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Foreword

We are happy to welcome you to our second
Open Educational Resource (OER) textbook, Bio-
chemistry Free For All. Biochemistry is a rela-
tively young science, but its rate of growth has
been truly impressive. The rapid pace of discover-
ies, which shows no sign of slowing, is reflected
in the steady increase in the size of biochemistry
textbooks. Growing faster than the size of bio-
chemistry books have been the skyrocketing
costs of higher education and the even faster ris-
ing costs of college textbooks. These unfortunate
realities have created a situation where the costs
of going to college are beyond the means of in-
creasing numbers of students.

With this in mind, KGA and IR created, in 2012,

a free, electronic book for introductory biochemis-
try, Biochemistry Free and Easy. That book was
met with extraordinary enthusiasm, with over
175,000 downloads from around the world and
adoption for use for several courses across the
country. At OSU, we use the book for a basic
course, taught over one quarter. In 2013, Oregon
State University rolled out a new open textbook
Initiative, in partnership with OSU Libraries,

OSU Press and Open Oregon State, with the mis-
sion of partnering with faculty to create open, on-
line educational resources. Our proposal to cre-
ate a biochemistry book that could be used for
courses needing greater depth and breadth of cov-
erage was chosen as one of the first projects of

the Open Textbook initiative. As a result, we
were able to draw on the technical expertise of

several multimedia specialists for our interactive
learning modules, and to hire a talented group of
students to make figures, where suitable open
source illustrations were not available. We also
enlisted our third author, Dr. Taralyn Tan, a for-
mer student, who designed and oversaw the crea-
tion of the interactive modules.

As an OER, this book is free for anyone to use,
modify, adapt, etc. for free educational purposes.
It may not be used for profit-making, or where
any fee is required for its use. We are providing
all of the figures in this book free of cost to any-
one wishing to use them for free educational pur-
poSses.

Helping students understand and enjoy biochem-
istry (without going broke) is our primary motiva-
tion for writing this book. We have aimed to pro-
vide a more thorough coverage of topics than in
Biochemistry Free and Easy, but we do not aim
to provide an encyclopedic biochemistry tome
covering content that no instructor would fully
cover in a single course. Neither do we aim to be
the “go to” source for information on biochemis-
try. This is not a reference work. Consequently,
we have focused on core concepts with key infor-
mation. Descriptions are kept brief and to the
point. Between us, we have over forty years of
teaching biochemistry, and our experience is that
more information does not translate to better
learning. However, this does not mean that stu-
dents will be shortchanged in using this book.



We have used the Foundational Concepts defined
by the American Society for Biochemistry and
Molecular Biology (ASBMB) and the associated
learning goals as our guide in choosing and or-
ganizing the information presented.

The electronic format of Biochemistry Free For
All allows us to provide multimedia to help stu-
dents learn the subject. If you are not familiar
with our previous efforts, you will probably see
humor as another unconventional component of
the structure of this book. We believe in keeping
things light, fun, and informative. As certified
(some might say, certifiable) biochemistry nerds
and unrepentant lovers of corny jokes, we firmly
believe that students can have fun while learning
the subject. Toward this end, we have sprinkled
each chapter with rhymes and songs that we
hope will have you learning biochemistry hap-
pily. The multimedia approach also allows us to
expand the content offerings in the written con-
tent by providing access to videotaped lectures,
interactive learning modules; and rotatable 3-D
molecules. We hope to enhance learning by creat-
Ing a book that students look forward to reading
and using.

We would like to express our deep appreciation
for the ongoing support of Faye Chadwell, Direc-
tor of the OSU Press, and Dianna Fisher, Direc-
tor of OSU Extended Campus’ Open Oregon
State initiative. They are tireless champions of
the cause of open educational resources and have
been instrumental in increasing awareness and
promoting the development of open educational
materials at Oregon State. They also made it pos-
sible for us to avail of the skills of Victor Yee, As-
sistant Director of Course Development and
Training for OSU ecampus; Warren Blyth, Nicho-

las Harper, Michael Miller and James Roberts,
multimedia developers; and Rebecca Pietrowski,
instructional designer. The support of Open Ore-
gon State also gave us access to a talented pool of
students, Martha Baker, Ben Carson, Penelope
Irving, Pehr Jacobsen and Aleia Kim, who made
many of the beautiful illustrations in the book.
We also appreciate the help of Elizabeth Pender-
grass, Tommy Tran, and Dmitriy Strelkov in as-
sembling the glossary. We also appreciate the nu-
merous people who sent us their pictures for use
in assembling the cover image (which was cre-
ated by Taralyn Tan). People whose images
made it onto the cover include Berkman Gulenc,
Clare Banister, David Shumway, Anna Pickering,
Norbert Schoenberg, Margit Kjetsaa, Regina
Golser, Alex McFadden, Garth Kong, Ayse Yo-
semin, Davis Hull, Annabelle Hull, Chelsea
Parker Harp, Jennifer Shepard, Martyna Sroka,
Qaim Ali Ramazan, Ingrid El-Dash, Vivian El-
Dash, Wilson Ng, Daniel Watkins, Susan Thiel,
Omar Ammar, and Rachel Aazzerah.

The Metabolic Melodies in the book could not
have been recorded without the help of several
gifted musicians. Given our non-existent musi-
cal abilities, we (and the readers of this book) are
very fortunate that Liz Bacon, Heather Boren,
Barbara and Neal Gladstone, Eric Hill, Tim Kar-
plus, David Simmons and Carol Adrianne Smith
were willing to help us out. We are indebted to
you.

Gary Merrill and Andy Karplus, former and cur-
rent heads of the Biochemistry and Biophysics
department at OSU, have been steadfast support-
ers, throughout this project. We would also like
to thank Senior Vice Provost for Academic Af-
fairs, Becky Warner, and College of Science



Dean, Sastry Pantula, for working with the de-
partment to secure time release (for KA) to work
on this project. Special thanks are due to our col-
leagues in the Biochemistry and Biophysics de-
partment for their friendship, collegiality and en-
couragement. The department, the College of Sci-
ence and OSU could not have made our task any
easier or more pleasant.

Finally, we would like to thank the many hun-
dreds of students, past and present, who have in-
spired us to write this book. This is for you. Itis
a special pleasure for KA and IR to have one of
you return as a co-author to help create a text-
book that is truly free for all. We hope you find
the book helpful in your own education. We also
note with pride that one of our current students,
Lisa Lin, found an error in the original Figure 2.2
of the book (from Wikipedia) and we have fixed
it thanks to her.

The book is best used (currently) on iBooks (avail-
able for Macs and iPads), which allows readers to
click on figures to enlarge them, watch video lec-
tures relevant to each topic, listen to the selected
songs, and link out to the internet to find more
information simply by clicking on any term.
Other formats, such as PDF and Kindle, allow ac-
cess to all of the hyperlinks, but not all of the mul-
timedia. If someone is interested in converting
this book into a native Android format that can
use all of the multimedia in the iPad version,

we’d love to speak with you. If you are using the
PDF version, you can download the Metabolic
Melody songs at http:www.davincipress.com

We hope you find these features useful and that
they help you learn biochemistry.

We would love to hear from you. Please take a
few minutes after you’ve had a chance to use the
book to tell us how the book has worked for you
(email to ahernkl@gmail.com)

And join our Facebook group at
https://www.facebook.com/biochemistryfreefor
all/ We would really appreciate it.

Kevin Ahern
Indira Rajagopal
Taralyn Tan
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Copyright / Disclaimer

Biochemistry Free For
All

© 2018 CC by NC - Creative Commons,
Non-commercial use. Must give attribution

All rights reserved

This is version 1.3 of this electronic book. It is also
version 1.3 of the PDF form of this book.

Disclaimer

Every effort was made to ensure that information
contained in this publication was as accurate as
possible at the time of publication (August 26, 2016)
and revision (September 15, 2018). However, Kevin
Ahern, Indira Rajagopal, and Taralyn Tan make no
claims that the information contained anywhere in this
publication is, in fact correct, so users assume
responsibility for all ways in which they use the
information herein. This publication is therefore
provided as is and all responsibility for use of
information herein resides solely on the user. Further,
Kevin Ahern, Indira Rajagopal, and Taralyn Tan make no
claims about medical validity and offer no medical
advice regarding anything stated in this books nor to
hyperlinks to any other content provided here. Kevin
Ahern, Indira Rajagopal, and Taralyn Tan offer no advice
of any sort. Anyone seeking medical or other advice
needs to consult medical or other relevant professionals
for such advice.

Licensing and credits for Images shown in the appendix
at the end of the book.



In the Beginning

"It is far better to grasp the
universe as it really is than to
persist in delusion, however
satisfying and reassuring."

- Carl Sagan



Introduction: Basic Biology

The bio of biochemistry mental niche imaginable, from the human gut
The most obvious thing about living or- to the frozen expanses of the Antarctic, and
ganisms is their astounding diver- from the rainforests of the Amazon
sity. Estimates put the number of YouTube Lectures basin to the acid waste washes of
eukaryotic species at about 8.7 by Kevin gold mines. Some organisms,
million, while bacteria account for HERE & HERE like the tardigrades (Figure
anywhere between 107 and 10° differ- 1.1), or water bears, can withstand
ent species. The number of species of archaea

Is still uncertain, but is expected to be very On these pages our aim’s to extract
large. Knowledge out of a mountain of facts

Missing excessive data
Will not really matta
If our students can learn and relax

These organisms, representing the three great

domains of life, together occupy every environ-
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incredibly
harsh con-
ditions -
from a
few de-
grees
above ab-
solute
zero to
36007
the vac-

Figure 1.1 - Tardigrade
Wikipedia
uum of outer space, and pressures greater
than those at the greatest depths of the ocean.

In the memorable words of Dr. lan Malcolm
in the movie, Jurassic Park, “Life finds a way”.

Despite the differing demands of existence in
these widely
varied envi-
ronments, all
living things
share some
common char-
acteristics.
The most no-
ticeable of
these is that
from hum-
mingbirds to
humpback
whales, from
fungi to frogs,
and from bac-

teria to birch seen by Hooke

Figure 1.2 Slices of cork as

trees, all living things are made up of cells.
This fact was first discovered by Robert
Hooke, in 1665 (Figure 1.2), when he used a
microscope to look at a slice of cork and found
that it seemed to be made up of tiny chambers
that he
named cells.
Subsequent
examination
of other liv-
ing things
revealed
that they,
too, were,
without ex-
ception,
made up of

Figure 1.3 Bacterial cells
cells. To- Wikipedia
day, we

know that organisms in all three domains
of life — bacteria, archaea and eukaryotes,
share this property — they are all made up
of cells. For some, a single cell is the organ-
Ism, while others are multicellular, like hu-

mans, wombats or weeping willows.

The subject of this book is biochemistry,
the science that explains life at the molecu-
lar level. The special characteristics of
cells influence the unique chemistry of life.
It is, thus fitting, to take a quick look at
cells, the setting in which the molecular
events of life take place.



“There are living systems; there is no “living
matter”. No substance, no single molecule, ex-
tracted and isolated from a living being pos-
sess, of its own, the aforementioned paradoxi-
cal properties. They are present in living sys-
tems, only; that is to say, nowhere below the
level of the cell.” — Jacques Monod

Cells

All cells, no matter what kind, have a plasma
membrane that serves as a boundary for the
cell, separating it from its surroundings. They
also possess a genome made up of DNA that
encodes the information for making the pro-
teins required by the cell. To translate the
information in the DNA and make the pro-
teins it encodes, all cells have the machinery
for protein synthesis, namely, ribosomes
and tRNAs. DNA is also the repository of in-
formation that gets copied and transmitted to
the next generation, allowing living cells to re-
produce.

Figure 1.4 - Organization of organisms by metabolic type

Figure 1.5 - Tree of life
Wikipedia
All cells also need to be able to obtain and use
energy. The source of this energy is different
in different organisms (Figure 1.4). Photo-
trophs are organisms that obtain metabolic
energy from light, while chemotrophs get
their energy from the oxidation of chemical
fuels. Organisms that can capture energy
from light or from chemical sources are
termed autotrophs (auto=self, troph=nouris-
hing). Others are heterotrophs, which use,
as their energy
source, the or-
ganic compounds
made by other or-
ganisms. Plants,
and other photo-
synthetic organ-
isms are auto-
trophs, while ani-
mals are hetero-

Wikipedia  trophs.
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Figure 1.6 - Interplay between autotrophs and

heterotrophs
Wikipedia

Cells may be aerobic (i.e., use oxygen) or an-

Others are facultative anaer-
obes, cells that can live with, or
without, oxygen.

Prokaryotic and

eukaryotic cells
Organisms may be divided into
two major groups, the pro-
karyotes and the eukaryo-
tes. The cells of the former
lack a nucleus and other or-
ganelles, while those of the
latter are characterized by nu-
merous internal, membrane-
bounded compartments, in-
cluding a nucleus.

Prokaryotes are unicellular
and generally considerably
smaller than their eukaryotic

cousins, with sizes ranging from 0.5 to 5 ym

aerobic (able to live without oxygen). Some

in diameter. Prokaryotes typically have circu-

anaerobic cells are obligate anaerobes, that is,

lar chromosomes, and may sometimes con-

they require an environment free of oxygen.

tain extra-chromosomal DNA elements (also

Table 1.1

Image by Aleia Kim

15



usually circular) called plasmids. Although
the DNA in prokaryotes is not wrapped
around histones, as is the case for eukaryo-
tes, prokaryotes have proteins associated with
their DNA. The DNA-protein complexes in
prokaryotes create a structure called a nu-
cleoid, which is different from the eukaryotic
nucleus in not being enclosed by a nuclear en-
velope (Figure 1.7). The proteins associated
with the DNA in Archaea resemble eukary-

Figure 1.7 - Prokaryotic vs. eukaryotic cell structures (not to scale)

otic histones, while those in bacteria are differ-
ent from both eukaryotic and archaeal DNA
packaging proteins.

Prokaryotes may be divided into two broad
categories, bacteria and archaea. These single

Excuse me for feeling superia
To the life forms we call the bacteria

Students know very well

There are no organelles
To be found in their tiny interia

-celled organisms are both ancient and wide-
spread. Archaea were once thought to be a
subgroup of bacteria, but have subsequently
been shown to be a completely different group
of organisms that are so distinct from both
bacteria and eukaryotes that they now are clas-
sified in a domain of their own.

Bacteria

Like eukaryotic cells, bacterial cells have a
plasma mem-
brane surround-
ing them, but in
addition, they
also contain an
exterior cell wall,
comprised of an
interlocked pepti-
doglycan net-
work. On their
exterior surfaces,
bacteria have
hair-like append-
ages called pili that allow them to adhere to
other cells. Pili play an important role in bac-
terial conjugation, a process in which DNA is
transferred between bacterial cells. In addi-
tion, bacterial cells may have flagella that en-
able them to move through their surround-
ings.

Interestingly, bacteria can communicate, not
only with members of their own species, but
also with other bacterial species, using chemi-
cal signals, in a process called quorum sens-

12



ing. These signaling mecha-
nisms enable bacteria to assess
conditions around them (such
as the size of their population).
Quorum sensing plays a role in
the process of infection by bac-
terial pathogens as well as the
formation of biofilms (mats of
cells that adhere to each other
tightly and protect the bacteria
against environmental hazards
or other harmful agents).

Archaea

The first archaeans to be stud-
ied were all found in harsh envi-
ronments such as salt flats and
hot springs. Because of this, they were ini-
tially believed to live only in extreme environ-
ments and were described as extremophiles
(Figure 1.8). We now know that archaeans
can be found in every environment, moderate
or extreme. Archaea have been

found in the human gut, and in

YouTube Lectures
by Kevin
HERE & HERE

such huge numbers in marine
plankton that it has been sug-

Figure 1.8 - Archaeans growing in acid mine waste

Archaea are also unique among living organ-
isms in their use of ether linkages to join the
lipids used in their plasma membranes to
glycerol. Not only are the ether linkages differ-
ent from the ester linkages in all other forms
of life, but the lipids themselves are different.
In place of the fatty acids used in both
bacterial and eukaryotic mem-
branes, archaea use long
iIsoprene-derived chains (Figure

gested that they may be the most
abundant organisms on earth.

While they are unicellular, and superficially
resemble bacteria, archaea are in some re-
spects more similar to eukaryotes. Their tran-
scriptional machinery, promoter se-
guences and ribosomes are much more like
those of eukaryotes than of prokaryotes.

1.9) This difference in membrane
composition and structure makes archaeal
membranes highly stable and may be advanta-
geous in extreme conditions.

Archaea, like bacteria, also have a cell wall,
but the cell walls do not contain peptidogly-
cans. Some archaea have peptidoglycan-like

13
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Figure 1.9 Archaeal membrane, top, showing unusual ether linkages and isoprene
chains and bacterial membrane, below.

molecules in their cell walls, while
others build their cell walls en-
tirely of glycoproteins and poly-
saccharides.

Eukaryotes

Eukaryotic cells are found in
both unicellular and multicellular
organizational schemes. Unicellu-
lar forms include yeast and many

Figure 1.10 Paramecium
Wikipedia

Wikipedia

protists, familiar to students
from introductory biology
labs, like Paramecium and
Amoeba. Multicellular
eukaryotes include plants,
animals, and fungi. Eukary-
otic cells are surrounded by a
plasma membrane. Ani-
mal cells have no cell walls,
whereas plant cells use cellu-

14



lose, hemicellulose, and pectins to build
cell walls outside their plasma mem-
branes. Fungal cells have cell walls that are
unusual in containing the polymer, chitin,
which is also found in the exoskeletons of ar-
thropods.

Eukaryotic cells are typically much larger
(typically 10-100 um) and contain considera-
bly more DNA than prokaryaotic cells. The
most distinctive feature of eukaryotic cells,
however, is the presence of a variety of inter-
nal membrane-bounded structures, called or-
ganelles.

Figure 1.11 - Animal cell structure

Organelles

Eukaryotic cells are characterized by internal
membrane-bounded compartments, or organ-
elles. These compartments divide up the inte-
rior of the cell into discrete parts that have
specialized functions.

Organelles found in eukaryotic cells in-
clude the nucleus (houses DNA), mitochon-
dria (electron transport system/
oxidative phosphorylation for ATP syn-
thesis), nucleolus (ribosome synthesis and
assembly), endoplasmic reticulum (lipid
metabolism and targeted protein synthe-
sis and folding), the Golgi apparatus (pro-
tein modification and secre-
tion), peroxisomes (oxida-
tion of very long chain fatty
acids), chloroplasts
(plants - photosynthe-
sis), plastids (synthesis and
storage of compounds in
plants), lysosomes (ani-
mals - hydrolytic enzymes),
endosomes (contain endo-
cytosed material), and
vacuoles.

The presence of multiple
compartments within the
cell permits reactions re-
quiring specific conditions
to be carried out in isola-
tion from the rest of the

Wikipedia
; cell. For example, the for-

15



mation of disulfide
bonds in proteins is
possible in the condi-
tions within the endo-
plasmic reticulum,
but would not readily
occur in the different
environment of the cy-
tosol. The presence of
membrane-bounded
compartments also al-
lows reactants to be
more concentrated be-

cause of the smaller vol-

ume of the organelle.

Eukaryotic DNA in a
cell is divided into sev-
eral linear bundles

called chromosomes.

Chromosomes contain the genomic DNA
wrapped around cores of positively charged
proteins called histones. The ends of linear
eukaryotic chromosomes have telo-
meres, short (less than 10 bp)

Figure 1.12 Cell nucleus

are enzymes required for the replication
and transcription of genetic information.
The presence of the nuclear envelope also
regulates which proteins can enter the nu-
cleus at any given time. This, as you

YouTube Lectures will see later, is an important way to
sequences repeated thousands by Kevin control gene expression.
of times. The role of telomeres HERE & HERE
in preventing loss of information Mitochondria and chloroplasts
when linear chromosomes are repli- have their own DNA, separate from and in

cated is discussed later.

The chromosomes in eukaryotic cells are sur-
rounded by the nuclear envelope, a double
membrane structure that encloses the nucleus

addition to the nuclear DNA. This DNA is
small and circular and resembles a prokary-
otic chromosome. Mitochondria and chloro-
plasts also have their own ribosomes and
tRNAs and can carry out their own protein

(Figure 1.12). Within the nucleus, there
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synthesis. This
Is not as odd as it
seems, because
these organ-
elles are likely
derived from pro-
karyotes that
once lived as en-
dosymbionts
within ancient
eukaryotic cells
and eventually be-
came integrated
into their host
cells.

intermediate filaments

The cytoskeleton

Another interesting feature of eukaryotic cells
Is the presence of an internal skeleton-like
structure called a cytoskeleton. The cyto-
skeleton is made up of a network of interlink-
ing protein fibers belonging to three major
classes: microtubules, microfilaments,
also known as actin filaments, and interme-
diate filaments (Figure 1.13). All eukary-
otic cells have microfilaments and microtu-
bules, but it appears that plant cells may lack
intermediate filaments (It is now known that
some cytoskeletal elements are present in bac-
teria and archaea as well, but these have been
discovered relatively recently and thus, less is
known about them.)

Although the word “skeleton” may suggest a
rigid and fixed structure, the cytoskeleton is

Figure 1.13 Cultured cells stained to show

dynamic, with
both microfila-
ments and mi-
crotubules dis-
assembling and
rearranging them-
selves on an ongo-
ing basis, as
needed. Inter-
mediate fila-
ments are also
broken down and
rebuilt, at spe-
cific times, such
Wikipedia  as during cell divi-
sion. The three
main classes of cytoskeletal elements are dis-
tinguished by the proteins that they are com-
posed of, as well as the way in which those pro-
teins assemble into the structures seen in the
cell.

Intermediate filaments, for example, are
made up of a variety of proteins that share a
common structure, and assemble into fibers
that resemble a cable made up of many indi-
vidual strands of wire twisted together. This
arrangement, because of its mechanical
strength, makes intermediate filaments ide-
ally suited to provide structural support to
various cell structures. The nuclear envelope,
for example, has a network of intermediate
filaments called the nuclear lamina, just in-

1%



side the inner membrane of the enve-
lope in animal cells.

Microfilaments, composed of the
protein actin, underlie the plasma
membrane of animal cells, and give
them their characteristic shapes. Re-
modeling of these filaments changes
the shape of the cell, and is important
for cell movement. In animal cells,
actin also plays a role in cytokinesis,
the last step in cell division, by help-
ing to cleave the cell in two after nu-
clear division.

Microtubules, made up of various

kinds of a protein called tubulin, Figure 1.15 - The cytoskeleton. Actin filaments
are in red, microtubules in green, nucleus in
blue

also play vital roles in cell division
(Figure 1.14). The spindle fibers

that attach to chromosomes during
metaphase, and help separate the two sets

of chromosomes, are made up of microtu-
bules. Microtubules also serve as tracks
along which motor proteins, like dynein
and Kinesin, transport cargo to different
parts of the cell.

Additional functions of the cytoskeleton
include helping to organize the contents of
the cell. If you ever wondered what kept or-
ganelles in an aqueous cytoplasm from float-
ing around like beach balls in water, the an-
e swer is that organelles are anchored by at-

tachment to the cytoskeleton. Interac-

Figure 1.14 - B-tubulin in Tet’ahyme"v‘:’/’ikipedia tions among cytoskeletal proteins and com-



ponents of the extracellular matrix are cru-
cial in maintaining tissue structure.
Membrane-associated signaling proteins are
sometimes linked to components of the cyto-
skeleton, giving cytoskeletal proteins a role
in cell signaling pathways.

Tissues

Cells in multicellular organisms are organized
into tissues that play specialized roles in the
body. Animals have four types of tissues in

Figure 1.16 - Types of epithelial tissue

their bodies - epithelium, connective tis-
sue, nerve tissue, and muscle tissue. The
first of these, epithelial tissues line the cavi-
ties and surfaces of blood vessels and organs
in the body (Figure 1.16). Epithelial cells are
categorized by their shapes: squamous, colum-
nar, and cuboidal. These can be organized in a
single cell layer or in layers of two or more
cells deep (referred to as stratified or layered).
Glands are all comprised of epithelial cells.

Epithelial cell functions include protection, se-
cretion, selective absorption, transport, and
sensing. Layers of epithelial cells do not con-
tain blood vessels and must receive nutrients
through the process of diffusion of materials
from underlying connective tissue, through
the basement membrane.

Connective tissue
Of the four animal tissues, connective tissue is
the one that serves as the “glue” to hold every-
thing together.
Connective tis-
sue fills the gaps
between all the
other tissues of
the body, includ-
ing the nervous
system. In the
central nervous
system, for exam-
ple the outer
membranes, the
meninges (cover
of brain) and the spinal cord are composed of
connective tissue. Apart from the blood and
lymph, connective tissues contain three main
components. They are 1) cells; 2) ground sub-
stance; and 3) fibers. Blood and lymph con-
tain components 1 and 2, but not 3. Cell types
found in connective tissue include adipo-
cytes, fibroblasts, mast cells, macro-
phages, and leucocytes.
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Nerve tissue

The nervous system of humans con-
tains two main components. The
brain and spinal cord comprise the
central nervous system (CNS) and
nerves branching from these make up
the peripheral nervous system. The pe-
ripheral nervous system is responsible
for regulating bodily functions and ac-
tions. In the central nervous system
(CNS), the tissue types are referred to
as grey matter or white matter. In the
peripheral nervous system (PNS), tis-
sue types include nerves and ganglia.

Nerve cells are also called neurons. Neu-
rons can transmit and receive signals. Spe-
cialized cells called glia assist in transmitting
the nerve signal and also provide nutrients for
the neurons. All nerve cells contain an axon
(Figure 1.20) which are long fiber-like struc-
tures responsible for sending signals in the
form of action potentials to adjacent cells.
Nervous system functions include receiving
input from senses, controlling muscles and
glands, homeostasis, integration of informa-
tion, and mental activity.

Muscle tissue

Muscle tissue is formed during embry-
onic development by a process
known as myogenesis. Mam-
mals have three types of mus-

Figure 1.

17 - Nerve cell anatomy
Image by Pehr Jacobson

muscle; 2) smooth, non-striated muscle; and
3) cardiac muscle. Cardiac muscle and
smooth muscle are notable for contracting
involuntarily. Both can be activated through
nerve stimuli from the central nervous system
or by innervation from the peripheral plexus
or by endocrine/hormonal activation. Stri-
ated muscles, by contrast, only contract vol-
untarily by (mostly) conscious action influ-
enced by the central nervous system. Reflex-
ive movement by striated muscles occurs non-
consciously, but also arises from central nerv-
ous system stimulation.

YouTube Lectures
by Kevin
HERE & HERE

cle tissue - 1) skeletal/striated
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Biochemistry, Biochemistry

To the tune of “Oh Christmas Tree”
Metabolic Melodies Website HERE

Biochemistry Biochemistry
I wish that | were wiser
| feel I'm in way o’er my head
I need a new advisor

My courses really shouldn’t be
Such metabolic misery
Biochemistry Biochemistry
I wish that | were wiser

Biochemistry Biochemistry
Reactions make me shiver
They’re in my heart and in my lungs
They’re even in my liver

I promise | would not complain

If I could store them in my brain

Biochemistry Biochemistry
I wish that | were wiser

Biochemistry Biochemistry
I’'m truly in a panic
Your mechanisms murder me
| should have learned organic

For all I have to memorize
| ought to win the Nobel Prize.
Biochemistry Biochemistry
I wish that | were wiser

Recorded by Tim Karplus.
Lyrics by Kevin Ahern
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Around the Nucleus

To the tune of “Across the Universe”
Metabolic Melodies Website HERE

DNA gets spooled like balls of yarn
Within the chromosomes
Unwinding when it’s duplicated there
Around the nucleus

Primase sets down RNA
To pave the path for DNA
Across a replication fork

Complementarit-y rules (ahhhhhh)
DNA Pol-y-mer-ase
Synthesizing DNAs
RNA Pol-y-mer-ase
Making all the RNAs

Helicases split the strands
In front of replication forks
To make templates accessible
Around the nucleus

Complementary bases
Match the bonds of ‘H’ and hold the strands
Together till they're pulled apart
Around the nucleus
Hydrogen bonding fuels (ahhhhhhhhh)

Tiny alpha helix bands
Folding for the cells’ demands
Beta sheets comprised of strands
Meeting all the cells’ demands

Exons link majestically all guided
By a master plan encoded in the cell’'s genome
That'’s buried deep inside of me
Countless combinations of the codons
Bring diversity to life evolving on and on
Around the nucleus

Complexes rule the world (ahhhhhhhh)
Ribosomes and spliceosomes
Transforming the cells’ genomes
Ribosomes and spliceosomes
Builders of the proteomes

YouTube video HERE

Recorded by David Simmons
Lyrics by Kevin Ahern
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Biochem is Beautiful

To the tune of “Everything is Beautiful”
Metabolic Melodies Website HERE

Students study molecules with
All of the structures they possess
Proteins, fats and DNAs
There must be a million ways
To evaluate our knowledge for the test

Biochem is beautiful
Our professor says
From the sugar in our cells
To actions of HDLs

And molecules are dutiful
In every way
Substrates for the enzymes are
Converted e-ver-y day

There is no enzyme
That can lower Delta G
They just work all the time
On transition energy

Catalysis provides to cells
Metabolic jump-startin
They all capitalize
By giving rise
To reactions ‘tween the carbons

Biochem is beautiful
Saying it with zest
Would be so much easier
If I could just ace the test

Biochem is beautiful
Saying it with zest
Would be so much easier
If I could just ace the test
fade

Recorded by David Simmons
Lyrics by Kevin Ahern
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Introduction: Basic Chemistry

Certain chemistry

“Organic chemistry is the chemistry of car-
bon compounds. Biochemistry is the chemis-
try of carbon compounds that crawl”

-Michael Adams.

To understand biochemistry, one must pos-
sess at least a basic understanding of
organic and general chemistry. In
this brief section, we will provide

a rapid review of the simple con-

YouTube Lectures
by Kevin
HERE & HERE

lar chemistry. Chemistry is chemistry,
whether in a cell or outside it, but biological
chemistry is a particular subset of organic
chemistry that often involves enormous mac-
romolecules, and that happens in the aqueous
environment of the cell.

Figure 1.18 shows the various organic func-

tional groups common in biochemis-
try. You will encounter these func-
tional groups as you study the bio-

cepts necessary to understand cellu-

synthetic and breakdown path-
ways that build and recycle the
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chemical compounds of which cells are made.
In addition to knowing the names and struc-

tures of these groups, students need a basic

understanding of covalent and ionic bonds.

Class General Structure Name Functional Group
Alkenes RCH=CHR Double Bond C==C
Alcohols ROH Hydroxyl s B
Ethers ROR Ether el
Amines RNH:z
R2NH o
RsN Amino —N\
Thiols RSH Sulfhydryl —h
o) 0
I I
Aldehydes Broei( ety Carbonyl e (e
0 )
I |
Ketones Rl meseniy Carbonyl grenad P oo
I
Carboxylic Acids R0 Carboxyl el Soman ®, p
| ]
: i Sa el : P SR o
Amides R =e=lR5 Amide C N\
0] O
I |
Esters i crond Phee 3.1 3 Ester s B 1
0 I
Phosphoric Acid Ra=-=uii) l|> OH Phosphoric Ester 0) l|> OH
Esters OH OH
| ]
Phosphoric Acid Re=—C | o) | Phosphoric Anhydride 'T 0] I|°
Anhydrides OH OH OH OH

Figure 1.18 - Important functional groups in biochemistry

Image by Aleia Kim
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Covalent bonds, as you know, are the result
of sharing of electrons between two atoms.
lonic bonds, by contrast, are formed when
one atom donates an electron to another, such
as in the formation of sodium chloride.

Figure 1.19 - Tetrahedral structure
Wikipedia

Single covalent bonds can rotate freely, but
double bonds cannot. Single bonds around
a carbon atom are arranged in a tetrahe-
dron with bond angles of 109.5° relative to
each other, with the carbon at
the center (Figure 1.19). Dou-
ble bonded carbons create a pla-

Table 1.2

nar structure with bond angles
typically of about 120°.

Electronegativity
Electronegativity is a meas-
ure of the affinity a nucleus has
for outer shell electrons (Table
1.2). High electronegativity cor-
responds to high affinity. Elec-

trons in a covalent bond are held closer to
the nucleus with a greater electronegativity
compared to a nucleus with lower electronega-
tivity.

For example, in a molecule of water, with hy-
drogen covalently bonded to oxygen, the elec-
trons are “pulled” toward the oxygen, which is
more electronegative. Because of this, there is
a slightly greater negative charge near the oxy-
gen atom of water, compared to the hydrogen
(which, correspondingly has a slightly higher
positive charge). This unequal charge distribu-
tion sets up a dipole, with one side being some-
what negative and the other somewhat posi-
tive. Because of this, the molecule is de-
scribed as polar.

Hydrogen bonds between water molecules
are the result of the attraction of the partial
positive and partial negative charges on differ-
ent water molecules (Figure 1.20). Hydro-
gen bonds can also form between hydrogens

Image by Aleia Kim
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Figure 1.20 Hydrogen bonds (dotted
lines) between water molecules

Wikipedia
with a partial positive charge and other
strongly electronegative atoms, like nitrogen,
with a partial negative charge. Itis important
to remember that hydrogen bonds are
interactions between molecules (or
parts of molecules) and are not
bonds between atoms, like cova-

YouTube Lectures
by Kevin
HERE & HERE

can dissolve in water. They are called hydro-
philic. Molecules possessing both character-
istics are called amphiphilic.

Weak interactions
Hydrogen bonds are one kind of electrostatic
(i.e., based on charge) interaction between di-
poles. Other forms of electrostatic interac-
tions that are important in biochemistry in-
clude weak interactions between a polar
molecule and a transient dipole, or between
two temporary dipoles. These temporary di-
poles result from the movement of electrons
in a molecule. As electrons move around, the
place where they are, at a given time, becomes
temporarily more negatively charged and
could now attract a temporary positive charge
on another molecule. Since electrons don'’t
stay put, these dipoles are very short-lived.
Thus, the attraction that depends on these di-
poles fluctuates and is very weak. Weak
interactions like these are some-
times called van der Waals
forces. Many molecular interac-

lent or ionic bonds.

Bonds between hydrogen and carbon do

not form significant partial charges because
the electronegativities of the two atoms are
similar. Consequently, molecules containing
many carbon-hydrogen bonds will not form
hydrogen bonds and therefore, do not mix
well with water. Such molecules are called hy-
drophobic. Other compounds with the abil-
ity to make hydrogen bonds are polar and

tions in cells depend on weak inter-
actions. Although the individual hy-
drogen bonds or other dipole-dipole interac-
tions are weak, because of their large num-
bers, they can result in quite strong interac-
tions between molecules.

Oxidation/reduction
Oxidation involves loss of electrons and re-
duction results in gain of electrons. For
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every biological oxidation, there is a corre-
sponding reduction - one molecule loses
electrons to another molecule. Oxidation
reactions tend to release energy and are a
source of bioenergy for chemotrophic
cells.

lonization

lonization of biomolecules, by contrast

does not involve oxidation/reduction. In
ionization, a hydrogen ion (H*) leaves be-
hind its electron as it exits (leaving behind a
negative charge) or joins a group (adding a
positive charge). Biological ionizations typi-
cally involve carboxyl groups or amines,
though phosphates or sulfates can also be
ionized. A carboxyl group can have two ioni-
zation states - a charge of -1 corresponds to
the carboxyl without its proton and a charge
of zero corresponds to the charge of the car-
boxyl with its proton on. An amine also has
two ionization states. A charge of zero corre-
sponds to a nitrogen with three covalent
bonds (usually in the form of C-NH>) and a
charge of +1 corresponds to a nitrogen mak-
ing four covalent bonds (usually X-NH3*).

Stereochemistry

A carbon has the ability to make four single
bonds (forming a tetrahedral structure)
and if it bonds to four different chemical
groups, their atoms can be arranged around
the carbon in two different ways, giving rise to
stereochemical “handedness” (Figure

COOH

C"u

H:Co )
OH

HOO?

\\“C
{ “CH;
HO

Figure 1.21 - Mirror images of lactic acid

1.21). Each carbon with such a property is re-
ferred to as an asymmetric center. The
property of handedness only occurs when a
carbon has four different groups bonded to it.
Enzymes have very specific 3-D structures,
so for biological molecules that can exist in dif-
ferent stereoisomeric forms, an enzyme that
synthesizes it would make only one of the pos-
sible isomers. By contrast, the same mole-
cules made chemically (not using enzymes)
end up with equal amounts of both isomers,
called a racemic mix.

Gibbs free energy

The Gibbs free energy calculation allows us
to determine whether a reaction will be spon-
taneous, by taking into consideration two fac-
tors, change in enthalpy (AH) and change in
entropy (AS).

The free energy content of a system is given
by the Gibbs free energy (G) and is equal to
the enthalpy (H) for a process minus the
absolute temperature (T) times the entropy

(S)
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G=H-TS

For a process, the change in the Gibbs free en-
ergy AG is given by

AG = AH - TAS

A AG that is negative corresponds to release

of free energy. Reactions that release energy
are exergonic, whereas those that absorb en-
ergy are called endergonic.

The biological standard Gibbs free
energy change (AG®’) corresponds to
the AG for a process under standard con-
ditions of temperature, pressure, and at
pH =7. For areaction

aA + bB <=>cC + dD,

the equilibrium constant, Keq IS
equal to

Keq = {[C]%q[D]%ql} / {[Aleq[B]Peq}

tion will be the sum of the individual AG and
AG® values.

AGtotal = AG1 + AG =2 + Y

AG®'otal = AG1® + AG2®

Catalysis

Catalysis is an increase in the rate of a reac-
tion induced by a substance that is, itself, un-
changed by the reaction. Because catalysts re-
main unchanged at the end of a reaction, a sin-

Figure 1.22 - Glyceraldehyde-3-phosphate

where a,b,c,and d are integers in the bal-
anced equation. Large values of Keq cor-
respond to favorable reactions (more C and D
produced than A and B) and small values of
Keq mean the opposite. At equilibrium,

AGO’ = -RTInKeq

If a process has a AG = Z and a second process
has a AG =Y, then if the two processes are
linked, AG and AG*®’ values for the overall reac-

dehydrogenase in the midst of catalysis

Wikipedia

gle catalyst molecule can be reused for many
reaction cycles. Proteins that catalyze reac-
tions in cells are called enzymes, while ribo-
zymes are RNA molecules that act as cata-
lysts.
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The Number Song

To the tune of “Everybody Loves Somebody Sometime”
Metabolic Melodies Website HERE

Avogadro’s number is a huge one
Boltzmann's constant's rather miniscule
Values differing enormously
As we learned in school

Science numbers need to have dimensions
Size is not the most important thing
Units give the yardsticks needed
For under-STAN-ding

Bridge
It's taught in the ivory towers
By professors it's so ballyhooed
Values can have such diff'rent powers
That to know them we must have their magnitudes

One light year’s a really lengthy distance
Grams define the masses high and low
The ohm can measure the resistance
If current should flow
Bridge
One set of factors you SHOULD know
The roots of seven and of three et al
Cannot be expressed as a ratio
Oh these numbers all are quite irration-al

Three point one four one five nine two six five
No end to Pi’s digits it’s absurd
Endlessly reminding me that I've
BEEN SO OUT-num-bered

Recording by David Simmons
Lyrics by Kevin Ahern
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Elemental Learning

To the tune of "Sentimental Journey"
Metabolic Melodies Website HERE

Gonna do
Some elemental learning
Studying for my degree

Elevate
My supplemental earnings
With atomic chemistry

Learning ‘bout
The subatomic units
In an atom’s nucleus

Balance charge
With all of the electrons
Or an ion you’ll possess

Neutrons
They're the chargeless bits in
Atoms
Protons sometimes wish they had ‘em
Gotta have an a-dequate supply
In nuclei

If you don’t
There’ll be a price for payin’
For the instability

‘Cuz you'll get
The nucleus decaying
Radi-o-activity

Recording by Heather Pearson Boren and Eric Hill
Lyrics by Kevin Ahern
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Introduction: Water and Buffers

Water everywhere The water molecule has wide V' shape (the H-
When it comes to water, we're literally drown- O-H angle is 104°) with uneven sharing of elec-
ing in it, as water is by far the most abun- trons between the oxygen and the hydrogen
dant component of every cell. To atoms (Figure 1.23). Oxygen, with
understand life, we begin the dis- YouTube Lectures its higher electronegativity,
cussion with the basics of water, by Kevin holds electrons closer to itself
because everything that happens T e e than the hydrogens do. The hy-

in cells, even reactions buried deep drogens, as a result, are described as
inside enzymes, away from water, is influ- having a partial positive charge (typically des-
enced by water’s chemistry. ignated as 6*) and the oxygen has a partial

negative charge (written as 6°). Thus, water is
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water when mixed with it. On the other
hand, sodium chloride, which ionizes,
and ethanol, which is polar, are able to
form hydrogen bonds, so both dissolve
in water. Ethanol’s solubility in water is
crucial for brewers, winemakers, and
distillers — but for this property, there
would be no wine, beer or spirits. As
explained in an earlier section, we use the
term hydrophilic to describe substances
Figure 1.23 - Arrangement of atoms in water that interact well with water and dissolve
Image by AleiaKim —jn jt and the term hydrophobic to refer
to materials that are non-polar and do not

a polar molecule because charges are distrib- : ; _
dissolve in water. Table 1.3 illustrates some

uted around it unevenly, not symmetrically. :
polar and non-polar substances. A third term,
Water as a solvent amphiphilic, refers to compounds that have

Water (Figure 1.23) is described as a both properties. Soaps, for example are

solvent because of its ability to solvate ardpipnIlic ContulNgld oy NOEPlan

(dissolve) many, but not all, molecules. aliphatic tail and a head that ionizes.

Molecules that are ionic or polar dissolve

Solubility

readily in water, but non-polar substances it Dy _ _
The solubility of materials in water is based in

dissolve poorly in water, if at all. Oil, for

free energy changes, as measured by AG. Re-
example, which is non-polar, separates from o J y

Table 1.3

Hydrophilic vs Hydrophobic Compounds

Hydrophobic Hydrophilic
Nonpolar hydrocarbons (hexane) lonic compounds (NaCl)
Lipids (fats and cholesterol) Polar organic compounds (alcohols, ketones

or carbonyls)
Weak acids (phosphates, amino acids)
Sugars/carbohydrates

Image by Aleia Kim
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Figure 1.24 - Structure of a Soap

member, from chemistry, that H is the en-
thalpy (heat at constant pressure) and S is
entropy. Given this,

AG = AH - TAS,

where T is the temperature in Kelvin. For a
process to be favorable, the AG for it must be
less than zero.

From the equation,
lowered AG values will
be favored with
decreases in enthalpy
and/or increases in
entropy. Let us first
consider why non-polar
materials do not
dissolve in water. We
could imagine a
situation where the
process of dissolving
involves the
“surrounding” of each
molecule of the non-
polar solute in water,
just like each sodium

and each chloride ion water.

gets surrounded by water molecules as salt
dissolves.

Water organization

There is a significant difference, though be-
tween surrounding a non-polar molecule

with water molecules and surrounding ions

(or polar compounds) with water molecules.

Figure 1.25 - Structures formed by amphiphilic substances in

Image by Aleia Kim
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Figure 1.26 - A phospholipid - an
amphiphilic substance

The difference is
that since non-polar
molecules don’t
really interact with
water, the water be-
haves very differ-
ently than it does
with ions or mole-
cules that form hy-
drogen bonds. In
fact, around each
non-polar molecule,
water gets very or-
ganized, aligning it-
self regularly. As
any freshman chemistry student probably re-
members, entropy is a measure of disorder,
so when something becomes ordered, entropy
decreases, meaning the AS is negative, so the
TAS term in the equation is positive (negative
of a negative).

Since mixing a non-polar substance with wa-
ter doesn’t generally have any significant heat
component, the AG is positive. This means,
then, that dissolving a non-polar compound
in water is not favorable and does not occur to
any significant extent. Further, when the
non-polar material associates with itself and
not water, then the water molecules are free
to mix, without being ordered, resulting in an
increase of entropy. Entropy therefore
drives the separation of non-polar substances
from aqueous solu-
tions.

Amphiphilic
substances

Next, we consider
mixing of an
amphiphilic
substance, such as a
soap, with water
(Figure 1.24). The
sodium ions
attached to the fatty
acids in soap readily
come off in aqueous

Figure 1.27 - Vinegar (black) and oil (yellow)
A mix of polar and nonpolar compounds

Wikipedia

solution, leaving behind a negatively charged
molecule at one end and a non-polar region at
the other end. The ionization of the soap
causes in an increase in entropy - two
particles instead of one. The non-polar
portion of the negatively charged soap ion is
problematic - if exposed to water, it will cause

S



Figure 1.28 - Environment of a lipid bilayer. Water is
concentrated away from the hydrophobic center,
being saturated on the outside, semi-saturated near
the head-tail junction and fully dehydrated in the

middle.

water to organize and result in a decrease of
entropy and a positive AG.

Since we know fatty acids dissolve in water,
there must be something else at play. There
Is. Just like the non-polar molecules in the
first example associated with each other and
not water, so too do the non-polar portions of
the soap ions associate with each other and
exclude water. The result is that the soap ions
arrange themselves as micelles (Figure 1.25)
with the non-polar portions on the interior of
the structure away from water and the polar

Image by Aleia Kim

portions on the outside
interacting with water.

The interaction of the polar
heads with water returns the
water to its more disordered
state. This increase in disorder,
or entropy, drives the forma-
tion of micelles. As will be seen
in the discussion of the lipid bi-
layer, the same forces drive
glycerophospholipids and
sphingolipids to spontane-
ously form bilayers where the
non-polar portions of the mole-
cules interact with each other
to exclude water and the polar
portions arrange themselves on
the outsides of the bilayer (Fig-
ure 1.28).

Figure 1.29 - Protein folding arranges
hydrophobic amino acids (black dots)
inside the protein

38



Figure 1.30 - Common hydrogen bonds in biochemistry

Yet another example is seen in the folding of
globular proteins in the cytoplasm. Non-
polar amino acids are found in the interior
portion of the protein (water excluded). In-
teraction of the non-polar amino acids turns
out to be a driving force for the folding of
proteins as they are being made in an aque-
ous solution.

Hydrogen bonds

The importance of hydrogen bonds in bio

chemistry (Figure 1.30) is hard to over-
state. Linus Pauling himself said,

“. ...l Dbelieve that as the methods of struc-
tural chemistry are further applied to
physiological problems it will be found that
the significance of the hydrogen bond for
physiology is greater than that of any other
single structural feature.”

Image by Aleia Kim

In 2011, an IUPAC task group gave an

evidence-based definition of hydrogen

bonding that states,

Figure 1.31 - Hydrogen bonds between

water molecules

Image by Pehr Jacobson
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Figure 1.32 - Example dipole interactions in biochemistry

“The hydrogen bond is an attractive interac-
tion between a hydrogen atom from a mole-
cule or a molecular fragment X—H
in which X is more electronega-
tive than H, and an atom or a

YouTube Lectures
by Kevin
HERE & HERE

which occur when
the partial positive
charge of a
hydrogen atom is
attracted to the
partial negative of
another molecule.
In water, that
means the hydrogen
of one water
molecule is
attracted to the
oxygen of another
(Figure 1.31).
Since water is an
asymmetrical
molecule, it means
also that the
charges are

Image by Aleia Kim

asymmetrical. Such an uneven distribution is

what makes a dipole. Dipolar molecules are

important for interactions with other
dipolar molecules and for
dissolving ionic substances

group of atoms in the same or a
different molecule, in which there is
evidence of bond formation.”

Partial charges

The difference in electronegativity between
hydrogen and the molecule to which it is
covalently bound give rise to partial charges
as described above. These tiny charges (6"
and &) result in formation of hydrogen bonds,

(Figure 1.32).

Hydrogen bonds are not exclusive to
water. In fact, they are important forces hold-
ing together macromolecules that include pro-
teins and nucleic acids. Hydrogen bonds
occur within and between macromolecules.

The complementary pairing that occurs
between bases in opposite strands of DNA,
for example, is based on hydrogen bonds.
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Table 1.4

Each hydrogen bond is relatively weak (com-
pared to a covalent bond, for example - Table
1.4), but collectively they can be quite strong.

Benefits of weak interactions

Their weakness, however, is actually quite
beneficial for cells, particularly as regards nu-
cleic acids (Figure 1.33). The strands of
DNA, for example, must be sepa-
rated over short stretches in the
processes of replication and the
synthesis of RNA. Since only a

few base pairs at a time need to
be separated, the energy required
to do this is small and the enzymes
involved in the processes can read-
ily take them apart, as needed. Hy-
drogen bonds also play roles in
binding of substrates to enzymes,
catalysis, and protein-protein in-
teraction, as well as other kinds of DNA
binding, such as protein-DNA, or

Image by Aleia Kim
antibody-antigen.

As noted, hydrogen bonds are weaker than
covalent bonds (Table 1.4) and their strength
varies from very weak (1-2 kJ/mol) to fairly
strong (29 kJ/mol). Hydrogen bonds only
occur over relatively short distances (2.2 to

Figure 1.33 - Hydrogen bonds in a base pair of

Image by Aleia Kim
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4.0 A). The farther apart the hydrogen bond
distance is, the weaker the bond is.

The strength of the bond in kJ/mol represents
the amount of heat that must be put into the
system to break the bond - the larger the
number, the greater the strength of the bond.
Hydrogen bonds are readily broken using
heat. The boiling of water, for example,
requires breaking of H-bonds. When a
biological structure, such as a protein or a

DNA molecule, is stabilized by hydrogen
bonds, breaking those bonds destabilizes the
structure and can result in denaturation of
the substance - loss of structure. Itis partly
for this reason that most proteins and all
DNAs lose their native, or folded, structures
when heated to boiling.

For DNA molecules, denaturation results in
complete separation of the strands from each
other. For most proteins, this means loss of

Table 1.5
Weak Acid pKa Values
Name Chemical Structure of Acid Chemical Structure of Salt pKa
Acetic Acid CH:COOH CHs;COO~ 476
Formic Acid HCOOH HCOO" 3.75
Lactic Acid CH:CHOHCOOH CH3;:CH—HCOO0" 3.86
Pyruvic Acid CH:COCOOH CH:C—COO" 2.50
Oxalic Acid (1) HOOC—COOH HOOC—COO"~ 1.23
Oxalic Acid (2) HOOC—COO" 00C—CO00~ 419
Carbonic Acid (1) H2CO:s HCOs 6.37
Carbonic Acid (2) HCO:" COsz? 10.20
Malic Acid (1) HOOC —CH,—CHOH—COOH HOOC—CH>;—CHOH—COO0O" 3.40
Malic Acid (2) HOOC —CH.,—CHOH—COO" 00C—CHs—CHOH—COO0O 5.26
Malonic Acid (1) HOOC—CH>—COOH HOOC—CH:—COO0" 2.83
Malonic Acid (2) HOOC—CH>—COO" 00C—CH;—C0O0O" 5.69
Phosphoric Acid (1) H3POa4 H2POa” 2.14
Phosphoric Acid (2) H2PO4~ HPO4Z" 7.20
Phosphoric Acid (3)  HPQa 2 PO43- 12.40
Succinic Acid (1) HOOC—CH>—CH>—COOH HOOC—CH;—CH,— CO0O" 421
Succinic Acid (2) HOOC—CH>—CH>—CO0O" "00C—CH;—CH>—COO" 5.63

Image by Aleia Kim
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their characteristic three-dimensional
structure and with it, loss of the function they
performed. Though a few proteins can readily
reassume their original structure when the
solution they are in is cooled, most can’t. This
Is one of the reasons that we cook our food.
Proteins are essential for life, so
denaturation of bacterial proteins
results in death of any

YouTube Lectures
by Kevin
HERE & HERE

Now, because protons and hydroxides can
combine to form water, a large amount of one
will cause there to be a small amount of the
other. Why is this the case? In simple terms,
if | dump 0.1 moles of H* into a pure water so-
lution, the high proton concentration will re-
act with the relatively small amount
of hydroxides to create water,
thus reducing hydroxide concen-

microorganisms contaminating
the food.

The importance of buffers

Water can ionize to a slight extent (107 M) to
form H* (proton) and OH- (hydroxide).
We measure the proton concentration of a so-
lution with pH, which is the negative log of
the proton concentration.

pH = -Log[H"]

If the proton concentration, [H*]=10"" M,
then the pH is 7. We could just as easily meas-
ure the hydroxide concentration with the
pOH by the parallel equation,

POH = -Log[OH"]

In pure water, dissociation of a proton si-
multaneously creates a hydroxide, so the
POH of pure water is 7, as well. This also
means that

pH +pOH =14

tration. Similarly, if I dump ex-
cess hydroxide (as NaOH, for exam-
ple) into pure water, the proton concentration
falls for the same reason.

Acids vs bases

Chemists use the term “acid” to refer to a sub-
stance which has protons that can dissociate
(come off) when dissolved in water. They use
the term “base” to refer to a substance that
can absorb protons when dissolved in water.
Both acids and bases come in strong and weak
forms. (Examples of weak acids are shown in
Table 1.5.)

Strong acids, such as HCI, dissociate com-
pletely in water. If we add 0.1 moles
(6.02x10%2 molecules) of HCI to a solution to
make a liter, it will have 0.1 moles of H* and

| confess | am pleased to possess
In my buffers a strong UPS
Giving H’s when needed
Grabbing same when exceeded

So my cells don’t get proton distressed
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Clearing Confusion - Students are
often puzzled and expect that

[H*] = [A]

because the dissociation equation shows
one of each from HA. This is, in fact, true
ONLY when HA is allowed to dissociate in
pure water. Usually the HA is placed into
solution that has protons and hydroxides
to affect things. Those protons and /or
hydroxides change the H* and A-
concentration unequally, since A" can
absorb some of the protons and/or HA
can release H* when influenced by the
OH- in the solution. Therefore, one must
calculate the proton concentration from
the pH using the Henderson Hasselbalch
equation.

pH = pKa + log ([Ac]/[HAC])

Figure 1.34 - Dissociation of a

weak acid
Image by Aleia Kim

weak acids are very different from strong ac-
ids. Weak bases behave similarly, except that
they accept protons, rather than donate them.
Since we can view everything as a form of a
weak acid, we will not use the term weak base
here.

You may wonder why we care about weak ac-
ids. You may never have thought much of
weak acids when you were in General Chemis-
try. Your instructor described them as buff-
ers and you probably dutifully memorized the
fact that “buffers are substances that resist

change in pH” without really learning what
0.1 moles of ClI- or 6.02x1022 mole-

cules of each . There will be no re-

Table 1.6
ining HCI when this h . A ; 3 :
k. _W L appe-ns _ Salt/Acid Ratio as a Function of pKas
strong base like NaOH also dissoci- ;
: pH [Salt]/[Acid]

ates completely into Na* and OH",

pKa+3 1000
Weak acids pKa + 2 100
Weak acids and bases differ from pKa+ 1 10
their strong counterparts. When pKa 1
you put one mole of acetic acid PKa-1 1/10
(HAc) into pure water, only a tiny PR 17100

pKa - 3 1/1000

percentage of the HAc molecules

dissociate into H* and Ac". Clearly, Image by Aleia Kim
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this meant. Buffers are much too important
to be thought of in this way.

UPS

Weak acids are critical for life because their
affinity for protons causes them to behave
like a UPS. We’'re not referring to the UPS
that is the United Parcel Service®, but in-
stead, to the encased battery backup systems
for computers called Uninterruptible Power
Supplies that kick on to keep a computer run-
ning during a power failure. The battery in a
laptop computer is a UPS, for example.

We can think of weak acids as Uninterruptible
Proton Suppliers within certain pH ranges,

Figure 1.35 - Titration curve for carbonic acid

On this chemical fact we must dwell
H-A-C’s just not like H-C-L
It always negotiates
Before it dissociates

To bid every proton farewell

providing (or absorbing) protons as needed.
Weak acids thus help to keep the H* concen-
tration (and thus the pH) of the solution they
are in relatively constant.

Consider the bicarbonate/carbonic acid sys-
tem. Figure 1.35 shows what happens when
H2COg3 dissociates. Adding hydroxide ions
(by adding a strong base like NaOH) to the so-
lution causes the H*
ions to react with
OH- ions to make
water. Conse-
guently, the concen-
tration of H* ions
would go down and
the pH would go

up.

However, in con-
trast to the situa-
tion with a solution
of pure water, there
Is a backup source
of H* available in

the form of H2COs.

Here is where the

Image by AleiaKim  UPS function kicks
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in. As protons are
taken away by the
added hydroxyl ions
(making water), they
are partly replaced
by protons from the

H2CO3. This is why
aweak acid is a
buffer. It resists
changes in pH by re-

leasing protons to compensate for those “used
up” in reacting with the hydroxyl ions.

Why do we care about pH? Because biological
molecules can, in some cases, be exquisitely
sensitive to changes in it. As the pH of a solution
changes, the charges of molecules in the solution
can change, as you will see. Changing charges on
biological molecules, especially proteins, can
drastically affect how they work and even whether
they work at all.

The Ka is the acid dis-
sociation constant
and is a measure of
the strength of an
acid. For a general
acid, HA, which dis-
sociates as

HA = H* + A,

Ka = [H*][A]/[HA]

Thus, the stronger the acid, the more protons

that will dissociate from it when added to wa-

Henderson-Hasselbalch

It is useful to be able to predict the response
of the H2CO3 system to changes in H* concen-
tration. The Henderson-Hasselbalch

ter and the larger the value its Ka will have.

equation defines the relationship between pH

and the ratio of HCO3 and H2COs.

Itis

pH = pKa + log ([HCO3]/
[H2CO3))

This simple equation defines the relationship
between the pH of a solution and the ratio of

HCO3-and H2CO3 in it. The new term, called

the pKa, is defined as

YouTube Lectures
by Kevin
HERE & HERE

Large values of Kj translate to lower values of
pKa. As a result, the lower the pKa value is
for a given acid, the stronger the weak acid is.

Constant pKa
Please note that pKa is a constant
for a given acid. The pKa for car-
bonic acid is 6.37. By compari-

son, the pKa for formic acid is 3.75.

Formic acid is therefore a stronger acid than

weaker acid.

acetic acid. A stronger acid will have more
protons dissociated at a given pH than a

Now, how does this translate into stabilizing

pH? Figure 1.35 shows a titration curve.

In this curve, the titration begins with the con-

ditions at the lower left (very low pH). At this

pKa = -Log Ka,
just as
pH = -Log [H*].

pH, the H2CO3 form predominates, but as

more and more OH- is added (moving to the
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right), the pH goes up, the amount of HCO3-
goes up and (correspondingly), the amount of

H2CO3 goes down. Notice that the curve “flat-
tens” near the pKa (6.37).

Buffering region

Flattening of the curve tells us is that the pH
Is not changing much (not going up as fast) as
it did earlier when the same amount of hy-
droxide was added. The system is resisting a
change in pH (not stopping the change, but
slowing it) in the region of about one pH unit
above and one pH unit below the pKa. Thus,
the buffering region of the carbonic acid/
bicarbonate buffer is from about 5.37 to 7.37.
It is maximally strong at a pH of 6.37.

Now it starts to become apparent how the
buffer works. HA can donate protons when
extras are needed (such as when OH- is added
to the solution by the addition of NaOH).
Similarly, A- can accept protons when extra
H* are added to the solution (adding HCI, for
example). The maximum ability to donate or
accept protons comes when

[A]=[HA]

This is consistent with the Henderson Has-
selbalch equation and the titration curve.
When [A] = [HA], pH = 6.37 + Log(1). Since
Log(1) =0, pH = 6.37 = pKa for carbonic acid.
Thus for any buffer, the buffer will have maxi-
mum strength and display flattening of its ti-
tration curve when [A"] = [HA] and when pH

= pKa. If a buffer has more than one pKa (Fig-
ure 1.36), then each pKa region will display
the behavior.

Buffered vs non-buffered

To understand how well a buffer protects
against changes in pH, consider the effect of
adding .01 moles of HCI to 1.0 liter of pure wa-
ter (no volume change) at pH 7, compared to
adding it to 1.0 liter of a 1M acetate buffer at
pH 4.76. Since HCI completely dissociates, in
0.01M (102 M) HCI you will have 0.01M H*.
For the pure water, the pH drops from 7.0
down to 2.0 (pH = -log(0.01M)).

By contrast, the acetate buffer’s pH after add-
ing the same amount of HCl is 4.74. Thus, the
pure water solution sees its pH fall from 7 to 2
(5 pH units), whereas the buffered solution
saw its pH drop from 4.76 to 4.74 (0.02 pH
units). Clearly, the buffer minimizes the im-
pact of the added protons compared to the
pure water.

Buffer capacity

It is important to note that buffers have ca-
pacities limited by their concentration. Let’s
imagine that in the previous paragraph, we
had added the 0.01 moles HCI to an acetate
buffer that had a concentration of 0.01M and
equal amounts of Ac- and HAc. When we try
to do the math in parallel to the previous cal-
culation, we see that there are 0.01M protons,
but only 0.005M A- to absorb them. We could
imagine that 0.005M of the protons would be
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absorbed, but that would still leave 0.005M of
protons unbuffered. Thus, the pH of this solu-
tion would be approximately

pH =-log(0.005M) = 2.30

Exceeding buffer capacity dropped the pH
significantly compared to adding the same
amount of protons to a 1M acetate buffer.
Consequently, when considering buffers, it is
important to recognize that their concentra-
tion sets their limits. Another limit is the pH

range in which one hopes to control proton
concentration.

Multiple ionizable groups

Now, what happens if a molecule has two (or
more) ionizable groups? It turns out, not sur-
prisingly, that each group will have its own
pKa and, as a consequence, will have multiple
regions of buffering.

Figure 1.36 shows the titration curve for
the amino acid aspartic acid. Note that in-

Figure 1.36 - Titration of an acidic amino acid

Image by Aleia Kim
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stead of a single flattening of the curve, as was
seen for acetic acid, aspartic acid’s titration
curve displays three such regions. These are
individual buffering regions, each centered on
the respective pKa values for the carboxyl
group and the amine group.

Aspartic acid has four possible charges: +1
(a-carboxyl group, a-amino group, and R-
group carboxyl each has a proton), O (a-
carboxyl group missing proton, a- amino
group has a proton, R-group carboxyl has a
proton), -1 (a-carboxyl group and R-group car-
boxyl each lack a proton, a-amino group re-
tains a proton), -2 (a-carboxyl, R-group car-
boxyl, and a-amino groups all lack extra pro-
ton).

Prediction

How does one predict the charge for an amino
acid at a given pH? A good rule of thumb for
estimating charge is that if the pH is more
than one unit below the pKa for a group (car-
boxyl or amino), the proton is on. If the pH is
more than one unit above the pKa for the
group, the proton is off. If the pH is NOT
more than one or less than one pH unit from
the pKa, this simple assumption will not work.

Further, it is important to recognize that these
rules of thumb are estimates only. The pl (pH
at which the charge of a molecule is zero) is an
exact value calculated as the average of the
two pKa values on either side of the zero re-
gion. Itis calculated at the average of the two

pKa values around the point where the charge
of the molecule is zero. For aspartic acid, this
corresponds to pKa: and pKa.
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Henderson Hasselbalch

To the tune of "My Country 'Tis of Thee
Metabolic Melodies Website HERE

Henderson Hasselbalch I know when H'’s fly
You put my brain in shock A buffer will defy
Oh woe is me Them actively
The pKa’'s can make Those protons cannot waltz
Me lie in bed awake When they get bound to salts
They give me really bad headaches With this the change in pH halts
Oh hear my plea All praise to thee
Salt - acid RA-ti-0s Thus now that I've addressed
Help keep the pH froze This topic for the test
By buf-fer-ING I’ve got know-how
They show tenacity The pH I can say
Complete audacity Equals the pKa
If used within capacity In sum with log of S o’er A
To maintain things | know it now
Recorded by David Simmons

Lyrics by Kevin Ahern and Indira Rajagopal
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Ode to Bicarbonate

To the tune of "Song Sung Blue"
Metabolic Melodies Website HERE

H-2-0
lonizes slowly
You should know
Its behavior wholly

It presides - in cells’ insides - a solvent great
But mix it with an oil and shake it up
You'll see ‘em separate
See ‘em separate

C-0-2
Made in oxidation
Inside you
Decarboxylation

So divine — when it combines up with the H-2-Os
Bonding together makes bicarbonates
To ease the pH woes

Bicarbonate — can conjugate and take protons out
Restoring a balance inside of the blood
Of this there is no doubt

Thus it’'s so
Thanks to bicarb buffer
In blood flow
You don’t have to suffer

Bicarbonate — will conjugate to take the protons out
Restoring a balance inside of the blood
Of this there is no doubt

Protons stow
In the bicarb buffer
Never grow

Recorded by David Simmons
Lyrics by Kevin Ahern
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Structure & Function

Introduction

When we study life at the molecular level, it
becomes apparent that the structures of bio-
logical molecules are inseparable from their
functions. The molecular interactions that un-
derlie life are dependent on the structures of
the molecules we are made of.

"The man who does not read good
books has no advantage over the
man who cannot read them."

Mark Twain

“It is structure that we look for, whenever we
try to understand anything. All science is
built upon this search. We like to understand,
and to explain, observed facts in terms of
structure.

- Linus Pauling
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In this chapter, we will examine the structures
of the major classes of biomolecules, with an
eye to understanding how these structures re-
late to function.

Interactive 2.1 - The enzyme Hexokinase: as for all
enzymes, the activity of hexokinase depends on its

structure.

Protein Database (PDB)

Biological molecules

As noted earlier, water is the most abundant
molecule in cells, and provides the aqueous
environment in which cellular chemistry hap-
pens. Dissolved in this water are inorganic
ions like sodium, potassium and calcium. But
the distinctiveness of biochemistry derives
from the vast numbers of complex, large, car-
bon compounds, that are made by living cells.
You have probably learned that the major
classes of biological molecules are proteins,

nucleic acids, carbohydrates and lipids.
The first three of these major groups are mac-
romolecules that are built as long polymers
made up of smaller subunits or monomers,
like strings of beads. The lipids, while not
chains of monomers, also have
smaller subunits that are assem-
bled in various ways to make the
lipid components of cells, includ-
ing membranes. The chemical
properties and three dimen-
sional conformations of these
molecules determine all the mo-
lecular interactions upon which
life depends. Whether building
structures within cells, transfer-
ring information, or catalyzing
reactions, the activities of biomo-
lecules are governed by their
structures. The properties and
shapes of macromolecules, in
turn, depend on the subunits of
which they are built.

Building blocks

We will next examine the major groups of bio-
logical macromolecules: proteins, polysac-
charides, nucleic acids, and lipids. The
building blocks of the first three, respectively,
are amino acids, monosaccharides (sug-
ars), and nucleotides. Acetyl-CoA is the
most common building block of lipids.
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Structure & Function: Amino Acids

"It is one of the more striking generalizations
of biochemistry ...that the twenty amino ac-
ids and the four bases, are, with minor reser-
vations, the same throughout Nature."

- Francis Crick

Building blocks of protein

the vast assortment of proteins found in all liv-
ing cells.

All amino acids have the same basic structure,
which is shown in Figure 2.1. At the “center”
of each amino acid is a carbon called the a
carbon and attached to it are four
groups - a hydrogen, an a-

YouTube Lectures

All of the proteins on the face of
the earth are made up of the

by Kevin
HERE & HERE

carboxyl group, an a-amine
group, and an R-group, some-

same 20 amino acids. Linked to-
gether in long chains called polypep-
tides, amino acids are the building blocks for

times referred to as a side chain.
The a carbon, carboxyl, and amino
groups are common to all amino acids, so the
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Figure 2.1 - General amino acid structure

R-group is the only unique feature in each
amino acid. (A minor exception to this
structure is that of proline, in which the
end of the R-group is attached to the
a-amine.) With the exception of glycine,
which has an R-group consisting of a hy-
drogen atom, all of the amino acids in pro-
teins have four different groups attached to
them and consequently can exist in two
mirror image forms, L and D. With only
very minor exceptions, every amino acid
found in cells and in proteins is in the L
configuration.

There are 22 amino acids that are found in
proteins and of these, only 20 are specified
by the universal genetic code. The oth-
ers, selenocysteine and pyrrolysine
use tRNAs that are able to base pair with
stop codons in the mMRNA during trans-

lation. When this happens,
these unusual amino acids

can be incorporated into pro-
teins. Enzymes containing
selenocysteine, for example,
include glutathione peroxi-
dases, tetraiodothyronine 5'
deiodinases, thioredoxin re-
ductases, formate dehydroge-
nases, glycine reductases, and
selenophosphate synthetase.
Pyrrolysine-containing pro-
teins are much rarer and are
mostly confined to archaea.

Table 2.1 - Essential and non-essential
amino acids

56



Non-Polar Carboxyl Amine
Alanine Aspartic Acid Arginine
Glycine Glutamic Acid Histidine

Isoleucine Lysine
Leucine

Methionine
Proline

Valine

Aromatic Hydroxyl Other
Phenylalanine Serine Asparagine
Tryptophan Threonine Cysteine

Tyrosine Tyrosine Glutamine

Selenocysteine

Pyrrolysine

Table 2.2 - Amino acid categories (based on R-group properties)

Essential and non-essential
Nutritionists divide amino acids into two
groups - essential amino acids (must be in
the diet because cells can’t synthesize them)
and non-essential amino acids (can be
made by cells). This classification of amino
acids has little to do with the structure of
amino acids. Essential amino acids vary con-
siderable from one organism to another and
even differ in humans, depending on whether
they are adults or children. Table 2.1 shows
essential and non-essential amino acids in hu-
mans.

Some amino acids that are normally non-
essential, may need to be obtained from the
diet in certain cases. Individuals who do not
synthesize sufficient amounts of arginine,
cysteine, glutamine, proline, selenocys-
teine, serine, and tyrosine, due to illness,
for example, may need dietary supplements
containing these amino acids.

Non-protein amino acids

There are also a-amino acids found in cells
that are not incorporated into proteins. Com-
mon ones include ornithine and citrulline.
Both of these compounds are intermediates in
the urea cycle. Ornithine is a metabolic
precursor of arginine and citrulline can be
produced by the breakdown of arginine. The
latter reaction produces nitric oxide, an im-
portant signaling molecule. Citrulline is the
metabolic byproduct. Itis sometimes used as
a dietary supplement to reduce muscle fa-
tigue.

R-group chemistry

We separate the amino acids into categories
based on the chemistry of their R-groups. If
you compare groupings of amino acids in
different textbooks, you will see different
names for the categories and (sometimes) the
same amino acid being categorized differently
by different authors. Indeed, we categorize ty-
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Figure 2.2 - Amino acid properties

Wikipedia
rosine both as an aromatic amino acid and Non-polar amino acids
as a hydroxyl amino acid. Itis use- Alanine (Ala/A) is one of the most abun-
ful to classify amino acids based dant amino acids found in pro-
on their R-groups, because it is YouTgbeKLe.ctures teins, ranking second only to leu-

: : : y Kevin _

the'-se Sldf_f chalns that gl\-/e -each HERE & HERE cine in occurrence. A D-form of
amino acid its characteristic the amino acid is also found in bacte-
properties. Thus, amino acids with rial cell walls. Alanine is non-essential,
(chemically) similar side groups can be ex- being readily synthesized from pyruvate. It
pected to function in similar ways, for exam- is coded for by GCU, GCC, GCA, and GCG.

ple, during protein folding. Wikipedia link HERE.
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Glycine (Gly/G) is the amino acid with the
shortest side chain, having an R-group con-
sistent only of a single hydrogen. As a result,
glycine is the only amino acid that is not chi-
ral. Its small side chain allows it to readily fit
into both hydrophobic and hydrophilic en-
vironments. Glycine is specified in the ge-
netic code by GGU, GGC, GGA, and GGG. It
Is non-essential to humans. Wikipedia link
HERE.

Figure 2.3 - Non-polar amino acids

Isoleucine (lle/l) is an essential amino
acid encoded by AUU, AUC, and AUA. It has
a hydrophobic side chain and is also chiral
in its side chain. Wikipedia link HERE.

Leucine (Leu/L) is a branched-chain amino
acid that is hydrophobic and essential.
Leucine is the only dietary amino acid re-
ported to directly stimulate protein synthe-
sis in muscle, but caution is in order, as 1)
there are conflicting studies and 2) leucine tox-
icity is dangerous, resulting in "the four D's":
diarrhea, dermatitis, dementia and death .
Leucine is encoded by six codons:
UUA,UUG, CUU, CUC, CUA, CUG. Wikipedia
link HERE.

Methio-
nine (Met/
M) is an es-
sential
amino acid
that is one of
two sulfur-
containing
amino acids
- cysteine is
the other.
Methionine
IS non-
polar and
encoded
solely by the
AUG codon.
It is the “initiator” amino acid in protein syn-
thesis, being the first one incorporated into
protein chains. In prokaryotic cells, the
first methionine in a protein is formylated.
Wikipedia link HERE.
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Proline (Pro/P) is the only amino acid found
In proteins with an R-group that joins with
its own a-amino group, making a secondary
amine and a ring. Proline is a non-
essential amino acid and is coded by CCU,
CCC, CCA, and CCG. Itis the least flexible of
the protein amino acids and thus gives confor-
mational rigidity when present in a protein.
Proline’s presence in a protein affects its sec-
ondary structure. Itis adisrupter of a-
helices and f3-strands. Proline is often hy-
droxylated in collagen (the reaction re-
guires Vitamin C - ascorbate) and this has
the effect of increasing the protein’s conforma-
tional stability. Proline hydroxylation of
hypoxia-inducible factor (HIF) serves as a
sensor of oxygen levels and targets HIF for de-
struction when oxygen is plentiful. Wikipedia
link HERE.

Valine (Val/V) is an essential, non-polar
amino acid synthesized in plants. Itis note-
worthy in hemoglobin, for when it replaces
glutamic acid at position number six, it
causes hemoglobin to aggregate abnormally
under low oxygen
conditions, resulting
in sickle cell dis-
ease. Valineis
coded in the ge-
netic code by
GUU, GUC, GUA,
and GUG. Wikipe-
dia link HERE.

Carboxyl amino acids

Aspartic acid (Asp/D) is a non-essential
amino acid with a carboxyl group in its R-
group. Itis readily produced by transamina-
tion of oxaloacetate. With a pKa of 3.9, as-
partic acid’s side chain is negatively charged

at physiological pH. Aspartic acid is specified
in the genetic code by the codons GAU and
GAC. Wikipedia link HERE.

Glutamic acid (GIu/E), which is coded by
GAA and GAG, is a non-essential amino
acid readily made by transamination of a-
ketoglutarate. Itis a neurotransmitter
and has an R-group with a carboxyl group
that readily ionizes (pKa = 4.1) at physiologi-
cal pH. Wikipedia link HERE.

Amine amino acids

Arginine (Arg/R) is an amino acid that is, in
some cases, essential, but non-essential in oth-
ers. Premature infants cannot synthesize ar-
ginine. In addition, surgical trauma, sepsis,
and burns increase demand for arginine.

Most people, however, do not need arginine

Figure 2.4 - Carboxyl amino acids
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Figure 2.5 - Amine amino acids

supplements. Arginine’s side chain contains a
complex guanidinium group with a pKa of
over 12, making it positively charged at cellu-
lar pH. It is coded for by six codons - CGU,
CGC, CGA, CGG, AGA, and AGG. Wikipedia
link HERE.

Histidine (His/H) is the only one of the pro-

teinaceous amino acids to contain an imida-

zole functional group. Itis an essential
amino acid in humans and other mammals.
With a side chain pKa, of 6, it can easily have
its charge changed by a slight change in pH.
Protonation of the ring results in two NH
structures which can be drawn as two equally
important resonant structures. Wikipedia
link HERE.

Lysine (Lys/K) is an essential amino acid
encoded by AAA and AAG. It has an R-
group that can readily ionize with a charge
of +1 at physiological pH and can be post-
translationally modified to form acetyl-
lysine, hydroxylysine, and methyllysine.
It can also be ubiquitinated, sumoylated,

neddylated, biotinylated, carboxylated,
and pupylated, and. O-Glycosylation of hy-
droxylysine is used to flag proteins for ex-
port from the cell. Lysine is often added to
animal feed because it is a limiting amino acid
and is necessary for optimizing growth of pigs
and chickens. Wikipedia link HERE.

Aromatic amino acids

Phenylalanine (Phe/ F) is a non-polar, es-
sential amino acid coded by UUU and
UUC. Itis a metabolic precursor of tyrosine.
Inability to metabolize phenylalanine arises
from the genetic disorder known as phen-
ylketonuria. Phenylalanine is a component
of the aspartame artificial sweetener.
Wikipedia link HERE.

Tryptophan (Trp/W) is an essential
amino acid containing an indole functional
group. Itis a metabolic precursor of sero-
tonin, niacin, and (in plants) the auxin
phytohormone. Though reputed to serve as
a sleep aid, there are no clear research results
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Figure 2.6 - Aromatic amino acids

Indicating this. Wikipedia
link HERE.

Tyrosine (Tyr/Y) isa
Nnon-essential amino
acid coded by UAC and
UAU. Itis a target for
phosphorylation in pro-
teins by tyrosine protein
kinases and plays arole in
signaling processes. In do-
paminergic cells of the
brain, tyrosine hydroxy-
lase converts tyrosine to |-
dopa, an immediate precur-
sor of dopamine. Dopa-

and epinephrine. Tyrosine is also a
precursor of thyroid hormones and
melanin. Wikipedia link HERE.

Hydroxyl amino acids

Serine (Ser/S) is one of three amino ac-
ids having an R-group with a hy-
droxyl in it (threonine and tyrosine
are the others). Itis coded by UCU,
UCC, UCA, UGC, AGU, and AGC. Being
able to hydrogen bond with water, it is
classified as a polar amino acid. Itis
not essential for humans. Serine is pre-
cursor of many important cellular com-
pounds, including purines, pyrimid-
ines, sphingolipids, folate, and of the
amino acids glycine, cysteine, and

mine, in turn, is a precur- Figure 2.7 - Hydroxyl amino acids

sor of norepinephrine
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Figure 2.8 - Amino acid properties

tryptophan. The hydroxyl group of serine
In proteins is a target for phosphorylation

Wikipedia

by certain protein kinases. Serine is also a
part of the catalytic triad of serine prote-
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ases. Wikipe-
dia link
HRERE:

Threonine
(Thr/T) is a po-
lar amino acid
that is essen-
tial. Itisone
of three amino
acids bearing a
hydroxyl
group (serine
and tyrosine
are the others)
and, as such, is
a target for
phosphorylation in proteins. Itis also a tar-
get for O-glycosylation of proteins. Threo-
Nnine proteases use the hydroxyl

group of the amino acid in their ca-

YouTube Lectures
by Kevin
HERE & HERE

talysis and it is a precursor in one
biosynthetic pathway for making

Figure 2.9 - Other amino acids

Asparagine is implicated in formation of ac-
rylamide in foods cooked at high tempera-
tures (deep frying) when it reacts with car-
bonyl groups. Asparagine can be
made in the body from aspartate
by an amidation reaction with an

glycine. In some applications, it

Is used as a pro-drug to increase brain

glycine levels. Threonine is encoded in the ge-
netic code by ACU, ACC, ACA, and ACG.
Wikipedia link HERE.

Tyrosine - see HERE.

Other amino acids

Asparagine (Asn/N) is a non-essential
amino acid coded by AAU and AAC. Its car-
boxyamide in the R-group gives it polarity.

amine from glutamine. Break-
down of asparagine produces ma-

late, which can be oxidized in the citric
acid cycle. Wikipedia link HERE.

Cysteine (Cys/C) is the only amino acid with
a sulfhydryl group in its side chain. Itis
non-essential for most humans, but may be
essential in infants, the elderly and individu-
als who suffer from certain metabolic dis-
eases. Cysteine’s sulfhydryl group is readily
oxidized to a disulfide when reacted with
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another one. In addition to being found in
proteins, cysteine is also a component of the
tripeptide, glutathione. Cysteine is specified
by the codons UGU and UGC. Wikipedia link
HERE.

Glutamine (GIn/Q) is an amino acid that
Is not normally essential in humans, but may
be in individuals undergoing intensive athletic
training or with gastrointestinal disorders. It
has a carboxyamide side chain which does
not normally ionize under physiological
pHSs, but which gives polarity to the side
chain. Glutamine is coded for by CAA and
CAG and is readily made by amidation of glu-
tamate. Glutamine is the most abundant
amino acid in circulating blood and is one of
only a few amino acids that can cross the
blood-brain barrier. Wikipedia link
HERE.

Selenocysteine (Sec/U) is a component of
selenoproteins found in all kingdoms of
life. Itis acomponentin several enzymes,
including glutathione peroxidases and thi-
oredoxin reductases. Selenocysteine is in-
corporated into proteins in an unusual
scheme involving the stop codon UGA. Cells
grown in the absence of selenium terminate
protein synthesis at UGAs. However, when
selenium is present, certain mMRNAS which
contain a selenocysteine insertion sequence
(SECIS), insert selenocysteine when UGA
is encountered. The SECIS element has char-
acteristic nucleotide sequences and secon-

dary structure base-pairing patterns. Twenty
five human proteins contain selenocysteine.
Wikipedia link HERE.

Pyrrolysine (Pyl/0) is a twenty second
amino acid, but is rarely found in proteins.
Like selenocysteine, it is not coded for in the
genetic code and must be incorporated by
unusual means. This occurs at UAG stop co-
dons. Pyrrolysine is found in methano-
genic archaean organisms and at least one
methane-producing bacterium. Pyrrolysine
Is a component of methane-producing en-
zymes. Wikipedia link HERE.

lonizing groups

pKa values for amino acid side chains are
very dependent upon the chemical environ-
ment in which they are present. For example,
the R-group carboxyl found in aspartic
acid has a pKa value of 3.9 when free in solu-
tion, but can be as high as 14 when in certain
environments inside of proteins, though that
is unusual and extreme. Each amino acid has
at least one ionizable amine group (a-
amine) and one ionizable carboxyl group (a-
carboxyl). When these are bound in a pep-
tide bond, they no longer ionize. Some, but
not all amino acids have R-groups that can
ionize. The charge of a protein then arises
from the charges of the a-amine group, the a-
carboxyl group. and the sum of the charges of
the ionized R-groups. Titration/ionization of
aspartic acid is depicted in Figure 2.10. loni-
zation (or deionization) within a protein’s
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Figure 2.10 - Titration curve for aspartic acid

structure can have significant effect on the
overall conformation of the protein and, since
structure is related to function, a major im-
pact on the activity of a protein. Most pro-
teins have relatively

narrow ranges of op-

timal activity that

typically correspond

to the environments

in which they are

found (Figure

2.11). Itis worth

noting that forma-

Image by Penelope Irving

amino acids removes
ionizable hydrogens
from both the a- amine
and a-carboxyl groups
of amino acids. Thus,
ionization/deionization
in a protein arises only
from 1) the amino termi-
nus; 2) carboxyl termi-
nus; 3) R-groups; or 4)
other functional groups
(such as sulfates or
phosphates) added to
amino acids post-
translationally - see
below.

Carnitine
Not all amino acids in
a cell are found in pro-

teins. The most common examples include

ornithine (arginine metabolism), citrulline
(urea cycle), and carnitine (Figure 2.12).
When fatty acids destined for oxidation

tion of peptide Figure 2.11 - Enzyme activity changes as pH changes

bonds between

Image by Aleia Kim
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carnitine-acylcarnitine translocase
and then in the matrix of the mitochon-
drion, carnitine acyltransferase Il re-
places the carnitine with coenzyme A (Fig-
ure 6.88).

Catabolism of amino acids
We categorize amino acids as essential
Figure 2.12 - L-Carnitine or non-essential based on whether or
not an organism can synthesize them. All

: : § of the amino acids, however, can be bro-

are moved into the mitochondrion for that : :
i ken down by all organisms. They are, in fact,
purpose, they travel across the inner mem- :
o a source of energy for cells, particularly dur-

brane attached to carnitine. Of the two
stereoisomeric forms,
the L form is the active
one. The molecule is syn-
thesized in the liver from
lysine and methionine.
From exogenous sources,
fatty acids must be acti-
vated upon entry into the
cytoplasm by being
joined to coenzyme A.
The CoA portion of the
molecule is replaced by
carnitine in the intermem-
brane space of the mito-
chondrion in a reaction
catalyzed by carnitine
acyltransferase I. The
resulting acyl-carnitine
molecule is transferred 5 : : )

: : Figure 2.13 - Catabolism of amino acids. Some have more
across the inner mitochon-  than one path.

drial membrane by the Image by Pehr Jacobson
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ing times of starvation or for people on diets
containing very low amounts of carbohy-
drate. From a perspective of breakdown (ca-
tabolism), amino acids are categorized as
glucogenic if they pro-

duce intermediates that

can be made into glucose

or ketogenic if their inter-

mediates are made into

acetyl-CoA. Figure

2.13 shows the metabolic

fates of catabolism of

each of the amino acids.

Note that some amino ac-

Ids are both glucogenic

and ketogenic.

Post-translational

modifications

After a protein is synthe-
sized, amino acid side
chains within it can be
chemically modified, giv-
ing rise to more diversity
of structure and function

groups, methyl groups, iodine, carboxyl
groups, or sulfates. These can have the ef-
fects of ionization (addition of phosphates/
sulfates), deionization (addition of acetyl

Figure 2.14 - Post-translationally modified amino acids.

Modifications shown in green.

(Figure 2.14). Common

alterations include phos-

phorylation of hydroxyl groups of serine,
threonine, or tyrosine. Lysine, proline,
and histidine can have hydroxyls added to
amines in their R-groups. Other modifica-
tions to amino acids in proteins include addi-
tion of fatty acids (myristic acid or pal-
mitic acid), isoprenoid groups, acetyl

Image by Penelope Irving

group to the R-group amine of lysine), or have
no effect on charge at all. In addition, N-
linked- and O-linked-glycoproteins have
carbohydrates covalently attached to side
chains of asparagine and threonine or ser-
Ine, respectively.
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Figure 2.15 - Phosphorylated amino acids

Some amino acids are precur-
YouTube Lectures

by Kevin
HERE & HERE

sors of important compounds
in the body. Examples include

epinephrine, thyroid hor-
mones, L-dopa, and dopa-
mine (all from tyrosine), se-
rotonin (from tryptophan),
and histamine (from histi-
dine).

Building polypeptides
Although amino acids serve
other functions in cells, their
most important role is as con-
stituents of proteins. Pro-
teins, as we noted earlier, are
polymers of amino acids.

Amino acids are linked to each
other by peptide bonds, in
which the carboxyl group of

one amino acid is joined to the
amino group of the next, with the
loss of a molecule of water. Addi-

Figure 2.16 Formation of a peptide bond
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tional amino acids are added in the same way,
by formation of peptide bonds between the
free carboxyl on the end of the growing chain
and the amino group of the next amino acid in
the sequence. A chain made up of just a few
amino acids linked together is called an oli-
gopeptide (oligo=few) while a typical protein,
which is made up of many amino acids is
called a polypeptide (poly=many). The end
of the peptide that has a free amino group is
called the N-terminus (for NH2), while the
end with the free carboxyl is termed the C-
terminus (for carboxyl).

As we’'ve noted before, function is dependent
on structure, and the string of amino acids
must fold into a specific 3-D shape, or confor-
mation, in order to make a functional protein.
The folding of polypeptides into their func-
tional forms is the topic of the next section.
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The Amino Alphabet Song
To the tune of “Twinkle, Twinkle Little Star”
Metabolic Melodies Website HERE

Lysine, arginine and his
Basic ones you should not miss
Ala, leu, val, ile, and met
Fill the aliphatic set
Proline bends and cys has ‘s’
Glycine’s ‘R’ is the smallest
Then there’s trp and tyr and phe
Structured aromatically

Asp and glu’s side chains of R
Say to protons “au revoir”
Glutamine, asparagine
Bear carboxamide amines
Threonine and tiny ser
Have hydroxyl groups to share
These twen-TY amino A’s

Recorded by David Simmons
Lyrics by Kevin Ahern
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You're Cysteine

To the tune of “You're Sixteen”
Metabolic Melodies Website HERE

You're in every protein
That I've ever seen
There’s no need to debate
You're cysteine, a building block, and you're great

You give the hair waves
It's something we crave
Makes the food on my plate
You're cysteine, a building block, and you're great

Bridge
That sulfhydryl in your chain
Can oxidize, but | don’t complain
It gives support to all peptides
So proteins need to have disulfides

You're an acid it seems
And have an amine
Please don’t ever mutate
You're cysteine, a building block, and you’re great

Bridge
A U-G-U or U-G-C
In secret code at the cell's decree
You're in my skin and in my bone
And even in my glutathione

You're in every protein
That I've ever seen
There’s no need to debate
You're cysteine, a building block, and you're great

Lyrics by Kevin Ahern
No Recording Yet For This Song
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Structure & Function: Protein Structure

Protein diversity
Proteins are the workhorses of the cell. Vir-
tually everything that goes on inside
of cells happens as a result of the
actions of proteins. Among other
things, protein enzymes catalyze

Proteins are made by linking together amino
acids, with each protein having a characteris-
tic and unique amino acid sequence.
To get a sense for the diversity of
proteins that can be made using
20 different amino acids, con-

YouTube Lectures
by Kevin
HERE & HERE

the vast majority of cellular reac-

tions, mediate signaling, give structure

both to cells and to multicellular organisms,
and exert control over the expression of
genes. Life, as we know it, would not exist if
there were no proteins. The versatility of pro-
teins arises because of their varied structures.

sider that the number of different
combinations possible with 20 amino ac-
ids is 20", where n=the number of amino ac-
ids in the chain. It becomes apparent that
even a dipeptide made of just two amino acids
joined together gives us 202 = 400 different
combinations. If we do the calculation for a
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Figure 2.17 - Four Levels of Protein Structure

short peptide of 10 amino
acids, we arrive at an enor-
mous 10240000000000
combinations. Most pro-
teins are much larger than
this, making the possible
number of proteins with
unique amino acid se-
guences unimaginably
huge.

Levels of structure
The significance of the
unique sequence, or order,
of amino acids, known as
the protein’s primary
structure, is that it dic-
tates the 3-D conformation
the folded protein will
have. This conformation,
in turn, will determine the
function of the protein.

We shall examine protein
structure at four distinct
levels (Figure 2.17) - 1)
how sequence of the amino
acids in a protein (pri-
mary structure) gives
identity and characteristics
to a protein (Figure
2.18); 2) how local interac-
tions between one part of
the polypeptide backbone
and another affect protein

is)
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Figure 2.18 - Sequence of a simple polypeptide

shape (secondary structure); 3) how the
polypeptide chain of a protein can fold to al-
low amino acids to interact with each other
that are not close in primary structure (terti-
ary structure); and 4) how different
polypeptide chains interact with each other
within a multi-subunit protein (quaternary
structure). At this point, we should provide
a couple of definitions. We use the term
polypeptide to refer to a single polymer of
amino acids. It may or may not have folded
into its final, functional form. The term pro-
tein is sometimes used interchangeably with
polypeptide, as in “protein synthesis”. Itis
generally used, however, to refer to a folded,
functional molecule that may have one or
more subunits (made up of individual polypep-
tides). Thus, when we use the term protein,
we are usually referring to a functional, folded

N C Y 0]
H/ ////CHZ " l|) H/ ,//CHz
, 1
C(z H2N C<
Nor Y
Thr Ala Asn
Wikipedia

polypeptide or peptides. Structure is essential
for function. If you alter the structure, you al-
ter the function - usually, but not always, this
means you lose all function. For many pro-
teins, it is not difficult to alter the structure.
Proteins are flexible, not rigidly fixed in struc-
ture. As we shall see, it is the flexibility of pro-
teins that allows them to be amazing catalysts
and allows them to adapt to, respond to, and
pass on signals upon binding of other mole-
cules or proteins. However, proteins are not
infinitely flexible. There are constraints on
the conformations that proteins can adopt
and these constraints govern the conforma-
tions that proteins display.

Subtle changes
Even very tiny, subtle changes in protein struc-
ture can give rise to big changes in the behav-
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Figure 2.19 Linking of amino acids through
peptide bond formation

ior of proteins. Hemoglobin, for example,
undergoes an incredibly small structural
change upon binding of one oxygen molecule,
and that simple change causes the remainder
of the protein to gain a considerably greater
affinity for oxygen that the protein didn’t
have before the structural change.

Sequence, structure and function
As discussed earlier, the number of different
amino acid sequences possible, even for short
peptides, is very large . No two proteins with
different amino acid sequences (primary
structure) have identical overall structure.

The unigue amino acid sequence of a protein
Is reflected in its unique folded structure.
This structure, in turn, determines the pro-
tein’s function. This is why mutations that al-

ter amino acid sequence can affect the func-
tion of a protein.

Protein synthesis

Synthesis of proteins occurs in the ribo-
somes and proceeds by joining the car-
boxyl terminus of the first amino acid
to the amino terminus of the next one
(Figure 2.19). The end of the protein that
has the free a-amino group is referred to as
the amino terminus or N-terminus.
The other end is called the carboxyl ter-
minus or C-terminus, since it contains
the only free a-carboxyl group. All of the
other a-amino groups and a-carboxyl
groups are tied up in forming peptide

Figure 2.20 - Cis vs trans orienta-
tion of R-groups around peptide

bond
Image by Aleia Kim
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Figure 2.21 - From RNA to amino acids -
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Wikipedia
bonds that join adjacent amino acids to-
gether. Proteins are synthesized starting with

the amino terminus and ending at the car-
boxyl terminus.

Schematically, in Figure 2.18, we can see
how sequential R-groups of a protein are ar-
ranged in an alternating orientation on either
side of the polypeptide chain. Organiza-
tion of R-groups in this fashion is not ran-
dom. Steric hindrance can occur when con-
secutive R-groups are oriented on the same
side of a peptide backbone (Figure 2.20)

Primary structure

Primary structure is the ultimate determi-
nant of the overall conformation of a protein.
The primary structure of any protein arrived
at its current state as a result of mutation and
selection over evolutionary time. Primary
structure of proteins is mandated by the se-
guence of DNA coding for it in the genome.
Regions of DNA specifying proteins are
known as coding regions (or genes).

The base sequences of these regions directly
specify the sequence of amino acids in pro-
teins, with a one-to-one correspondence be-
tween the codons (groups of three consecu-
tive bases) in the DNA and the amino acids in
the encoded protein. The sequence of codons
in DNA, copied into messenger RNA, specifies
a sequence of amino acids in a protein. (Fig-
ure 2.21). The order in which the amino ac-
ids are joined together in protein synthesis
starts defining a set of interactions between
amino acids even as the synthesis is occur-
ring. That is, a polypeptide can fold even as it
Is being made.

The order of the R-group structures and re-
sulting interactions are very important be-
cause early interactions affect later interac-
tions. This is because interactions start estab-
lishing structures - secondary and tertiary.
If a helical structure (secondary structure), for
example, starts to form, the possibilities for
interaction of a particular amino acid R-
group may be different than if the helix had
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not formed (Figure 2.22). R-group

interactions can also cause bends vouTube Lectures
In a polypeptide sequence (terti- by Kevin
ary structure) and these bends HERE & HERE

can create (in some cases) opportu-

nities for interactions that wouldn’t have
been possible without the bend or prevent (in
other cases) similar interaction possibilities.

Secondary structure

As protein synthesis progresses, interac-
tions between amino acids close to each other
begin to occur, giving rise to local patterns
called secondary structure. These secon-
dary structures include the well known a-
helix and B-strands. Both were predicted
by Linus Pauling, Robert Corey, and Her-
man Branson in 1951. Each structure has
unique features.

a-helix

The a-helix has a coiled structure, with 3.6
amino acids per turn of the helix (5 helical
turns = 18 amino acids). Helices are predomi-
nantly right handed - only in rare cases,
such as in sequences with many glycines can
left handed a- helices form. In the a-helix, hy-
drogen bonds form between C=0 groups
and N-H groups in the polypeptide backbone
that are four amino acids distant. These hy-
drogen bonds are the primary forces stabiliz-
ing the a-helix.

peat is the number of residues in a

helix before it begins to repeat it-

self. For an a-helix, the repeat

Figure 2.22 - The a-helix. Hydrogen
bonds (dotted lines) between the

A : carbonyl oxygen and the amine
We use the terms rise, repeat, and pitch to hydrogen stabilize the structure.

describe the parameters of any helix. The re-

Image by Aleia Kim
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Figure 2.23 - a-helices in a protein
with a leucine zipper structural
domain. The a-helices are shown in
blue and green and are bound to a

DNA double helix in brown.

Figure 2.24 - a-helix sculpture

Wikipedia

outside Linus Pauling’s boyhood

home

Wikipedia

Figure 2.25 - Helical Wheel
Representation of an a-Helix. The one
letter genetic code is used. The helix
starts at Serine #77 at the right and ends
at lysine #92 in the lower right.
Hydrophobic amino acids are shown in
yellow and ionizing amino acids are
shown in blue. Hydrophobic amino acids
tend to interact with each other and not
with ionizing amino acids.

Wikipedia
Is 3.6 amino acids per turn of the helix. The
rise is the distance the helix elevates with addi-
tion of each residue. For an a-helix, this is
0.15 nm per amino acid. The pitch is the dis-
tance between complete turns of the helix.
For an a-helix, this is 0.54 nm. The stability
of an a-helix is enhanced by the presence of
the amino acid aspartate.

B strand/sheet
A helix is, of course, a three-dimensional ob-
ject. A flattened form of helix in two dimen-
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sions is a common de-
scription for a 8-
strand. Rather than
coils, B-strands have
bends and these are
sometimes referred to
as pleats, like the pleats
in a curtain. pB-strands
can be organized to
form elaborately organ-
ized structures, such as
sheets, barrels, and
other arrangements.
Higher order 3-strand
structures are some-
times called super-
secondary struc-
tures), since they in- racg
volve interactions be-

tween amino acids not

close in primary sequence. These
structures, too, are stabilized by hy-
drogen bonds between carbonyl
oxygen atoms and hydrogens of
amine groups in the polypeptide
backbone (Figure 2.28). Ina
higher order structure, strands can
be arranged parallel (amino to
carboxyl orientations the same) or
anti-parallel (amino to car-
boxyl orientations opposite of each
other (in Figure 2.27, the direction
of the strand is shown by the arrow-
head in the ribbon diagrams).

Figure 2.26 -

Turns

Turns (sometimes called reverse turns) are a
type of secondary structure that, as the
name suggests, causes a turn in the structure
of a polypeptide chain. Turns give rise to
tertiary structure ultimately, causing inter-
ruptions in the secondary structures (a-
helices and B-strands) and often serve as
connecting regions between two regions of sec-
ondary structure in a protein. Proline and
glycine play common roles in turns, provid-
ing less flexibility (starting the turn) and
greater flexibility (facilitating the turn), re-
spectively.

There are at least five types of turns, with nu-
merous variations of each giving rise to many
different turns. The five types of turns are

Figure 2.27 - Ribbon depictions of supersecondary
B-sheets (A-D) and a-helix arrangements (E-F)

Image by Aleia Kim
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Figure 2.28 - Components of
a B-sheet in a parallel ar-
rangement. H-bonds in yel-

low.
Image by Aleia Kim

e §-turns - end amino acids are
separated by one peptide bond
e y-turns - separation by two pep-
tide bonds
*f3-turns - separation by three

peptide bonds
ea-turns - separation by four peptide bonds
est-turns - separation by five bonds

Of these, the B-turns are the most common
form and the 6-turns are theoretical,

NS B S S but unlikely, due to steric limita-

by Kevin tions. Figure 2.29 depicts a 3-
HERE & HERE turn.
310 helices

In addition to the a-helix, B-strands, and
various turns, other regular, repeating
structures are seen in proteins, but occur
much less commonly. The 310 helix is the

Figure 2.29 - B-turn. R-groups are shown in
orange, hydrogens in yellow, carbons in charcoal,
nitrogens in purple, and oxygens in green. A
stabilizing hydrogen bond is indicated with the

dotted line.
Image by Aleia Kim
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Figure 2.30 - Top view of a 310 Helix.
Carbonyl groups are in red and
pointed upwards. Note the almost
perfect 3-fold symmetry

Wikipedia
fourth most abundant secondary structure
In proteins, constituting about 10-15% of all
helices. The helix derives its name from the
fact that it contains 10 amino acids in 3 turns.
It is right-handed. Hydrogen bonds form
between amino acids that are three residues

Figure 2.31 - Resonance of the peptide bond

Figure 2.32 - it helix

Wikipedia

apart. Most commonly, the 310 helix appears

at the amine or carboxyl end of an a-helix.
Like the a-helix, the 310 helix is stabilized by
the presence of aspartate in its sequence.

Wikipedia

n-helices

A mt-helix may be
thought of as a
special type of a-
helix. Some
sources describe
it as an a-helix
with an extra
amino acid
stuck in the mid-
dle of it (Figure
2.32). m-helices
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Figure 2.33 - Planes (light blue) defined by the double-bonded character of the

peptide bond

are not exactly rare, occurring at least once in
as many as 15% of all proteins. Like the a-
helix, the m-helix is right-handed, but
where the a-helix has 18 amino acids in 5
turns, the mt-helix has 22 amino acids in 5
turns. m-helices typically do not stretch for
very long distances. Most are only about 7
amino acids long and the sequence almost al-
ways occurs in the middle of an a-helical re-
gion.

Ramachandran plots

In 1963, G.N. Ramachandran, C. Ra-
makrishnan, and V. Sasisekharan described a
novel way to describe protein structure. If
one considers the backbone of a polypeptide

Image by Aleia Kim

chain, it consists of a repeating set of three
bonds. Sequentially (in the amino to carboxyl
direction) they are 1) a rotatable bond () be-
tween a-carbon and a-carboxyl preceding the
peptide bond (see HERE), 2) a non-rotatable
peptide bond (w) between the a-carboxyl
and a-amine groups), and 3) a rotatable bond
(¢p) between the a-amine and a-carbon follow-
ing the peptide bond (see HERE). Note in
Figures 2.33 and 2.34 that the amino to car-
boxyl direction is right to left.

The presence of the carbonyl oxygen on the
a-carboxyl group allows the peptide bond to
exist as a resonant structure, meaning that
it behaves some of the time as a double
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Figure 2.34 - w, P, and ¢ rotational angles in a peptide
Image by Aleia Kim

bond. Double bonds cannot, of course, ro-

were identified, corresponding
to -y angles of B-strands
(top left), right handed a-
helices (bottom left), and left-
handed a-helices (upper right).
The plots of predicted stability
are remarkably accurate when
compared to ¢-p angles of ac-
tual proteins.

Secondary structure
prediction

By comparing primary struc-
ture (amino acid sequences) to
known 3D protein structures,

tate, but the bonds on either side of it have one can tally each time an amino acid is

some freedom of rotation. The @
and p angles are restricted to certain
values, because some angles will re-
sultin steric hindrance. In addi-
tion, each type of secondary struc-
ture has a characteristic range of val-
ues for ¢ and .

Ramachandran and colleagues made
theoretical calculations of the ener-
getic stability of all possible angles
from 0° to 360° for each of the ¢ and
p angles and plotted the results on a
Ramachandran Plot (also called a
-y plot), delineating regions of an-
gles that were theoretically the most
stable (Figure 2.35).

Figure 2.35 - Theoretical Ramachandran plot

Three primary regions of stability

Image by Penelope Irving
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found in an a-helix, B-strand/sheet,
or a turn. Computer analysis of
thousands of these sequences al-
lows one to assign a likelihood of

Hydrophobicity

The chemistry of amino acid R-

YouTube Lectures
by Kevin
HERE & HERE

groups affects the structures
they are most commonly found

any given amino acid appearing
in each of these
structures. Using
these tendencies,
one can, with up
to 80% accuracy,
predict regions of
secondary
structureina
protein based
solely on amino
acid sequence.
Thisis seenin Ta-
ble 2.3. Occur-
rence in primary
sequence of three
consecutive
amino acids
with relative ten-
dencies higher
than oneis anin-
dicator that that

in. Subsets of their chemical prop-
erties can give
clues to structure
and, sometimes,
cellular location.
A prime example
is the hydropho-
bicity (water-
avoiding tenden-
cies) of some R-
groups. Given the
agueous environ-
ment of the cell,
such R-groups
are not likely to
be on the outside
surface of a
folded protein.
However, this
rule does not hold
for regions of pro-

region of the
polypeptide is

Table 2.3 - Relative tendencies of each amino acid
to be in a secondary structure. Higher values in-

dicate greater tendency
Image by Penelope Irving

tein that may be
embedded within
the lipid bilay-

in the correspond-

ing secondary

structure. An online resource for predicting
secondary structures called PSIPRED is
available HERE.

ers of cellular/

organelle mem-
branes. This is because the region of such
proteins that form the transmembrane do-
mains are are buried in the hydrophobic en-
vironment in the middle of the lipid bilayer.
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Table 2.4 - Hydropathy Scores

Not surprisingly, scanning pri-
mary sequences for specifically
sized/spaced stretches of hydro-
phobic amino acids can help to
identify proteins found in mem-
branes. Table 2.4 shows hydro-
phobicity values for R-groups
of the amino acids. In this set,
the scale runs from positive val-
ues (hydrophobic) to negative
values (hydrophilic). A Kyte-
Doolittle Hydropathy plot for
the RET protooncogene mem-

Wikipedia

2.5

2.0
1.5

1.0

Score

00
-0.5F
1.0
-1.5}

-2.0

brane protein is shown in Figure 2.36. Two
regions of the protein are very hydrophobic as
can be seen from the peaks near amino acids
5-10 and 630-640. Such regions might be rea-
sonably expected to be situated either within
the interior of the folded protein or to be part
of transmembrane domains.

Random coils

Some sections of a protein assume no regular,
discernible structure and are sometimes said
to lack secondary structure, though they
may have hydrogen bonds. Such segments
are described as being in random coils and
may have fluidity to their structure that re-
sults in them having multiple stable forms.
Random coils are identifiable with spectro-
scopic methods, such as circular dichroism

0.5F

200 400 600 800 1000

Amino Acid Number

Figure 2.36 Kyte-Doolittle hydropathy plot for the
RET protooncogene

Wikipedia
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Figure 2.37 - Ribbon depiction of a
B-hairpin. Shown are two
strands in turquoise interacting
with each other.

and nuclear magnetic resonance (NMR)
in which distinctive signals are observed. See
also metamorphic proteins (HERE) and
intrinsically disordered proteins
(HERE).

Supersecondary structure

Another element of protein structure is harder
to categorize because it incorporates elements
of secondary and tertiary structure.
Dubbed supersecondary structure

(or structural motifs), these struc-

tures contain multiple nearby secon-

dary structure components arranged in

a specific way and that appear in multi-

ple proteins. Since there are many

ways of making secondary structures

from different primary structures,

ferent primary sequences. An example of a
structural motif is shown in Figure 2.37.

Tertiary structure

Proteins are distinguished from each other
by the sequence of amino acids comprising
them. The sequence of amino acids of a pro-
tein determines protein shape, since the
chemical properties of each amino acid are
forces that give rise to intermolecular interac-
tions to begin to create secondary struc-
tures, such as a-helices and f3-strands.
The sequence also defines turns and ran-
dom coils that play important roles in the
process of protein folding.

Since shape is essential for protein function,
the sequence of amino acids gives rise to all
of the properties a protein has. As protein
synthesis proceeds, individual components
of secondary structure start to interact
with each other, giving rise to folds that bring
amino acids close together that are not near
each other in primary structure (Figure
2.38). At the tertiary level of structure, inter-

Figure 2.38 - Folding of a polypeptide chain

so too can similar motifs arise from dif-
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perature (over 50°C) have
proteins with changes in
stabilizing forces - addi-
tional hydrogen bonds,
additional salt bridges
(ionic interactions), and
compactness may all play
roles in keeping these pro-
teins from unfolding.

Figure 2.39 - Unfolding (denaturation) of a protein

actions among the R-groups of the amino ac-
ids in the protein, as well as between the
polypeptide backbone and amino acid side
groups play a role in folding.

Globular proteins

Folding gives rise to distinct 3-D shapes in
proteins that are non-fibrous. These proteins
are called globular. A globular protein s
stabilized by the same forces that drive its for-
mation. These include ionic interactions, hy-
drogen bonding, hydrophobic forces,
ionic bonds, disulfide bonds and metallic
bonds. Treatments such as heat, pH changes,
detergents, urea and mercaptoethanol
overpower the stabilizing forces and cause a
protein to unfold, losing its structure and (usu-
ally) its function (Figure 2.39). The ability
of heat and detergents to denature proteins is
why we cook our food and wash our hands be-
fore eating - such treatments denature the pro-
teins in the microorganisms on our hands. Or-
ganisms that live in environments of high tem-

WPedi? - protein stabilizing

forces
Before considering the folding process, let us
consider some of the forces that help to stabi-
lize proteins.

Hydrogen bonds

Hydrogen bonds arise as a result of partially
charged hydrogens found in covalent

bonds. This occurs when the atom the hydro-
gen is bonded to has a greater electronega-
tivity than hydrogen itself does, resulting in
hydrogen having a partial positive charge be-

Figure 2.40 - Hydrogen bonds
(dotted lines) between two
molecules of acetic acid
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cause It is not able to hold electrons close to
itself (Figure 2.40).

Hydrogen partially charged in this way is at-
tracted to atoms, such as oxygen
and nitrogen that have partial
negative charges, due to having

YouTube Lectures
by Kevin
HERE & HERE

ture. Thus, the intermolecular interactions be-
tween water molecules help to “hold” water
together and remain a liquid. Notably, only
by raising the temperature of water to
boiling are the forces of hydrogen
bonding overcome, allowing wa-
ter to become fully gaseous.

greater electronegativities and
thus holding electrons closer to
themselves. The partially positively charged
hydrogens are called donors, whereas the par-
tially negative atoms they are attracted to are
called acceptors. (See Figure 1.30).

Individual hy-
drogen bonds
are much

weaker than a
covalent bond,
but collectively,
they can exert
strong forces.
Consider liquid
water, which con-
tains enormous
numbers of hy-
drogen bonds
(Figure 2.41).
These forces

help water to re-
main liquid at
room temperature. Other molecules lacking
hydrogen bonds of equal or greater molecular
weight than water, such as methane or car-
bon dioxide, are gases at the same tempera-

Figure 2.41 - Hydrogen bonding in liquid water

Hydrogen bonds are important
forces in biopolymers that include DNA, pro-
teins, and cellulose. All of these polymers
lose their native structures upon boiling. Hy-
drogen bonds between amino acids that are
close to each other in primary structure

can give rise to
regular repeating
structures, such
as helices or
pleats, in pro-
teins (secon-
dary struc-
ture).

lonic

Interactions
lonic interac-
tions are impor-
tant forces stabi-
lizing protein
Wikipedia  structure that
arise from ioni-
zation of R-groups in the amino acids com-
prising a protein. These include the carboxyl

amino acids (HERE), the amine amino acids
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An Ode to Protein Structure
by Kevin Ahern

The twenty wee amino A's

Define a protein many ways

Their order in a peptide chain

Determines forms that proteins gain

And when they coil, it leaves me merry

Cuz that makes structures secondary

It's tertiary, I am told
That happens when a protein folds

But folded chains are downright scary
When put together quaternary

They're nature's wonders, that's for sure

Creating problems, making cures

A fool can fashion peptide poems

But proteins come from ribosoems

(HERE), as well as the sulfhydryl
of cysteine and sometimes the hy-
droxyl of tyrosine.

Hydrophobic forces
Hydrophobic forces stabilize
protein structure as a result of inter-

actions that favor the exclusion of

water. Non-polar amino acids
(commonly found in the interior of

proteins) favor associating with each other
and this has the effect of excluding water. The
excluded water has a higher entropy than wa-
ter interacting with the hydrophobic side
chains. This is because water aligns itself very
regularly and in a distinct pattern when inter-
acting with hydrophobic molecules.

When water is prevented from having these
kinds of interactions, it is much more disor-
dered that it would be if it could associate
with the hydrophobic regions. It is partly for
this reason that hydrophobic amino acids
are found in protein interiors - so they can ex-
clude water and increase entropy.

Disulfide bonds

Disulfide bonds, which are made when two
sulfhydryl side-chains of cysteine are
brought into close proximity, covalently join
together different protein regions and can
give great strength to the overall structure
(Figures 2.42 & 2.43).

Figure 2.42 - Formation of a disulfide bond
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Figure 2.43 - Cystine -
Two cysteines joined
by a disulfide bond

These joined residues of cysteine are some-
times referred to as cystine. Disulfide bonds
are the strongest of the forces stabilizing pro-
tein structure.

van der Waals forces

van der Waals forces is a term used to
describe various weak interactions, including
those caused by attraction between a polar
molecule and a transient dipole, or between
two temporary dipoles. van der Waals
forces are dynamic because of the fluctuating
nature of the attraction, and are generally
weak in comparison to covalent bonds, but
can, over very short distances, be significant.

Post-translational modifications
Post-translational modifications can re-
sult in formation of covalent bonds stabiliz-

ing proteins as well. Hydroxylation of ly-
sine and proline in strands of collagen can
result in cross-linking of these groups and the
resulting covalent bonds help to strengthen
and stabilize the collagen.

Folding models

Two popular models of protein folding are cur-
rently under investigation. In the first (diffu-
sion collision model), a nucleation event be-
gins the process, followed by secondary
structure formation. Collisions between the
secondary structures (as in the B-hairpinin
Figure 2.37) allow for folding to begin. By
contrast, in the nucleation-condensation

model, the secondary and tertiary structures
form together.

Folding in proteins occurs fairly rapidly (0.1
to 1000 seconds) and can occur during syn-
thesis - the amino terminus of a protein
can start to fold before the carboxyl termi-
Nnus is even made, though that is not always
the case.

Folding process

Protein folding is hypothesized to occur in a
“folding funnel” energy landscape in which
a folded protein’s native state corresponds to
the minimal free energy possible in conditions
of the medium (usually aqueous solvent) in
which the protein is dissolved. As seen in the
diagram (Figure 2.44), the energy funnel
has numerous local minima (dips) in which
a folding protein can become trapped as it
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Getting stuck

As the folding process pro-
ceeds towards an energy mini-
mum (bottom of the funnel in
Figure 2.44), a protein can
get “stuck” in any of the local
minima and not reach the fi-
nal folded state. Though the
folded state is, in general,
more organized and therefore
has reduced entropy than the
unfolded state, there are two
forces that overcome the en-
tropy decrease and drive the
process forward.

The first is the magnitude of
the decrease in energy as
shown in the graph. Since

Figure 2.44 Folding funnel energy model of folding

moves down the energy plot. Other factors,
such as temperature, electric/magnetic fields,
and spacial considerations likely play roles.

If external forces affect local energy minima
during folding, the process and end-product
can be influenced. As the speed of a car going
down a road will affect the safety of the jour-
ney, so too do energy considerations influence
and guide the folding process, resulting in
fully functional, properly folded proteins in
some cases and misfolded “mistakes” in oth-
ers.

Wikipedia AG = AH -TAS,

a decrease in AH can overcome a negative AS
to make AG negative and push the folding
process forward. Favorable (decreased) en-
ergy conditions arise with formation of ionic
bonds, hydrogen bonds, disulfide bonds,
and metallic bonds during the folding process.
In addition, the hydrophobic effect in-
creases entropy by allowing hydrophobic
amino acids in the interior of a folded protein
to exclude water, thus countering the impact
of the ordering of the protein structure by
making the AS less negative.
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Structure prediction
Computer programs are very good at predict-

ing secondary structure solely based on amino

acid sequence, but struggle with deter-
mining tertiary structure using

the same information. This is

partly due to the fact that secon-

100 amino acids, it would have 99 peptide
bonds and 198 considerations for ¢p and wp
angles. If each of these had only three confor-
mations, that would result in 3198 differ-
ent possible foldings or 2.95x10%4,

YouTube Lectures
by Kevin
HERE & HERE

Even allowing a reasonable

dary structures have repeating

points of stabilization based on geome-

try and any regular secondary structure (e.g.,
a-helix) varies very little from one to an-
other. Folded structures, though, have an
enormous number of possible structures as
shown by Levinthal’s Paradox.

Spectroscopy

Because of our inability to accurately predict
tertiary structure based on amino acid se-
guence, proteins structures are actually deter-
mined using techniques of spectroscopy. In
these approaches, proteins are subjected to
varied forms of electromagnetic radiation and
the ways they interact with the radiation al-
lows researchers to determine atomic
coordinates at Angstrom resolution

from electron densities (see X-ray
crystallography) and how nuclei

spins interact (see NMR).

Levinthal’s paradox

In the late 1960s, Cyrus Levinthal out-
lined the magnitude of the complexity
of the protein folding problem. He

amount of time (one nanosecond)
for each possible fold to occur, it
would take longer than the age of the universe
to sample all of them, meaning clearly that the
process of folding is not occurring by a sequen-
tial random sampling and that attempts to de-
termine protein structure by random sam-
pling were doomed to fail. Levinthal, there-
fore, proposed that folding occurs by a sequen-
tial process that begins with a nucleation
event that guides the process rapidly and is
not unlike the funnel process depicted in Fig-
ure 2.44.

Diseases of protein misfolding
The proper folding of proteins is essential to
their function. It follows then that

Figure 2.45 - Misfolding of the normal PRP°¢

protein induced by PRPs¢

pointed out that for a protein with

Image by Penelope Irving
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Figure 2.46 - Cows with Mad Cow Disease

lose their ability to stand

misfolding of proteins (also called

proteopathy) might have consequences. In
some cases, this might simply resultin an

inactive protein. Protein
misfolding also plays a role in
numerous diseases, such as
Mad Cow Disease,
Alzheimers, Parkinson’s
Disease, and Creutzfeld-
Jakob disease. Many, but
not all, misfolding diseases
affect brain tissue.

Insoluble deposits
Misfolded proteins will
commonly form aggregates
called amyloids that are
harmful to tissues containing
them because they change from

being soluble to insoluble in water and
form deposits. The process by which
misfolding (Figure 2.45) occurs is not
completely clear, but in many cases, it has
been demonstrated that a “seed” protein
which is misfolded can induce the same
misfolding in other copies of the same
protein. These seed proteins are known
as prions and they act as infectious
agents, resulting in the spread of disease.
The list of human diseases linked to
protein misfolding is long and continues
to grow. A Wikipedia link is HERE.

Prions
Prions are infectious protein particles that

cause transmissible spongiform en-
cephalopathies (TSEs), the best known of
which is Mad Cow disease. Other manifesta-

Figure 2.47 - Diffuse amyloidosis in a blood vessel (red

dots)

Wikipedia
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tions include the disease, scrapie, in sheep,

and human diseases, such as Creutzfeldt-
Jakob disease (CJD), Fa-

polypeptide chains are folded. The most dan-
gerously misfolded form of PrP is PrPs¢, be-
cause of its ability to act

| think that if | chanced to be on
A protein making up a prion

tal Familial Insomnia,
and kuru. The protein in-
volved in these diseases is
a membrane protein called
PrP. PrP isencoded in the
genome of many organisms and is found in
most cells of the body. PrP°¢ is the name
given to the structure of PrP that is normal

and not associated with disease. PrPs¢ is the

name given to a misfolded form of the same
protein, that is associated with the develop-
ment of disease symptoms (Figure 2.45).

Misfolded

The misfolded PrPs¢ is associated with the
TSE diseases and
acts as an infectious
particle. A third
form of PrP, called
PrPres can be found
in TSEs, but is not
infectious. The ‘res’
of PrP"s indicates it
IS protease resistant.
It is worth noting
that all three forms
of PrP have the same
amino acid sequence
and differ from each
other only in the

like an infectious agent - a
seed protein that can in-

I’d twist it and for goodness sakes
Stop it from making fold mistakes

duce misfolding of PrP¢,
thus converting it into
PEP:E,

Function

The function of PrP¢ is unknown. Mice lack-
ing the PrP gene do not have major abnormali-
ties. They do appear to exhibit problems with
long term memory, suggesting a function for
PrPc. Stanley Prusiner, who discovered pri-
ons and coined the term, received the Nobel
Prize in Medicine in 1997 for his work.

ways in which the Figure 2.48 - One model of prion propagation

Wikipedia
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Amyloids

Amyloids are a collection of improperly
folded protein aggregates that are found in
the human body. As a consequence of their
misfolding, they are insoluble and contribute
to some twenty human diseases including im-
portant neurological ones involving prions.
Diseases include (affected protein in parenthe-
ses) - Alzheimer’s disease (Amyloid f3), Park-
inson’s disease (a-synuclein), Huntington’s
disease (huntingtin), rheumatoid arthritis
(serum amyloid A), fatal familial insomnia
(PrP%%), and others.

Amino acid sequence plays a role in amyloido-
genesis. Glutamine-rich polypeptides are
common in yeast and human prions. Trinu-
cleotide repeats are important in Hunting-
ton’s disease. Where sequence is not a factor,
hydrophobic association between -sheets can
play a role.

Amyloid 3

Amyloid f refers to collections of
small proteins (36-43 amino acids)
that appear to play a role in Alz-
heimer’s disease. (Tau proteinis
the other factor.) They are, in fact,
the main components of amyloid
plaques found in the brains of pa-
tients suffering from the disease and
arise from proteolytic cleavage of a
larger amyloid precursor glycopro-
tein called Amyloid Precursor

Protein, an integral membrane protein
of nerve cells whose function is not known.
Two proteases, B-secretase and y-
secretase perform this function. Amyloid
B proteins are improperly folded and appear
to induce other proteins to misfold and thus
precipitate and form the amyloid characteris-
tic of the disease. The plaques are toxic to
nerve cells and give rise to the dementia
characteristic of the disease.

It is thought that aggregation of amyloid 3 pro-
teins during misfolding leads to generation of
reactive oxygen species and that this is the
means by which neurons are damaged. Itis
not known what the actual function of amy-
loid B is. Autosomal dominant mutations in
the protein lead to early onset of the disease,
but this occurs in no more than 10% of the
cases. Strategies for treating the disease in-

Figure 2.49 - Huntingtin
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clude inhibition of the secretases that gener-
ate the peptide fragments from the amyloid
precursor protein.

Huntingtin
Huntingtin is the central gene in Hunting-
ton’s disease. The protein made from it is glu-
tamine rich, with 6-35 such residues in its
wild-type form. In Huntington’s disease, this
gene is mutated, increasing the number of
glutamines in the mutant protein to between
36 and 250. The size of the protein varies
with the number of glutamines in the mutant
protein, but the wild-type protein has over
3100 amino acids and a molecular weight of
about 350,000 Da. Its precise function is

not known, but huntingtin is
found in nerve cells, with the high-
est level in the brain. Itis

YouTube Lectures
by Kevin
HERE & HERE

occur due to slipping of the polymerase rela-
tive to the DNA template during replication.
As a result, multiple additional copies of the
trinucleotide repeat may be made, resulting in
proteins with variable numbers of glutamine
residues. Up to 35 repeats can be tolerated
without problem. The number of repeats can
expand over the course of a person’s lifetime,
however, by the same mechanism. Individu-
als with 36-40 repeats begin to show signs of
the disease and if there are over 40, the dis-
ease will be present.

Molecular chaperones
The importance of the proper folding of pro-
teins is highlighted by the diseases associ-
ated with misfolded proteins, so it
IS no surprise, then, that cells ex-
pend energy to facilitate the

thought to possibly play roles in
transport, signaling, and protection
against apoptosis. Huntingtin is also re-
quired for early embryonic development.
Within the cell, huntingtin is found localized
primarily with microtubules and vesicles.

Trinucleotide repeat

The huntingtin gene contains many copies of
the sequence CAG (called trinucleotide re-
peats), which code for the many glutamines
in the protein. Huntington’s disease arises
when extra copies of the CAG sequence are
generated when the DNA of the gene is being
copied. Expansion of repeated sequences can

proper folding of proteins. Cells
use two classes of proteins known as
molecular chaperones, to facilitate such fold-
ing in cells. Molecular chaperones are of two
kinds, the chaperones, and the chaperonins.
An example of the first category is the Hsp70
class of proteins. Hsp stands for “heat shock
protein”, based on the fact that these proteins
were first observed in large amounts in cells
that had been briefly subjected to high tem-
peratures. Hsps function to assist cells in
stresses arising from heat shock and expo-
sure to oxidizing conditions or toxic heavy
metals, such as cadmium and mercury.
However, they also play an important role in
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Figure 2.50 - Action of Hsp70 (blue) to
facilitate proper folding of a protein

(orange)
Image by Aleia Kim

normal conditions, where they assist in the
proper folding of polypeptides by preventing
aberrant interactions that could lead to mis-
folding or aggregation.

The Hsp70 proteins are found in almost all
cells and use ATP hydrolysis to stimulate
structural changes in the shape of the chaper-
one to accommodate binding of substrate pro-
teins. The binding domain of Hsp70s con-
tains a B-barrel structure which wraps around
the polypeptide chain of the substrate and
has affinity for hydrophobic side chains of
amino acids. Asshown in Figure 2.50,
Hsp70 binds to polypeptides as they emerge
from ribosomes during protein synthesis.
Binding of substrate stimulates ATP hy-
drolysis and this is facilitated by another
heat shock protein known as Hsp40. The hy-
drolysis of ATP causes the Hsp70 to taken on
a closed conformation that helps shield ex-
posed hydrophobic residues and prevent ag-
gregation or local misfolding.

After protein synthesis is complete, ADP is
released and replaced by ATP and this results
in release of the substrate protein, which then
allows the full length polypeptide to fold cor-
rectly.

In heat shock

In times of heat shock or oxidative stress,
Hsp70 proteins bind to unfolded hydropho-
bic regions of proteins to similarly prevent
them from aggregating and allowing them to
properly refold. When proteins are damaged,
Hsp70 recruits enzymes that ubiquitinate
the damaged protein to target them for de-
struction in proteasomes. Thus, the Hsp70
proteins play an important role in ensuring
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not only that proteins are properly folded, but
that damaged or nonfunctional proteins are
removed by degradation in the proteasome.

Chaperonins

A second class of proteins involved in assist-
ing other proteins to fold properly are known
as chaperonins. There are two primary cate-
gories of chaperonins - Class | (found in bac-
teria, chloroplasts, and mitochondria) and
Class Il (found in the cytosol of eukaryotes

and archaebacteria). The best studied chaper-
onins are the GroEL/GroES complex pro-
teins found in bacteria (Figure 2.51).

GroEL/GroES may not be able to undo aggre-
gated proteins, but by facilitating proper fold-
ing, it provides competition for misfolding as
a process and can reduce or eliminate prob-
lems arising from improper folding. GroEL
Is a double-ring 14mer with a hydrophobic
region that can facilitate folding of sub-

strates 15-60 kDa in size. GroES is a single-
ring heptamer that binds to GroEL in the pres-
ence of ATP and functions as a cover over
GroEL. Hydrolysis of ATP by chaperonins
induce large conformational changes that af-
fect binding of substrate proteins and their
folding. Itis not known exactly how chaperon-
ins fold proteins. Passive models postulate
the chaperonin complex functioning inertly by
preventing unfavorable intermolecular interac-
tions or placing restrictions on spaces avail-
able for folding to occur. Active models pro-
pose that structural changes in the chaper-
onin complex induce structural changes in the
substrate protein.

Protein breakdown

Another protein complex that has an impor-

tant function in the lifetime dynamics of pro-

teins is the proteasome (Figure 2.52). Pro-

teasomes, which are found in all eukaryotes

and archaeans, as well as some bacteria,
function to break
down unneeded or
damaged proteins by
proteolytic degrada-
tion. Proteasomes
help to regulate the
concentration of some
proteins and degrade
ones that are mis-
folded.

Figure 2.51 - View from bottom of GroEL (left) and GroEL/

GroES complex (right)

The proteasomal degra-
Wikipedia :
dation pathway plays
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Figure 2.52 - 26S proteasome.
Active site shown in red

Wikipedia
an important role in cellular processes
that include progression through the cell

cycle, modulation of gene expression,
and response to oxidative stresses.

Degradation in the proteasome yields
short peptides seven to eight amino acids
in length. Threonine proteases play
important roles. Breakdown of these pep-

tides yields individual amino acids, thus fa-
cilitating their recycling in cells. Proteins are
targeted for degradation in eukaryotic protea-
somes by attachment to multiple copies of a
small protein called ubiquitin (8.5 kDa - 76
amino acids). The enzyme catalyzing the re-
action is known as ubiquitin ligase. The re-
sulting polyubiquitin chain is bound by the
proteasome and degradation begins. Ubig-
uitin was named due to it ubiquitously being
found in eukaryotic cells.

Ubiquitin

Ubiquitin (Figure 2.53) isasmall (8.5

kDa) multi-functional protein found in eukary-
otic cells. Itis commonly added to target pro-
teins by action of ubiquitin ligase enzymes
(E3 in Figure 2.54). One (ubiquitination)

Figure 2.53 - Ubiquitin (lysine side chains
shown in yellow)

Wikipedia
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Figure 2.54 - Pathway for ubiquitination of a target substrate protein

or many (polyubiquitination) ubiquitin
molecules may be added. Attachment of the
ubiquitin is through the side chain of one of
seven different lysine residues in ubiquitin.
The addition of ubiquitin to proteins has
many effects, the best known of which is tar-
geting the protein for degradation in the pro-
teasome. Proteasomal targeting is seen
when polyubiquitination occurs at lysines #29
and 48. Polyubiquitination or monoubiquiti-
nation at other lysines can result in altered cel-
lular location and changed protein-protein in-
teractions. The latter may alter affect inflam-
mation, endocytic trafficking, translation
and DNA repair.

Ubiquitin ligase malfunction

Parkin is a Parkinson’s disease-related pro-
tein that, when mutated, is linked to an inher-
ited form of the disease called autosomal re-

Image by Pehr Jacobson

cessive juvenile Parkinson’s disease. The
function of the protein is not known, but it is
a component of the E3 ubiquitin ligase sys-
tem responsible for transferring ubiquitin
from the E2 protein to a lysine side chain on
the target protein. It is thought that mutations
in parkin lead to proteasomal dysfunction and
a consequent inability to break down proteins
harmful to dopaminergic neurons. This
results in the death or malfunction of these
neurons, resulting in Parkinson’s disease.

Intrinsically disordered proteins

As is evident from the many examples de-
scribed elsewhere in the book, the 3-D struc-
ture of proteins is important for their func-
tion. But, increasingly, it is becoming evident
that not all proteins fold into a stable struc-
ture. Studies on the so-called intrinsically
disordered proteins (IDPs) in the past cou-
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ordered state. That s, just as some
amino acid sequences may favor the
folding of a polypeptide into a particular
structure, the amino acid sequences of
IDPs favor their remaining unfolded. IDP
regions are seen to be low in hydropho-
bic residues and unusually rich in polar
residues and proline. The presence of a
Movie 2.1 - Dynamic movement of large number of charged amino acids in
Sylociimame & i omtion wikipedia  the IDPs can inhibit folding through

charge repulsion, while the lack of hydro-

ple of decades has shown that many pro- phobic residues makes it difficult to form
teins are biologically active, even a stable hydrophobic core, and pro-
though they fail to fold into stable YouTube Lectures line discourages the formation of
structures. Yet other proteins ex- by Kevin helical structures. The observed
hibi : h : HERE & HERE ; : :

IDIt regions that remain un- differences between amino acid
folded (IDP regions) even as the rest sequences in IDPs and structured pro-
of the polypeptide folds into a structured teins have been used to design algorithms to
form.

Intrinsically disordered proteins
and disordered regions within
proteins have, in fact, been
known for many years, but were
regarded as an anomaly. Itis
only recently, with the realiza-
tion that IDPs and IDP regions
are widespread among eukary-
otic proteins, that it has been
recognized that the observed dis-
order is a "feature, not a bug".

Comparison of IDPs shows that  Movie 2.2 SUMO-1, a protein with intrinsically

they share sequence characteris- disordered sections
tics that appear to favor their dis- Wikipedia
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predict whether a given amino
acid sequence will be disordered.

What is the significance of intrin-
sically disordered proteins or
regions? The fact that this prop-
erty is encoded in their amino
acid sequences suggests that their
disorder may be linked to their
function. The flexible, mobile na-
ture of some IDP regions may
play a crucial role in their func-
tion, permitting a transition to a
folded structure upon binding a
protein partner or undergoing
post-translational modifica-
tion. Studies on several well-
known proteins with IDP regions
suggest some answers. IDP re-
gions may enhance the ability of
proteins like the lac repressor
to translocate along the DNA to
search for specific binding sites.
The flexibility of IDPs can also be
an asset in protein-protein inter-
actions, especially for proteins
that are known to interact with
many different protein partners.
For example, p53 has IDP regions
that may allow the protein to in-
teract with a variety of functional
partners. Comparison of the
known functions of proteins with
predictions of disorder in these

Figure 2.55 - Denatura-
tion and renaturation of

ribonuclease

Wikipedia

proteins suggests that IDPs
and IDP regions may dispro-
portionately function in sig-
naling and regulation, while
more structured proteins
skew towards roles in cataly-
sis and transport. Interest-
ingly, many of the proteins
found in both ribosomes
and spliceosomes are pre-
dicted to have IDP regions
that may play a part in cor-
rect assembly of these com-
plexes. Even though IDPs
have not been studied inten-
sively for very long, what lit-
tle is known of them sug-
gests that they play an impor-
tant and underestimated role
in cells.

Metamorphic proteins.
Another group of proteins
that have recently changed
our thinking about protein
structure and function are
the so-called metamorphic
proteins. These proteins
are capable of forming more
than one stable, folded state
starting with a single amino
acid sequence. Although it is
true that multiple folded con-
formations are not ruled out
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There are not very many ways
Inactivating RNase
It’s stable when it’s hot or cold

Because disulfides tightly hold
If you desire to make it stall
Use hot mercaptoethanol

by the laws of physics and chemistry, meta-
morphic proteins are a relatively new discov-
ery. It was known, of course, that prion pro-
teins were capable of folding into alternative
structures, but metamorphic proteins ap-
pear to be able to toggle back and

forth between two stable struc-

tures. While in some cases,

the metamorphic protein un-

dergoes this switch in re-

sponse to binding another mole-

cule, some proteins that can

accomplish this transition on

their own. An interesting ex-

ample is the signaling mole-

cule, lymphotactin. Lymphotac-

tin has two biological functions that are
carried out by its two conformers- a
monomeric form that binds the lymphotactin
receptor and a dimeric form that binds hepa-
rin. Itis possible that this sort of switching is
more widespread than has been thought.

Refolding denatured proteins

All information for protein folding is con-
tained in the amino acid sequence of the pro-
tein. It may seem curious then that most pro-
teins do not fold into their proper, fully active

form after they have been denatured and the
denaturant is removed. A few do, in fact. One
good example is bovine ribonuclease (Fig-
ure 2.55). Its catalytic activity is very resis-
tant to heat and urea and attempts to dena-
ture it don’'t work very well. However, if one
treats the enzyme with B-mercaptoethanol
(which breaks disulfide bonds) prior to
urea treatment and/or heating, activity is lost,
indicating that the covalent disulfide bonds
help stabilize the overall enzyme structure
and when they are broken, denatu-
ration can readily occur. When
the mixture cools back down
to room temperature, over
time some enzyme activity
reappears, indicating that ri-
bonuclease re-folded under
the new conditions.

Interestingly, renaturation
will occur maximally if a tiny
amount of B-mercaptoethanol is
left in the solution during the process.
The reason for this is because [3-
mercaptoethanol permits reduction (and
breaking) of accidental, incorrect disulfide
bonds during the folding process. Without it,
these disulfide bonds will prevent proper folds
from forming.

Irreversible denaturation

Most enzymes, however, do not behave like
bovine ribonuclease. Once denatured, their
activity cannot be recovered to any significant
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extent. This may seem to contradict the idea
of folding information being inherent to the
sequence of amino acids in the protein. It
does not.

Most enzymes don’t refold properly after de-
naturation for two reasons. First, normal
folding may occur as proteins are being
made. Interactions among amino acids
early in the synthesis are not “confused” by in-
teractions with amino acids later in the synthe-
sis because those amino acids aren’t present

as the process starts.

Chaperonins’ role

In other cases, the folding process of some pro-
teins in the cell relied upon action of chaper-
onin proteins (see HERE). In the absence of
chaperonins, interactions that might result in
misfolding occur, thus preventing proper fold-
ing. Thus, early folding and the assistance of
chaperonins eliminate some potential
“wrong-folding” interactions that can occur if
the entire sequence was present when folding
started.

Quaternary structure

A fourth level of protein structure is that of
quaternary structure. It refers to struc-
tures that arise as a result of interactions be-
tween multiple polypeptides. The units can
be identical multiple copies or can be different
polypeptide chains. Adult hemoglobinisa
good example of a protein with quaternary
structure, being composed of two identical

chains called a and two identical chains called

B.

Though the a-chains are very similar to the [3-
chains, they are not identical. Both of the a-
and the B-chains are also related to the single
polypeptide chain in the related protein called
myoglobin. Both myoglobin and hemoglo-
bin have similarity in binding oxygen, but
their behavior towards the molecule differ sig-
nificantly. Notably, hemoglobin’s multiple
subunits (with quaternary structure) com-
pared to myoglobin’s single subunit (with no
guaternary structure) give rise to these differ-
ences. (See HERE).
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O Little Protein Molecule

To the tune of “O Little Town of Bethlehem”
Metabolic Melodies Website HERE

Onh little protein molecule
You're lovely and serene
With twenty zwitterions like
Cysteine and alanine

Your secondary structure
Has pitches and repeats
Arranged in alpha helices
And beta pleated sheets

The Ramachandran plots are
Predictions made to try
To tell the structures you can have
For angles phi and psi

And tertiary structure
Gives polypeptides zing
Because of magic that occurs
In protein fol-ding

A folded enzyme’s active
And starts to catalyze
When activators bind into
The allosteric sites

Some other mechanisms
Control the enzyme rates
By regulating synthesis
And placement of phosphates

And all the regulation
That's found inside of cells
Reminds the students learning it
Of pathways straight from hell

Recording by Tim Karplus
Lyrics by Kevin Ahern
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My Old Enzymes

To the tune of "Auld Lang Syne"
Metabolic Melodies Website HERE

Whene’er my proteins go kaput
If they are past their prime.
The cells will act to soon replace
All of my old enzymes

They know which ones to break apart
Ubiquitin’s the sign
A marker for pro-TE-a-somes
To find the old enzymes

These soon get bound and then cut up
In pieces less than nine
More chopping yields the single ones
Building blocks from old enzymes

So in a way the cell knows well
Of father time it’s true
Amino acids when reused
Turn old enzymes to new

Recording by David Simmons
Lyrics by Kevin Ahern
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Structure and Function: Protein Function |

Hemoglobin
Wikipedia
Structure and function It is, of course a bit of a narrow focus to as-
In this section, we hope to bring to life the con-  cribe protein function to any one component
nection between structure and function of structure, but our hope is by present-
of proteins. So far, we have de- ing these examples, we can bring to
scribed notable features of the WOLILDE il life the way in which a protein’s
f ' Dy e secondary, tertiary, and quarter-
our elements (primary, secon- HERE & HERE ) :
dary, tertiary, and quaternary) of nary structure lead to the func-
protein structure and discussed ex- tions it has.

ample proteins/motifs exhibiting them. In

this section, we will examine from a func- Fibrous proteins - secondary

tional perspective a few proteins/domains structure
whose function relies on secondary, terti- Proteins whose cellular or extracellular roles
ary, or quaternary structure. have a strong structural component are com-
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posed primarily of primary and second struc-
ture, with little folding of the chains. Thus,
they have very little tertiary structure and
are fibrous in nature. Proteins exhibiting
these traits are commonly insoluble in water
and are referred to as fibrous proteins (also
called scleroproteins). The examples de-
scribed in this category are found exclusively
in animals where they serve roles in flesh,
connective tissues and hardened external
structures, such as hair. They also contain
the three common fibrous protein structures
a -helices (keratins), B-strands/sheets (fi-
broin & elastin) and triple helices (colla-
gen). The fibrous proteins have some com-
monality of amino acid sequence. Each pos-
sesses an abundance of repeating sequences
of amino acids with small, non-reactive side
groups. Many contain short repeats of se-
guences, often with glycine.

Keratins

The keratins are a family of related animal pro-
teins that take numerous forms. a-keratins
are structural components of the outer layer

of human skin and are integral to hair, nails,
claws, feathers, beaks, scales, and hooves.
Keratins provide strength to tissues, such as

We wouldn’t be too popular
If keratins were globular
Our nails and hair would be as knots

Their structures folded up like clots
No strength they’d have and oh by gosh
They’d rearrange with every wash

Figure 2.56 - The horns of an impala are
composed of keratin

Wikipedia
the tongue, and over 50 different keratins are
encoded in the human genome. At a cellu-
lar level, keratins comprise the intermedi-
ate filaments of the cytoskeleton. a-
keratins primarily contain a-helices, but can
also have B-strand/sheet structures. Individ-
ual a-helices are often intertwined to form
coils of coiled structures and these strands
can also be further joined together by disul-
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Figure 2.57 - The repeating amino acid sequence of fibroin

fide bonds, increasing structural strength
considerably. This is particularly relevant for
a-keratin in hair, which contains about 14%
cysteine. The odor of burned hair and that
of the chemicals used to curl/uncurl hair
(breaking/re-making disulfide bonds) arise
from their sulfurous components. -keratins
are comprised of B-sheets, as their name im-

plies. Wikipedia link HERE.

Fibroin

An insoluble fibrous
protein that is a com-
ponent of the silk of
spiders and the larvae
of moths and other in-
sects, fibroin is com-
prised of anti-
parallel B-strands
tightly packed to-
gether to form -
sheets. The primary
structure of fibroin is
a short repeating se-

guence with glycine at every other residue
(Figure 2.57). The small R-groups of the
glycine and alanine in the repeating se-

guence allows for the tight packing character-
istic of the fibers of silk. Wikipedia link HERE

Elastin

As suggested by its name, elastin is a pro-

tein with elastic characteristics that functions

in many tissues of the body to allow them to

resume their shapes after expanding or con-

Figure 2.58 - Weaving of a silk sari

Wikipedia

tracting. The protein
is rich in glycine and
proline and can com-
prise over 50% of the
weight of dry, defat-
ted arteries. Elastin
Is made by linking
tropoelastin pro-
teins together
through lysine resi-
dues to make a dura-
ble complex cross-
linked by desmos-
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Figure 2.59 - Desmosine
Wikipedia
ine. In arteries, elastin
helps with pressure wave
propagation for facilitating
blood flow. Wikipedia link
HERE.

Collagen

Collagen is the most abun-
dant protein in mammals,
occupying up to a third of
the total mass. There are at
least 16 types of collagen.

Its fibers are a major compo-
nent of tendons and they

are also found abundantly

in skin. Collagen is also
prominent in cornea, carti-
lage, bone, blood vessels Figure 2.60 -

and the gut. Collagen’s triple
helix
Wikipedia

Collagen’s structure is an example of a helix of
helices, being composed of three left-
handed helical chains that each are coiled to-
gether in a right-handed fashion to make
the collagen fiber (Figure 2.60). Each helix

Figure 2.61 - Repeating sequences in
collagen

Is stretched out more than an a-helix, giving
it an extended appearance. On the inside of
the triple helical structure, only residues of
glycine are found, since the side chains of
other amino acids are too bulky. Collagen
chains have the repeating structure glycine-
m-n where m is often proline and n is often
hydroxyproline (Figure 2.61).

Collagen is synthesized in a pre-pro-
collagen form. Processing of the pre-pro-
collagen in the endoplasmic reticulum re-
sults in glycosylation, removal of the ‘pre’
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Figure 2.62 - Oxidation and cross-linking of lysine residues in tropocollagen. Only
two strands of the triple helix are shown for simplicity

sequence, and hydroxylation of lysine and
proline residues (see below). The hydrox-
ides can form covalent cross-links with each
other, strengthening the collagen fibers. As
pro-collagen is exported out of the cell, prote-
ases trim it, resulting in a final form of colla-
gen called tropocollagen.

Hydroxylation reactions
Hydroxylation of proline and lysine side
chains occurs post-translationally in a reac-
tion catalyzed by prolyl-4-hydroxylase and
lysyl-hydroxylase (lysyl oxidase), respec-
tively. The reaction requires vitamin C.

Since hydroxylation of these resi-
dues is essential for formation of

Image by Aleia Kim

Lamins
Lamins are fibrous proteins that provide
structure in the cell nucleus and play a role
in transcription regulation. They are simi-
lar to proteins making up the intermedi-
ate filaments, but have extra amino acids
in one coil of the protein. Lamins help to
form the nuclear lamin in the interior of the
nuclear envelope and play important roles in
assembling and disassembling the latter in the
process of mitosis. They also help to posi-
tion nuclear pores. In the process of mitosis,
disassembly of the nuclear envelope is pro-
moted by phosphorylation of lamins
by a protein called mitosis pro-

YouTube Lectures
by Kevin
HERE & HERE

moting factor and assembly is
favored by reversing the reaction

stable triple helices at body tem-
perature, vitamin C deficiency re-
sults in weak, unstable collagen and, conse-
guently, weakened connective tissues. Itis
the cause of the disease known as scurvy. Hy-
drolyzed collagen is used to make gelatin,
which is important in the food industry. colla-
gens. Wikipedia link HERE

(dephosphorylation).

Structural domains - tertiary

structure

Every globular protein relies on its terti-
ary structure to perform its function, so
rather than trying to find representative pro-
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Figure 2.64 - Leucine zipper structure.
Leucines are indicated by orange and
purple balls.

Figure 2.63 - Leucine zipper
bound to DNA

Wikipedia
teins for tertiary structure (an almost impos-
sible task!), we focus here on a few elements
of tertiary structure that are common to many
proteins. These are the structural do-
mains and they differ from the structural
motifs of supersecondary structure by
being larger (25-500 amino acids), having a
conserved amino acid sequence, and a his-
tory of evolving and functioning independ-
ently of the protein chains they are found in.
Structural domains are fundamental units of
tertiary structure and are found in more than
one protein. A structural domain is self-
stabilizing and often folds independently of
the rest of the protein chain.

Image by Penelope Irving

Leucine zipper

A common feature of many eukaryotic DNA
binding proteins, leucine zippers are charac-
terized by a repeating set of leucine residues
in a protein that interact like a zipper to fa-
vor dimerization. Another part of the do-
main has amino acids (commonly arginine
and lysine) that allow it to interact with the
DNA double helix (Figure 2.63). Tran-
scription factors that contain leucine zip-
pers include Jun-B, CREB, and AP-1 fos/
jun,

Zinc fingers

The shortest structural domains are the
zinc fingers, which get their name from the
fact that one or more coordinated zinc ions sta-
bilize their finger-like structure. Despite their
name, some zinc fingers do not bind zinc.
There are many structural domains classified
as zinc fingers and these are grouped into dif-
ferent families. Zinc fingers were first identi-
fied as components of DNA binding tran-
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scription factors, but others are now known to
bind RNA, protein, and even lipid struc-
tures. Cysteine and histidine side chains
commonly play roles in coordinating the zinc.

Src SH2> domain

The Src oncoprotein contains a conserved
SH2 structural domain that recognizes and
binds phosphorylated tyrosine side chains
in other proteins (Figure 2.65). Phosphory-
lation is a fundamental activity in signaling
and phosphorylation of tyrosine and in-
teraction between proteins carrying signals is
critically needed for cellular communication.
The SH2> domain is found in over 100 hu-
man proteins.

Helix-turn-helix domain
Helix-turn-helix is a common domain
found in DNA binding proteins, consisting

Figure 2.65 - SH2 Domain
Wikipedia

Figure 2.66 - Helix-Turn-Helix
Domain of a Protein Bound to DNA

Wikipedia
of two a-helices separated by a small num-
ber of amino acids. Asseen in Figure
2.66, the helix parts of the structural do-
main interact with the bases in the major
groove of DNA. Individual a-helicesin a
protein are part of a helix-turn-helix struc-
ture, where the turn separates the individual
helices.

Pleckstrin homology domain
Pleckstrin Homology (PH) domains are
protein domains with important functions in
the process of signaling. This arises partly
from the affinity for binding phosphorylated
inositides, such as PIP2 and PIP3, found in
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nase C. The domain spans about 120 amino
acids and is found in numerous signaling pro-
teins. These include Akt/Rac Serine/
Threonine Protein Kinases, Btk/Itk/Tec

tyrosine protein kinases, insulin recep-
tor substrate (IRS-1), Phosphatidylinositol-
specific phospholipase C, and several yeast
proteins involved in cell cycle regulation.

Structural globular proteins
Enzymes catalyze reactions and proteins

Figure 2.67 - Pleckstrin homology domain such as hemoglobin perform important spe-
of Btk tyrosine protein kinase. The pro-

tein is embedded in a membrane (above S
blue line) reduced and eliminated waste so that we can

Wikipedia

cialized functions. Evolutionary selection has

be sure every protein in a cell has a function,
even though in some cases we may not know

biological membranes. PH domains can i _
what it is. Sometimes the structure of the pro-

also bind to G-proteins and protein Ki-
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Figure 2.68 - Relationship of basement membrane to epithelium, endothelium, and
connective tissue
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tein is its primary function because the struc-
ture provides stability, organization, connec-
tions other important properties. It is with
this in mind that we present the following pro-
teins.

Basement membrane

The basement membrane is a layered ex-
tracellular matrix of tissue comprised of
protein fibers (type IV collagen) and glyco-
saminoglycans that separates the epithe-
lium from other tis-
sues (Figure 2.68).
More importantly, the
basement membrane
acts like a glue to hold
tissues together. The
skin, for example, is
anchored to the rest
of the body by the
basement membrane.

filaments

Basement mem-

branes provide an interface of interaction be-
tween cells and the environment around
them, thus facilitating signaling processes.
They play roles in differentiation during em-
bryogenesis and also in maintenance of func-
tion in adult organisms.

Actin

Actin is the most abundant globular protein
found in most types of eukaryotic cells, com-
prising as much as 20% of the weight of mus-
cle cells. Similar proteins have been identi-

Figure 2.6