
Structure & Function:  Proteins I

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 
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. 

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-

sider that the number of different 
combinations possible with 20 amino ac-

ids is 20n , 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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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-
quences 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 
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Figure 2.17 - Four Levels of Protein Structure



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”.  It is 
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 

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 2.18 - Sequence of a simple polypeptide
Wikipedia



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 unique 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 α-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 α-carboxyl group.  All of the 
other α-amino groups and α-carboxyl 
groups are tied up in forming peptide 
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Figure 2.20 - Cis vs trans orienta-
tion of R-groups around peptide 
bond

Image by Aleia Kim

Figure 2.19  Linking of amino acids through 
peptide bond formation



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-
quence 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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Figure 2.21 - From RNA to amino acids - 
the genetic code

Wikipedia



not formed (Figure 2.22).  R-group 
interactions can also cause bends 
in a polypeptide sequence (terti-
ary structure) and these bends 
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 α-
helix and β-strands.  Both were predicted 
by Linus Pauling, Robert Corey, and Her-
man Branson in 1951.  Each structure has 
unique features.  

α-helix
The α-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 α- helices form.  In the α-helix, hy-
drogen bonds form between C=O 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 α-helix. 

We use the terms rise, repeat, and pitch to 
describe the parameters of any helix.  The re-

peat is the number of residues in a 
helix before it begins to repeat it-
self.  For an α-helix, the repeat 
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Figure 2.22 - The α-helix.  Hydrogen 
bonds (dotted lines) between the 
carbonyl oxygen and the amine 
hydrogen stabilize the structure.

Image by Aleia Kim
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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 α-helix, this is 
0.15 nm per amino acid.  The pitch is the dis-
tance between complete turns of the helix.  
For an α-helix, this is 0.54 nm.  The stability 
of an α-helix is enhanced by the presence of 
the amino acid aspartate.

β strand/sheet
A helix is, of course, a three-dimensional ob-
ject.  A flattened form of helix in two dimen-
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Figure 2.23 - α-helices in a protein 
with a leucine zipper structural 
domain.  The α-helices are shown in 
blue and green and are bound to a 
DNA double helix in brown.

Wikipedia

Figure 2.24 - α-helix sculpture 
outside Linus Pauling’s boyhood 
home

Wikipedia

Figure 2.25  - Helical Wheel 
Representation of an α-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



sions is a common de-
scription for a β-
strand. Rather than 
coils, β-strands have 
bends and these are 
sometimes referred to 
as pleats, like the pleats 
in a curtain.  β-strands 
can be organized to 
form elaborately organ-
ized structures, such as 
sheets, barrels, and 
other arrangements.  
Higher order β-strand 
structures are some-
times called super-
secondary struc-
tures), since they in-
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).  In a 
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).  

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 (α-
helices and β-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
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Figure 2.26 - β 
strand

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

Image by Aleia Kim



• δ-turns - end amino acids are 
separated by one peptide bond 
• γ-turns - separation by two pep-
tide bonds 
•β-turns - separation by three 

peptide bonds 
•α-turns - separation by four peptide bonds 
•π-turns - separation by five bonds

Of these, the β-turns are the most common 
form and the δ-turns are theoretical, 

but unlikely, due to steric limita-
tions.  Figure 2.29 depicts a β-
turn.

310 helices
In addition to the α-helix, β-strands, and 
various turns, other regular, repeating 
structures are seen in proteins, but occur 
much less commonly.  The 310 helix is the 
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Figure 2.28 - Components of 
a β-sheet in a parallel ar-
rangement.  H-bonds in yel-
low.

Image by Aleia Kim

Figure 2.29 - β-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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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 

apart. Most commonly, the 310 helix appears 
at the amine or carboxyl end of an α-helix.  
Like the α-helix, the 310 helix is stabilized by 
the presence of aspartate in its sequence. 

π-helices
A π-helix may be 
thought of as a 
special type of α-
helix.  Some 
sources describe 
it as an α-helix 
with an extra 
amino acid 
stuck in the mid-
dle of it (Figure 
2.32).  π-helices 
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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 Figure 2.32 - π helix
Wikipedia

Figure 2.31 - Resonance of the peptide bond
Wikipedia



are not exactly rare, occurring at least once in 
as many as 15% of all proteins.  Like the α-
helix, the  π-helix is right-handed, but 
where the α-helix has 18 amino acids in 5 
turns, the π-helix has 22 amino acids in 5 
turns.  π-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 α-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 

chain, it consists of a repeating set of three 
bonds.  Sequentially (in the amino to carboxyl 
direction) they are 1) a rotatable bond (ψ) be-
tween α-carbon and α-carboxyl preceding the 
peptide bond (see HERE), 2) a non-rotatable 
peptide bond (ω) between the α-carboxyl 
and α-amine groups), and 3) a rotatable bond 
(φ) between the α-amine and α-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 
α-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 2.33 - Planes (light blue) defined by the double-bonded character of the 
peptide bond

Image by Aleia Kim
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bond.  Double bonds cannot, of course, ro-
tate, but the bonds on either side of it have 
some freedom of rotation.  The  φ 
and ψ angles are restricted to certain 
values, because some angles will re-
sult in  steric hindrance. In addi-
tion, each type of secondary struc-
ture has a characteristic range of val-
ues for φ and ψ.  

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

Three primary regions of stability 

were identified, corresponding 
to φ-ψ angles of β-strands 
(top left), right handed α-
helices (bottom left), and left-
handed α-helices (upper right).  
The plots of predicted stability 
are remarkably accurate when 
compared to φ-ψ angles of ac-
tual proteins.

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

one can tally each time an amino acid is 
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Figure 2.35 - Theoretical Ramachandran plot
Image by Penelope Irving

Figure 2.34 - ω, ψ, and φ rotational angles in a peptide
Image by Aleia Kim



found in an α-helix, β-strand/sheet, 
or a turn.  Computer analysis of 
thousands of these sequences al-
lows one to assign a likelihood of 
any given amino acid appearing 
in each of these 
structures.  Using 
these tendencies, 
one can, with up 
to 80% accuracy, 
predict regions of 
secondary 
structure in a 
protein based 
solely on amino 
acid sequence.  
This is seen in Ta-
ble 2.3.  Occur-
rence in primary 
sequence of three 
consecutive 
amino acids 
with relative ten-
dencies higher 
than one is an in-
dicator that that 
region of the 
polypeptide is 
in the correspond-
ing secondary 
structure. An online resource for predicting 
secondary structures called PSIPRED is 
available HERE. 

Hydrophobicity
The chemistry of amino acid R-
groups affects the structures 
they are most commonly found 

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 
aqueous 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-
tein that may be 
embedded within 
the lipid bilay-
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 2.3 - Relative tendencies of each amino acid 
to be in a secondary structure.  Higher values in-
dicate greater tendency

Image by Penelope Irving
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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-

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 
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Wikipedia
Table 2.4 - Hydropathy Scores

Figure 2.36 Kyte-Doolittle hydropathy plot for the 
RET protooncogene

Wikipedia



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, 
so too can similar motifs arise from dif-

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 α-helices and β-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-
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Figure 2.38 - Folding of a polypeptide chain

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



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 is 
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-

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. 

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-
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Figure 2.40 - Hydrogen bonds 
(dotted lines) between two 
molecules of acetic acid

Figure 2.39 - Unfolding (denaturation) of a protein
Wikipedia



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 
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-

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.  

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).  

Ionic 
interactions
Ionic interac-
tions are impor-
tant forces stabi-
lizing protein 
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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Figure 2.41 - Hydrogen bonding in liquid water
Wikipedia
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(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).  
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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

Figure 2.42 - Formation of a disulfide bond
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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 β-hairpin in 
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-
nus 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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Figure 2.43 - Cystine - 
Two cysteines joined 
by a disulfide bond
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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.  

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 

ΔG = ΔH -TΔS, 

a decrease in ΔH can overcome a negative ΔS 
to make ΔG 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 ΔS less negative.
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Figure 2.44 Folding funnel energy model of folding
Wikipedia



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-
dary structures have repeating 
points of stabilization based on geome-
try and any regular secondary structure (e.g., 
α-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-
quence, 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 
pointed out that for a protein with 

100 amino acids, it would have 99 peptide 
bonds and 198 considerations for φ and ψ 
angles.  If each of these had only three confor-

mations, that would result in 3198 differ-
ent possible foldings or 2.95x1094.  

Even allowing a reasonable 
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 PRPc 
protein induced by PRPsc

Image by Penelope Irving
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misfolding of proteins (also called 
proteopathy) might have consequences. In 
some cases,  this might simply result in 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-
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Figure 2.47 - Diffuse amyloidosis in a blood vessel (red 
dots)

Wikipedia

Figure 2.46 - Cows with Mad Cow Disease 
lose their ability to stand 
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tions include the disease, scrapie, in sheep, 
and human diseases, such as Creutzfeldt-
Jakob disease (CJD), Fa-
tal Familial Insomnia, 
and kuru.  The protein in-
volved in these diseases is 
a membrane protein called 
PrP.  PrP is encoded in the 
genome of many organisms and is found in 
most cells of the body.  PrPc is the name 
given to the structure of PrP that is normal 
and not associated with disease.  PrPSc 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 PrPSc 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 PrPres 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 
ways in which the 

polypeptide chains are folded.  The most dan-
gerously misfolded form of PrP is PrPSc, be-

cause of its ability to act 
like an infectious agent - a 
seed protein that can in-
duce misfolding of PrPc, 
thus converting it into 
PrPSc.  

Function
The function of PrPc 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.
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I think that if I chanced to be on
A protein making up a prion

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

Figure 2.48 - One model of prion propagation
Wikipedia



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 β), Park-
inson’s disease (α-synuclein), Huntington’s 
disease (huntingtin), rheumatoid arthritis 
(serum amyloid A), fatal familial insomnia 
(PrPSc), 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 β-sheets can 
play a role.  

Amyloid β
Amyloid β refers to collections of 
small proteins (36-43 amino acids) 
that appear to play a role in Alz-
heimer’s disease. (Tau protein is 
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, β-secretase and γ-
secretase perform this function.  Amyloid 
β 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 β pro-
teins during misfolding leads to generation of 
reactive oxygen species and that this is the 
means by which neurons are damaged.  It is 
not known what the actual function of amy-
loid β 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-
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Figure 2.49 - Huntingtin



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.  It is 
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 

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 

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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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 β-barrel structure which wraps around 
the polypeptide chain of the substrate and 
has affinity for hydrophobic side chains of 
amino acids.  As shown 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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Figure 2.50 - Action of Hsp70 (blue) to 
facilitate proper folding of a protein 
(orange)

Image by Aleia Kim



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 I (found in bac-
teria, chloroplasts, and mitochondria) and 
Class II (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.  It is 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.  

The proteasomal degra-
dation pathway plays 
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Figure 2.51 - View from bottom of GroEL (left) and GroEL/
GroES complex (right)
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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.  Ubiq-
uitin was named due to it ubiquitously being 
found in eukaryotic cells. 

Ubiquitin
Ubiquitin (Figure 2.53) is a small (8.5 
kDa) multi-functional protein found in eukary-
otic cells.  It is 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 2.52 - 26S proteasome.  
Active site shown in red
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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-

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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Figure 2.54 - Pathway for ubiquitination of a target substrate protein
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ple of decades has shown that many pro-
teins are biologically active, even 
though they fail to fold into stable 
structures.  Yet other proteins ex-
hibit regions that remain un-
folded (IDP regions) even as the rest 
of the polypeptide folds into a structured 
form.  

Intrinsically disordered proteins 
and disordered regions within 
proteins have, in fact, been 
known for many years, but were 
regarded as an anomaly.  It is 
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 
they share sequence characteris-
tics that appear to favor their dis-

ordered state.  That is, 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 
large number of charged amino acids in 
the IDPs can inhibit folding through 
charge repulsion, while the lack of hydro-
phobic residues makes it difficult to form 

a stable hydrophobic core, and pro-
line discourages the formation of 
helical structures. The observed 

differences between amino acid 
sequences in IDPs and structured pro-

teins have been used to design algorithms to 

Wikipedia

Movie 2.2 SUMO-1, a protein with intrinsically 
disordered sections
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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 

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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Figure 2.55 - Denatura-
tion and renaturation of 
ribonuclease
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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.  It is 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 β-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 β-mercaptoethanol is 
left in the solution during the process.  

The reason for this is because β-
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 hemoglobin is a 
good example of a protein with quaternary 
structure, being composed of two identical 

chains called α and two identical chains called 
β.  

Though the α-chains are very similar to the β-
chains, they are not identical.  Both of the α- 
and the β-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 
quaternary structure) give rise to these differ-
ences.  (See HERE). 
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Oh 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

O Little Protein Molecule
To the tune of “O Little Town of Bethlehem”

Metabolic Melodies Website HERE 

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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