Introduction

The of amino acids in a protein and the chemical nature of the

amino acid enable proteins to perform their functions.

* Typical protein functions:
= (atalyze Reactions (enzymes)
= Chemical Signaling (hormones)
= Storage (e.g. myoglobin stores oxygen)
=  Structural (e.g. collagen in skin and tendons)
= Protective (e.g. antibodies)
= Contractile (e.g. myosin in muscle)
= Transport (e.g. hemoglobin)

Amino Acids
Structure of Amino Acids

Amino acids are organic compounds that contain a and a
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(called “side-chain”)

For amino acids, the R-group is often called the “side-chain” or “variant group.”
The side-chain can be a hydrogen atom, hydrocarbon, or various other groups of bonded atoms.

Amino acids are named based on the identity of their

* For example, if the side-chain is a hydrogen atom (H), then the amino acid is called glycine; if the
side-chain is a methyl group (CH3), then the amino acid is called alanine.

H H 00 H H :0:

I, .- , .-
H—N Cc—Q: H—N c—0:

|| ||

H H H CH,

glycine alanine

There are 23 amino acids that make up the proteins in plants and animals, 20

of them are directly specified by the genetic code in DNA. a-carbon
These twenty amino acids are called the amino acids. 0
..
* All twenty common amino acids are amino acids. c—

* They are called a-amino acids because their side-chains are attached

to a-carbons.

REMINDER: The a-carbon is the carbon that is bonded to the carboxyl group’s carbonyl carbon.



The twenty common amino acids are often referred to using three-letter abbreviations. The structures,
names, and abbreviations for the twenty common amino acids are shown below. Note that they are all
a-amino acids.
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Charges on Amino Acids

The structural formulas of the common amino acids all contain at least one carboxylate group and one
quaternary ammonium group.
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In previous chapters you learned that in aqueous solutions, the carboxylate group is in equilibrium with
its , the carboxyl group:

0 0
|l |

R-C-OH + H,0 @ RrC-0" + H,0'

carboxylic acid carboxylate ion
(acid form) (base form)
pKa = 2 to 5, depends on R group

From the relation, we know that when the pH is less than the pK,
of a carboxyl group, then the carboxylic acid form (R-COOH) is predominant, and when the pH is
greater than the pK,, then the carboxylate ion form (R-COQ") is predominant.

Likewise, the quaternary ammonium group is in equilibrium with its conjugate, the amine group:
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I
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R’ or H R’ or H
quaternary ammonium ion amine
(acid form, pKa ~9.5) (base form)

When the pH of a solution is less than the pK, (~9.5), then the quaternary ammonium group (acid form)
is predominant, and when the pH is greater than the pK,, then the amine group (base form) is
predominant.

Since amino acids involve the carboxyl group/carboxylate group conjugate pair and the quaternary
ammonium group/amine group conjugate pair, then the of the
predominant form an amino acid will depend on the

EXAMPLE: Consider the predominant form of alanine at physiological pH (pH ~7.4):

H H :0
[ R | R
H— N—C— C —0:
|
H CH,

* The pK, values of amino acid carboxyl groups are between 2 and 5 (depending on which amino acid),
therefore, at pH = 7.4, the base form (carboxylate ion) is predominant.

*  Quaternary ammonium groups that are attached to the a-carbons of amino acids have pK, values of
about 9.5, therefore, at pH = 7.4, the quaternary ammonium group (acid form) is predominant.



The predominant form of alanine has a negative (1-) formal charge on the carboxylate group and a
positive (1+) formal charge on the quaternary ammonium group, which gives it a total charge of
H H :0:

Lol

H—N—C— C—0:
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H CH,
predominant form of alanine at pH = 7.4

When an amino acid has a total charge equal to zero, it is called a
* (zwitter 1s German for hermaphrodite or hybrid).

The amino acid structures in the table (provided earlier) are the predominant forms at
physiological pH.

In sufficiently acidic or basic solutions, the of the predominant form of an
amino acid will change from its physiological value.

EXAMPLE: Consider the fotal charge of the predominant form of alanine in an extremely acidic
solution.

At pH = 1.0 (an extremely acidic solution) the pH is than the pK, of both the carboxyl group
and the quaternary ammonium group, therefore both groups exist in their acid form, as shown below.
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H CH,
predominant form of alanine at pH = 1.0
The predominant form of alanine at pH = 1.0 has an uncharged carboxyl group (COOH) and has a

positive (1+) formal charge on the nitrogen of the quaternary ammonium group, which results in a
(1+) total charge.

EXAMPLE: Consider the fotal charge of the predominant form of alanine in an extremely basic
solution.

At pH = 12.0 (an extremely basic solution) the pH is than the pK, of both the carboxyl group
and the quaternary ammonium group, therefore both groups exist in their base form, as shown below.
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predominant form of alanine at pH = 12.0
The predominant form of alanine at pH = 12.0 has a negative (1-) formal charge on the single-bonded

oxygen of the carboxylate group and an uncharged nitrogen in the amine group, which results in a
(1-) total charge.




Practice Problems: The amino acid structures in the table provided earlier are the predominant forms at
physiological pH.

Draw the predominant form of valine when the pH = 7.4

Draw the predominant form of valine when the pH = 1.0

Draw the predominant form of valine when the pH = 12.0

What is the fotal charge of the predominant form of valine when the pH = 7.4?
What is the total charge of the predominant form of valine when the pH = 1.0?
What is the total charge of the predominant form of valine when the pH = 12.0?
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Classification of Amino Acids

Amino acids are classified by the of their side-chain and the ability of their side-chain
to acquire (at physiological pH).
Side-Chain Ch t
Amino Acid Class Side Chain Polarity 1ee .aln . argea
Physiological pH
Nonpolar nonpolar (hydrophobic side-chain) Zero
Polar neutral polar (hydrophilic side-chain) Zero
Polar acidic polar (hydrophilic side-chain) negative
Polar basic polar (hydrophilic side-chain) positive




1) Nonpolar Amino Acids

Nonpolar amino acids have nonpolar (hydrophobic) side-chains and their predominant forms have

uncharged side-chains at physiological pH.

* The nonpolar amino acids (their predominant forms at physiological pH) are:
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Note that although the side-chain of tryptophan contains a few highly-polar bonds, the hydrocarbon part
is so large that it dominates the interactions, making the side-chain hydrophobic. For this reason,

tryptophan is put into the nonpolar class.

2) Polar Neutral Amino Acids

Polar neutral amino acids have polar (hydrophilic) side-chains and their predominant forms have

uncharged side-chains at physiological pH.

* The polar neutral amino acids (their predominant forms at physiological pH) are:
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3) Polar Acidic Amino Acids

Polar acidic amino acids have polar (hydrophilic) side-chains and, their predominant forms have
side-chains with negative (1-) formal charge at physiological pH.

* This formal charge is from a group.

The polar acidic amino acids (their predominant forms at physiological pH) are:
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Polar acidic amino acids are given the “acidic” term in their classification because their acid forms are
stronger acids than those of the polar “basic” amino acids (discussed next).

4) Polar Basic Amino Acids

Polar basic amino acids have polar (hydrophilic) side-chains and, except for histidine, their
predominant forms have side-chains with positive (1+) formal charge at physiological pH.

* This formal charge is from a quaternary ammonium group.

* The polar basic amino acids (their predominant forms at physiological pH) are:
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Properties of Amino Acids

Although some amino acids contain hydrophobic side-chains, overall they are -

All amino acids are due both to the presence of polar covalent bonds that are capable
of forming hydrogen bonds with water, and to the fact that they can carry charges (-COO and/or -NH3").

H [|l :0 H H :0 H :0
. I

| s el N = o N | [
I-{—?FE——(TI--—(I—(_]I-I I-I—I\ll—--(l'.—(j—(__li I-l—-ETE-—-(1I-—{Z——(_._]=
H R H R H R
[ ] [ ] L]
Acidic Basic
pH 1 pH 7 pH 14

Stereoisomerism of Amino Acids

With the exception of glycine, all of the a-amino acids are because the a-carbon
atom in each is attached to four different groups.

a-carbon

The presence of chiral carbons produces stereoisomers with mirror images:

Fischer projections of amino acids have the
carboxylate group on top and the side-chain on the
bottom.

 L-amino acids have the NH;" on the

e D-amino acids have the NH;" on the

Organisms use only L-amino acids to produce o 7000 s o
proteins. imEE P

You try one: Draw Fischer projections of the
D-isomer and the L-isomer of alanine.

f2o S e

D-amino acid L-amino acid




Peptides and Proteins

The Peptide Bond
Peptides and proteins consist of amino acid residues joined by (amide) bonds.
Formation of a Peptide Bond Ill III :?I: ot o _ll‘l \/\ III Zﬁi
— +_ a— Y _L// '- _//i — 7 — .o—
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The peptide formed in this example is H R H R
called a because it a dipeptide
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The new bond between the two amino acid residues is calleda ~ g—N—C— Cc—N—C— C—Q:
peptide bond. | | | |
H R H R

peptide bond

You try one: Draw the structural formula of the dipeptide that contains two valine amino acid
residues. Label the peptide bond
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Formation of Larger Peptides

Larger peptides are formed by adding more amino acids, one by one, to a growing peptide.

Example: Formation of a Tripeptide

. . a dipeptide an amino acid
* Begin with the general form > A N s A N

of a dipeptide and then add a H H 0 H 00 -7 0N H o
new amino acid residue. I | R H | g A I |
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- iR on RN "R [see]
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This process can continue and

X H H :0: H :0: H :0:
larger peptides can be formed by O e | O A | B
adding more amino acids, one by H— T_ ? —C _Il‘f_ T —C —T— T —C—Q
one, to a growing peptide. H (R H R H R

a tripeptide
Peptide Terminology

The end of the peptide structural formula that has a quaternary ammonium group is called the

-terminus, and the end that has a carboxylate group is called the -terminus.
H H :0: H (0] H 20:
R R | R I | B
H—N—C—C—/—N—C—C—/—N—C—C—0:
| - |
H R H R H R
N-terminus peptide bonds C-terminus ‘

The bonding pattern around a peptide bond is called the peptide

I peptide groups |

Note that nitrogen in a peptide group does not have a (1+) formal charge, as does the nitrogen in the
quaternary ammonium group at the N-terminus.
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Peptides are identified by the use of a common name or, by listing its amino acid residues’ three-letter
abbreviations in order from N-terminus to C-terminus.

Example of identifying a peptide from its amino acid residue’s abbreviations: Val-Asp-Ala-Arg-Gly.

a pentapeptide
A
( A\
H H :0 H :0: H :0: H :0: H :0:
I ..-
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N-terminus 202 CH, C-terminus

I

NH
v |
B

H NH,

Val-Asp-Ala-Arg-Gly

I drew this pentapeptide by forming peptide bonds between the predominant forms of the amino acids at

physiological pH, therefore the resulting pentapeptide is also in the form that is predominant at

physiological pH. Note that two of the side-chains in this peptide carry a formal charge. This peptide has

a total charge equal to zero because the two negative charges and two positive charges add up to zero.

You try one:
a. Draw the structural formula for the predominant form of Gly-Lys-Tyr-Ala at physiological pH.

b. Label the peptide bonds and circle the peptide groups.

the peptide that you draw will be the predominant form at physiological pH.

NOTE: If you correctly connect the amino acid structural formulas from the amino acid table, then

Also: What is the total charge of the peptide that you drew for in the previous problem?
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Examples of Biologically-Relevant Peptides

A protein consists of one or more large peptides and has a specific biological function. Although
shorter peptide chains (less than about fifty amino acid residues) have specific biological functions, they
are generally not classified as proteins. Short peptide chains function as chemical signaling compounds;
over one hundred of them have been identified.

Endorphins are examples of chemical signaling peptides. They are natural painkillers that are produced
in the body. They interact with receptors in the brain to inhibit the transmission of pain signals. Five
endorphins have been found (so far). An example of an endorphin peptide is a-endorphin. It contains
sixteen amino acid residues, which are connected in the sequence (N-terminus to C-terminus) shown
below:

Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-GIn-Thr-Pro-Leu-Val-Thr

Another example of a peptide is oxytocin. It is produced by the pituitary gland, and stimulates uterine
contractions in labor. Oxyfocin contains nine amino acid residue, which are connected in the sequence
shown below:

Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-Gly

Oxytocin was the first naturally-occurring hormone to be produced in a laboratory.

Protein Structure

The structure of proteins is understood in terms of four levels of organization:
1)
2)
3)
4)

Primary Protein Structure

The of amino acid residues in a peptide or protein is referred to as its primary structure.

* Example: The primary structure of the pentapeptide is shown below:

H H HoN H HOH H Ho N H 08 H 08
R T T o I VR I
H—N—C—C—N—C—C—N—C—C—N—C—C—N—C—C—Q:

[ I [ T [ I

H CHCH, H CIH; H CH, H (IZH: H H
CH, ﬁ—Q; (IZH:
0t (|:H1
NH
+
Y
H NH,

Primary Structure:
valine asparagine alanine  arginine glycine
(Val-Asp-Ala-Arg-Gly)
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The primary structure of peptides and proteins is analogous to the arrangement of letters in a word.

edit £ diet # tide # tied

Primary structure of a protein is the linear sequence of amino acids connected by peptide bonds.

» Different proteins typically contain from about 40 to over 4000 amino acids

«  There are 400 distinct dipeptides (20°).

«  There are 8000 distinct tripeptides (20%).

«  When there are 100 amino acids in the chain, there are 20'® = 1.27 x 10"*° distinct peptides!

Understanding Check: Write the names (using the three letter abbreviation method) of all of the
tripeptides that can be made by combining one glycine (gly), one alanine (ala), and one aspartic acid
(asp) residue. For example, one of the tripeptides is gly-ala-asp.

Secondary Protein Structure

The properties of proteins depend not only on their sequence of amino acid residues, but also on how they
are folded, twisted, and bent.

Secondary protein structure describes the geometric patterns that occur when individual peptide chains
“fold” back on themselves.

Secondary structure results from between peptide groups within
an individual peptide.

There are two common types of secondary structures, the (@ helix) and the
(P sheet).

The Alpha Helix

_____ hydrogen
The alpha helix geometric pattern resembles a bonding

peptide groups
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The Beta Sheet

The beta sheet geometry occurs when a peptide folds back on itself in a

arrangement.
lllustrative Model of a Beta Sheet
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In addition to alpha helices and beta sheets, there are a few other, much less frequently seen geometries
that are also categorized as secondary structures. Since these other secondary structures are relatively
rare, I will not discuss their particularities.

A key feature of secondary protein structure is that it only involves hydrogen bonding between peptide
groups within an individual peptide chain.

Tertiary Protein Structure

Alpha helices and/or beta sheets, along with the unorganized sections of a peptide chain, “fold” into a
more compact shape.

* The shape of a peptide is called the tertiary structure.

“Ribbon models” are often used in order to visualize tertiary
protein structure. These illustrative models use ribbon-like
shapes to represent the geometry of secondary structures. The
spring-like ribbons represent alpha helices and the flat side-by
side ribbons represent beta sheets. Sometimes arrows are used at
the ends of ribbons to indicate the direction (from N-terminus to
C-terminus). Lines or thin tubes are used for unorganized
sections of a peptide chain. The ribbon model for ribonuclease A
protein (RNase A), an enzyme used to break down RNA, is shown
on the right.

Ribbon Model of an RNase A Protein

Source: Wikimedia Commons,
Author: Vossman, CC-BY-SA,
http://creativecommons.org/

licenses/by-sa/2.5/deed.en 15



Of the many folding patterns (conformations) possible for a protein, there is usually only one that
leads to a (biologically active) molecule.

The sequence of amino acids (primary structure) ultimately determines which folding pattern is
selected, so both secondary and tertiary structure on primary structure.

Some of the interactions that are involved in tertiary structure are illustrated below.

\
\ a beta sheet )

r A \
/C: Ol H—N
R— C\—H Hi== /C —R
N—H =-nmmmmmv = c\
0 :c/ N—H hydrogen bonding
/ between side-chains
He= /C —R R— \—H b
" /=
L —— _ hydrophobic interactions N
/C_O il N\ between nonpolar side-chains salt bridge \\
ter-f t
T C\—H . —/C = water-free pockef _\
7 — T — 0 =C P
/ \ k NH,— (CH,), —
0 =C N—H \
/ | \\
He /C —R R— \—H
H== N\ c=0
O = O H —N/ hydrogen bonding
/ \ hydrogen bonding between a side-chain \\
R—C—H H—C —R | between peptide and a peptide group Q
\ / groups
/N—H ---------- 0— C\ / \
\"
0=cC N—He--0 =
H—C—R R—C/—H CHZS—SCHZAT
NH, " o=cC fo . SR

disulfide bridge
(a covalent bond)

Description of Tertiary Structure Interactions:
1) Hydrophobic Interactions

Nonpolar side-chains are attracted to other nonpolar side-chains through London forces, and form
“water-free pockets” in the interior region of the folded and compacted peptide (see the illustration
above).

2) Hydrogen Bonding

Hydrogen bonding in tertiary structures can occur between polar side chains (that contain the features
necessary for hydrogen bonding) and/or peptide groups. See the illustration above.

3) Salt Bridges

I introduced salt bridges to you, in chapter 4, as one of the five noncovalent interactions. A salt bridge is
an attractive force between the positive formal charge on polar basic amino acid residue and a negative
formal charge on a polar acidic residue (see the example in the illustration above).
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4) Disulfide Bridges

In a previous chapter, you learned
that disulfide (covalent) bonds
can be formed by the oxidation of
two thiol (SH) groups. Disulfide
bonds in proteins are called
disulfide bridges. Each cysteine
residue contains a thiol group in
its side-chain that is capable of forming a disulfide bridge with another cysteine residue, as shown above.

\

CH—§—§ —CHZ—L + 2H

I

disulfide bridge between
cysteine residues
(a covalent bond)

5) Dipole-Dipole and lon-Dipole Forces

Dipole-dipole attractive forces can occur between polar side-chains and/or peptide groups. These
interactions are not included in the illustration on the previous page. If needed, you can review dipole-
dipole and ion-dipole interactions in section 6 of chapter 4.

Quaternary Structure
A large number of native proteins are a combination of

polypeptide chain.

* Example: Hemoglobin
Image source: Wikimedia Commons,
Author: Richard Wheeler, CC-BY-SA,
http://creativecommons.org/licenses/by-
sa/3.0/legalcode

Quaternary protein structure is the overall shape that occurs when two or more peptide
chains assemble to make a protein.

In proteins composed of wo or more peptide chains, the individual peptide chains are referred to as
“subunits.”

The quaternary structures of large proteins are sometimes depicted
using space-filling models. In these models, the various subunits are

often shaded with different colors or grey-scale tones.

* Example: ATP synthase

The forces that hold the subunits together in quaternary structures are
the same as those involved in tertiary structures.

Image source: Wikimedia Commons, Author: Alex.X
CC-BY-SA, http://creativecommons.org/licenses/by-
sa/3.0/legalcod
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Understanding Check: In which of the following levels of protein structure can hydrogen bonding
play a role?

a) primary structure

b) secondary structure

c) tertiary structure

d) quaternary structure

Globular, Fibrous, and Membrane Proteins

Proteins generally fall into one of three categories:

1) proteins
2) proteins
3) proteins

Globular Proteins

Globular proteins have a highly- and compact shape.

* The overall shapes of these proteins are more “sphere-like” than “string-like.”

* The globular shape allows for hvdrophobic side-chains to be directed to the protein’s interior (forming
“water-free pockets”), while polar side-chains are oriented outward to form a hydrophilic exterior.
The hydrophilic exterior allows globular proteins to be more easily dispersed in solutions (intercellular
and extracellular).

Globular proteins function as enzymes, chemical signaling compounds, transporters of other compounds,
and antibodies.

Image source: Wikimedia Commons,
Author: Richard Wheeler, CC-BY-SA,
http://creativecommons.org/licenses/by-
sa/3.0/legalcode

Hemoglobin (shown on the right) is an
example of a globular protein

Mpyoglobin (shown on the left) is another example of a globular protein.
It is used to store oxygen (O,) in muscle tissue, thereby allowing
organisms to function while holding their breath. Myoglobin is
responsible for the red color of meat. It is found in especially high
concentration in diving animals, such as seals and whales. It is
composed of just one peptide chain. Human myoglobin contains 153
amino acid residues and eight alpha helices. It contains a heme
prosthetic group (shown in grey) that binds oxygen (shown as red
spheres next to the heme group).
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Albumin is another example of a globular protein.

Human albumin is the most abundant protein in human blood
plasma. Its biological functions include transporting hormones,
fatty acids, and other compounds, acting as a buffer, and

maintaining osmotic pressure.

Antibodies, also referred to as immunoglobulins (1g), are globular proteins.

Antibodies are able to act as protective agents by binding to specific, usually harmful, objects - called
antigens. Antigens are often foreign (nonself) objects such as harmful bacteria or viruses. When an
antibody binds to an antigen, it either directly neutralizes the antigen, or marks it so that the antigen can

be subsequently neutralized by other components of the immune system.

The smallest antibodies
are composed of a single
immunoglobulin unit,
called an
immunoglobulin
monomer. An
immunoglobulin
monomer is shaped a bit
like the letter <Y,” and is
often illustrated using a
Y-shape, as shown on
the right-hand side of the
illustration.

antigen binding sites
(paratopes)

Ribbon model of an
immunoglobulin monomer

antigen binding sites
(paratopes)

N

“Y-shape” model of of an
immunoglobulin monomer

An antigen binding site, called the paratope, binds to a particular part of an antigen called the epitope.

* The binding between antigen and antibody occurs because of noncovalent attractive forces, which are

maximized due to the

The epitope
matches the
paratope, so the
antibody binds to
the antigen.

The epitope does
not match the
paratope, so the
antibody does not

bind to the antigen.

shapes of the paratope and epitope.

Note that in the Y-shape
antibody model shown on
the left, the paratope will
only bind with one of the
two antigens - the antigen
that has a complementary
epitope. We say that the
paratope (or antibody
binding site) is “specific”
for a particular epitope.
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The immune system can produce an almost infinite variety of paratope shapes by varying the paratope
region’s amino acid sequence (and therefore its shape). By doing so, antibodies are produced to be
specific for one particular antigen, much like a lock is specific for one key.

Some antibodies contain more than one immunoglobulin unit. Placental mammals, which includes
humans, have immunoglobulin monomer, immunoglobulin dimer, and immunoglobulin pentamer
antibodies. Immunoglobulin dimers are made from two immunoglobulin monomers, and immunoglobulin
pentamers are made from five immunoglobulin monomers. These three types of antibody structures are
illustrated below.

N\
\1 r
\}
immunoglobulin monomer immunoglobulin immunoglobulin
(single immunoglobulin unit) dimer pentamer
One last note on antibodies:
Antibodies have (oligosaccharides) that are covalently bound to some of their

amino acid residue side-chains.

* Proteins, such as antibodies, that contain carbohydrates are called

Fibrous Proteins

Fibrous proteins have long and narrow -like” shapes.

* They are much less compact than globular proteins.

The narrower shape makes it difficult for hydrophobic side-chains to be oriented toward the interior
region of a fibrous protein, and results in a hydrophobic exterior. For this reason, fibrous proteins tend to
be water-insoluble.

Fibrous proteins play important roles in providing structural rigidity and in contractile movement
(muscles).
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An example of a fibrous protein is collagen. Collagen is the most abundant protein in the body. Its
function is to provide structural rigidity and stiffness. It is found in skin, ligaments, tendons, and other
parts of the body. An illustration of the components of collagen are shown below.

tropocollagen

(a triple helix made
from three peptides)

fibril

collagen fiber

Other examples of fibrous proteins are keratins. Their primary role is to provide structural rigidity and
stiffness. Keratins are some of the strongest natural materials.

* Keratins can be classified as alpha-keratins or beta-keratins.

Alpha-keratins are found in places such as hair, wool, horns, hooves, claws, and nails.

In hair, two peptide double helices are twisted around each other to form a protofibril, as shown below.

A I T oW
e R g PSS

a protofibril
two peptide double helices that are twisted around each other

alpha helices

/M

Protofibrils bundle together to form microfibrils. Microfibrils bundle together to form macrofibrils.
Each hair cell is primarily composed of bundled macrofibrils.

A single hair consists of bundled hair

a single hair cell - smgAIe ke

macrofibril

microfibril

protofibril
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Beta-Kkeratins

Beta-keratins, which are also fibrous proteins, are found in places such as reptilian skin, the outer layer of
human skin, bird feathers and beaks, turtle shells, silk, and the tongue.

¢ Beta-keratins are composed of fibers that primarily contain beta sheet secondary structures.

* The beta sheets are stacked in tertiary structures.

An example of a beta-keratin structure can be seen in silk. The stacked beta sheets, which are held
together by disulfide bridges and noncovalent interactions, entwine to form a fibroin microfibril.
Fibroin microfibrils assemble to form fibrils. Fibrils assemble to form fibroin filaments. Two fibroin
filaments are held together by sericin protein, which acts like a glue to hold the two fibroin filaments
together in a single silk fiber, as shown below.

> stack of beta sheets

fi:

> fibroin microfibril structure

a fibroin microfibril T

a fibril

fibroin filaments

G J

sericin protein N

a silk fiber

Fibroin microfibril keratin fibers are also found in spider webs. The structure of spider’s silk is illustrated
below.

a fibroin microfibril

Y

fibroin filament spider’s silk
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Fibrous Proteins in Muscles

Muscle contraction involves the interaction of fibrous proteins.

Muscles are composed of bundled muscle

section of a single muscle cell
This image, as well as the next ten, were adapted from:
e =N Wikimedia Commons, Author: OpenStax College, CC

: https://creativecommons.org/licenses/by/3.0/deed.en

a myofibril

myosin

A muscle cell is a polynuclear (many nuclei) cell that contains long protein fibers called myofibrils.

Myofibrils are composed of individual contractile units called sarcomeres.

Sarcomeres contain fibrous proteins called * filaments” and “ filaments.”

Thick filaments are composed of myosin fibrous protein.
* The myosin tail region is composed of two alpha helices that are twisted around each other.

* In the myosin head region, the individual alpha helices split apart from each other and fold into
more compacted tertiary structures.

Thin filaments are composed of three proteins: actin, troponin, and tropomyosin.
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How Muscles Work: The Sliding Filament Model

w

Before contraction, the thick
and thin filaments are in a
relaxed state (non contracted),
as shown in the top of the
figure on the right.

relaxed state
(non contracted)

v

|

| thin filaments | | thick filaments |

During muscle contraction,
the thick filaments and thin
filaments “slide” past each

other to shorten (contract) the <
overall structure, as shown in
the contracted state in the contracted state < o
bottom of the figure.

v

Let’s now consider how and when the filaments “slide” past each other. We will begin with a small
section of a thick and a thin filament in the state illustrated below.

thin filament { \

thick filament

troponin actin
D *],"] -
ﬁ>tropomyosin

-

}ATP bound to
myosin head

In this initial state, adenosine triphosphate (ATP) is attached to the head region of myosin.

The chemical energy stored in is used to make the muscle contract.

* The hydrolysis of ATP reaction is capable of releasing energy:
ATP (agq) + H,O (I) 2 ADP (aq) + Pi(aq) AG =-7,300 Joules per mole of ATP

P; is an abbreviation for a phosphate group, and ADP is adenosine diphosphate.

The energy released by this reaction can be used to slide the thin and thick filaments past each other.

fn

§

2
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1) Actin contains sites to which p—re
myosin heads can bind. - s, N
myosin binding sites

In our initial state, tropomyosin
fibers block actin’s myosin binding sites so that the myosin
heads are unable to attach to the thin filament, as shown in the
illustration on the right.

2) Muscle contraction begins in response to an action
potential (nerve impulse) that originates in the central
nervous system.

* The electrical signal is transferred to a particular
muscle and causes an organelle called the
sarcoplasmic reticulum to release calcium ions.

*  When calcium ions are released, they bind to troponin,
which causes the tropomyosin fibers to move and
thereby exposes the myosin binding sites.

3) ATP is hydrolyzed to ADP and P;. Energy released from
the hydrolysis of ATP reaction is used to change the
conformation (shape) of myosin. This results in a
“cocked” myosin head.

* This is analogous to “cocking the hammer” of a pistol,
or pulling back on the string of a bow-and-arrow. In
this step, the ADP and Pi that are produced remain
attached to the “cocked” myosin head, as shown on
the right.

4) The “cocked” myosin head attaches to a myosin binding
site on the thin filament. This attachment is a noncovalent
interaction.

(‘n |
S

. |

- g

(o=aliumion]

mmmx!"

“cocked” myosin head —>/
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5) ADP and P; are released from the myosin head.
This allows the myosin to bend back to its
original “un-cocked” position.

* In our “cocked” pistol analogy, this step
represents what happens when the trigger of a
pistol is pulled: the pistol’s “hammer” springs
forward (to strike the bullet’s cartridge).

* In our bow-and-arrow analogy, this step
represents what happens when the string is
released: it moves forward and accelerates the
arrow.

Because the myosin head is attached to the thin
filament, as the myosin bends, the thin filament
“slides” past the thick filament.

6) ATP binds to the myosin head, which causes the
head to detach from the thin filament. This
completes the cycle; the system is now back to its
original configuration and the cycle can repeat so
long as calcium and ATP are present. As this
cycle repeats, the muscle can continue to shorten.
Since calcium ions are constantly being
transported back into the sarcoplasmic reticulum,
their release must be continuously induced by
central nervous system impulses in order for
muscle contraction to continue.

If ATP is not present, the myosin remains bound to the thin filament. This state is observed after death,
since ATP is no longer produced, and is called rigor mortis.

26



Membrane Proteins

Membrane proteins are proteins that are to biological membranes.

Membrane proteins function as enzymes, cell recognition markers, receptors (allowing chemical signals to
be relayed between the interior and exterior of cells), and transporters of compounds in and out of cells.

Some membrane proteins extend through the membrane and are called
transmembrane proteins.

Examples of transmembrane proteins include the
aquaporins.

* Aquaporins function as transporter proteins; lllﬁglll%
they facilitate the transport of water ‘
molecules (only) in and out of cells. There \
are several types of aquaporins, one of them,  phospholipid bilayer

aquaporin-1, is illustrated on the right. X Y
aquaporin-1

Source: The protein structure is from Wikimedia Commons, Author: Vossman

CC-BY-SA, http://creativecommons.org/licenses/by-sa/3.0/legalcode

Some membrane proteins do not completely extend through the membrane; these are called

proteins.

An example of a monotopic protein is cyclooxygenase-2.

* Cyclooxygenase-2 is responsible for
converting eicosanoic acid into
prostoglandins, prostoscyclin, and
thromboxane (you learned about this

o \ﬁ .5“
enzyme and these reactions in a previous TT@ TT i ﬂfff

chapter). An illustration of

is shown on the right.

LATTEGe TN
eyclooxygenase-2 attached 0 membrane wwwumwmmwwwu

Understanding Check: Globular vs. Fibrous vs. Membrane Proteins

Do a bit of online research to determine if succinate dehydrogenase is a globular, fibrous, or
membrane protein.
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Prosthetic Groups: Simple vs. Conjugated Proteins

Some proteins contain only amino acid residues, these are called proteins.
Other proteins contain amino acid residues and amino acid components.
Proteins that contain non amino acid components are called proteins.

* The non amino acid components of these proteins are called groups.

* An example of a prosthetic group is the heme group, which is present in hemoglobin. The main role
of hemoglobin is to transport oxygen (O,) molecules. Heme groups contain an iron ion, to which an
oxygen molecule can be quite strongly attached.

A ribbon model of human hemoglobin, with a magnification insert showing the bonding pattern in one of
its four heme groups, is shown below.

CH,
7 CH,
CH,
J/
H,C
Image adapted from: Wikimedia
Commons, Author: Richard Wheeler,
CC-BY-SA,
http://creativecommons.org/licenses/by
HsC CH; -sa/3.0/legalcode
0™ “oH o OH

Hemoglobin contains four heme groups (shaded green in the figure above). Each heme group is capable
of binding one oxygen molecule. Heme prosthetic groups are also found in myoglobin, catalase, and
other proteins.

Denaturation of Proteins

The shape of a protein is the key factor in its ability to perform its biological role. Protein shape is
maintained by the attractive forces involved in secondary, tertiary, and quaternary structures. When
these attractive forces are disrupted, the native shape of proteins can be changed enough that a partial or
complete loss of bioactivity (function) occurs.

When a protein loses some or all of its biological activity in such a manner, this is referred to as

2

“protein

In most cases, unless the shape change is very minor, the denaturation is irreversible.

Any mechanical or chemical agent that causes the denaturation of a protein is called a

Some of the most common denaturing agents are listed and described below:

1) The noncovalent attractive forces involved in secondary, tertiary, and
quaternary structures in proteins are easily disrupted by heating. The cooking of an egg is an example of
heat denaturation.

2) , which can disrupt the noncovalent attractive forces involved
in secondary, tertiary, and quaternary structures. An example of denaturation of protein by mechanical
agitation is the foaming that occurs during beating of raw egg (yolks removed). Chefs use this process to
make meringue.
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3) Some amphipathic compounds can cause denaturation by
inserting their nonpolar ends into an association of hydrophobic side chains and thereby displacing some
of the side chains. For example, detergents are capable of denaturing proteins.

4) Some polar solvents, such as acetone or ethanol, can interfere with
hydrogen bonding, dipole-dipole, and ion-dipole interactions by competing for a protein’s existing
interactions.

5) , which can disrupt a protein’s salt bridges and ion-dipole interactions.
Near physiological pH, the predominant form of polar acidic side-chains and polar basic side-chains
(except for histidine) have a formal charge. These charged side-chains help proteins maintain their
tertiary and/or quaternary structure because they participate in salt bridges and ion-dipole interactions.

The Disruption of a Salt Bridge by pH Changes

Middle: lllustration of a salt bridge that can form between a polar acid and polar basic side-chain at pH = 7.
Right: When the pH is changed to a value greater than the pK, of a polar basic side-chain then its uncharged base form becomes
predominant. This uncharged side-chain cannot participate in salt bridge interactions.
Left: When the pH is changed to a value less than the pK, of a polar acid side-chain, then its uncharged acid form becomes
predominant. This uncharged side-chain cannot participate in salt bridge interactions.

* An example of the denaturation of proteins by a pH change is the use of citric acid in the marination
(soaking) of fish and shellfish in a dish called ceviche. The citric acid comes from citric juices such
as lemon, lime, orange, or grapefruit juice.

Essential Amino Acids: Complete, Incomplete, and Complementary Proteins
Organisms produce (synthesize) protein from dietary amino acids.

Our bodies are capable of producing of the twenty common amino acids (from other amino
acids or certain other compounds.

* Therefore we do not necessarily need to obtain these eleven amino acids in our diet.
The other amino acids can only be obtained by eating proteins that contain them.

* These nine amino acids are called amino acids, and are listed below.

Histidine (His) | Methionine (Met) | Lysine (Lys)
Leucine (Leu) Threonine (Thr) Valine (Val)
Isoleucine (Ile) | Tryptophan (Typ) | Phenylalanine (Phe)

Foods that contain all of the essential amino acids are called proteins.

* Most animal products are complete proteins. Examples: eggs, meat, milk, fish, and poultry.
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Foods that contain proteins but do not contain all of the essential amino acids are called
proteins.

: . Food Amino Acid Deficienc
* These include most plant proteins. ‘ . y
) ) rice, wheat, oats lysine
o Examples of incomplete proteins and .
o . . . beans methionine, tryptophan
their missing essential amino acids are -
listed in on the right: pcas methionine
soy low in methionine
Combining of two or more incomplete proteins that corn lysine, tryptophan
are deficient in different amino acids is a dietary lbrrarnd’s, Tl lysine, tryptophan

strategy used to ensure the intake of all nine essential
amino acids.

* For example, if you eat beans and rice, you obtain all of the essential amino acids since rice contains
the amino acids that beans lack, and vice versa.

* When proteins are combined in this way, they are called proteins.

Understanding Check

Which two foods (from the table above) could each be eaten with corn as a complementary protein?

Enzymes

Catalysts are substances that increase the rates of chemical reactions. Life requires that many chemical
reactions occur within organisms. The human body employs over a thousand chemical reactions. Many
of these reactions would occur zoo slowly to be useful in the absence of a catalyst. Nature provides
humans and other biological organisms with proteins that are capable of catalyzing reactions.

Protein catalysts are called

* Among all plants and animal species, over 5,000 chemical reactions are catalyzed by enzymes.

* Enzymes are capable of increasing the rate of a chemical reaction by up to a factor of one thousand.
Scientists who specialize in studying enzymes are called enzymologists.

Enzymologists refer to the reactants of catalyzed reactions as

* Most enzymes are composed of hundreds or thousands of amino acid residues, however only a
small region of the enzyme makes contact with the substrates.

Let’s take a look at a model that describes enzymatic catalysis.

The part of the enzyme that makes contact with substrates is called the active site

f_%

¢ ” \/V
4
\

In this model, we will represent an enzyme and its active site as .
illustrated on the right. enzyme
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