






1-15 The Universe of Protein Structures 

Figure 1-45 Structures of tryptophan 
synthase and galactonate dehydratase 
(a) Tryptophan synthase (PDB 1ttp). (b) 
Galactonate dehydratase. Both proteins have 
one domain that is an alpha/beta barrel 
(yel low), even though the other domains in 
both proteins are very different from one 
another. There is no sequence similarity or 
fu nctional relationship between the similar 
domains. 
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Figure 1-46 Schematic diagram of the 
domain arrangement of a number of signal 
transduction proteins The different modules 
have different functions; Pro= praline-rich 
regions that bind SH3 domains; P = phospho­
tyrosine-containing regions that bind SH2 
domains; PH = pleckstrin homology domains 
that bind to membranes; PTPase = phospha­
tase domain; kinase = protein kinase domain; 
G-kinase = guanylate kinase domain; GAP= 
G-protein activation domain; PLC = phospho­
lipase C catalytic domain. The function of the 
ind ividual modules is sometimes, but not 
always, independent of the order in which 
they appear in the protein. 

(a) (b) 

The number of protein folds is large but limited 

As more protein structures are determined experimentally, it is increasingly found that new struc­
tures look like old structures. Sometimes an entire "new" structure will resemble that of another 
protein whose structure is already known. In most cases, however, the overall polypeptide fold of 
the protein will be "new", but the structure will be divisible into a number of domains, at least one 
of which resembles the tertiary structure previously observed in another protein (Figure 1-45). 

It appears that the number of different protein folds in nature is limited. They are used 
repeatedly in different combinations to create the diversity of proteins found in li ving 
organisms. Building new proteins, it would seem, is like assembling a four-course dinner from 
a set of d la carte choices-the possible domain folds. Although the size of the menu is not 
yet known, it is much smaller than the total number of gene products-perhaps as small as a 
few thousands-and almost all of the tertiary structure folds that have been discovered so far 
are known to appear in many different proteins. Thus, a complete protein can be described by 
specifying which folds each domain has and how they interact with each other. This approach 
to describing protein structure is appealing both for its logical form and because it reflects our 
prejudice chat proteins fold up domain by domain. 

Protein structures are modular and proteins can be grouped into 
families on the basis of the domains they contain 

Although many proteins are composed of a single structural domain, most proteins are built 
up in a modular fashion from two or more domains fused together. In some cases, each domain 
has a characteristic biochemical function and the function of the entire protein is determined 
by the sum of the individual properties of the domains. Proteins involved in signal transduction 
and cell-cycle control are often constructed in this fashion (Figure 1-46). One example is the 
cancer-associated kinase Src-Lck, which has a catalytic kinase domain that phosphorylates 
proteins on tyrosine residues, an SH2 domain that binds phosphotyrosine residues, an SH3 
domain that recognizes proline-rich sequences, and a phosphotyrosine region that can interact 
with its own or other SH2 domains. When the modules that form proteins of chis type fold 
and function independently, the order in which they occur in the polypeptide is not necessarily 
always important. Thus module swapping and the recruitment of new functions by adding 
modules is often simple, either through the course of evolution or artificially. 

Definitions 

domain fold: the particular topographical arrange­
ment of secondary structural elements that character­
izes a single domain. Examples are an antiparallel 
arrangement of four helices in a four-helix bundle, or 
an open twisted beta sandwich with a particular 
sequence that binds nucleotides. 
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The Universe of Protein Structures 1-15 

Because sequence determines structure, which in turn determines function, it is tempting to 
classify proteins whose function cannot be recognized from sequence similarity alone into 
families based on the structures of the domains they contain. Often this approach is successful: 
proteins wirh a kinase domain are nearly always kinases; proteins with an alpha/beta hydrolase 
domain nearly always hydrolyze small-molecule substrates, and so forth. Bur ofren it is not the 
case that structural families share a common function. There are hundreds of proteins that 
contain a particular eight-stranded paral lel beta barrel with surrounding alpha helices called a 
TIM barrel, bur even rwo very similar single-domain TIM-barrel proteins can have completely 
different biochemical functions (Figure 1-47). or is it always the case that al l proteins that 
perform the same biochemical function will have the same domains: amino-acid rransa.m.inarion, 
for example, can be catalyzed by rwo completely different folds (Figure 1-48). The coupling 
between overall structure and function can be quire loose. Nevertheless, grouping proteins into 
families on the basis of their domain architecture is, at a minimum, very useful for studying 
the way new protein functions may have evolved. 

The modular nature of protein structure allows for sequence insertions 
d lot· 

Deletions and insertions of amino acids can obscure evolutionary relationships, but how is it 
that long stretches of amino acids, sometimes an entire domain, can be inserted in or deleted 
from a protein sequence (see Figure 1-42) without disrupting the basic structure of a domain? 
The answer lies in the nature of domain folds. Domains are made up of secondary srrucrure 
elements that are packed together ro form tertiary structure. The loops that join the helices and 
sheers in most proteins are usually located on the surface, and often make few contacts with 
the rest of the domain. Within a given protein family, insertions and deletions nearly always 
occur in these surface loops, where variation in length has lirtle effect on the packing of helices 
and sheers. Indeed, a rough rule of domains, and ultimately of the srrucrural evolution of proteins, 
is that the framework rends to remain fairly constant in both sequence and structure while the 
loops change a great deal over evolutionary rime. In the case of immunoglobulin (see section 
1-10), the loops form the antigen-binding sire and variation due to somatic recombination and 
mutation of immunoglobulin genes accounts for the diversity of antibody molecules. 

Many models for protein evolution propose the shuffling of exon-coded segments to produce new 
protein molecules. Insertion of a new exon inro an existing domain could change its properties 
dramatically, bur of course the new molecule would still have to fold stably. Stable folding 
would be more likely if rhe new exon were inserted inro a surface loop. Examination of 
intron/exon junctions in proteins whose three-dimensional structures are known shows that 
many exon boundaries do indeed occur in sequence positions corresponding to loops in the 
structure. Important exceptions include the immunoglobulins. 
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Structures of aldose reductase 
(leH) and phosphotriesterase (right) 
Although the overall folds are very similar, 
aldose reductase uses NAD PH to reduce 
sugars, while phosphotriesterase hydrolyzes 
phosphate groups using a bimetallic cofactor. 
(PDB 1ads and 1dpm) 

Structures of aspartate 
aminotransferase (top) and o-amino acid 
aminotransferase (bottom) Both enzymes 
catalyze the same reaction; but they have no 
structural similarity to each other at either the 
sequence or the tertiary level. Only the active 
sites, shown by the presence of the cofactor in 
space-filling representation, are very similar. 
(PDB 1yaa and 3daa) 
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1-16 Protein Motifs 

Zinc finger motif A fragment 
derived from a mouse gene regulatory protein 
is shown, with three zinc fingers bound spirally 
in the major groove of a DNA molecule. The 
inset shows the coordination of a zinc atom by 
characteristically spaced cysteine and histidine 
residues in a single zinc finger motif. 
The image is of Zif268. (PDB 1aay) 

Definitions 

convergent evolution: evolution of structures not 
related by ancestry to a common function that is 
reflected in a common functional motif. 

functional motif: sequence or structural motif that is 
always associated with a particular biochemical func­
tion. 

motif: characteristic sequence or structure that in the 
case of a structural motif may com prise a whole 
domain or protein but usually consists of a small local 

Protein motifs may be defined by their primary sequence or by the 
arram~eme t o secondary s ure elements 

The term motif is used in two different ways in strucrural biology. The first refers 
to a particular amino-acid sequence thac is characceriscic of a specific biochemical function. 
An example is the so-called zinc finger motif, CXX(XX)CXXXXXXXXXXXXHXXXH, which 
is found in a widely varying family of D A-binding proteins (Figure 1-49). The conserved 
cysteine and histidine residues in this sequence motif form ligands to a zinc ion whose 
coordination is essential to stabilize the tertiary structure. Conservation is sometimes of a class 
of residues rather than a specific residue: for example, in the 12-residue loop between che zinc 
ligands, one position is preferentially hydrophobic, specifically leucine or phenylalanine. 
Sequence motifs can often be recognized by simple inspection of the amino-acid sequence of 
a protein, and when detected provide strong evidence for biochemical function. The protease 
from the human immunodeficiency virus was first identified as an aspartyl protease because a 
characteristic sequence motif for such proteases was recognized in its primary structure. 

The second, equally common, use of che cerm motif refers to a set of contiguous secondary 
structure elements chat either have a particular functional significance or define a portion of 
an independently folded domain. Along with the functional sequence mocifs, the former are 
known generally as functional motifs. An example is the helix-rum-helix motif found in many 
D A-binding proteins (Figure 1-50). This simple structural motif will not exisc as a stably 
folded domain if expressed separately from che resc of ics protein context, buc when ic can be 
dececced in a protein chat is already choughc to bind nucleic acids, ic is a likely candidate for 
the recognition element. Examples of scruccural mocifs char represent a large part of a scably 
folded domain include the four-helix bundle (Figure 1-51 ), a sec of four mutually anti parallel 
alpha helices that is found in many hormones as well as ocher types of proteins; che Rossmann 
fold, an alpha/beca twist arrangement chat usually binds AD cofactors; and che Greek-key 
motif, an all-beta-sheer arrangement found in many different proteins and which topologically 
resembles the design found on ancient vases. As chese examples indicate, chese structural motifs 
sometimes are suggestive of function, but more often are nor: che only case here wich clear 
functional implications is che Rossmann fold. 

Identifying motifs from sequence is not straightforward 

Because motifs of che first kind-sequence motifs-always have functional implications, much 
of the effort in bioinformacics is directed at identifying these motifs in che sequences of newly 
discovered genes. In practice, chis is more difficult chan ic mighc seem. The zinc finger motif 
is always uninterrupted, and so is easy to recognize. But many ocher sequence motifs are 
discontinuous, and the spacing between their elements can vary considerably. In such cases, the 
term sequence mocif is almost a misnomer, since not only che spacing between che residues buc 
also che order in which chey occur may be completely different. These are really functional 
motifs whose presence is detected from the strucmre rather than che sequence. For example, che 
"cacalycic triad" of the serine proteases (Figure 1-52), which consists of an aspartic acid, a hiscidine 
and a serine, all interacting wich one another, comprises residues aspartic acid 102, histidine 57 

F• Helix-turn-helix The DNA-binding domain of the bacterial gene regulatory protein lambda 
repressor, with the two helix-turn-helix motifs shown in color. The two helices closest to the DNA are the 
reading or recognition helices, which bind in the major groove and recognize specific gene regulatory 
sequences in the DNA. (PDB 1 lmb) 

arrangement of secondary structure elements which 
then coalesce to form domains. Sequence motifs, 
which are recognizable amino-acid sequences found in 
different proteins, usually indicate biochemical func­
tion. Structural motifs are less commonly associated 
with specific biochemical functions. 
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Four-helix bundle motif The tour-helix bundle motif can comprise an entire protein 
domain, and occurs in proteins with many different biochemical functions. Shown here is human growth 
hormone, a signaling molecule; shown in Figure 1 ·28a is cytochrome b562, an electron-transport 
protein. In Figure 1-54 the protein myohemerythrin is shown; its function is oxygen transport. 

and serine 195 in one family of serine proteases. However, in another, unrelated family of serine 
proteases, the same triad is made up by aspartic acid 32, histidine 64, and serine 221 (see Figure 
4-35). This is a case in which both the spacing between the residues that define the motif and 
the order in which they occur in the primary sequence are different. evertheless, these residues 
form a catalytic unit that has exactly the same geometry in the two proteases, and that carries 
out an idenrical chemical function. This is an example of convergent evolution to a common 
biochemical solution to the problem of peptide-bond hydrolysis. One of the major tasks for 
functional genomics is to catalog such sequence-based motifs, and develop methods for identi­
fying them in proteins whose overall folds may be quite unrelated. 

Catalytic triad The catalytic triad of aspartic acid, histidine and serine in (a) subtilisin, 
a bacterial serine protease, and (b) chymotrypsin, a mammalian serine protease. The two protein 
structures are quite ditterent, and the elements of the catalytic triad are in different positions in the 
primary sequence, but the active-site arrangement of the aspartic acid, histidine and serine is similar. 

Idenrifying structural motifs from sequence information alone presents very differenr challenges. 
First, as we have seen, many differenr amino-acid sequences are compatible with the same 
secondary structure; so there may be literally hundreds of differenr unrelated sequences char 
code for four-helix bundles. Sequence similarity alone, therefore, cannot be used for absolute 
identification of structural motifs. Hence, such motifs must be identified by first locating the 
secondary structure elements of the sequence. However, secondary structure prediction methods 
are not completely accurate, as poinred our earlier. Second, a number of structural motifs are 
so robu r that large segments of additional polypeptide chain, even specifying entire different 
domains, can sometimes be inserted into the motif without disrupting it structurally. A common 
example is the so-called TIM-barrel domain, which consists of a strand of beta sheer followed 
by an alpha helix, repeated eight rimes. Protein domains are known that consist of nothing but 
this set of secondarv structure elements; others are known in which an additional structural 
motif is inserted; a~d yet others are found in which one or more additional entire domains 
interrupt the pattern, but without disrupting the barrel structure (Figure 1-53). 
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C terminus 

(a) 

TIM-barrel proteins Triose 
phosphate isomerase (a) is shown together 
with alanine racemase (b). In alanine racemase, 
the TIM-barrel domain is interrupted by an 
inserted domain. 
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1-17 Alpha Domains and Beta Domains 

Myohemerythrin A protein 
composed of a single four-helical bundle 
domain. (PDB 2mhr) 

F u Myoglobin A protein composed 
of a sing le globin fold domain. (PDB 1 a6k) 

F lmmunoglobulin A protein 
composed of several beta domains (light chain 
only shown). (PDB 1a3I) 

Definitions 

alpha domain: a protein domain composed entirely of 
alpha helices. 

alpha/beta domain: a protein domain composed of 
beta strands connected by alpha helices. 

alpha+beta domain: a protein domain containing 
separate alpha-helical and beta-sheet regions. 

beta domain: a protein domain containing only beta 
sheet. 

Protein domains can be classified according to their secondary 
structural elements 

It is useful co group domain folds into five broad classes, based on che predominant secondary 
structure elements contained within chem. Alpha domains are comprised entirely of alpha 
helices. Beta domains contain only beta sheer. Alpha/beta domains contain beta strands with 
connecting helical segments. Alpha+beta domains contain separate beta sheer and helical 
regions. And cross-linked domains have lircle, if any, secondary structure bur are stabilized by 
several disulfide bridges or metal ions. Within each class, many different arrangements of these 
elements are po sible; each distinct arrangement is a structural motif. 

Two common motifs for alpha domains are the four-helix bundle and 
e lobin fold 

The preference for certain helix-crossing angles (see section 1-1 O) leads co two common 
motifs for interacting helices. One of chem is a bundle of four antiparallel alpha helices, each 
crossing the next at an angle of about -20°, so char the entire motif has a left-handed twist. 
This four-helix bundle has been found in a wide variety of alpha domains, where it serves 
such diverse functions as oxygen transport, nucleic acid binding, and electron transport. 
Examples of four-helix bundle proteins include myohemerythrin, an oxygen-storage 
protein in marine worms (Figure 1-54), and human growth hormone, which helps promote 
normal body growth. 

Another common alpha-domain motif, rhe globin fold, consists of a bag of about eight 
alpha helices arranged at +90° a.nd + 50° angles with respect co each ocher. This motif leads 
co rhe formation of a hydrophobic pocket in the domain interior in which large, hydrophobic 
organic and organometallic groups can bind (Figure 1-55). This fold gees ics name from rhe 
protein myoglobin, a single-domain oxygen-storage molecule in which eight helices wrap 
around a heme group. Ir reappears in somewhat different form in the electron transport 
proteins called cyrochromes, which also have bound heme groups. Interestingly, at lease one 
heme-binding protein, cytochrome 6562, is a four-helix bundle instead of a globin fold. 

Bet domains contain strands connected in two distinct wavs 

Domains char contain only beta sheer, right turns and irregular loop structures are called beta 
domains. Proteins made up of beta domains include immunoglobulins (Figure 1-56), several 
enzymes such as superoxide dismucase, and proteins char bind co sugars on rhe surfaces of cells. 
Because there are no helices co make long connections between adjacent strands of the beta 
sheer, all-beta domains contain essentially nothing but antiparallel beta structure, rhe strands 
of which are connected wich beta turns and larger loops. 

The patterns of connections between strands give rise co beta sheers with two distinct topologies. 
The directionality of che polypeptide chain dictates char a strand in an antiparallel beta sheer 
can only be linked co a strand an odd number of strands away. The most common connections 
are co an immediately adjacent strand or co one three strands away. If all the connections 
link adjacent strands, the beta sheer has an up-and-down structural motif (Figure 1-57). 
A particularly striking example is found in the enzyme neuraminidase from the influenza virus, 
which consists of a repeating structural motif of four antiparallel strands. Each up-and-down 
motif forms the blade of a so-called beta-propeller domain. 

beta sandwich: a structure formed of two antiparallel 
beta sheets packed face to face. 

cross-linked domain: a small protein domain with little 
or no secondary structure and stabilized by disulfide 
bridges or metal ions. 

four-helix bundle: a structure of four antiparallel alpha 
helices. Parallel bundles are possible but rare. 

globin fold: a predominantly alpha-helical arrange­
ment observed in certain heme-containing proteins. 

Greek-key motif: an arrangement of antiparallel beta 

strands in which the first three strands are adjacent but 
the fourth strand is adjacent to the first, with a long 
connecting loop. 

jelly roll fold: a beta sandwich built from two sheets 
with topologies resembling a Greek key design. The 
sheets pack almost at right-angles to each other. 

up-and-down structural motif: a simple fold in which 
beta strands in an antiparallel sheet are all adjacent in 
sequence and connectivity. 
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Alpha Domains and Beta Domains -17 

Connection to the third strand leads to a motif called a Greek key, so named because it 
resembles rhe Greek-key design on ancient vases (Figure 1-58). An example of this motif is 
provided by pre-albumin, which contains two Greek-key motifs. The characteristic fold of the 
immunoglobulins, which is also found in a number of proteins that interact with ocher 
proteins on the cell surface, is a central Greek-key motif fl anked on both sides by additional 
antiparallel strands. 

Anf rall J beta sheets can form barrels and sandwiches 

Anti parallel sheets in beta domains rend to be oriented with one face on the surface of the protein, 
exposed to the aqueous surroundings, and the ocher face oriented toward the hydrophobic core. 
This internal face is packed against another seccion of beta sheer with the inward-facing side chains 
of both packing together to form a hydrophobic core. Thus, in beta domains, the sheer rends to 
be amphipachic, with one face predominantly hydrophilic while the other is almost encirely 
composed of hydrophobic amino acids. This characteristic may make it possible to recognize such 
domains from the distribucion of polar and nonpolar residues in the amino-acid sequence if 
secondary structure prediccion methods become more accurate. 

There are two ways ro form structures in which antiparallel beta sheets can pack against each 
other. These give rise to beta barrels and beta sandwiches. In a beta-barrel motif, a single beta 
sheet forms a closed cylindrical structure in which all strands are hydrogen bonded to one 
another; the last strand in the sheet is hydrogen bonded to the first. Both types of beta-sheer 
connectivity are compatible with a beta barrel: pre-albumin is an example of a beta barrel 
constructed using the Greek-key motif (Figure 1-58), and human plasma retinal-binding 
protein, which carries vitamin A (retinal) in the serum, is an example of a beta barrel that is 
formed from an up-and-down motif (see Figure 1-19). 

In a beta sandwich two separate beta sheets pack together face-to-face like two slices of bread. 
This arrangement differs from a barrel because the end strands of each sheet segment are nor 
hydrogen bonded to one another. Their hydrogen-bonding potentials are satisfied chiefly by 
interactions with side chains or with water molecules. The two sheets in a beta sandwich are often 
at right angles to one another. Once again, both types of antiparallel sheer connectivity can be 
accommodated in this arrangement. The immunoglobulin fold (see Figure 1-56) is an example 
of a beta sandwich built with two Greek-key mocifs. A variacion of chis theme is the jelly roll fold 
char comprises the major domain of rhe coat proteins of many spherical viruses. 
Bacreriochlorophyll A protein contains an antiparallel beta sandwich with up-and-down topology 
(Figure 1-59). The sandwich/barrel distinction is useful but not absolute: in a number of 
immunoglobulin domains the first or seventh strand switches sheers, forming a parcial barrel. 

The fibrous protein silk provides a particularly striking example of a beta sandwich. Silk is a beta­
sheet protein composed largely of glycine, alanine, and serine, and every ocher residue in its 
sequence is a glycine. Because of the up-down alternation of residues in beta sheets, all glycines 
are on one side of rhe sheet, and the alanines and serines are on the ocher. The alanine and 
serine side chains of one sheet pack nicely between the alanine and serine side chains of another, 
producing a two-sheet structure. The tensile strength of silk derives from chis interaction plus the 
hydrogen-bonded stability of the individual bera sheers themselves (see Figure 1-1). 

Bacteriochlorophyll A protein This protein contains a domain with an up-and-down beta 
sandwich, a motif known as a jelly roll. (PDB 1 ksa) 
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Neuraminidase beta-propeller 
domain A subunit of the four-subunit 
neuraminidase protein composed of repeating 
up-and-down beta motifs. (PDB 1 a4q) 

~ 
Greek key 

N C 

~ 
Pre-albumin An example of a 

beta domain made up of Greek-key motifs. 
(PDB 111a) Only one subunit of the two-subunit 
structure is shown. 

©2004 New Sc,ence Press Ltd From Sequence to Structure C apter 1 37 

0058



1-18 Alpha/Beta, Alpha+Beta and Cross-Linked Domains 

(a) 

(b) 

Fig , Crossover connection between 
parallel beta strands (a) A right-handed 
crossover connection. (b) A left-handed 
crossover connection. 

(a) 

(b) 

Definitions 

alpha/beta barrel: a parallel beta barrel formed usually 
of eight strands, each connected to the next by an 
alpha-helical segment. Also known as a TIM barrel . 

alpha/beta twist: a twisted parallel beta sheet with a 
saddle shape. Helices are found on one side of the sheet 
for the first half and the other side for the second half. 

nucleotide-binding fold: an open parallel beta sheet 
with connecting alpha helices that is usually used to 
bind NADH or NADPH. It contains a characteristic 

In alpha/beta domains each strand of parallel beta sheet is usually 
connected to the next by an aloha helix 

In alpha/beta domains the beta sheer is composed of parallel or mixed mands; the parallel 
strands muse be joined by long connections because the linking segment has to traverse rhe 
length of che sheer, and these connections are usually made by alpha helices connecting parallel 
adjacent strands, giving rise to beca-alpha-beca-alpha units. As illustrated in Figure 1-60, the 
crossover connection between rhe two parallel beta strands can be either right-handed or 
left-handed. The right-handed twist of rhe beta strand (see section 1-7), however, produces an 
enormous bias toward the right-handed crossover copology: it is observed in more than 95% 
of alpha/beta structures. This crossover rule is obeyed even when the connected strands are nor 
adjacent or when the connecting segment is a loop, nor a helix. 

There are two ma·or families of alpha/beta domains: barrels and twists 

Just as two motifs predominate in anriparallel barrels and sandwiches, two motifs also account 
for nearly all alpha/beta domains. One of these is a closed structure called an alpha/beta barrel 
(Figure 1-Gla). The ocher is an open twisted beta structure char looks somewhat like a saddle; 
we will call it an alpha/beta twist (Figure I-Gib). 

The most regular form of alpha/beta structure is rhe alpha/beta barrel, in which the 
bera-alpha-bera-alpha motif is repeated four or more rimes. In this motif, the strand order is 
consecutive, and the combination of the twist of the beta sheer itself and the adjacent laying 
down of strands produces a closed barrel. This fold is particularly stable when there are eight 
strands in the barrel (Figure I-Gia). Ir is often called a TIM barrel because it was first discovered 
in the three-dimensional structure of rhe enzyme triosephosphace isomerase, which is 
abbreviated TIM. 

The core of rhe alpha/beta barrel motif is its parallel beta sheer, which is surrounded by alpha 
helices that shield it from solvent. The helices are amphiparhic and their nonpolar sides pack 
against the hydrophobic face of one side of the sheer. The center of a beta barrel is usually filled 
with hydrophobic side chains from the other face of the beta sheer; thus in alpha/beta barrels, 
the sheer is almost entirely hydrophobic. The TIM-barrel structure is one of the few domain 
folds that is relatively easy co recognize from che amino-acid sequence. Because it is the most 
common domain fold yet observed, occuring in I 0% of all enzyme structures, it is a good 
bet char any sequence predicted co have a relatively nonpolar beta strand followed by an 
amphipachic alpha helix, repeated eight times, will form a TIM barrel. 

The parallel beta strands in alpha/beta twists form an open sheet that is twisted into a saddle­
shaped structure. The strand order in rhe sheet is not consecutive because the sheet is built in 
two halves. The first beta strand in the primary sequence forms a strand in the middle of rhe 
sheer. Additional strands are laid down consecutively outward to one edge, whereupon the 
chain returns co the middle of the sheet (the so-called "switch point") and forms the strand 
char hydrogen bonds co rhe outside of the first strand (Figure 1-616). From there the chain 
continues out co the other edge. This mode of winding places the helices on one side for half 
of the sheer, and on the opposite side for the ocher half of the sheet. Again, rhe helices rend to 

F' Alpha/beta domains (a) Alpha/beta barrel: the TIM barrel. (PDB 1tim) (b) Alpha/beta twist: 
aspartate semi-aldehyde dehyd rogenase. (PDB 1 brm) The connecting segments are usually alpha helices. 

sequence motif that is involved in binding the cofactor. 
Also known as the Rossmann fold. 

TIM barrel: another name for the alpha/beta barrel 
fold. 

zinc finger: a small, irregular domain stabilized by 
binding of a zinc ion. Zinc fingers usually are found in 
eukaryotic DNA-binding proteins. They contain 
signature metal-ion binding sequence motifs. 
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amphipathic whereas the sheet is predominantly hydrophobic. In its classic form, the 
.ilpha/beta twist motif has six parallel beta strands and five connecting helices, as shown in 
Figure 1-61 b. Whenever chis fold occurs in an enzyme, the switch region is always part of the 
catalytic site of the protein. Another name for chis structure is the nucleotide-binding fold, 
which is indicative of the function it performs in many proteins . 

. n contrast to the antiparallel beta sheet, which always has one face in contact with water, most 
parallel beta structures are shielded from direct interaction with water by their coating of alpha 
helices. In the alpha/beta barrel motif, the interhelical packing angle is always +50°, and the 
ame value is common for the helices that coat the surfaces of the alpha/beta twist motifs as 

well. The preference for this angle over the -20° and +90° alternatives reflects the need to nest 
the helices in the grooves on the surface of the twisted beta structure. 

Alpha+beta domains have independent helical motifs packed against a 
beta sheet 

Alpha+beta domains contain both beta sheets and alpha helices, but they are segregated. No 
special organizing principles can be stated for this class, but their individual secondary structure 
regions follow all of the principles we have described for alpha helices and beta sheets 
separately. The helical motifs in alpha+beta domains are usually just clusters of interacting 
helices, while the beta sheets tend to be anti parallel or mixed. One example is a saddle-shaped, 
antiparallel sheet with a layer of alpha helices covering one face (Figure 1-62). This arrangement 
leaves the ocher face of the sheet exposed to the solvent, which is a preference of amiparallel 
beta structures chat we have already noted. Sometimes the layer of helices is used to form a 
recognition site, such as the peptide-binding groove in the major hiscocompacibility proteins. 

Metal ions and disulfide bridae fo "' cross-links in irregular doPlains 

The final class of domain structure, the cross-linked irregular domain, is found in small single­
domain intra- and extracellular proteins. There are two subclasses, which represent distinct 
solutions to the problem of structural stability in a domain that is too small to have an extensive 
hydrophobic core or a large number of secondary structural interactions. Both solutions 
involve cross-linking different parts of the domain via covalent interactions. In small irregular 
extracellular domains chis cross-linking derives from disulfide bond formation, usually involving 
a number of cysceine pairs. In small irregular intracellular domains, metal ions (usually zinc 
but sometime iron) form the cross-links, connecting different parts of the domain through 
ligation by nucleophilic side chains. 

Disulfide-linked extracellular small proteins are often toxins char inhibit essential cellular 
proteins and prevent them from functioning. Most of these proteins are unusually stable co 
proteolytic digestion and heat denacuracion. This class includes cobra venom neurocoxin, 
scorpion toxin (Figure 1-63), the ragweed pollen allergy faccor Ra5, several secreted protease 
inhibitors, and coxic proteins from marine snails. 

Metal ion cross-linked domains are found, for example, in zinc finger transcription factors 
(Figure 1-64) and iron-sulfur proteins called ferredoxin . A number of other metal-stabilized 
domains have been found. Although their scructures are not as well characterized as char of the 
zinc finger, they coo can be recognized at the sequence level because of characteristic sequence 
patterns in the vicinity of the residues that contribute metal ligands. 
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Alpha+beta saddle The structure 
of the TATA-binding protein that binds to DNA at 
the so-called TATA box that specifies the site at 
which gene transcription Is initiated in eukaryotes. 
The beta sheet that forms the seat of the saddle 
binds in the minor groove of the DNA, bending it 
significantly. (PDB 1tgh) 

Disulfide-linked protein 
Scorpion toxin: a small irregular extracellular 
protein with no large hydrophobic core and 
minimal secondary structure. It is stabilized 
by four disulfide bridges. (PDB 1 b?d) 

Zinc finger A domain from a 
larger transcription factor, that is stabilized 
by the coordination of two histidines and two 
cysteines to a zinc ion . In the absence of the 
metal ion, this domain is unfolded, presumably 
because it is too small to have a hydrophobic 
core. This domain is the most abundant one 
in the human genome. (PDB 1aay) 
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1-19 Quaternary Structure: General Principles 

(a) homodimer: a2 

(b) heterodimer: ab 

( c) heterotetramer: a2b2 

(d) heteropentamer a2bcd 

Schematic representations of 
different kinds of oligomers (a) a2 (b) ab (c) 
a2b2 (d) a2bcd. Many other arrangments are 
possible and are observed (see Figure 1-74). 

Definitions 

coiled coil: a protein or a region of a protein formed by 
a dimerization interaction between two alpha helices in 
which hydrophobic side chains on one face of each 
helix interdigitate with those on the other. 

dimer: an assembly of two identical (homo-) or different 
(hetero-) subunits. In a protein, the subunits are 
individual folded polypeptide chains. 

heptad repeat: a sequence in which hydrophobic 
residues occur every seven amino acids, a pattern that is 

a'lv proteins are composed of more than one oolvoeptide chain 

Many proteins self-associate into assemblies composed of anything from two to six or more 
polypeptide chains. They may also associate with other, unrelated proteins to give mixed 
species of the form (ab) , (a2b2), and so on (Figure !-65a-c). The acetylcholine receptor, a 
membrane protein of vital importance for neuromuscular communication, is a five-chain 
molecule of the form (a2bcd) (Figure l-65d). Proteins also assemble with other kinds of 
macromolecules. 

Protein assemblies composed of more than one polypeptide chain are called oligomers and 
the individual chains of which they are made are termed monomers or subunits. Oligomers 
containing two, three, four, five, six or even more subunits are known as dimers, trimers, 
tetramers, pentamers, hexamers, and so on. Much the commonest of these are dimers. Some 
oligomers, as we have mentioned, contain only one kind of monomer, while ochers are made up 
of two or more different chains. Oligomers composed of only one type of monomer are some­
times prefixed homo-: for example, keratin, which is made up of three alpha-helical polypeptides 
coiled around one another, is composed of three identical chains and is thus a homotrimer. 
Oligomers composed of monomers encoded by different genes are prefixed hetero-: for example, 
hemoglobin, which contains two alpha and two beta chains, is a heterotetramer built from two 
homodimers. The number and kinds of subunits in an assembly, together with their relative 
positions in the structure, constitute the quaternary structure of an assembly. 

It is very common for the subunits of herero-oligomers to resemble one another structurally, 
despite being encoded by different genes and in some cases having little or no sequence 
similarity. This is true, for example, for hemoglobin, where the alpha and beta chains have 
nearly identical folds, and for the acetylcholine receptor, where the four different gene 
products that make up the pentamer are closely related structurally. One can speculate char chis 
pattern reflects the origin of many hetero-oligomers in the duplication of a gene that coded for 
the single subunit of an ancestral homo-oligomeric protein. 

Macromolecular assemblies form spontaneously when the right amounts of the appropriate 
components are present. The interactions between subunits are right and specific, and they 
exclude "wrong" molecules from interfering with self assembly. 

All specific intermolecular interactions depend on complementaritv 

Protein surfaces are irregular. This is what enables proteins to bind specific ligands and to 
associate specifically with other proteins, and it underlies the formation of quaternary structure. 
The "fit" between one protein surface and another depends on much more than shape. It 
extends to the weak bonds that hold complexes together; hydrogen-bond donors are opposite 
acceptors, nonpolar groups are opposite other nonpolar groups, and positive charges are 
opposite negative charges (Figure 1-66). This property of complementarity is observed in all 
binding interactions, whether between a protein and a small molecule or between a protein 
and another kind of macromolecule. 

Complementarity is necessary because an intermolecular interface is composed of many weak 
interactions. Any single hydrogen bond or van der Waals interaction will break quite often at 
body temperature (see section 1-12). For a complex to be stable long enough to function, the 
strength of binding muse be greater than about 15-20 kJ/mole. As free energies are additive, 
tight binding can be achieved if there is a large number of weak interactions, and the number 

reliably indicative of a coiled-coil interaction between 
two alpha helices in which the hydrophobic side chains 
of each helix interdigitate with those of the other. 

heterotetramer: an assembly of four subunits of more 
than one kind of polypeptide chain. 

hexamer: an assembly of six identical or different 
subunits. In a protein the subunits are individual folded 
polypeptide chains. 

homotrimer: an assembly of three identical subunits: in 
a protein, these are individual folded polypeptide chains. 

monomer: a single subunit: in a protein, this is a folded 
polypeptide chain. 

oligomer: an assembly of more than one subunit: in a 
protein, the subunits are individual folded polypeptide 
chains. 

pentamer: an assembly of five identical or different 
subunits: in a protein, these are individual folded 
polypeptide chains. 

quaternary structure: the subunit structure of a 
protein. 
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"Open-book" view of the complementary structural surfaces that form the interface 
between interleukin-4 (left) and its receptor (right) The contact residues are colored as follows: red, 
negatively charged; dark blue, positively charged; light blue, histidine; cyan, glutamine and asparagine; 
purple, tyrosine; yellow, serine/threonine; green, hydrophobic. Note that this interface contains a mixture 
of interaction types. Graphic kindly provided by Walter Sebald and Peter Reineme. 

and strength of weak interactions is maximized if contact surfaces fir closely together. 
Complementarity ensures char all possible van der Waals contacts are made, and char hydrogen­
bond donors and acceptors at the interface between the two molecules pair with each other 
instead of making hydrogen bonds to water. 

A particularly well characterized example of complementarity between interacting surfaces 
occurs in the case of coiled-coil structures (Figure 1-67). Coiled coils are dimers of alpha helices 
formed through the ridges and grooves arrangement we have already mentioned as the basis for 
tertiary structural interactions between alpha helices (see section 1-10). In such interacting 
helices, hydrophobic side chains, often those ofleucines, are repeated at intervals of seven amino 
acids in the chain, forming the "ridge" of hydrophobic side chains that fit into spaces on the 
interacting helix. This pattern is known as the heptad repeat, and is characteristic of all dimeric 
structures formed through interacting alpha helices. Ir is one of the few cases in which structure 
can reliably be predicted from sequence. 

Although all intermolecular interactions depend on surface complementarity, not all of them 
occur between preexisting complementary surfaces: one of the surfaces involved, or both, may 
be an unfolded region of the peptide in the absence of its partner. In coiled-coil proteins, for 
example, rhe two subunits are frequently unfolded as monomers and assume their folded 
structure only on dimerizacion. This is the case for the so-called leucine zipper family of 
transcriptional regulators which bind DNA on dimerization through a leucine-rich heprad 
repeat (Figure 1-68). 

Peptide-peptide interactions in the coiled coil of the leucine zipper family of DNA­
binding proteins The monomers of the leucine zipper are disordered in solution but fold on dimerization 
through hydrophobic coiled-co il interactions in their carboxy-term inal regions and on contact with DNA 
through their basic amino-terminal reg ions. 

tetramer: an assembly of four identical or different 
subunits. 

trimer: an assembly of three identica l or different 
subunits. 
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