previous slide, it is clear that electrons will flow spontaneously from one
redox cofactor to another if the corresponding AE is positive. We also know that
reactions proceed spontaneously if their AG is negative. The two parameters are
directly related to one another according to equation 6.1. Either one is therefore
sufficient to describe the energetics of the reaction; the reason why redox potentials
are more commonly used in this context is that they can be measured more directly
than AG.

In the equation, AE is the difference in the redox potentials between two cofactors.
The parameter 7 is the number of electrons transferred in the reaction; for example,
NADH feeds two electrons at a time into the chain, which means that n equals two for
this reaction. In contrast, heme typically accepts and donates single electrons, which
means that n = 1. The F in the equation is Faraday’s constant, which tells us how
many units of charge are carried by one mole electrons (96,500 coulombs/mo1).10 One can
think of a cofactor’s redox potential as its affinity for electrons—the higher it is, the
more strongly the cofactor will attract electrons.!!

10Remember that the volt, which is the unit of AE, is defined as ioul¢/coulomb, Since voltage = enersy/charge,
hence the need for Faraday’s constant.

Like Avogadro’s number, Faraday’s constant is a relic of history, required only because the physical
units of mass and electrical charge had already been arbitrarily chosen before the inherent masses and
charges of atoms and electrons were discovered. One could in principle define a system of units without
either of these crummy numbers. Indeed, chemists often give masses in Daltons, and physicists give
energies in electron volts (eV), in order to avoid them.

The minus sign in equation 6.1 results from the fact that the electron-donating electrode, the cathode,
is considered negative. This is entirely arbitrary and meaningless, but it is also very handy as a trap in
exam questions.

1You have encountered the same concept with chemical elements as their electronegativity: An
element with a high electronegativity holds on to electrons particularly tightly, i.e. it has a high affinity
for electrons.
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6.5.3 Redox potentials and free energies in the respiratory chain
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This slide shows the redox potentials, and the corresponding free energy levels, of
some selected electron carriers in the respiratory chain. The lowest potential is found
with NAD™, in keeping with its position at the start of the transport chain. The next
carrier in sequence, FMN, is part of complex I. It has a slightly higher potential than
NADH and is therefore able to accept its electrons. The redox potential increases
continuously along the respiratory chain to reach its highest value at oxygen, which
therefore has the highest affinity for the electrons and gets to keep them. Reduced
oxygen, which recombines with protons to yield water, thus is the end product of
respiration.

The iron-sulfur cluster N2, which occupies the lowermost position within complex
I as shown in slide 6.4, has a significantly higher potential than the FMN. This step
in potential corresponds to a significant amount of free energy that is released at
some point within complex I as the electrons travel through it from FMN toward N2.
Complex I uses this energy to expel protons from the mitochondrion, against their
concentration gradient. Major steps in potential that drive proton expulsion also occur
within complex III and complex IV.

Only minor steps of potential occur in the delivery of electrons from complex
I to complex III via coenzyme Q, and between complexes Il and IV via cytochrome
C. Likewise, with complex II, the potentials of both entry and exit points must fall
into the narrow interval between FADH, and coenzyme Q, which means that very
little energy is released as electrons traverse this complex. Such minor steps in redox
potential suffice to jog the electrons along, but they are too small to contribute to
proton pumping.

Q 6.4 What is the relationship between free energy and redox potential?

QD 6.5 At which of the four complexes in the electron transport chain does the greatest step in
redox potential occur? Which one has the smallest step?
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6.6 Interfacing different types of electron carriers

In addition to their specific redox potentials, which establish the general direction
of electron flow, the redox cofactors in the respiratory chain also differ in two other
important aspects:

1. NADH, FADH,, FMNH> and coenzyme Q carry both electrons and protons—that is,
hydrogen. In contrast, the hemes and the iron-sulfur clusters carry only electrons.

2. NAD" can only accept and donate pairs of electrons, whereas the hemes and
iron-sulfur clusters can only accept and donate single electrons.

The switch from the two-electron carrier NADH to the one-electron carrying Fe-S
clusters within complex I is negotiated by FMN, which, as discussed above, can accept
or donate electrons both pairwise and singly.

6.6.1 The first two redox steps in complex I

NADH + H* + FMN ——> NAD" + FMNH, (6.2)
FMNH, + Fel - S — FMNH® +H* +Fell - § (6.3)
FMNH® + Fe'' - S — FMN +H" +Fel' - § (6.4)

After accepting H, from NADH + H* (equation 6.2), FMNH> donates the electrons one
by one to the first Fe - S cluster (equations 6.3 and 6.4), adopting a sufficiently stable
radical form between these two transfers. The electron transfer between FMNH, and
Fe - S also illustrates what happens if an electron-only carrier is reduced by a hydrogen
carrier: The protons are simply shed into the solution.

D 6.6 Explain how electrons are transferred from NADH to the iron-sulfur clusters in complex L.

6.6.2 The reduction of coenzyme Q involves protons and electrons

Hydrogen carriers may also be reduced by electron carriers. This happens with coen-
zyme Q, which is reduced by the iron sulfur cluster N2 in complex I. In this case,
protons are taken up from the solution, but only in the second reduction step:

Fe'-S+Q — Q *+Fell-§

Fe™S 1 2H"+Q™* — QH,+Fel-§
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Q

Q° QH:

Hydrogen carriers alternate with electron-only carriers at several points in the chain.
This means that electrons are stripped of their protons and rejoined by protons again
repeatedly during transport. Where protons are stripped off, they may be preferen-
tially released at the cytosolic side, whereas uptake of protons may preferentially
occur on the mitochondrial side. This would account for some, but not all of the
proton translocation occurring in the respiratory chain.

As an example of of the foregoing, we will have a look at the (in)famous ubiquinone
cycle. Ubiquinone (or coenzyme Q) is a hydrogen carrier; like FAD and FMN, it can
carry two electrons but can accept and donate them one at a time.

6.6.3 The Q cycle (criminally simplified)
/ to complex IV
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The Q cycle or ubiquinone cycle runs within complex III, which accepts reduced ubi-
quinone from the surrounding membrane. Complex III has two binding sites for
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ubiquinone, and both of them are occupied while the cycle runs; we will here call
them A and B. The ubiquinone cycle goes through the following stages, starting at the
top left:

1. At the outset, a reduced ubiquinone (QHy) is bound to site A, and an oxidized one
(Q) is bound to site B. The protons of QH» are now stripped off and expelled to the
cytosolic side. The electrons part company and migrate to two different electron
carrier groups within complex III; one of these is an iron-sulfur cluster, whereas
the other is a heme.

2. The iron sulfur cluster donates its electron to cytochrome C, while the heme
transfers its electron to the second molecule of ubiquinone in site B. The ubi-
quinone molecule in site A, now oxidized, trades places with another one in the
surrounding membrane that was reduced in the preceding steps of the respiratory
chain.

3. The protons and electrons of the new QH; in site A are abstracted and split as
in the first step. The heme passes on its electron to coenzyme Q in site B. Now
completely reduced, the coenzyme Q picks up two protons from the mitochondrial
matrix to form QHo.

4. The electron that had been transferred to the Fe-S cluster is donated to cyto-
chrome C. The Q in site A trades places with QH; in site B, which completes the
cycle.

According to this scheme, with each molecule of ubiquinone reduced in the respi-
ratory chain, the two protons it carries are expelled into the cytosol, and two additional
protons are taken up from the mitochondrial matrix and expelled into the cytosol as
well. Therefore, complex III uses ubiquinone as a prosthetic group to facilitate the
movement of protons across the membrane.

If you compare the outline of the ubiquinone cycle given here to the description
in your textbook, you might find the similarity somewhat remote. In reality, as you
can see in slide 6.4, complex III contains several more redox co-factors that act as
intermediate stepping stones in the electron transfer steps outlined above. They have
been skipped here for simplicity.

QD 6.7 How can electrons be transferred from electron-only carriers such as iron-sulfur clusters
to hydrogen carriers such as ubiquinone?

6.6.4 Reduction of oxygen by cytochrome C oxidase (complex IV)

Cytochrome C is a small hemoprotein that shuttles electrons from complex III to
complex IV. The latter complex, which is also known as cytochrome C oxidase, com-
pletes the transfer of electrons by delivering them to oxygen. In the process, it pumps
some more protons out of the mitochondrial matrix. The reduction of oxygen is the
trickiest step in the entire respiratory chain, as it takes a full four electrons to reduce
molecular oxygen (0») all the way to two molecules of water. Since cytochrome C
delivers the electrons to complex IV one at a time, the reduction will involve partially
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reduced oxygen species. As noted above, partially reduced oxygen species are reactive
and toxic when let loose upon the cell, so their premature release from cytochrome C
oxidase must be minimized.
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Cytochrome C oxidase does its best to control this problem by binding oxygen tightly
and reducing it swiftly. The oxygen molecule is clamped in the active site between
the iron of a heme and a copper ion, which is coordinated by three histidine residues
(left). Both metal ions also function as redox cofactors in the reduction. Each of them
advances one electron to the oxygen, which is thereby reduced to peroxide, using one
electron from each metal ion. Uptake of an electron delivered by cytochrome C and
abstraction of a further one from the iron fully reduces both oxygen atoms. Uptake of
protons generates first hydroxide and then water, which is released. Iron and copper
are subsequently restored to their original oxidation levels further electrons obtained
from cytochrome C.

D 6.8 Explain how cytochrome C oxidase (complex IV) minimizes the formation of reactive
oxygen species in the stepwise reduction of oxygen.

6.7 How is electron transport linked to proton pumping?

» Some redox steps in the ETC are coupled to proton binding and dissociation,
which may occur at opposite sides of the membrane. Example: Coenzyme Q cycle
at complex III

» Redox steps that do not involve hydrogen directly need a different mechanism in
order to contribute to proton pumping. Example: Sequence of iron-sulfur clusters
and hemes in complex IV

As pointed out above, some of the protons that undergo expulsion from the mito-
chondrion are accepted from the hydrogen carriers NADH and ubiquinone and travel
together with electrons for a part of the journey. However, at some point they must
part company, and the protons must be expelled, whereas the electrons are retained.
Also, more protons are being expelled than can be accounted for by the hydrogen
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carriers. This is obvious with complex IV, which does not interact with any hydro-
gen carriers at all yet expels up to four protons for each pair of electrons accepted.
So, there must be mechanisms that extract energy from the transfer of proton-less
electrons and apply it towards the expulsion of electron-less protons. How does this
work?

6.7.1 Linking electron movement to proton pumping: A conceptual model
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The experimental evidence on this point is still tentative, and inasmuch as they are
understood, the emerging mechanisms are quite complex. Therefore, instead of try-
ing to describe them faithfully, this slide presents a simplified conceptual model to
provide an idea of how things might work.

The basic idea is that capture and release of electrons cause conformational
changes to a protein. This is entirely analogous to conformational changes caused by
allosteric effectors binding to enzymes, or by phosphate groups bound to cytoskeletal
proteins such as the myosin light chain. An electron carries a charge, a charge causes
a field, and a field creates forces that act on charged residues on the protein; thus, in
principle, it is not hard to imagine how migrating electrons can cause conformational
changes.

In our conceptual model, a spring-loaded valve controls the proton conduit. The
lever of the valve carries an electron-transporting cofactor (a heme or FeS-cluster).
This cofactor r