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Fi u 4-29 The overall folds of two members 
of different superfamilies of serine proteases 
The enzymes are chymotrypsin (top) and 
subti lisin (bottom). The residues in the catalytic 
triad are indicated for each. 

Definitions 

family: a group of homologous proteins that share a 
related function. Usually these will also have closely 
related sequences. Members of the same enzyme family 
catalyze the same chemical reaction on structurally 
similar substrates. 

superfamily: proteins with the same overall fold but 
with usually less than 40% sequence identity. The 
nature of the biochemical functions performed by 
proteins in the same superfamily are more divergent 
than those within families. For instance, members of 

Members of a structural superfamily often have related biochemical 
functions 

In contrast to the exponential increase in sequence information, structural information, which 
is still chiefly obtained by X-ray crystallography and MR, has up co now been increasing at 
a much lower rate (Figure 4-28). One goal of the structural genomics initiatives that have been 
implemented since the release of the first complete genome sequence is to increase the rate at 
which experimentally derived structures of the gene products are produced. The driving force 
behind these initiatives is the assumption that, in addition co defining the ensemble of all 
possible protein folds, comprehensive structural information could provide a firmer basis than 
sequence for functional predictions, as three-dimensional structure changes much more 
slowly than sequence during evolution. A good reason for optimism that these assumptions 
will hold true is the existence of superfamilies of proteins with related structures and bio­
chemical functions. 

A superfamily is loosely defined as a set of homologous proteins with similar three-dimensional 
structures and related, though not necessarily identical, biochemical functions. Almost all 
superfamilies exhibit some functional diversity, which is generated by local sequence variation 
and/or domain shuffling. Within enzyme superfamilies, for example, substrate diversity is 
common, while parts of the reaction chemistry are highly conserved. In many enzyme super­
families, the sequence positions of catalytic residues vary from member co member, despite the 
fact that they have equivalent functional roles in the proteins. These variations may make the 
assignment of a protein co a superfamily from sequence comparison alone problematic or 
impossible. Although some superfamily members may be similar in sequence, it is the structural 
and functional relationships that place a protein in a particular superfamily. Within each super­
family, there are families with more closely related functions and significant (>50%) sequence 
identity. 

Because the total number of protein folds and the total number of biochemical functions is 
smal ler than the total number of genes in biology, if a protein can be assigned to a superfamily 
from sequence or structural information, at the very least the number of its possible functions 
can be narrowed down, and in some instances it may be possible to assign a function precisely. 

The four superfamilies of serine proteases are examples of convergent 
evolution 

Striking examples of similarities in biochemical function but quite different biological roles 
come from enzymes where the chemical reactions are the same but the substrates can differ 
considerably. There are, for instance, many hundreds of enzymes that hydrolyze peptide bonds 
in protein and polypeptide substrates, but they can be grouped into a small number of classes, 
each with its own characteristic chemical mechanism. The most numerous class comprises the 
serine proteases, in which the side-chain hydroxyl group of a serine residue in the active sire 
attacks the carbonyl carbon acorn of the amide bond that is to be hydrolyzed. Two other 
characteristic residues, a histidine and an aspartic acid (or a glutamic acid) , are involved in 
assisting this hydrolysis, forming a catalytic triad. Serine proteases fall into several structural 
superfamilies, which are recognizable from their amino-acid sequences and the particular 
disposition of the three catalytically important residues in the active site (Figure 4-29). Each 
serine protease superfamily has many members but there is no obvious relationship between 
the superfamilies, either in sequence or structure. The three residues of the catalytic triad are 

the same enzyme superfamily may not catalyze the 
same overall reaction, yet still retain a common mech­
anism for stabilizing chemically similar rate-limiting 
transition-states and intermediates,and will do so with 
similar active-site residues. 
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found in a different order in different locations along the sequence in each superfamily: 
nevertheless, in the tertiary structure they come together in a similar configuration. 
Presumably, rhe existence of a similar active sire is due to convergent evolution, while within 
each superfamily, divergent evolution has produced distinct individual proteases with very 
similar structures but different substrate specificity. 

A given serine protease can be highly specific for a particular target amino-acid sequence­
although some are relatively nonspecific-so that, in general, the subsuare(s) for such a protease 
cannot be predicted from knowledge of the sequence or even the structure of the enzyme. 
However, observation of a serine protease fold combined with the right active-sire residues is 
diagnostic for a protease. Serine proteases participate in such diverse cellular functions as blood 
clotting, tissue remodeling, cell-cycle control, hormone activation and protein turnover. A 
small number of members of some families within the serine protease superfamily have lost one 
or more of the catalytic residues and perform non-catalytic functions such as forming a 
structural matrix. 

Another large enzyme superfamily with numerous different biological roles is characterized by 
the so-called polymerase fold, which resembles an open hand (Figure 4-30). D A polymerases 
of all types from all organisms studied so far appear to share this fold, as do RNA polymerases 
and viral reverse transcriptases. In most cases, sequence comparisons alone do not make this 
functional distinction, and in some cases no sequence similarity between the families of the 
polymerase fold superfamily is apparent. However, structural evidence indicates that every 
enzyme that transcribes or replicates nucleic acid polymers has probably descended from a 
common ancestor. 

There are many other examples of related but differing functions among members of a 
superfamily. It should be borne in mind, however, that in some proteins with similar function , 
equivalent active-site residues come from different positions in the sequence, obscuring 
superfamily membership until structural information is obtained. 

Very closely related protein families can have completely different 
biochemical a d b"ologic If nctions 

There are some well-known cases of significant differences in function at very high levels of 
sequence identity. One example is the crystallins, which appear to have evolved from several 
different enzymes. Although some crystallins retain more than 50% sequence identity to these 
enzymes, they function as structural proteins, not enzymes, in the eye lens. 

And with increasing numbers of structures being solved for proteins of known function, the 
functional diversity of many other protein superfamilies has been revealed. Thornton and 
co-workers have assessed the functional variation within homologous enzyme superfamilies 
containing two or more enzymes. Combining sequence and suucture information to identify 
relatives, the majority of superfamilies display variation in enzyme function , with 25% of the 
superfamilies having members of different enzyme types. For example, the al~ hydrolase 
superfamily has at least four different functions; the ferredoxin superfamily has at least three. 
For single- and multidomain enzymes, difference in biochemical function is rare above 40% 
sequence identity, and above 30% the overall reaction type rends co be conserved, although the 
identity of the substrate may not be. For more distantly related proteins, sharing less than 30% 
sequence identity, functional variation is significant, and below this threshold, srrucrural data 
are essential for understanding the molecular basis of observed functional differences. 
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Evolution of function in protein superfamilies, from a 
structural perspective: 

http://www.biochem.ucl.ac.uk/bsm/FAM-EC/ 
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A comparison of primer-template 
DNA bound to three DNA polymerases 
(a) Taq DNA polymerase bound to DNA. 
The DNA stacks against the "fingers" and is 
contacted across the minor groove by the 
"thumb" domain. (b) The binary complex of 
HIV-1 reverse transcriptase and DNA. This 
structure does not have a nucleotide-binding 
alpha helix in the fingers domain. Instead, a 
beta hairpin probably performs this function. 
(c) The ternary complex of rat DNA polymerase 
~ with DNA and deoxy-ATP (not shown). 
Although this polymerase has an additional 
domain (A), the "thumb" domain similarly 
binds the DNA primer-template in the minor 
groove, while the "fingers" present a 
nucleotide-binding alpha helix at the primer 
terminus. (PDB 1tau, 2hmi and Bicp) 
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4-9 Strategies for Identifying Binding Sites 

Example of the use of GRID 
Three different types of probes have been used 
to locate binding sites for functional groups in 
the active site of the enzyme dihydrofolate 
reductase. (a) Zone 1 (blue) is a good site for 
binding electrostatically positive groups, with the 
energy function minima from an amino probe 
shown in blue dots. It was also identified with a 
carbon probe as being a good pocket for shape 
complementarity. Zone 2 (yellow) is a good site 
for hydrophobic interaction, as illustrated by the 
hydrophobic molecular surface (grey shapes) in 
that region . Zone 3 (red) is a good binding site 
for electrostatically negative groups, with minima 
from a carboxylate probe shown by the red dots. 
(b) Overlay of three pieces of a known inhibitor 
of dihydrofolate reductase onto the zones of 
favorable interaction energy found by GRID. 
Figures adapted from 
http://thalassa.ca.sandia.aov/-dcroe/builder.html 

Binding sites can sometimes be located in three-dimensional structures 
ourel computational means 

Whether the three-dimensional structure of a new protein is determined experimentally or 
computationally (see sections 4-6 and 4- )-there will always be the problem of finding those 
sires on the protein surface char are involved in its biochemical and cellular functions. This 
problem is particularly acute when the strucrure reveals a polypeptide chain fold char has never 
been seen before, and there is no obvious cofacror or other bound ligand to identify a functional 
site. Bur it can also apply to structures of proteins with known folds, as proteins often have 
more than one function (see section 4-13) and even a familiar protein may have acquired 
additional functions and functional sires in the conte.xr of a different organism. 

To some extent, the characteristics of binding sites that were discussed in section 2-4 can be 
used to idemify regions of a protein's surface that are good candidates for functional sires. 
These characteristics include concavity-binding sires are usually depressions rather than 
protrusions or flat areas, although many exceptions are known-as well as a higher than average 
amount of exposed hydrophobic surface area. However, such generalizations usually only narrow 
down the possibilities. What is needed is a method, ideally a computational method so rhar ir 
can be used with homology models as well as with experimenrally derived structures, char can 
scan the surface of a protein structure and locate chose sires char have evolved to interact with 
small molecules or with other macromolecules. Some success has been obtained with methods 
char scan the surface and look for sires of specific shape. Residue conservation analysis can also 
be quire revealing if there are enough homologous sequences (see Figure 4-23). 

Several other computational methods have been proposed and rested on experimentally 
determined structures. Most use a "probe" molecule and an energy function chat describes the 
interaction of the probe with the residues on the protein surface. Binding sires are identified as 
regions where the computed interaction energy between the probe and the protein is favorable for 
binding. Two widely used methods, GRID and MCSS (multiple conformations simultaneous 
search), use chis strategy. In GRID, the interaction of the probe group with the protein structure 
is computed at sample positions on a larrice throughout and around the macromolecule, giving an 
array of energy values. The probes, which are usually used singly, include water, the methyl group, 
the amine H2 group, the carboxylare group and the hydroxyl group, among ochers. Contour 
surfaces at various energy levels are calculated for each probe for each point on the lattice and 
displayed by computer graphics together with the protein structure (Figure 4-31). Contours 
at negative energy levels delineate regions of attraction between probe and protein that could 
indicate a binding sire, as such contours are found at known ligand-binding clefts. 

The approach taken by MCSS is similar in principle bur differs in derail and can rake into 
account the flexibility of both the probe molecule and the protein. The resulting distribution 
map of regions on the protein surface where functional groups show a favorable interaction 
energy can be used for the analysis of protein-ligand interactions and for rational drug design. 

acetone acetonitrile dimethylformamide ethanol isopropanol hexenediol trifluoroethanol 

N 

r' 
/ 

H C / 
H 

Figure 4 Some organic solvents used as probes for binding sites for functional groups 
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Strategies for Identifying Binding Sites 4-9 

Computational methods are, however, extremely inefficient when no information is available 
to limit the regions of the protein surface to be scanned. Scanning an enti re protein surface 
with either GRID or MCSS yields hundreds of possible binding sites of roughly equivalent 
energy. Thus, these tools are most useful in cases where the active site is already known and 
one wants to determine what sorts of chemical groups might bind there. 

Experimental means of locating binding sites are at present more 
accurate than computational methods 

MSCS (multiple solvent crystal structures) is a crystallographic technique that identifies 
energetically favorable binding sites and, orientations of small organic molecules on the 
surface of proteins; this experimental method can find likely functional sites on the surface 
of any protein that can be crystallized. The method involves soaking protein crystals in an 
organic solvent that mimics a functional group on a ligand: thus, ethanol will probe for 
hydroxymethyl-binding sites such as those that interact with a threonine side chain; 
dimethylformamide identifies binding sites that interact with the C=O and N-H groups of 
peptides, and so on (Figure 4-32). Determination of the protein structure at resolutions of 
the order of 2 A in the presence of the solvent probe reveals the solvent-binding sites 
(Figure 4-33). If the experiment is repeated with several different probes, it is found that 
they cluster in only a few binding sites, regardless of their polarity. These sites are the 
functional sites on the surface of the protein. In contrast to the computational methods, 
MSCS involves direct competition between the probe and the bound water on the surface 
of the protein. As it is displacement of this water that drives ligand-binding events (see 
section 2-4), MSCS finds a much more restricted set of binding sites than do the 
computational methods. 

High-resolution structures of crystals of the well-studied enzyme thermolysin soaked in acetone, 
acetonitrile, or phenol show probe molecules clustering in the main specificity pocket of 
the thermolysin active site and in a buried sub-site, consistent with structures of known 
protein-ligand complexes of thermolysin (Figure 4-34). When the experimentally determined 
solvent positions within the active site were compared with predictions from GRID and 
MCSS, both these computational methods found the same sites but gave fewer details of binding. 
And both GRID and MCSS predicted many other sites on the protein surface, not observed 
experimentally, as equally favorable for probe binding. 

Related experimental methods using NMR instead of X-ray crystallography study the binding 
of small-molecule compounds as well as organic solvents as probes. The experimental 
methods are accurate but cannot be used on homology models. Computational methods are 
not accurate enough to discriminate among possible binding sites. What is needed is a 
computational analog of the experimental methods. One such new computational mapping 
strategy has been tested recently with promising results. Using eight different ligands for 
lysozyme and four for thermolysin, the computational search finds the consensus site to 
which all the ligands bind, whereas positions that bind only some of the ligands are ignored. 
The consensus sites turn out to be pockets of the enzymes' active sites, lined with partially 
exposed hydrophobic residues and with some polar residues toward the edge. Known substrates 
and inhibitors of hen egg-white lysozyme and thermolysin interact with the same side 
chains identified by the computational mapping, but the computational mapping did nor 
identify the precise hydrogen bonds formed and the unique orientations of the bound 
substrates and inhibitors. 
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c1gure 4 3 Structure of subti lisin in 100% 
acetonitrile Crystal structure of the serine 
protease subtilisin in 100% acetontitrile. The 
organic solvent, shown as green rods, binds at 
only a few sites on the protein surface, including 
the active site, which is approximately left of 
center in the figure. The red spheres are bound 
water molecules, which are not displaced even 
by this water-miscible organic solvent at 100% 
concentration. These bound waters should be 
considered an integral part of the folded 
structure of the protein. (PDB 1 be6) 
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F ar 4- Ribbon representation showing the 
experimentally derived functional ity map of 
therrnolysin The binding sites for different 
organic solvent molecules were obtained by X-ray 
crystallography of crystals of thermolysin soaked 
in the solvents. The same probe molecules 
bound to different positions are numbered to 
identify their site of binding. The active-site zinc 
ion and the bound calcium ions are shown as 
grey and black spheres, respectively. Dimethyl 
sulfoxide (DMSO, purple) is present in the 
crystallization conditions of thermolysin; one 
molecule binds per molecule protein. Graphic 
kindly provided by Roderick E. Hubbard. 
(Adapted from English et al.: Protein Eng. 
2001, 14:47-59.) 
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4-10 Strategies for Identifying Catalytic Residues 

Figure 4-35 An active-site template The 
geometry of the catalytic triad of the serine 
proteases as used to locate similar sites in 
other proteins. Adapted from the rigid active­
site geometries website: 
http://www. biochem. ucl .ac. u k/bsm/PROCAT /PR 
OCAlhtml. 
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Site-directed mutagenesis can identify residues involved in binding or 
catalysis 

Locating binding sites, either experimentally or computationally (see section 4-9), does not 
automatically indicate which residues in chose sites are responsible for ligand binding or, in the 
case of enzymes, catalysis. The standard experimental method for identifying these residues is 
alanine-scanning mutagenesis, in which candidate amino acids are replaced by alanine by site­
directed mutagenesis of the gene. The effect of this side-chain excision on function-usual ly 
binding or catalysis-of the expressed mutant protein is then assayed. When combined with 
genetic assays for the in vivo phenotype of the mutated protein and information from the 
pH/rate profile of a catalytic reaction, for example, such experiments can reveal which side 
chains in a binding site may actually perform chemistry on a bound ligand. 

Active-site residues in a structure can sometimes be recognized 
computationally by their geometry 

But with the advent of genome-wide sequencing and protein-structure determination, a 
computational rool is needed char can identify such residues rapidly and automatically. This 
would be particularly useful in cases where the protein in question has no known function 
and the location of the active site is uncertain, because knowledge of the residues chat can 
carry our chemistry might indicate what type of chemistry the protein actually performs. 

The simplest of the computational methods searches the structure for geometrical arrangements 
of chemically reactive side chains that match chose in the active sites of known enzymes. This 
rigid active-sire approach has successfully identified rhe catalytic triad of a serine protease 
(Figure 4-35) in an enzyme of unknown function, but has not been used extensively to probe 
for other functions. Because it relies solely on geometry and not on position in the sequence, 
chis method could find serine protease catalytic sites in any protein fold in which they occur. 
A more sophisticated variation uses a three-dimensional descriptor of the functional site of 
interest, termed a "fuzzy functional form", or FFF, to screen the structure. FFFs are based on 
the geometry, residue identity, and conformation of active sites using data from known crystal 
structures of members of a functional family and experimental biochemical data. The 
descriptors are made as general as possible ("fuzzy") while still being specific enough to 
identify the correct active sites in a database of known structures. 

These fuzzy functional descriptors can identify active sites not only in experimentally determined 
strucrures, but also from predicted structures provided by ab initio folding algorithms (see 
sections 1-9, 4-7) or threading algorithms (see section 4-7) . A disulfide oxidoreductase FFF has 
been successfully applied to find ocher disulfide oxidoreductases in a small structural database 
and, more recently, has been used to scan predicted protein structures derived from the entire 
Bacillus subtilis genome. A total of 21 candidate disulfide oxidoreductases were found, of which 
six turned out to be false posi tives. The method did not miss any of the known disulfide 
oxidoreducrases and identified at least two potential new ones. 

Figure 4-36 Theoretical microscopic titration curves Calculated curves for two types of ionizable 
residues-histidines and glutamic acids-in the structure of the glycolytic enzyme triosephosphate 
isomerase. In each case, most of the residues behave similarly, with a sharp change in charge as a 
function of pH, but one residue of each type (histidine 95 (curve in green) and glutamic acid 165 
(curve in blue)) displays abnormal behavior. 
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Strategies for Identifying Catalytic Residues 4-10 

The limitation with all computational methods of chis type is chat they can only find active-site 
residues chat conform to known active sites. A protein with a novel function will yield no 
result, or worse, an incorrect identification with a known site. A more general approach has 
been developed chat does not depend on previous knowledge of active-site geometries. This 
employs theoretical microscopic titration curves (THEMATICS), to identify active-site 
residues chat are potentially involved in acid-base chemistry in proteins of known structure. 
Location of such residues automatically determines the position of the active site, as well as 
providing a clue to the biochemical function of the protein. 

In THEMATICS, rhe mean net charge of potentially ionizable groups in each residue in the 
protein structure is calculated as a function of pH. The resulting family of curves for each type 
of residue (Figure 4-36) is then analyzed for deviations from ideal behavior. A small fraction 
(3-7%) of all curves for all residues differ from the others in having a flat region where the 
residue is partially protonated over a wide pH range. Most residues with these perturbed curves 
occur in active sires (Figure 4-37). The method is successful for proteins with a variety of 
different chemistries and structures and has a low incidence of false positives. Of course, 
identification of acid-base residues in active sites does not necessarily establish what the 
overall chemical reaction muse be. Mose enzymatic reactions use one or more acid-base steps 
but catalyze ocher chemistries as well. Since rhe pKi values of catalytic residues are likely to 

be perturbed by electrostatic interactions, once they are identified, computational tools such 
as GRASS can be used to compute and display such interactions. 

Docking programs model the binding of ligands 

Even when it is possible to identify active sites and to draw some conclusions about the likely 
chemistry they will perform, it is still necessary to determine on what substrate(s) that chemistry 
will operate. Ar present, there is no method, experimental or computational, that will enable 
one to find the most likely substrate for any particular active site. Some approaches involving 
mass spectroscopy to identify ligands pulled out of cellular extracts by the protein in question 
are under development, and peptide substrates for protein kinases can often be found by 
screening combinatorial peptide libraries, but a computational method would be most general. 
One promising approach is that of the program DOCK, where the shape of the binding site 
on a protein is represented as a set of overlapping spheres, in which the centers of the spheres 
become potential locations for ligand atoms. Each ligand is divided into a small set of rigid 
fragments char are docked separately into the binding sire, allowing a degree of flexibility ar the 
positions that join chem. The fragments are rejoined later in the calculation and an energy 
minimum calculated for the rejoined ligand in the receptor sire. The method can find binding 
geometries for the ligand similar to those observed crysrallographically, as well as other 
geometries that provide good steric fit, and has been used to find possible new compounds for 
drug development. In such applications, each of a set of small molecules from a structural 
database is individually docked to the receptor in a number of geometrically permissible 
orientations. The orientations are evaluated for quality of fit, with the best fits being kept 
for examination by molecular mechanics calculations. 

The method cannot cake unknown conformational changes of the protein into account. In 
principle, it could be used to find candidate substrates for any active site, but in practice it is 
too computationally cumbersome, and all potential ligands are not contained in any database. 
The method also gives not one but many possible ligands from any database, and the energy 
function used to evaluate binding cannot discriminate among them. 
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serine proteinases and lipases. Protein Sci. 1996, 
5:1001-1013. 

Zhang, B. et o/.: From fold predictions to function 
predictions: automation of functional site conser­
vation analysis forfunctional genome predictions. 
Protein Sci. 1999, 8:1104-1115. 

Rigid active-site geometries: 
http://www.biochem.ucl.ac.uk/bsm/PROCAT/PROCAT. 
html 

GRASS, a protein surface visualization tool: 
http://trantor.bioc.columbia.edu/ 

DOCK: 
http://www.cmpharm.ucsf.edu/kuntz/dock.html 

FFF: 
http://www.geneformatics.com 

f- 1r 3·, Residues that show abnormal 
ionization behavior with changing pH define 
the active site The locations of the two 
abnormally titrating residues in Figure 4-36 
are shown on the three-dimensional structure 
of triosephosphate isomerase. The histidine 
(green) and glutamic acid (blue) that are 
partially protonated over a wide range of pH 
are both located in the active site and both 
are important in catalysis. 
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4-11 TIM Barrels: One Structure with Diverse Functions 
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MR BH ~ HB MR 
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Figure 4-38 The chemica l reaction catalyzed 
by mandelate racemase R-mandelate (left) 
and S-mandelate (right) can be converted into 
each other through the intermediate in the 
center. The enzyme (MR) catalyzes the reaction 
by removing a proton from a carbon atom 
adjacent to a carboxylate group and subse­
quently replacing it. A basic residue (8) at one 
side of the active site of the enzyme removes 
the proton and a proton is replaced by a basic 
residue on the other side of the active site (not 
shown), which can also act as an acid. The red 
arrows indicate the movement of electron pairs. 
In the reverse reaction, the two residues 
reverse roles. 

MLE BH 

MLE 

Figure 4-39 The chemical reaction catalyzed 
by muconate lactonizing enzyme Although the 
substrates are different. the core step in the 
catalytic mechanism of muconate lactonizing 
enzyme (MLE) is similar to that of mandelate 
racemase. 
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Knowledge of a protein's structure does not necessarily make it 
possible to predict its biochemical or cellular functions 

Perhaps the most promising case for the prediction of biochemical function from structure is 
when two proteins show some similarity in amino-acid sequences, share the same overall tertiary 
structure, and have active sites with at least some residues in common. But consideration of just 
such an example shows that, even with favorable parameters, function cannot always be deduced 
from structure . 

The bacterium Pseudomonas ova/is lives in the soil and scavenges a wide variety of organic 
compounds for food. One of these is mandelate, a byproduct of decaying fruit pits (Figure 4-38). 
Mandelate naturally exists as two mirror-image isomers, R- and S-mandelate, and P ova/is can 
use both as a carbon source. Two enzymes essential for the bacterium to grow on either R- or 
S-mandelate are mandelate racemase and muconate lactonizing enzyme. 

The biochemical function of mandelate racemase (MR) is to incerconverc R- and S-mandelate 
(Figure 4-38); because only S-mandelate is a substrate for the next enzyme in the degradative 
pathway, this enables P ova/is to metabolize ail the available mandelate instead of just half. MR 
is a metalloenzyme. It requires a magnesium or manganese ion for catalytic activity. Muconate 
lactonizing enzyme (MLE), which is further along the pathway of mandelate catabolism, 
transforms the cis, cis-muconic acid derived from mandelate into muconolactone (Figure 4-39). 
This is an essential step in the overall breakdown of mandelate into acetyl-CoA, a substrate 
for energy production via the tricarboxylic acid cycle. MLE is also a metalloenzyme. It requires 
a manganese ion for activity, alchough magnesium can be substituted. 

The substrates for MR and MLE are very different molecules, and the biochemical functions of 
these two proteins are also different. Their amino-acid sequences are 26% identical, which falls in 
the "grey area" where one cannot predict for certain that two proteins will have any domains with 
a similar fold (see Figure 4-19). Secondary-structure prediction is also uninformative. Nevertheless, 
when the three-dimensional structures of MR and MLE were determined by X-ray crystallo­
graphy, they showed that the overall folds were essentially identical (Figure 4-40). Both enzymes 
are TIM-barrel proteins (see section 1-18) with an exua, mostly antiparallel, beta-sheet domain 
attached. MR and MLE also bind their catalytic metal ions in tl1e same positions in the suuccures. 

Examination of the active sites shows that this similarity is preserved in detail (Figure 4-41). The 
amino acids that bind the meral ion are conserved between MR and MLE with one exception, 
and that is replaced by one with similar physical-chemical properties from a different position 
in the sequence. Thus, the way these two proteins bind their essential metal ions is structurally 
and functionally conserved, even though not all the residues involved are in exactly corre­
sponding positions in the two sequences. Both active sites contain a pair of lysine residues in 
identical positions: in each case, one lysine acts as a catalytic base while the other serves co 
reduce the pKa of the first through the proximity of its positive charge (see section 2-12). 
Opposite the lysine pair, however, the active sites of MR and MLE are different. MR has a second 
catalytic base, histidine 297, while MLE has a lysine residue, of uncertain role in catalysis, that 
occupies the same spatial position as histidine 297 but comes from sequence position 273. 

The striking similarity between the active sites of MR and MLE, together with their virtually 
identical folds, implies that these enzymes are homologous, that is, that they diverged from a 
common ancestor. Nevertheless, they catalyze different chemical reactions on different substrates. 
Nor is there any conservation of binding specificity between them. Neither R- nor S-mandelate 
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site: the structure of a new crystal form of 
muconate lactonizing enzyme compared with 
mandelate racemase and enolase. Proc. Natl Acad. 
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Naga no, N. et al.: One fold with many functions: the 
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families based on their sequences, structures and 
functions. J. Mo/. Biol. 2002, 321 :741-765. 

Neid hart, D.J. et al.: Mandelate racemase and 
muconate lactonizing enzyme are mechanistically 
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TIM Barrels: One Structure with Diverse Functions 4-11 

is a substrate or inhibitor of MLE, nor is cis, cis-muconate and muconolactone for MR. 
Evolutionary pressure for MR and MLE to become highly specific for their respective substrates 
led their substrate-binding pockets to become very different, and mutually incompatible, while 
the cacalyric machinery remained similar. This argument implies an underlying commonality 
of catalytic mechanism between MR and MLE, as reflected in the conserved residues in their 
active sires. Both enzymes use a base-one of the pair of lysines-to abstract a hydrogen 
attached to a carbon atom in the substrate (see Figures 4-38 and 4-39), and in each case that 
carbon atom is adjacent to a carboxylate group that is coordinated to the metal ion in the active 
site (Figure 4-41). Presumably, the ancestral protein could carry out this chemical step on 
either mandelate or muconolactone or on some related molecule. 

So, even if two gene produces have similar sequences and share the same overall fo ld and some 
active-site residues, and even if the biochemical function of one of chem is known, it is nor 
always possible to predict the biochemical function of the other. Missing is knowledge of what 
molecules interact specifically with the active site of the protein of unknown function. 
Computational methods ro determine which small molecules would bind to an active site of 
known shape and charge distribution do not yer exist (see section 4-9). 

This particular example is not unique. MR and MLE belong to a large superfamily ofTIM­
barrel enzymes. All members of this superfamily have the additional beta-sheet domain, use 
a divalent metal ion, and have metal-binding residues in positions corresponding to chose in 
MR and MLE. They catalyze chemical reactions as diverse as the dehydration of the sugar 
D-galacconate and the formation of phosphoenolpyruvate. For each of these enzymes a catalytic 
mechanism can be written involving base-catalyzed abstraction of a hydrogen from a carbon 
atom adjacent to a carboxylate group, but all of the substrates are different. A total of 21 
different superfamilies of TIM-barrel enzymes have been identified on the basis of structural 
and functional relatedness. These 21 superfamilies include 76 difference sequence families. 

or is che TIM barrel the only domain fold with chis sort of versatility. The four-helix bundle 
has been found in hormones, growth factors, electron-transport proteins and enzymes. The 
zinc finger motif is usually found in D A-binding proteins, where it makes sequence-specific 
contacts with bases in the double helix, but there are zinc finger domains that bind to RNA 
instead, and a number of proteins have zinc finger modules rhar mediate protein-protein 
interactions. Many ocher examples could be cited. 

everrheless, there are a number of domain folds that are characteristic of a given biochemical 
or cellular function, and in some instances the presence of such a domain can be recognized 
from sequence information alone, allowing one to determine at least partial biochemical 
function from sequence and/or srruccural information. For instance, the kinase fold appears to 
be present almost exclusively in protein kinases; the SH2 domain appears to be used exclusively 
to bind phosphoryrosine-containing peptides; and in eukaryotes the seven-cransmembrane 
helix fold appears to be used only in G-protein-coupled receptors. But many folds have so 
diverse a range of functions that sequence and structural information alone is unlikely to be 
sufficient to reveal their biochemical or cellular roles. 

S-atrolactate 

Mandelate racemase (top) and 
muconate lactonizing enzyme (bottom) have 
almost identical folds The colored spheres in 
the center of the structures represent the metal 
ions in the active sites. 

model substrate 

Lys 273 

Figure 4-41 A comparison of the active sites of mandelate racemase (lett) and muconate lactonizing enzyme (right) The amino acids that coordinate with the 
metal ion are conserved between the two enzymes. as are the catalytic residues except for histidine 297 in MR which is replaced by lysine 273 in MLE. In both 
cases a carboxylate group on the substrate coordinates with the metal ion. The active site of MR is shown with the inhibitor S-atrolactate bound; the MLE active 
site 1s shown with a model substrate bound. The residues shaded in yellow are the putative general acid-base catalytic residues. 
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4-12 PLP Enzymes: Diverse Structures with One Function 
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L-glutamate 

n-ketoglutarate 

igu 2 The overall reaction catalyzed by 
the pyridoxal phosphate-dependent enzyme L­
aspartate aminotransferase 

Figu The general mechanism for PLP-
dependent catalysis of transamination , the 
interconversion of a-amino acids and a-keto 
acids The amino group of the amino-acid 
substrate displaces the side-chain amino group 
of the lysine residue that holds the cofactor PLP 
in the active site (step 1 ). PLP then catalyzes a 
rearrangement of the amino-acid substrate (step 
2), followed by hydrolysis of the keto-acid 
portion, leaving the nitrogen of the amino acid 
(blue) bound to the cofactor to form the 
intermediate pyridoxamine phosphate (PMP) 
(step 3). This forward reaction is indicated by 
the blue arrows. To regenerate the starting form 
of the enzyme, a different keto acid then 
reverses these steps and captures the bound 
nitrogen, producing a new amino acid and 
leaving the PLP once more bound to the enzyme 
at the active-site lysine (orange arrows). 

H Lys 145 

I 

A protein's biochemical function and catalytic mechanism do not 
necessarily predict its three-dimensional structure 

The sire of biochemical function in an enzyme is characterized by a sub-sire that binds the 
subsrrare and a catalytic sub-sire at which the chemical reaction rakes place, and these two sub-sires 
are usually at least partly distinct (see section 2-7). Ir is therefore possible to have the same arrange­
ment of catalytic groups in combination with different arrangements of substrate-binding groups. 
In some cases, this produces enzymes with different specificities bur which carry our the same 
chemistry. Such a situation is usually associated with divergent evolution from a common 
ancestor, in which the protein scaffold is retained bur the substrate-binding sub-sire is altered. Ir 
is also possible, however, for the same catalytic machinery to evolve independently on different 
protein scaffolds, whose substrate-binding sires may, or may nor, be specific for the same substrate. 
This is termed convergent evolution: nature has found the same solution to the problem of 
catalyzing a particular reaction, bur the solution has evolved in two different protein frameworks. 

A prime example of convergent evolution is found among the aminorransferases. These are 
enzymes char "convert" one amino acid into another in a reaction known as transamination, 
which is central to amino-acid metabolism. In this reaction, an a-amino acid is converted to 
an a-keto acid, followed by conversion of a different a-keto acid to a new a-amino acid. All 
rransaminases use the cofactor pyridoxal phosphate (PLP), derived from vitamin BG. One of 
these PLP-dependent enzymes is L-asparrare aminotransferase, which converts L-aspartate to 
L-glutamate, via a-ketoglutarare and oxaloacetate (Figure 4-42) and is found in every living 
organism. Another aminotransferase, found only in bacteria, catalyzes rhe same reaction bur is 
specific for the D-forms of various amino acids, including asparrare and glutamate. In bacteria, 
a rransaminarion reaction involving D-glutamare, a-ketoglurarare, and pyruvare is used to 
produce D-alanine for synthesis of the bacterial cell wall. 

Both enzymes have identical catalytic mechanisms. The amino group of the amino-acid subsrrare 
displaces the side-chain amino group of the lysine residue char binds the cofactor PLP in the 
active sire (Figure 4-43, step 1). PLP then catalyzes a rearrangement of its new bound amino 
acid (s tep 2), followed by hydrolysis of the keto-acid portion, leaving the nitrogen of the amino 
acid bound to the cofactor (step 3). To regenerate the starring form of the enzyme, a different 
keto acid then reverses these steps and captures the bound nitrogen, producing a new amino 
acid and leaving the PLP once more bound to the enzyme at the active-sire lysine. 

A number of other amino-acid side chains in the active sites of both of these aminorransferases 
interact specifically with the cofactor, promoting this series of transformations over the other 
possible chemisrries that the versatile cofactor PLP can catalyze. Yer other amino acids stabilize 
rhe position of the bound subsrrates and confer substrate specificity. Because these rwo enzymes 
catalyze exactly the same reaction by exactly the same mechanism, one might expect their struc­
tures to be similar. On the other hand, because one of these enzymes is specific for the commonly 
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PLP Enzymes: Diverse Structures with One Function 4-12 

(b) 

The three-dimensional structures of L-aspartate aminotransferase (left) and o-amino acid 
aminotransferase (right) The two proteins have completely different architectures. Not only are they 
different in size, they differ in their amino-acid sequence and in the folds of the protein domains. In the 
L-aspartate aminotransferase structure, the cofactor intermediate PMP (in a ball-and-stick representation) is 
shown at the active site. In the □-amino acid aminotransferase, the cofactor PLP is shown. (PDB 2aat, 1 daa). 

occurring L-forms of the amino acids while the other exclusively uses the rarer D-enantiomers, 
one might also expect char their active sites would look quire different in terms of the arrange­
ment of side chains around the cofactor. Boch these expectations are, however, far from the case. 

Comparison of the amino-acid sequences of the two enzymes reveals absolutely no identity; 
however, as we have seen, the absence of detectable sequence identity does not necessarily mean 
chat the protein fold will be different (see section 1-16). Bue in this case, comparison of the 
three-dimensional structures of the two enzymes shows their polypeptide-chain fo lds to be 
totally different (Figure 4-44). They clearly did not evolve from a common ancestor. When one 
finds two sequences and two structures that are completely different, one might on the face of 
it expect chat they represent different mechanisms for solving the problem of catalyzing the 
same chemical transformation. When these two structures are examined in derail, however, the 
active sites are found to be strikingly similar, both in the nature of the amino acids interacting 
with the cofactor and their positions in space (Figure 4-45). Moreover, detailed analysis of 
genomic sequence data suggests chat all known aminotransferases possess one or other of these 
polypeptide-chain folds and chis same active-site configuration. It appears char this constellation 
of catalytic groups, in combination with the intrinsic chemistry of che PLP cofactor, is especially 
suited to promoting transaminacion, and nature has independently discovered chis twice, using 
two different protein frameworks. 

One possible explanation for the differences in three-dimensional framework is the difference in 
the "handedness" (or chirality) of the substrate: perhaps one fold is only suited to recognizing 
D-amino acids. This cannot be so, however, because there is another aminotransferase chat only 
recognizes L-amino acids but whose sequence and polypeptide chain fold are similar to chose 
of D-amino acid aminotransferase (Figure 4-46). These two enzymes clearly represent divergent 
evolution from a common ancestor. Apparently, modification of substrate specificity within 
the context of a given protein fold, even co the extent of reversing the handedness of the 
substrate, is easier than evolving a completely new catalytic mechanism. 

A number of biochemical functions are carried out by enzymes chat differ in their protein fold 
but have remarkably similar active sires. Convergent evolution to a common chemical mecha­
nism has been observed among the serine proteases, the aminopeptidases, the AD-dependent 
dehydrogenases and the sugar isomerases, co name just a few. Consequently, even if you know 
the biochemical function of a newly discovered protein, you cannot necessarily predict the 
protein fold char will carry it our. The catalytic function of enzymes can, however, sometimes 
be predicted by genomic analysis aimed at identification of patterns of active-sire residues, and 
we discuss this in section 4-2. 

The three-d imensional structures of bacterial o-amino acid aminotransferase (top) and 
human mitochondrial branched-chain L-amino acid aminotransferase (bottom) These two enzymes are 
similar in amino-acid sequence. overall fold and active site even though their substrates are of opposite 
handedness. They have diverged from a common ancestor. (PDB 1 daa, 1 ekp). 

Lys 258 

t,y; ~,s 
• Asp 222 

p~ 

: Arg 138 
..; Glu 177 
His 143 

Comparison of the active sites 
of L-aspartate aminotransferase (left) and 
o-amino acid aminotransferase (right) 
Despite the different protein folds of these two 
enzymes, the active sites have converged to 
strikingly similar arrangements of the residues 
that interact with the cofactor and promote 
catalysis. The residues that determine which 
amino acid is used as a substrate and whether 
it will be the o- or the L-form are arranged 
differently in the two enzymes (not shown). 

(a ) 

(b) 
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4-13 Moonlighting: Proteins with More than One Function 

Figure 4-47 Some examples of 
multifunctional proteins with their various 
functions The first function column lists the 
biochemical function that was first identified. 
In most cases, this is an enzymatic activity 
because such activities are easily assayed. The 
additional functions usually depend on binding 
to a specific partner. 
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In multicellular organisms, multifunctional proteins help expand the 
number of protein functions that can be derived from relatively small 
genomes 

The genomes of multicellular organisms are remarkably small, in terms of number of genes (see 
Figure 4-10), considering the enormous increase in complexiry of the organisms themselves 
compared with bacteria or the single-celled eukaryotes. One explanation is chat the actual 
number of different proteins derived from a given gene can be expanded by mechanisms such 
as alternative splicing. An additional explanation is that, in multicellular organisms especially, 
a given protein may have more than one distinct biochemical and/or cellular function. The 
biochemical functions may include catalysis, binding, participating as a structural molecule in 
an assembly, or operating as a molecular switch (see sections 1-0 and 2-0). The extent of chis 
functional diversiry for any one protein is only just beginning to be appreciated. 

Phosphoglucose isomerase (glucose-6-phosphate isomerase or PGI) is the second enzyme in 
the glycolycic pathway, a core metabolic pathway that converts glucose to pyruvate, and in 
which PGI converts glucose 6-phosphate to fructose 6-phosphate. The gene for PGI is thus a 
housekeeping gene found in nearly all organisms. Sequences of PGI from numerous organisms 
are well conserved, indicating that this intracellular biochemical function is catalyzed by a single 
rype of polypeptide fold. But if one takes the protein sequence of PGI from a rabbit, say, and 
looks for homologous sequences in databases of other mammalian protein sequences, one 
finds, in addition to PGI, an identical sequence labeled neuroleukin. The protein neuroleukin 
was discovered as a cycokine secreted by T cells that promotes the survival of some embryonic 
spinal neurons and sensory nerves. It also causes B cells to mature into antibody-secreting cells. 
One also finds two other named protein activities with sequences identical to PGI: autocrine 
motiliry factor (AMF) and differentiation and maturation mediator (DMM). Like neuroleukin, 
these proteins are also secreted cytokines. AMF is produced by rumor cells and stimulates 
cancer-cell migration; it may be involved in cancer metastasis. DMM is isolated from culture 
medium in which T cells have been grown and has been shown to cause differentiation of 
human myeloid leukemia cells in vitro. Purified rabbit PGI will cause the increase in cell 

Multifunctional Proteins 

Protein Function Additional functions 

Phosphoglucose isomerase Glycolytic enzyme Cytokine 

EF-1 Elongation factor in translation Actin-bundling protein 

Cyclophilin Peptidyl-prolyl cis-trans isomerase Regulator of calcineurin 

Macrophage inhibitory factor (MIF) Activator of macrophages and T cells Phenylpyruvate tautomerase 

PutA Proline dehydrogenase Transcriptional repressor 

Aconitase TCA-cycle enzyme Iron-responsive-element binding protein 

Thioredoxin Maintains SH groups in reduced state Subunit of phage Tl DNA polymerase 

Thrombin 

Thymidylate synthase 

FtsH 

Protease in blood clotting Ligand for cell-surface receptor 

Enzyme in DNA synthesis Inhibitor of translation 

Chaperone protein in bacteria Metalloprotease 

LON Mitochondrial protease Chaperone protein 

Methionine aminopeptidase 2 Peptidase Protects elF2 from phosphorylation 
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Moonlighting: Proteins with More than One Function 4-13 

motility seen with AMF and the dosage-dependent differentiation of human leukemia cells 
seen with DMM; conversely, both AMF and DMM have PGI activity. PGI, neuroleukin, 
AMF and DMM are the same protein, encoded by the same gene. 

To carry out its cytokine and growth-factor functions it is likely that PGI/neuroleukin/AMF/ 
DMM binds to at least one type of cell-surface receptor on a variety of target cells, and a receptor 
corresponding to AMF activity has been cloned from fibrosarcoma cells. Inhibitors of the PGI 
reaction block some, but not all, of the cytokine functions of the protein, indicating that the 
sites on the protein surface responsible for these different activities are at least partly distinct. 
Remarkably, PGI from a bacterium has been reported to have activity in the AMF assay. 

The PGI reaction is extremely similar to that catalyzed by the glycolytic enzyme criosephosphate 
isomerase, and the cacalycic mechanisms of the two reactions are identical. evercheless, the 
three-dimensional structure of PGI is completely different from that ofTIM. Nothing in PG I's 
sequence or structure, however, suggests its additional cyrokine functions; there are no obvious 
domains with structural similarity to any known cytokine and no sequence motifs suggestive 
of known growth factors or signal transduction molecules. One concludes that the extracellular 
cytokine functions of this protein in higher eukaryotes are at least partially independent of 
each other, and have evolved without gross modification of the ancestral fold. 

Now that numerous genome sequences are available, each annotated according to the literature 
of previous studies of that organism, many other examples of multiple functions for the same 
protein are being discovered (Figure 4-47). One is methionine aminopepcidase type 2 
(MetAP2), which catalyzes the removal of the amino-terminal methionine from che growing 
polypeptide chain of many proteins in eukaryotes. MetAP2 is the cargec for the anti-angiogenesis 
drugs ovalicin and fumagillin, which ace by inhibiting chis cacalycic activity. D A sequence 
analysis of MetAP2 genes reveals, as expected, sequence homologies with MetAP2 genes from 
ocher organisms but also with various eukaryocic homologs of a rat protein known originally 
as p67. This intracellular protein protects che alpha-subunit of eukaryocic initiation factor 2 
(eIF2) from phosphorylation by its kinases. This activity of p67 is observed in different scress­
relaced situations such as heme deficiency in reticulocyres (immature red blood cells), serum 
starvation and heat shock in mammalian cells, vaccinia virus infection of mammalian cells, 
baculovirus infection of insect cells, mitosis, apoptosis, and even possibly during normal cell 
growth. MecAP2 and p67 are identical proteins encoded by the same gene. Inhibitors of 
MetAP2 activity do not inhibit che cranslacional cofactor activity of MetAP2, suggesting that 
che two functions are independent. Some mutations in che MetAP2 gene in Drosophila result 
in loss of ventral tissue in che compound eye as well as extra wing veins, whereas ochers impair 
tissue growth. However, it is not clear whether these phenotypes are due to loss of MetAP2's 
cacalycic accivicy, translational cofactor activity, or both. Another example is che cyrokine 
macrophage inhibirory facror, MIF (Figure 4-48), which also has enzymatic activity. 

The term "moonlighting" has been coined co describe the performance of more than one job by 
the same protein. From the point of view of any one experiment, each job may appear ro be the 
main activity and the ocher(s) co be che sideline. Consequencly, in multicellular organisms 
especially, knowledge of one function of a gene product does not necessarily mean chat all its 
functions have been determined. This fact has profound consequences for gene knockout 
experiments (by, for example, ancisense RNA, RNA interference ( Ai), or gene disruption) 
as a means of determining function. The phenotype of a knockout animal or cell may be the 
result of the loss of all the different functions chat a protein can carry out, or may differ in 
different tissues or under different conditions in which various functions are dominant. 

protein: phosphoglucose isomerase/ autocrine 
motility factor/neuroleukin. Proc. Natl Acad. Sc• USA 
1999, 965412-5417 

Swope, M.D. and Lolis. E .. Macrophage migration 
inhibitory factor: cytokine, hormone, or enzyme? 
Rev. Physiol Biochem. Pharmacol. 1999, 139 1 32. 

Watanabe, H.et a/.:Tumor cell autocrine motility factor 
is the neuroleukin/phosphohexose isomerase 
polypeptide. Cancer Res. 1996, 56:2960 2963. 

Xu, W. et al.: The differentiation and maturation 

mediator for human myeloid leukemia cells shares 
homology with neuroleukin or phosphoglucose 
isomerase. Blood 1996, 87:4502-4506. 

The three-dimensional structure 
of the monomer of macrophage inhibitory 
factor, MIF The protein is an important 
proinflammatory cytokine that activates T cells 
and macrophages. It is also an enzyme that 
catalyzes the tautomerization of phenylpyruvic 
acid. The residues involved in substrate binding 
and catalysis are shown. The praline associated 
with the active site is indicated by the yellow 
arrow. Because the active site overlaps with the 
binding site for receptors of the cytokine 
function of MIF, inhibitors of its enzymatic 
activity are also potential antiinflammatory 
drugs. (PDB 1 ljt) 
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4-14 Chameleon Sequences: One Sequence with More than One Fold 

Fi ur Chameleon sequences The 
protein backbones of the enzymes cyclodextrin 
glycosyltransferase (PDB 1 cgu) (top) and beta­
galactosidase (PDB 1 bgl) (bottom), each of 
which contains the chameleon sequence 
LITTAHA (shown in red ), corresponding to 
residues 121-127 in the sequence of 
cyclodextrin glycosyltransferase and residues 
835- 841 in beta-galactosidase. In the former 
structure, the sequence forms two turns of 
alpha helix; in the latter, it is a beta strand. 

Definitions 

chameleon sequence:a sequence that exists in different 
conformations in different environments. 

Some amino-acid sequences can assume different secondary structures 
in different structural contexts 

The concept that the secondary srrucrure of a protein i es entially determined locally by rhe 
amino-acid sequence is at rhe heart of mo t method of econdary structure prediction; it also 
underlies some of the computational approaches to predicting tertiary structure direccly from 
sequence. Although this concept appears to be valid for many sequences, as the database of 
protein structures has grown a number of exceptions have been found. ome rrerches of 
sequence up to even residues in length have been identified that adopt an alpha-helical 
conformation in the contexr of one protein fold bur form a beta strand when embedded in rhe 
sequence of a protein with a different overall fold. These sequences have been dubbed 
chameleon sequences for their tendency to change their appearance with their surroundings. 
One survey of all known protein structures up to 1997 found three such sequences seven 
residues long (Figure 4-49), 38 such sequences six residues long, and 940 chameleon sequences 
five residues long. ome were buried and some were on the surface; their sequence varied 
considerably bur there tended ro be a preponderance of alanines, leucines and valines and a 
dearth of charged and aromatic residues. 

We have already seen that some segments in certain proteins can change their conformation 
from, for example, an alpha helix to a loop in response to the binding of a small molecule or 
another protein or ro a change in pH. For example, when elongation factor Tu switches from 
its GTP-bound form to irs GDP-bound form, a portion of rhe switch helix unravels, breaking 
an interaction between rwo domains (see section 3-9). 

The ability of amino-acid sequences to convert from an alpha-helical to a beta-strand 
conformation has received extensive attention recently, as this structural change may induce 
many proteins to self-assemble into so-called amyloid fibrils and cause fatal diseases (see section 
4-15). A number of sequences that are nor natural chameleons can become such by a single 
point mutation, suggesting a possible mechanism whereby such diseases may be iniriared. One 
example is the bacterial protein Fis, a D A-binding protein that is implicated in the regulation 
of D A replication and recombination as well as in transcriptional regulation. A peptide 
segment in Fis can be converted from a beta strand to an alpha helix by a single-sire mutation, 
proline 26 to alanine. Proline 26 in Fis occurs at the point where a flexible extended beta-hairpin 
arm leaves the core structure (Figure 4-50a). Thus it can be classified as a "hinge proline" located 
at the carboxy-rerminal end of one beta strand and the amino-terminal cap of rhe following 
alpha helix. The replacement of proline 26 with alanine extends rhe alpha helix for two 
additional rums in one of the dimeric subunits of Fis; therefore, the structure of the peptide 
from residues 22 to 26 is converted from a beta strand to an alpha helix by this one mutation 
(Figure 4-506). Interestingly, this peptide in the second monomer subunit retains its beta-strand 
conformation in the crystal structure of Fis, suggesting that the alpha-helical and beta-sheet 
conformation are very similar in energy for this sequence and that only small local changes in 
environment are needed to cause it to flip from one form to the other. 

While the conversion of a beta strand to an alpha helix in Fis is caused by a mutation, and has 
no implications for normal function, some proteins contain natural chameleon sequences that 
may be important to their function. One example is a D A-binding transcriptional regulator 
from yeast, the MATa2 protein, which helps determine rwo differentiated cell types (mating 
types) in growing yeast cells by repressing genes whose expression is required for one of the two 
types. MATa2 binds to D A in association with a second protein, MCMl, so chat one copy of 
MATa2 binds on each side of MCM 1 (Figure 4-5 la) . In the crystal structure of this complex 
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Chameleon Sequences: One Sequence with More than One Fold 4-14 

g 1r Chameleon sequence in the DNA-binding protein Fis (a) The structure of the dimer of the 
sequence-specific DNA-binding protein Fis shows a predominantly alpha-helical fold with two strands of 
antiparallel beta sheet, ~1 and ~2 (red), at the amino terminus. (PDB 1136) (b) The replacement of 
praline 26 at the end of the second beta strand with an alanine converts this beta strand into two 
additional turns of the alpha helix that follows. 

bound to DNA, an eight-amino-acid sequence adopts an alpha-helical conformation in one of 
two copies of the MATa2 monomer and a beta-strand conformation in the other (Figure 4-51 b). 
Although there is no direct evidence that both forms exist in biology, such an alternative fold 
could have functional consequences. In most sites the sequences recognized by the MATa2 
monomers are identical. However, there are separations of two to three base pairs between the 
MCM 1- and MATa2-binding sites in the natural yeast promoters to which this transcription 
factor binds, and the different conformations may permit such variations to be tolerated. 
MATa2 can also form a complex with another transcriptional modulator, MAT al, and in this 

(a) 

context, the change in conformation may again allow MATa2 to accommodate differences in (b) 
the spacing of the sites on D A. The ability of parts of MATa2 to change conformation in 
different contexts could help this protein to bind to a number of sires on the genome. 

Asp 20 
I 

To probe the context dependence of the structures of shore polypeptide sequences, an 
11-amino-acid chameleon sequence has been designed that folds as an alpha helix when in one 
position but as a beta sheet when in another position of the primary sequence of the 
immunoglobulin-binding domain of protein G. This protein from Staphylococcus aureus binds 
to che Fe region of IgG antibodies and is thought to protect the bacteria from these antibodies 
by blocking their interactions with complement and Fe receptors. Both proteins, chameleon-alpha 
and chameleon-beta, are folded into structures similar to native protein G except for the small 
region of che chan1eleon sequence. 

These examples illustrate the general principle that the secondary structures of short peptide 
segments can often depend more on the tertiary structural context in which they are placed 
than on their intrinsic secondary structure propensities. The balance between inherent tendency 
and che effect of environment will be different for different sequences. If the free energies of a 
peptide in its alpha-helical and beca-sheec conformations are similar, then the energies of 
inreraccion between the peptide and the environment could be enough to rip the balance in 
favor of one or che ocher. 

(a) (b) a2 (cis) 

a2 (trans) 

MAfo2 (cis) MAfo2 (trans) 
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Chameleon sequence in the DNA­
binding protein MATa2 from yeast (a) The 
structure of the complex of MATa2 (blue and 
red) with its transcriptional co-regulator MCM1 
(yellow) bound to a target site in DNA. At such 
a site, two monomers of MATa2 bind to two 
(usually identical) DNA sequences on either 
side of two monomers of MCM1 . (b) An eight­
amino-acid sequence (red) adopts a beta­
strand conformation in one MAT cx.2 molecule 
(the cis monomer; light blue) and an alpha­
helical conformation in the other (the trans 
monomer; dark blue). (PDB 1 mnm) 
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4-15 Prions, Amyloids and Serpins: Metastable Protein Folds 

Figure 4-52 The prion protein This figure 
shows the soluble form of Syrian hamster 
prion protein PrPSc, which was generated by 
removing the amino terminus. This protein 
consists of residues 90-231, incorporating the 
region thought to be involved in the structural 
change. The protein was generated by refolding 
to produce the structure of the cellular form of 
the protein. The precise structure of the 
disease-causing form is not yet known, but is 
known to have much more beta sheet than the 
cellular form. 

(a)'ifj 
globular 
protein 

~ t partially 

( ~~~t~1n 
--+ 

~t 

Definitions 

(d) 

amyloid 
fibrils 

metastable: only partially stable under the given 
conditions. In the case of protein structures, a 
metastable fold exists in equilibrium with other con­
formations or with the unfolded state. 

A single sequence can adopt more than one stable structure 

The existence of chameleon sequences may reflect a general principle: that not all sequences 
fold into one unique structure. Some structures may be metastable------able ro change inro one 
or more different stable structures. But are complete protein sequences of such plasticity found 
in nature? It appears that the answer is yes although rarely, and that such cases are often, at least 
so far, associated with severe mammalian disease. The best characterized of these changeable 
structures is the prion associated with Creutzfeldt-Jakob disease (CJD) in humans and scrapie 
and bovine spongiform encephalopathy (BSE) in sheep and cattle (Figure 4-52). Prions are 
infectious proteins whose misfolded form is identical in sequence ro the normal cellular form 
of the same protein. The two forms have, however, quite different conformations and physical 
properties. The infectious form has a propensity to form aggregrates, possesses secondary srrucrure 
content that is rich in beta sheets, is partially resistant ro proteolysis, and is insoluble in nonionic 
detergents. In contrast, the cellular form contains little beta srructure, is sensitive to protease 
digestion, and is soluble in nonionic detergent. Contact with the infectious form causes the 
cellular counterpart to undergo pronounced conformational changes that lead, ultimately, co 
the formation of cyroroxic protein aggregates consisting almost entirely of the infectious 
conformation. Although the molecular events that lead to this profound conformational 
change are poorly undersrood, there is substantial evidence that the infectious form acts as a 
template directing the structural rearrangement of the normal form into the infectious one. 
Studies of synthetic peptides derived from the prion sequence indicate that a stretch of up to 

55 residues in the middle of the protein has the propensity to adopt both alpha-helical and 
beta-sheet conformations. Presumably, the infectious form arises spontaneously in a small 
number of molecules as a result of this inherent plasticity. 

A similar mechanism may underlie protein aggregate formation in a group of about 20 
diseases called amyloidoses, which include Alzheimer's, Parkinson's, and type II diabetes. 
Each disease is associated with a particular protein, and extracellular aggregates of these 
proteins are thought to be the direct or indirect origin of the pathological conditions associated 
with the disease. Strikingly, the so-called amyloid fibrils characteristic of these diseases arise 
from well known proteins, including lysozyme and transthyretin, that have well defined, 
stable, non-identical folds but produce fibrous protein aggregates of identical, largely beta-sheet, 
structure (Figure 4-53). 

Recent studies suggest that the ability to undergo a refolding leading ro amyloid formation is 
not unique to these proteins, but can be observed in many other proteins under laborarory 
conditions such as low pH. One conclusion from such findings is chat prions and other 
proteins that cause disease by chis mechanism may differ from the vast array of "normal" 
cellular proteins only in having sequences chat can undergo such refolding spontaneously 
under physiological conditions. Clearly, if this is the case, it is possible chat a single poinr 
mutation may convert a harmless protein into one that can refold spontaneously; such 
mutations have been found associated with some of the amyloidoses. 

Figure 4-53 A possible mechanism for the formation of amyloid fibrils by a globular protein The 
correctly folded protein (a) is secreted from the cell. Under certain conditions, or because it contains a 
mutation, the protein unfolds partially (b) or completely (c); the unfolded forms can also refold partially 
or completely. The partially unfolded form is prone to aggregation, which results in the formation of 
fibrils (d) and other aggregates that accumulate in the extracellular space. 
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Prions, Amyloids and Serpins: Metastable Protein Folds 4-15 

Structural plasticity can also be part of the normal function of a protein. Often, when this is 
the case, ligand binding or specific proteolytic modification is needed to drive one folded form 
into the other. Large, ligand-induced domain rearrangements such as that found in elongation 
factor Tu (see section 3-9) can be considered examples of different overall protein fo lds induced 
by the state of assembly. Perhaps the best example of a large structural rearrangement caused 
by limited proteolysis is found in the family of protein protease inhibitors called the serpins. 
Some protein protease inhibitors function as rigid substrate mimics; the serpins differ 
fundamentally in that the loop that recognizes and initially binds the protease active site is 
flexible and is cleaved by the protease. The serpin remains boW1d co the enzyme bur the cleavage 
triggers a refolding of the cleaved structure that makes it more stable: one segment of the 
cleaved loop becomes the central strand of an existing beta sheet in the center of the serpin, 
converting it from a mixed beta sheet to a more stable antiparallel form (Figure 4-54); in at 
least one case, the downstream segment also becomes the edge strand of another beta sheet. 
If the cleaved serpin is released it cannot reassociate with the protease because this refolding 
has made the recognition strand unavailable for binding. 

Mutations in serpins leading co misfolding and aggregation have also been found in some 
human diseases. For example, the so-called Z-variant of the serpin alpha1-antitrypsin (in which 
glutamic acid 342 is mutated to lysine) is retained within hepatocytes as inclusion bodies; this 
is associated with neonatal hepatitis and cirrhosis. The inclusion bodies form because the 
mutation perturbs the conformation of the protein, facilitating a sequential interaction 
between the recognition loop of one molecule and beta-sheet A of a second; this could be 
thought of as a pathological case of domain swapping (see section 2-4). 

(a) (b) 

active serpin Michaelis complex 
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F r -:,4 Structural transformation in a 
serine protease inhibitor on binding protease 
(a) The exposed reactive center loop (RCL; red) 
of the serpin alpha1-antitrypsin (grey) is shown 
binding to the target protease (blue) to form an 
enzyme-substrate complex, the Michaelis 
complex (b). The RCL of the serpin is then 
cleaved by the target protease, leading to the 
insertion of the unconstrained RCL Into the 
serpln beta sheet and the formation of a 
covalent complex that is trapped by release of 
the newly formed amino terminus of the serpin 
(c). This complex is then targeted for 
clearance. Adapted from Ye, S. and Goldsmith, 
E.J.: Curr. Opin. Struct. Biol. 2001 , 
11:740-745. 
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4-16 Functions for Uncharacterized Genes: Galactonate Dehydratase 
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F,gur 5 Active sites of MR, MLE, and 
enolase Schematic diagrams of the 
arrangements of the active-site residues of 
(a) mandelate racemase (MR), (b) muconate 
lactonizing enzyme (MLE) and (c) enolase. The 
types of amino acid that coordinate the divalent 
metal ion are conserved between the three 
enzymes. The other catalytic residues, however, 
are conserved neither in exact position nor in 
chemical type; nevertheless, these various 
residues can carry out similar chemistry. In 
each reaction, the carboxy group of the 
substrate forms a ligand to the metal ion in the 
active site, facilitating abstraction of a proton. 
The enolic intermediate resulting from this 
common core step is stabilized by interactions 
with other electrophilic groups in the active 
site. These groups differ among the three 
enzymes. The rest of the substrate-binding 
pocket differs considerably among the three 
enzymes. (PDB 1mns, 1muc and 1one) 

Determining biochemical function from sequence and structure 
ecomes mo e ace e as o e famil r "de ifiP. 

The identification of the function of the £. coli protein f587, known originally only as an 
uncharacterized open reading frame in rhe £. coli genome sequence, is an illustration of rhe 
importance of lateral thinking. In this case, the sequence and structural information was 
eventually interpreted in the lighr of the known generics and physiology of rhe bacterium. 

The story srarrs with the related enzymes mandelare racemase (MR) and muconare lactonizing 
enzyme (MLE) (see section 4-11). The enzyme enolase, which catalyzes rhe conversion of 2-phos­
pho-D-glycerate to phosphoenolpyruvare, was subsequently found to have a similar degree of 
sequence identity to MR and MLE (26%) and a similar distribution of conserved residues. Ir 
has the same polypeptide chain fold and many of the conserved residues map to the active-site 
region of the fold. Together, these three enzymes form part of the so-called enolase superfamily. 

With three related sequences and structures in hand, it became apparent that nor every part of 
the active sire was preserved (Figure 4-55). All three enzymes require at lease one divalent metal 
ion for activity, and the carboxylate ligands to these metal ions are present in all three proteins; 
in enolase however, glucarnic acid and asparric acid are substituted for one another. The 
remainder of the catalytic machinery is even more divergent in enolase. Yet, the residues are 
conserved in terms of their broad chemical role although not in terms of their identity. 
Glutamic acid 211 in enolase could in principle ace as a general acid-base group, just like lysine 
166 in MR and lysine 169 in MLE. On the other side of the substrate-binding pocket, lysine 
345 in enolase occupies the same position as lysine 273 in MLE; the corresponding position 
in the structure of MR is occupied by histidine 297, which might have a different role. All 
three enzymes use their bound metal ions in the same way-to activate a C-H bond adjacent 
to a carboxylate group for abstraction of rhe hydrogen by a base on the enzyme. 

MR has two substrates with the C-H bond in different positions (see Figure 4-38) and its 
function is to interconvert them; thus, two different acid-base groups are needed. In the case 
of enolase and MLE, only one proton needs to be abstracted and so only a single base is 
required. Thus, both lysine 166 and histidine 297 in MR function as acid-base groups. In 
MLE and enolase, however, the abstraction of a single proton is carried out only by lysine 169 
and lysine 345, respectively. This conserved base-catalyzed, metal-promoted proton-transfer 
step is the common function linking all three enzymes. 

Alignments based on conservation of residues that carry out the same 
active-site chemistry can identify more family members than sequence 
comparisons alone 

If chemistry is the conserved feature, rather than the absolute identity and position in the 
sequence of the groups char carry out the chemistry, then a more sophisticated approach to 
finding homologous sequences would be to search for patterns of residues that can perform the 
same chemistry regardless of their specific amino-acid identities. Such a search, using a special­
ized computer program, identified dozens of potential members of the enolase/MR/MLE 
superfamily, most of which could not have been detected by conventional sequence comparison. 

One of these predicted homologs, open reading frame f587 in the£. coli genome, coded for a 
protein of unknown function. Alignment of the f587 sequence with chose of the other three 
proteins on the basis of the conservation of active-site chemical function showed chat f587 
contains the requisite metal-ion ligands and conservation of an active-site histidine-histidine 
285-which aligns with histidine 297 of MR. From the position of this base, the prediction 
would be that the substrate for f587, whatever it might be, would be a carboxylace-containing 
molecule with a proton on an adjacent carbon that has the R-configuration, as does R-mandelate. 

In well studied model organisms, information from genetics and cell 
biology can help identify the substrate of an "unknown" enzyme and 
the actual reaction catalyzed 

The remaining problems-what is the substrate and overall reaction of f587-are insoluble 
from sequence and structural information alone. For f587, however, additional information 
was available. E. coli, like most bacteria, tends co organize its genes into operons encoding a set 
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of proteins that act in the same pathway. The genome sequence suggested that f587 is the 
fourth in a series of five open reading frames that could constitute a single operon. The other 
open reading frames were known to encode proteins involved in galactonate metabolism. They 
appear to be part of the pathway in which galactonate is imported into the cell by galactonate 
permease and then degraded stepwise into glyceraldehyde 3-phosphate and pyruvate. Given 
the proposed functions of the other proteins, the only function needed to complete chis 
pathway was galactonate dehydracase (GalD) (Figure 4-56). 

Dehydration of galactonate could be catalyzed by abstracting the 2-R proton via a catalytic 
base with assistance of a metal ion to activate the C-H bond. From its sequence, f587 appeared 
to contain all the necessary elements in the right stereochemical configuration to catalyze just 
such a reaction. To test the hypothesis that f587 encodes GalD, a cell-free extract of E. coli 
transformed with a plasmid overexpressing f587 was assayed for GalD activity. An alpha-keto 
acid was produced from galacronate, but not from other similar sugars. Subsequent purification 
of the f587 gene produce confirmed it as GalD. Finally, the crystal structure of GalD was 
determined with an analog of galactonate bound. The overall polypeptide chain fold (Figure 
4-57) is the same as that of MR, MLE, and enolase and the active sire also resembles chose of 
the other family members (Figure 4-58). 

The case of galactonate dehydratase shows that sequence comparisons can identify overall 
protein structure class and locate the active-site residues, even in cases of very low sequence 
identity. They can also provide specific information about bound ligands-in this case, a 
divalent metal ion-and about the residues that bind them. Comparison of a protein of 
unknown function with just one other homologous sequence will usually not identify the 
ocher active-sire residues or establish any commonality of function unless the overall sequence 
identity is very high. Comparisons of multiple sequences are much more informative, however, 
and will often be able to detect the functional groups that carry out the common core chemical 
step. When the active-site structures of at least some of che proteins being compared are 
known, the arrangement of these groups may also reveal rhe stereochemistry of the reaction 
being catalyzed. Bur what sequence and structure usually cannot do alone is to identify the 
substrate(s) of the reaction and the overall chemistry. Identification of chemistry is more reliable 
than identification of specificity. Proceeding from sequence to consequence in cases of very low 
sequence identity requires other sources of information, as illustrated by chis case study. 
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The pathway for the utilization 
of galactonate in £. coli o-galactonate is 
transported into the cell, dehydrated, 
phosphorylated, and then cleaved to produce 
glyceraldehyde 3-phosphate and pyruvate. This 
pathway allows the bacterium to grow on 
galactonate as a sole carbon source. The 
names of the genes and the enzyme activity 
they represent are given in the blue arrows. 
F587 has now been identified as the gene 
dgoD, encoding galactonate dehydratase. 

Structure of galactonate 
dehydratase The fold is the same as those 
of MR, MLE, and enolase (see Figure 4-40 
for MR and MLE). 

Schematic diagram of a model of 
the active site of galactonate dehydratase with 
substrate bound The metal-ion coordination 
and the disposition of the catalytic base 
histidine 285 and the electrophilic groups that 
interact with the substrate are similar to those 
found in MR, MLE and enolase, even though 
the overall reactions they catalyze are 
completely ditterent. 
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4-17 Starting from Scratch: A Gene Product of Unknown Function 

Figure 4-59 The three-dimensional structures 
of bacterial alanine racernase and yeast 
YBL036c The structure of the large domain of 
alanine racemase (a) is similar to the overall 
structure of YBL036c (b). The yeast protein 
lacks the largely antiparallel beta-sheet domain 
of the racemase; however, the active sites, 
indicated by the presence of the bound 
pyridoxal phosphate cofactor (shown in ball­
and-stick form) , are located in the same place 
in both proteins. (PDB 1 sft and 1 ct5) 
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Function cannot always be determined from sequence, even with the 
aid of structural information and chemical intuition 

About 30% of the 6,282 genes in the genome of the budding yeast Saccharomyces cerevisiae 
code for proteins whose function is completely unknown. One of these is gene YBL036c, 
whose sequence indicates that it encodes a protein of 257 amino acids. A comparison of this 
sequence against all genomic D A sequences in the databases as of 1 June 2002 indicates 
about 200 other proteins whose amino-acid sequences show a greater-than-chance similarity 
to that of YBL036c. The putative homologs come from every kingdom of life-and none has 
a known function. At the time of writing, chis is still true: although there are now clues to the 
function of the gene in yeast, the last chapter in this story is still to be written. What follows 
is an account of the avenues explored and where they lead. 

As homologs of YBL036c are ubiquitous, the protein is more likely to function in some 
fundamental cellular process rhan to be involved in, for example, some aspect of cell-cell 
communication chat would be confined to multicellular organisms. Thus yeast, a single-celled 
eukaryote whose complete genome sequence is known and whose metabolic processes can easily 
be studied by genetic methods, should be an ideal model organism in which to uncover the 
functions of chis family of proteins. 

YBL036c was selected as one of the first gene products to be studied in a project aimed at 
determining srrucrures for yeast proteins which, because of the absence of clear sequence 
similarity to ocher proteins, seemed likely to have novel folds. In face when the three-dimensional 
structure was determined by X-ray crystallography it proved to have a familiar fold: the 
triosephosphate isomerase alpha/beta barrel (Figure 4-59). This is yet another clear illustration 
of the fact chat a protein fold can be encoded by very divergent sequences. Structural comparison 
between this three-dimensional fold and al] other folds in the srructural database shows the 
greatest similarity with the large domain of rhe bacterial enzyme alanine racemase. Like 
alanine racemase, the structure ofYBL036c also revealed a covalently bound pyridoxal phosphate 
cofactor, which accounts for the yellow color of the purified protein. 

Comparison of rhe active sites of alanine racemase and YBL036c revealed both similarities and 
important differences. The essential lysine residue required of all pyridoxal-phosphate-dependent 
enzymes is present, covalently linked to the cofactor (Figure 4-60). A second interaction between 
the protein and the cofactor chat is diagnostic for the chemical function of bacterial alanine 
racemase, an arginine interacting with the pyridine nitrogen of the cofactor, is also present in 
YBL036c. However, there were several significant differences. Alanine racemase is an obligatory 
dimer: residues from both subunits contribute to each ocher's active sites. In addition, alanine 
racemase has a second domain, which also contributes residues to the active sire. YBL036c is a 
monomer and lacks the second domain entirely. Consequently, a number of residues found in 
the active site of alanine racemase are not present in the active site of YBL036c, raising the 
question of whether the biochemical function of alanine racemase has been preserved. 

At chis point, sequence and structure can tell us nothing further about function. Additional 
experimental approaches are needed (see Figure 4-1). The purified protein was first assayed to 
see if it had any alanine racemase activity, but it did not. More general methods of determining 
function must be tried. (Several of these are briefly described in section 4-4.) 

Location of a protein within the cell is often informative about the cellular, if not biochemical, 
function. Sometimes, clues to location can be found in the sequence: for example, a carboxy­
terminal KDEL sequence codes for retention of a protein in the endoplasmic reticulum. Other 
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Starting from Scratch: A Gene Product of Unknown Function 4-17 

sequence motifs specify transport into the nucleus, secretion from the cell, and so forth. YBL036c 
has no such motifs in its sequence, so more direct methods of determining localization must 
be used. The most common of these is the fusion of the protein of interest with a protein chat 
can be visualized in the cell by antibody staining or intrinsic fl uorescence. Fusion to green 
fluorescent protein (GFP), originally isolated from jeUyfish, is a widely used strategy. Efforts 
are underway co apply these methods systematically to all the gene products in the yeast 
genome. By the GFP method, YBL036c was found distributed throughout the cell. 

In eukaryotic cells in particular, the function of every protein is likely co depend in some 
manner on interaction with one or more other proteins. Demonstrating a physical interaction 
between two proteins can thus provide a clue co cellular or biochemical function if the function 
of one of chem is known. Several different approaches co discovering such interactions have 
been developed. These include co-immunoprecipitation or affinity chromocography from cell 
extracts followed by mass spectroscopy to identify the interacting parmer(s), and cell-based 
methods such as the yeast two-hybrid screen (see section 4-4). Application of the two-hybrid 
method to YBL036c detected one interacting partner, another protein of unknown function. 

Proteins function in regulacory networks inside the cell; their expression patterns change with 
changes in external and internal conditions and proteins char perform similar functions often 
display similar patterns of expression. Thus, clues co the function of a gene product can come 
from analysis of the pattern of its expression under different conditions and comparison with the 
patterns of ocher proteins of known function. Two widely used methods for studying expression 
are two-dimensional gel electrophoresis, which measures protein levels directly, and DNA 
microarrays, which measure levels of mRNA. Both can be applied to whole genomes or subsets of 
the genome. Microarray analyses of yeast gene expression have been carried out by many different 
laboratories under hundreds of different conditions; most contain information about YBL036c. In 
general, YBL036c is expressed in all stages of the cell cycle and in all growth conditions tested. Its 
expression is broadly the same as that of a number of genes that code for proteins involved in 
amino-acid metabolism. Its expression is upregulaced slightly in a variety of stress conditions. 

If a gene is not essential for the survival of an organism, deleting it from the genome can often 
give rise co a phenotype suggestive of function. Microarray analysis of such a deletion strain 
should show changes in the expression of genes whose function is in some manner coupled 
with chat of the gene chat has been deleted. YBL036c is not an essential gene in yeast: the 
deletion strain is viable and shows no growth defect under a variety of conditions. However, 
there is a subtle phenotype when the yeast cells form spores. Instead of being dispersed, the 
spores clump cogether. Electron microscopy of the spore shows that the ascus containing the 
spores and the spores themselves have an abnormal wall structure. Since sporulation requires 
remodeling of cell-wall structures, this phenotype implies char YBL036c is involved in this 
process. Microarray analysis of the deletion strain supports this conclusion: genes involved in 
cell-wall biosynthesis show changes in expression levels when YBL036c is absent. 

Although these genome-wide methods have suggested a cellular process in which YBL036c 
participates, a great deal of information is still needed co fully describe the workings of this gene 
product within the cell. The active-site architecture suggests that the protein may be an amino­
acid racemase, but the substrate has yet to be identified. If YBL036c produces a O-amino acid, 
as such activity would indicate, the role of chis product in cell-wall structure remains to be 
determined. As animal cells do not have cell walls, the cellular function of YBL036c homologs 
in chose organisms might be somewhat different. It is clear from this example that the cask of 
determining the funccion(s) of a gene is one chat does not end with a single organism. 

(b) 

Comparison of the active sites of 
bacterial alanine racemase and YBL036c 
(a) Alanine racemase; (b) YBL036c. Although 
many of the interactions between the pyridoxal 
phosphate cofactor (shown in purple) and 
protein side chains are different in the two 
active sites, two interactions are preserved: a 
covalent linkage to a lysine residue, and the 
interaction of a nitrogen atom in the pyridine 
ring of the cofactor with an arginine residue. 
The lysine interaction is diagnostic of all 
pyridoxal-phosphate-dependent enzymes; the 
interaction with arginine is diagnostic for 
pyridoxal-phosphate-dependent amino-acid 
racemases. 
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5 
Structure Determination 

Most of the protein structures described and discussed in chis book have been determined 
either by X-ray crystallography or by nuclear magnetic resonance (NMR) spectroscopy. 
Although these techniques both depend on data derived from physical techniques for 
probing structure, their interpretation is not unambiguous and entails assumptions and 
approximations often depending upon knowledge of the protein from ocher sources, 
including its biology. This chapter briefly describes how structures are determined by 
X-ray crystallography and NMR, how the data are interpreted, and what contributes co 
the accuracy of a structure determination. 

5-1 The Interpretation of Structural Information 

5-2 Structure Determination by X-Ray Crystallography and NMR 

5-3 Quality and Representation of Crystal and NMR Structures 
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5-1 The Interpretation of Structural Information 

(c) 

Figure 5-1 Portion of a protein electron 
density map at three different resolutions 
The peptide corresponding to the electron 
density map (serine, valine, valine, methionine, 
threonine, isoleucine) is superimposed. (a) At 
3-A resolution the fold of the polypeptide chain 
can be seen and the approximate positions of 
side chains can be determined. lnteratomic 
distances can only be measured to± about 
0.5 A. (b) At 2-A resolution side chains are well 
delineated and the peptide carbonyls of the 
backbone are discernible, allowing the chain to 
be oriented with precision. lnteratomic dis­
tances can be measured to a precision of about 
0.2 A. Approximately three times as many data 
are required for this resolution as were used at 
3-A resolution. (c) At 1-A resolution atoms are 
visible and resolved. lnteratomic distances can 
be measured to a precision of a few hundredths 
of an Angstrom. Almost 30 times more data are 
required for this resolution as were used at 3-A 
resolution. In favorable cases, the position of 
hydrogen atoms can be inferred at this reso­
lution. Note that at high resolution (c) there is 
no electron density for the methyl group of the 
methionine side chain because it is disordered. 
At lower resolutions (a and b), it appears that 
such density is present, but this is actually the 
density of the heavier sulfur atom. Since at low 
resolution electron density is more diffuse, the 
entire thio-ether portion of the side chain can be 
fitted into the sulfur density. Kindly provided by 
Aaron Moulin. 

168 Chapter 5 Structure Determination 

Experimentally determined protein structures are the result of the 
interpretation of different types of data 

Much of the content of chis book depends on a detai.led understanding of the structure of proteins 
at the atomic level. The atomic structures of biological macromolecules can be determined by 
several techniques: although a few have been determined by electron microscopy, the vast 
majority have been obtained by either single crystal X-ray diffraction, generally known as X-ray 
crystallography, or by nuc/,ear magnetic resonance spectroscopy, generally known as NMR. How 
chis is done, in both cases, is briefly explained in the next section. Here, we describe rhe kind 
of information these techniques produce, and how it can be interpreted. 

Both X-ray crystallography and NMR produce information on the relative positions of the 
acorns of the molecule: these are termed atomic coordinates. Because X-rays are scattered 
from the electron cloud of the atoms, whereas MR measures rhe interactions of atomic 
nuclei, X-ray crystallography provides the positions of all non-hydrogen atoms whereas 
NMR provides the positions of all acorns including hydrogen. However, rhe coordinate sets 
provided in this way represent the interpretation of the primary data obtained in each case. 
The precision and accuracy with which coordinates can be derived from these data depend 
on several factors that are different for the two methods. The objective end-product of a 
crystallographic structure determination is an electron density map (Figure 5-1), which is 
essentially a contour plot indicating those regions in the crystal where the electrons in the 
molecule are to be found. Human beings must interpret chis electron density map in terms 
of an atomic model, aided by semi-automatic computational procedures. The objective 
end-product of an NMR structure determination is usually a set of distances between 
atomic nuclei that define both bonded and non-bonded close contacts in the molecule. 
These must be interpreted in terms of a molecular structure, a process that is aided by auto­
mated methods. 

Because interpretation in each case requires assumptions and approximations, macromolecular 
strucmres can have errors. In most cases, these errors are small, and only affect a small part of 
the structure. However, such errors can be quite large: cases of completely incorrect structures, 
though rare, have been reported. 

The choice of technique depends on several factors, including the molecular weight, solubility 
and ease of crystallization of the protein in question. For proteins and protein complexes with 
molecular weights above 50-100 kDa, X-ray crystallography is the method of choice. For 
smaller proteins or protein complexes, either method may be usable but X-ray diffraction will 
usually provide more precise structural information than NMR provided the species crystallizes 
easily and is well ordered in the crystal. For molecules that are hard to crystallize and can be 
dissolved at reasonably high concentrations without aggregation, NMR is the method of 
choice. In many cases however, both techniques can be used and provide complementary 
information, since crystallographic images are static bur NMR can be used to study the 
flexibility of proteins and their dynamics over a wide range of rime scales. 

Both the accuracy and the precision of a structure can vary 

It is essential to appreciate the distinction between the accuracy of an experimentally determined 
structure and its precision. The latter is much easier to assess than the former. We define the 
precision of a structure determination in terms of the reproducibility of its atomic coordinates. 
If the data allow the equilibrium position of each atom to be determined precisely, then the 

Definitions 

atomic coordinate: the position in three-dimensional 
space of an atom in a molecule relative to all other 
atoms in the molecule. 

electron density map: a contour plot showing the dis­
tribution of electrons around the atoms of a molecule. 

resolution: the level of detail that can be derived 
from a given process. 
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The Interpretation of Structural Information 5-1 

same structure determined independently elsewhere should yield atomic coordinates char agree 
very closely with the first sec. Precise coordinates are usually reproducible to within a few 
tenths of an Angstrom. 

Accuracy refers to whether or not the structure is correct, but there are two ways to define 
correctness. A structure may be right but irrelevant: the protein may be in a conformation chat 
is determined by the experimental conditions rather than its biological context. Such cases are 
rare, but they have occurred. Ir is also possible to interpret the experimental data incorreccly, 
yielding a structure that is not and could not possibly be correct, either in whole (rarely) or in 
part. Often it is possible to determine that a structure has been built incorreccly on the basis 
of the known rules of how proteins fold and their properties when they are folded. It is not 
possible to determine the correctness of minor derails unless there is a biological experiment 
char can probe the structure at char position. For example, the involvement of a residue in 
catalysis predicted by the structure can be reseed by mutating it to one that cannot perform the 
required catalytic function. Ultimately, the accuracy of a structure can best be assessed by the 
answer to a simple question: is the structure consistent with the body of biochemical and 
biological information about the protein? 

Sometimes, part of a structure may be invisible to the experimental method used. This can 
arise because chat part of the molecule is disordered and therefore does not contribute to the 
reflected X-rays in a crystallographic experiment or, in an NMR experiment, atoms may not 
be close enough to interact strongly. 

The information content of a structure is determined by its resolution 

Precision and accuracy of a structure are related: the more precise a structure determination is, 
the less likely it is to have gross errors. What links precision with accuracy is the concept of 
resolution. 

Crystallographers express the resolution of a structure in terms of a distance: if a structure has been 
determined at 2-A resolution then any atoms separated by more than about this distance will 
appear as separate maxima in the electron densiry contour plot, as we explain in the next section, 
and their positions can be obtained directly ro high precision. Atoms closer together than the 
resolution limit will appear as a fused electron densiry feature, and their exact positions must be 
inferred from the shape of the electron densiry and knowledge of the chemical structure of amino 
acids or nucleotides (Figure 5-1). Since the average C-C single bond distance is 1.5 A, the preci­
sion with which the individual atoms of, say, an inhibitor bound to an enzyme can be located will 
be much greater at 1.5-A resolution than in a structure determined at, say, 3-A resolution. 

NMR spectroscopiscs express resolution somewhat differently. MR structures are determined 
as ensembles of similar models (Figure 5-2): we explain in the next section how these are 
derived. However, since more than one closely related model will fie the data, the effective 
resolution of an MR scructure is given by the extent of the differences between these models, 
expressed as a root-mean-square deviation (RMSD) of their atomic coordinates. The smaller 
rhe deviation, the more precise (and, presumably accurate) the NMR structure is believed to 
be, and therefore the higher its effective resolution. 

In the case of both X-ray and NMR structures, what sets the resolution limit is the intrinsic 
order of rhe protein plus the amount of data chat the experimenter is able to measure. The 
greater the amount of data, the higher the resolution, and the higher the resolution, the more 
precise and accurate the information char can be extracted from the structure. 

In favorable cases, the resolution of a macromolecular structure determination by crystallography 
is such chat the relative positions of all non-hydrogen atoms are known to a precision of a few 
tenths of an Angstrom. 

NMR structure ensemble The figure shows the superposition of the set of models derived 
from the internuclear distances measured for this protein in solution. Note that different portions of the 
structure are determined with different precision. Blue represents beta strands, red represents alpha 
helices, grey represents loops. This figure should not be taken to indicate the flexibility of segments of 
the protein: different regions may be poorly defined because there are insufficient data to constrain the N 

structure, and not because the structures are mobile. 
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5-2 Structure Determination by X-Ray Crystallography and NMR 

X-rays 

Protein crystallography involves summing the scattered X-ray waves 
f o a macromolecular crystal 

The steps in solving a protein crystal structure at high resolution are diagrammed in Figure 5-3. 
First, the protein must be crystallized. This is often the rare-limiting step in straightforward 
structure determinations, especially for membrane proteins. Then, the X-ray diffraction pattern 
from rhe crystal must be recorded. When X-rays strike a macromolecular crystal, the atoms in 
rhe molecules produce scattered X-ray waves which combine to give a complex diffraction 
pattern consisting of waves of different amplitudes. What is measured experimentally are the 
amplitudes and positions of the scattered X-ray waves from the crystal. The structure can be 
reconstructed by summing these waves, but each one must be in the correct registration with 
respect to every ocher wave, that is, the origin of each wave must be determined so chat they 
sum to give some image instead of a sea of noise. This is called the phase problem. Phase 
values must be assigned to all of the recorded data; chis can sometimes be done computationally, 
but is usually done experimentally by labeling the protein with one or more heavy atoms whose 
position in the crystal can be determined independently. The phased waves are then summed 
in three dimensions to generate an image of the electron density distribution of rhe molecule 
in rhe crystal. This can be done semi-automatically or by hand on a computer graphics system. 
A chemical model of part of the molecule is docked into the shape of each part of the electron 
part of the electron density (as shown in Figure 5-3). This fitting provides the first picture of 
the structure of the protein. The overall model is improved by an iterative process called refine­
ment whereby the positions of the atoms in the model are tweaked until rhe calculated 
diffraction pattern from the model agrees as well as can be with the experimentally measured 
diffraction pattern from the actual protein. There is no practical limit to the size of the protein 
or protein complex whose structure can be determined by X-ray crystallography. 

refinement 

phases filling 

crystals (enlarged view) diffraction patterns electron density maps atomic models 

i ure 5 3 Structure determination by X-ray crystallography The first step in structure determination by X-ray crystallography is the crystallization of the 
protein. The source of the X-rays is often a synchrotron and in this case the typical size for a crystal for data collection may be 0.3 x 0.3 x 0.1 mm. The crystals 
are bombarded with X-rays which are scattered from the planes of the crystal lattice and are captured as a diffraction pattern on a detector such as film or an 
electronic device. From this pattern, and with the use of reference-or phase-information from labeled atoms in the crystal, electron density maps (shown here 
with the corresponding peptide superimposed) are computed for different parts of the crystal. A model of the protein is constructed from the electron density 
maps and the diffraction pattern for the modeled protein is calculated and compared with the actual diffraction pattern. The model is then adjusted-or refined­
to reduce the difference between its calculated diffraction pattern and the pattern obtained from the crystal, until the correspondence between model and reality 
is as good as possible. The quality of the structure determination is measured as the percentage difference between the calculated and the actual pattern. 

Definitions 

phase problem: in the measurement of data from an 
X-ray crystallographic experiment only the amplitude 
of the wave is determined. To compute a structure, the 
phase must also be known. Since it cannot be deter­
mined directly, it must be determined indirectly or by 
some other experiment. 
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NMR spectroscopy involves determining internuclear distances by 
measuring perturbations between assigned resonances from atoms in 
the protein in solution 

Unlike crystallography, structure determination by NMR (Figure 5-4) is carried out on proteins 
in solution, bur the protein muse be soluble without aggregating at concentrations close to 
those of a protein in a crystal lattice. NMR structure determination requires cwo types of data. 
The first is measurement of nuclear magnetic resonances from protons and isotopically labeled 
carbons and nitrogens in the molecule. Different nuclei in a protein absorb elecuomagnetic 
energy (resonance) at different frequencies because their local electromagnetic environments 
differ due to the three-dimensional structure of the protein. These resonances must be assigned 
to atoms in specific amino acids in the protein sequence, a process that requires several specific 
rypes of experiments. The second set of data consists of internuclear distances that are inferred 
from perturbing the resonance of different atoms and observing which resonances respond; 
only atoms within 5 A of each other show this effect, and its magnitude varies with the distance 
between them. The set of approximate internuclear distances is then used to compute a 
structure model consistent with the data. Since the distances are imprecise, many closely related 
models may be consistent with the observations, so NMR structures are usually reported as 
ensembles of atomic coordinates. In practice, if a structure is determined by both NMR and 
X-ray diffraction, it is usually found that the average of the NMR ensemble closely resembles 
the crystal structure. As a general rule, there are practical limitations to the determination 
of the structure of a complete protein by NMR: a molecular weight of about 50 kDa is 
considered a very large protein for NMR. In special cases, domains or portions of much 
larger proteins or complexes can be studied. 

Unlike X-ray diffraction, which presents a static picture (an average in time and space) of the 
structure of a protein, NMR has the capability of measuring certain dynamic properties of 
proteins over a wide range of time scales. 

purified, labeled protein NMR spectrometer 

data 
collection 

13C = 22.9 ppm 

TI 
E ., 
.c u 
~ 

1 H chemical shift (ppm) 

resonance assignment and 
internuclear distance measurement 

data 
analysis 

protein structure 

Figure 5· Structure determination by NMR For protein structure determination by NMR, a labeled protein is dissolved at very high concentration and placed 
in a magnetic field, which causes the spin of the hydrogen atoms to align along the field. Radio frequency pulses are then applied to the sample, perturbing the 
nuclei of the atoms which when they relax back to their original state emit radio frequency radiation whose properties are determined by the environment of the 
atom in the protein . This emitted radiation is recorded in the NMR spectrometer for pulses of differing types and durations (for simplicity, only one such record 
is shown here), and compared with a reference signal to give a measure known as the chemical shift. The relative positions of the atoms in the molecule are 
calculated from these data to give a series of models of the protein which can account for these data. The quality of the structure determination is measured as 
the difference between the different models. 
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The quality of a finished structure depends largely on the amount of 
data collected 

Boch X-ray and NMR structure determination have statistical criteria for the quality of che 
atomic model produced. Crystallographers usually speak of R-factors, which represent che 
percentage disagreement becween the observed diffraction pattern and chat calculated from 
che final model. R-faccors of around 20% or less are considered indicative of well deter­
mined structures that are expected co contain relatively few errors. NMR speccroscopists 
usually report overall root mean square deviation (RMSD) becween che atoms in secondary 
structure elements in all coordinate sets in the ensemble of structures consistent with the 
experimental data. In practice, RMSDs of 0.7 A are considered good, indicating a structure 
determination of high precision. RMSDs of around 1 A are considered acceptable. 

There is no substitute for high resolution. Ir makes the structure determination easier and 
more reliable. The closer one gets to true atomic resolution in X-ray crystallography (beccer 
than 1.5 A), the less ambiguity one has in positioning every atom. Atomic resolution allows 
one to detect mistakes in the biochemically determined or genomically derived amino-acid 
sequence, to correct preliminary incorrect chain connectivity, and to identify unexpected 
chemical features in the molecule. Incorrect crystal structures are almost never reported from 
high-resolution data. Most of the mistakes in protein crystallography have been made 
because a medium-resolution structure has been misinterpreted or overinterpreted. In 
NMR, the general rule is the more internuclear distances measured rhe better. Mose of the 
mistakes that have been made in NMR structure determination have resLLlted from either 
incorrect assignment of a set of resonances to a particular pare of a protein or che failure to 
measure enough internuclear distances. 

Different conventions for representing the structures of proteins are 
useful for different purposes 

Atomic coordinate sets make for boring reading, so protein structures are presented visually. 
There are a number of different ways to render a protein structure, depending on the infor­
mation char one wishes to convey. The fold of the polypeptide chain can be depicted as a wire 
model chat follows the path of the backbone (Figure 5-5a), which is useful for example in 
comparisons of two conformations of the same molecule (see Figure 1-80); or ic can be 
depicted as a ribbon diagram in which alpha helices and beta sheets are graphically stylized 
(Figure 5-56): chis not only makes the overall fold easily recognizable, but makes particular 
secondary structure elements or loops that may have particular functional significance easily 
recognizable. Detail of the structure at the atomic level can be rendered by means of a ball­
and-stick model (Figure 5-5c) in which the balls are colored or sized by type of acorn and 
covalent bonds are represented by perspective sticks; such drawings are to scale so relative 
bonded and non-bonded distances can be assessed, which is important for evaluating inter­
actions. Atoms as volumes can be represented by space-filling drawings in which each atom is 
given a sphere scaled co its van der Waals radius (Figure 5-5d): this representation is particularly 
useful for assessing the fit of a ligand to a binding site (see Figure 2-86). Finally, to emphasize 
che protein surface chat is created by the space-filling nature of atoms, a surface topography 
image can be produced (Figure 5-5e). Such an image can be colored according to different local 
properties such as the electrostatic potential at different points in the molecule. In this book, 
all of these different methods of visualizing structures are used. 
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Quality and Representation of Crystal and NMR Structures -3 

Different ways of presenting a protein structure The structure of the catalytic and P domains of the protease Kex2 is shown in different styles. 
(a) "Wire" diagram showing the path of the polypeptide backbone. (b) Ribbon diagram highlighting the secondary structure elements. Beta strands are depicted 
as arrows with the arrow head being at the carboxyl terminus. Alpha helices are drawn as coiled ribbons. (c) Ball -and-stick model of a small part of the protein 
structure, showing details of amino-acid interactions. (d) Space-filling representation in which every non-hydrogen atom is shown as a sphere of its van der 
Waals radius. (e) Surface representation (sometimes called a GRASP image after the program that computes it) in which the topography of the protein surface 
is shown and the electrostatic characteristics of the surface are highlighted in color (red for negative, blue for positive). Kindly provided by Todd Holyoak. 
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Glossary 
acid: a molecule or chemical group that donates a pro­
ton, either to water or to some other base. (2-12) 

acid-base catalysis: catalysis in which a proton is 
transferred in going to or from the transition state. 
When the acid or base that abstracts or donates the 
proton is derived directly from water (W or OH-) this is 
called specific acid-base catalysis. When the acid or 
base is not W or OH-, it is called general acid-base 
catalysis.Nearly all enzymatic acid-base catalysis is gen­
eral acid-base catalysis. (2 12, 

activation energy: the energy required to bring a 
species in a chemical reaction from the ground state to 
a state of higher free energy, in which it can transform 
spontaneously to another low-energy species. :2-6) 

activation-energy barrier: the higher-energy region 
between two consecutive chemical species in a reaction. 
.2-6 

activation loop: a stretch of polypeptide chain that 
changes conformation when a kinase is activated by 
phosphorylation and/or protein binding. This segment 
may or may not be the one containing the residue that 
is phosphorylated to activate the kinase. Usually, in the 
inactive state, the activation loop blocks access to the 
active site. 3- 13, 

activation segment: see activation loop. 

active site: asymmetric pocket on or near the surface 
of a macromolecule that promotes chemical catalysis 
when the appropriate ligand (substrate) binds. 2 1 

affinity: the tightness of a protein-ligand complex. 
2-4 

alignment: procedure of comparing two or more 
sequences by looking for a series of characteristics 
(residue identity, similarity, and so on) that match up in 
both and maximize conservation, in order to assess 
overall similarity. ,4-1 

allosteric activator: a ligand that binds to a protein 
and induces a conformational change that increases 
the protein's activity. 13-5, 

allosteric inhibitor: a ligand that binds to a protein 
and induces a conformational change that decreases 
the protein's activity. 3-5) 

allostery: the property of being able to exist in two 
structural states of differing activity. The equilibrium 
between these states is modulated by ligand binding. 
3 <; 

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. 1-18 

alpha/beta domain: a protein domain composed of 
beta strands connected by alpha helices. - 7' 

alpha+beta domain: a protein domain containing sep­
arate alpha-helical and beta-sheet regions. 1 1" 

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. 

0 

alpha domain: a protein domain composed entirely of 
alpha helices. 7 

alpha helix: a coiled conformation, resembling a right­
handed spiral staircase, for a stretch of consecutive 
amino acids in which the backbone -N-H group of 
every residue n donates a hydrogen bond to the C=O 
group of every residue n+4. 1 5 

alternative splicing: the production of different versions 
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of the fina l protein sequence from a gene sequence by 
the removal during RNA processing of portions of the 
RNA contain ing or affecting coding sequences. (1·2) 

amide bond: a chemical bond formed when a car­
boxylic acid condenses with an amino group with the 
expulsion of a water molecule. (1-3) 

amphipathic: having both polar and nonpolar charac­
ter and therefore a tendency to form interfaces between 
hydrophobic and hydrophilic molecules. (1-1) 

amphipathic alpha helix: an alpha helix with a 
hydrophilic side and a hydrophobic side. (1-6) 

anisotropic: behaving differently in different direc­
tions; dependent on geometry and direction. (2-4) 

antiparallel beta sheet: a beta sheet, often formed 
from contiguous regions of the polypeptide chain, in 
which each strand runs in the opposite direction from 
its immediate neighbors. 11-7) 

atomic coordinate: the position in three-dimensional 
space of an atom in a molecule relative to all other 
atoms in the molecule. (5· 1) 

autophosphorylation: phosphorylation of a protein 
kinase by itself. Autophosphorylation may occur when 
the active site of the protein molecule to be phospho­
rylated catalyzes this reaction (cis autophosphoryla­
tion) or when another molecule of the same kinase pro· 
vides the active site that carries out the chemistry (trans 
autophosphorylation). Autophosphorylation in trans 
often occurs when kinase molecules dimerize,a process 
that can be driven by ligand binding as in the receptor 
tyrosine kinases. (3-13: 

backbone: the regularly repeating part of a polymer. In 
proteins it consists of the amide -N-H, alpha carbon 
-C-H and the carbonyl -C=O groups of each amino acid 
residue in the polypeptide chain. Residues are linked to 
each other by means of peptide bonds.'1-0, 1-3) 

base: (in a nucleic acid) the aromatic group attached to 
the sugar of a nucleotide. '1-2 

base: (in chemistry) a molecule or chemical group that 
accepts a proton, either from water or from some other 
acid. 2-121 

beta barrel: a beta sheet in which the last strand is 
hydrogen bonded to the first strand, forming a closed 
cylinder. 1-7' 

beta domain: a protein domain containing only beta 
sheet. 11-17 

beta sandwich: a structure formed of two antiparallel 
beta sheets packed face to face. 1- 7' 

beta sheet: a secondary structure element formed by 
backbone hydrogen bonding between segments of 
extended polypeptide chain. 1-5 

beta turn: a tight turn that reverses the direction of the 
polypeptide chain, stabilized by one or more backbone 
hydrogen bonds. Changes in chain direction can also 
occur by loops, which are peptide chain segments with 
no regular conformations. ·S, 

bifunctional: having two distinct biochemical func­
tions in one gene product. Bifunctional enzymes cat­
alyze two distinct chemical reactions. :2-15 

BLAST: a family of programs for searching protein and 
DNA databases for sequence similarities by optimizing 
a specific similarity measure between the sequences 
being compared. 4-2 

catalyst: a substance that accelerates the rate of a reac­
tion without itself being permanently altered. ,2·6 

catalytic triad: a set of three amino acids that are hydro­
gen bonded together and cooperate in catalysis. ,2-14) 

cavity: a completely enclosed hole in the interior of a 
protein. Cavities may contain one or more disordered 
water molecules but some are believed to be com­
pletely empty. (2-3) 

chameleon sequence: a sequence that exists in differ­
ent conformations in different environments. (4-14) 

chaperone: a protein that aids in the folding of another 
protein by preventing the unwanted association of the 
unfolded or partially folded forms of that protein with 
itself or with others. (1-9) 

chromatin: the complex of DNA and protein that com­
prises eukaryotic nuclear chromosomes. The DNA is 
wound around the outside of highly conserved histone 
proteins, and decorated with other DNA-binding proteins . 
(3-20) 

co-activator: a regulatory molecule that binds to a 
gene activator protein and assists its binding to DNA. 
(3·5) 

codon: three consecutive nucleotides in a strand of 
DNA or RNA that represent either a particular amino acid 
or a signal to stop translating the transcript of the gene. 
The formula for translating the codons is given by the 
genetic code. (1-2) 

coenzyme: a cofactor that is an organic or organo­
metallic molecule and that assists catalysis. 2-13) 

cofactor: a small, non-protein molecule or ion that is 
bound in the functional site of a protein and assists in 
ligand binding or catalysis or both. Some cofactors are 
bound covalently, others are not. (1-13, 2-13 

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. (l 19) 

competitive inhibitor: a species that competes with 
substrate for binding to the active site of an enzyme 
and thus inhibits catalytic activity. ,3-0) 

conservative substitutioQ: replacement of one amino 
acid by another that has similar chemical and/or physi· 
cal properties. (1-2) 

conserved: identical in all sequences or structures 
compared. 14-1 

convergent evolution: evolution of structures not 
related by ancestry to a common function that is 
reflected in a common structure. 1-16, 4-5 

cooperative binding: interaction between two sites 
on a protein such that the binding of a ligand to the 
first one affects the properties-usually binding or cat­
alytic-of the second one. (3-4) 

cooperativity: interaction between two sites on a pro­
tein such that something that happens to the first one 
affects the properties of the second one. 13·4• 

coordinate covalent bond: a bond formed when a 
lone pair of electrons from an atom in a ligand is donat­
ed to a vacant orbital on a metal ion. 1 13 

co-repressor: a regulatory molecule that binds to a gene 
repressor protein and assists its binding to DNA. (3-51 

cross-linked domain: a small protein domain with lit­
tle or no secondary structure and stabilized by disul­
phide bridges or metal ions. ( 1-17 

decarboxylation: removal of carbon dioxide from a 
molecule. :2- l 
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Glossary: degenerate 

degenerate: having more than one codon for an 
amino acid. 1-21 

denaturant: a chemical capable of unfolding a protein 
in solution at ordinary temperatures. -12 

denatured state: the partially or completely unfolded 
form of a biological macromolecule in which it is inca­
pable of carrying out its biochemical and biological 
functions. (1-121 

dimer: an assembly of two identical (homo-) or differ­
ent (hetero-) subunits. In a protein, the subunits are 
individual folded polypeptide chains. 1-19) 

dipole moment: an imaginary vector between two 
separated charges that may be full or partial. Molecules 
or functional groups having a dipole moment are said 
to be polar. 1-3) 

disulfide bridge: a covalent bond formed when the 
reduced -5-H groups of two cysteine residues react 
with one another to make an oxidized -5-5- linkage. 
(1-4) 

divergent evolution: evolution from a common ances­
tor. (4-5) 

ONA microarray: an ordered array of nucleic acid mol­
ecules, either cDNA fragments or synthetic oligonu­
cleotides, where each position in the array represents a 
single gene. (4-4 

domain: a compact unit of protein structure that is 
usually capable of folding stably as an independent 
entity in solution. Domains do not need to comprise a 
contiguous segment of peptide chain, although this is 
often the case. (1-14) 

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. (1-15) 

domain swapping: the replacement of a structural ele­
ment of one subunit of an oligomer by the same struc­
tural element of the other subunit, and vice versa. The 
structural element may be a secondary structure ele­
ment or a whole domain. (2-4) 

dominant-negative: dominant loss of function due to 
a single mutant copy of a gene.This can occur when the 
mutant subunit is able to oligomerize with normal sub­
units to form a non-functional protein, thereby produc­
ing a loss-of-function phenotype even in the presence 
of a normal copy of the gene. (1-20) 

effector: a species that binds to a protein and modifies 
its activity. Effectors may be as small as a proton or as 
large as a membrane and may act by covalent binding, 
noncovalent binding, or covalent modification. (3-0: 

effector ligand: a ligand that induces a change in the 
properties of a protein. (3-4) 

electron density map: a contour plot showing the dis­
tribution of electrons around the atoms of a molecule. 
(5-1) 

electrostatic interactions: noncovalent interaction 
between atoms or groups of atoms due to attraction of 
opposite charges. (1-4) 

enthalpy: a form of energy, equivalent to work, that can 
be released or absorbed as heat at constant pressure. 
(112) 

entropy: a measure of the disorder or randomness in a 
molecule or system. 1-12) 
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equilibrium: the state at which the rate of the forward 
reaction and the rate of the reverse reaction in a chemi­
cal transformation are equal.At equilibrium, the relative 
concentrations of reactants and products no longer 
change, although the reaction continues to occur. , 

equilibrium constant: the ratio of the product of the 
concentrations of reaction products to the product of 
the concentrations of reaction reactants. For a reaction of 
the general form A+ B = C + D, the equilibrium constant 
Keq is [q[D]/[A][B], where [X] is the concentration of X, 
usually in moles per liter. This definition is a simplifica­
tion that neglects effects at high concentrations. 2-6J 

E-value: the probability that an alignment score as 
good as the one found between two sequences would 
be found in a comparison between two random 
sequences; that is, the probability that such a match 
would occur by chance. 14-1 

evolutionary distance: the number of observed 
changes in nucleotides or amino acids between two 
related sequences. 4-1' 

exon: coding segment of a gene. The coding DNA of 
many eukaryotic genes is interrupted by segments of 
non-coding DNA (intrans). 1-2) 

extein: the sequences flanking an intein and which are 
religated after intein excision to form the functional 
protein. ,3-17) 

family: a group of homologous proteins that share a 
related function. Usually these will also have closely 
related sequences. Members of the same enzyme fami­
ly catalyze the same chemical reaction on structurally 
similar substrates. 14-8 

four-helix bundle: a structure of four antiparallel alpha 
helices. Parallel bundles are possible but rare. 1-17) 

free energy: a function, designed to produce a criteri­
on for spontaneous change, that combines the entropy 
and enthalpy of a molecule or system. Free energy 
decreases for a spontaneous process, and is unchanged 
at equilibrium. (1-12 

functional motif: sequence or structural motif that is 
always associated with a particular biochemical func­
tion. 11-16, 4-2) 

gated binding: binding that is controlled by the open­
ing and closing of a physical obstacle to substrate or 
inhibitor access in the protein. (2-7) 

gene knockout: inactivation of the function of a spe­
cific gene in a cell or organism, usually by recombina­
tion with a marker sequence but sometimes by anti­
sense DNA, RNA interference, or by antibody binding to 
the gene product. The phenotype resulting from the 
knockout can often provide clues to the function of the 
gene. (4-4) 

genetic code: the relationship between each of the 64 
possible three-letter combinations of A, U, G and C 
(which stand for the RNA bases adenine,uracil,guanine 
and cytosine, respectively) and the 20 naturally occur­
ring amino acids that make up proteins. U is the RNA 
equivalent ofT (thymine) in DNA. (1-2) 

genomics: the study of the DNA sequence and gene 
content of whole genomes. (4-0) 

globin fold: a predominantly alpha-helical arrange­
ment observed in certain heme-containing proteins. 
(1-17) 

glycosylation: the post-translational covalent addition 
of sugar molecules to asparagine, serine or threonine 
residues on a protein molecule.Glycosylation can add a 
single sugar or a chain of sugars at any given site and is 

usually enzymatically catalyzed. 3 3- n 

glycosylphosphatidylinositol anchor: a complex 
structure involving both lipids and carbohydrate mole­
cules that is reversibly attached to some proteins to tar­
get them to the cell membrane. 3· 

G protein: a member of a large class of proteins with 
GTPase activity that act as molecular switches in many 
different cellular pathways, controlling processes such 
as sensory perception, intracellular transport, protein 
synthesis and cell growth and differentiation. They 
undergo a large conformational change when a bound 
GTP is hydrolyzed to GDP. 3-6 

Greek-key motif: an arrangement of antiparallel 
strands in which the first three strands are adjacent but 
the fourth strand is adjacent to the first, with a long 
connecting loop. 1- 7 

ground state: a species with low free energy; usually, 
the non-activated state of any substance. 2-6 

ground-state destabilization: raising the free energy, 
(relative to some reference state), of the ground state, 
usually referring to the bound substrate in the active 
site before any chemical change has occurred. 
Geometric or electronic strain are two ways of destabi­
lizing the ground state. 2-8) 

GTPase-activating protein (GAP): a protein that accel­
erates the intrinsic GTPase activity of switch GTPases. 
3-7' 

guanine-nucleotide-binding protein: see G protein. 

guanine-nucleotide exchange factor (GEF): a protein 
that facilitates exchange of GDP for GTP in switch 
GTPases. (3-7 

hairpin turn: another name for beta turn. 

helical parameters: set of numerical values that define 
the geometry of a helix. These include the number of 
residues per turn, the translational rise per residue, and 
the main-chain torsional angles. ; 1-6; 

helix dipole: the macrodipole that is thought to be 
formed by the cumulative effect of the individual pep­
tide dipoles in an alpha helix. The positive end of the 
dipole is at the beginning (amino terminus) of the helix; 
the negative end is at the carboxyl terminus of the heli­
cal rod. (1-6) 

heptad repeat: a sequence in which hydrophobic 
residues occur every seven amino acids, a pattern that 
is 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. (1-19) 

heterotetramer: an assembly of four subunits of more 
than one kind of polypeptide chain. (1-191 

heterotrimeric G protein: a GTPase switch protein 
composed of three different subunits, an a subunit 
with GTPase activity, and associated ~ and y subunits, 
found associated with the cytoplasmic tails of G-pro­
tein-coupled receptors, where it acts to relay signals 
from the receptor to downstream targets. Exchange of 
bound GDP for GTP on the a subunit causes dissocia­
tion of the heterotrimer into a free a subunit and a py 
heterodimer; hydrolysis of the bound GTP causes reas­
sociation of the subunits. (3-8 

hexamer: an assembly of six identical or different sub­
units. In a protein the subunits are individual folded 
polypeptide chains. (1-19) 

Hidden Markov Model: a probabilistic model of a 
sequence alignment. (4-1) 
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homologous: describes genes or proteins related by 
divergent evolution from a common ancestor. 
Homologous proteins, or homologs, will generally have 
similar sequences, structures and biochemical func­
tions, although the sequence and/or functional similar­
ity may be difficult to recognize. 

homology: the similarity seen between two gene or 
protein sequences that are both derived by evolution 
from a common ancestral sequence. 

homology modeling: a computational method for 
modeling the structure of a protein based on its 
sequence similarity to one or more proteins of known 
structure. 

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

hydride ion: a hydrogen atom with an extra electron. 

hydrogen bond: a noncovalent interaction between 
the donor atom, which is bound to a positively polar­
ized hydrogen atom, and the acceptor atom, which is 
negatively polarized. Though not covalent, the hydro­
gen bond holds the donor and acceptor atom close 
together. 

hydrolysis: breaking a covalent bond by addition of a 
molecule of water. 

hydrophilic: tending to interact with water. Hydrophilic 
molecules are polar or charged and, as a consequence, 
are very soluble in water. In polymers, hydrophilic side 
chains tend to associate with other hydrophilic side 
chains, or with water molecules, usually by means of 
hydrogen bonds. 

hydrophobic: tending to avoid water. Hydrophobic 
molecules are nonpolar and uncharged and, as a con­
sequence, are relatively insoluble in water. In polymers, 
hydrophobic side chains tend to associate with each 
other to minimize their contact with water or polar side 
chains. 

hydrophobic effect: the tendency of non polar groups 
in water to self-associate and thereby minimize their 
contact surface area with the polar solvent. 

induced fit: originally, the change in the structure of an 
enzyme, induced by binding of the substrate, that 
brings the catalytic groups into proper alignment. Now 
generalized to the idea that specific ligands can induce 
the protein conformation that results in optimal bind­
ing interactions. 

intein: a protein intron (intervening sequence). An 
internal portion of a protein sequence that is post­
translationally excised in an autocatalytic reaction 
while the flanking regions are spliced together, making 
an additional protein product. 

interaction domain: a protein that recognizes another 
protein, usually via a specific recognition motif. 

intermediate: a species that forms transiently along 
the path from substrate to product. 

intron: an intervening sequence in a gene that does 
not correspond to any portion of the final protein 
sequence and is spliced out of the RNA transcript 
before translation. 

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. 

Kc!: the dissociation constant for the binding of a ligand 
to a macromolecule. Typical values range from 10-3 M 
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to 10-10 M. The lower the l<d, the tighter the ligand 
binds. 

ligand:small molecule or macromolecule that recognizes 
and binds to a specific site on a macromolecule. 

ligand-binding site: site on the surface of a protein at 
which another molecule binds. 

limited proteolysis: specific cleavage by a protease of 
a limited number of the peptide bonds in a protein sub­
strate. The fragments thus produced may remain asso­
ciated or may dissociate. 

lipid anchor: lipid attached to a protein that inserts 
into a membrane, thereby anchoring the protein to the 
bilayer . ., 

lipidation: covalent attachment of a fatty-acid group 
to a protein. 

lipid bilayer: the structure of cellular membranes, 
formed when two sheets of lipid molecules pack 
against each other with their hydrophobic tails forming 
the interior of the sandwich and their polar head­
groups covering the outside. 

local alignment: alignment of only a part of a 
sequence with a part of another. 

mesophilic: favoring moderate temperatures.Mesophilic 
organisms normally cannot tolerate extremes of heat or 
cold.Mesophilic enzymes typically denature at moderate 
temperatures (over 40 o( or so). 

messenger RNA (mRNA): the RNA molecule tran­
scribed from a gene sequence after removal of introns 
and editing. ~ 

metastable: only partially stable under the given con­
ditions. In the case of protein structures, a metastable 
fold exists in equilibrium with other conformations or 
with the unfolded state. 

methylation: modification, usually of a nitrogen or 
oxygen atom of an amino-acid side chain, by addition 
of a methyl group. Some bases on DNA and RNA can 
also be methylated. 

mixed beta sheet: beta sheet containing both parallel 
and antiparallel strands. 

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

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

multifunctional: having a number of distinct bio­
chemical functions in one gene product. 

multiple sequence alignment: alignment of more 
than two sequences to maximize their overall mutual 
identity or similarity. 

myristoylation: irreversible attachment of a myristoyl 
group to a protein via an amide linkage. 

N-acetylation: covalent addition of an acetyl group from 
acetyl.(oA to a nitrogen atom at either the amino-termi­
nus of a polypeptide chain or in a lysine side-chain. The 
reaction is catalyzed by N-acetyltransferase. 

native state: the stably folded and functional form of a 
biological macromolecule. 

Glossary: phase problem 

negative cooperativity: binding of one molecule of a 
ligand to a protein makes it more difficult for a second 
molecule of that ligand to bind at another site. 

nitrosylation: modification of the -SH group of a cys­
teine residue by addition of nitric oxide produced by 
nitric oxide synthase. 

northern blot: technique for detecting and identifying 
individual RNAs by hybridization to specific nucleic acid 
probes,after separation of a complex mixture of mRNAs 
by electrophoresis and blotting onto a nylon mem­
brane. 

nucleophile: a group that is electron-rich, such as an 
alkoxide ion (-O-),and can donate electrons to an elec­
tron-deficient center. 

nucleotide: the basic repeating unit of a nucleic acid 
polymer. It consists of a base (A, U [in RNA, Tin DNA], G 
or C), a sugar (ribose in RNA, deoxyribose in DNA) and a 
phosphate group. 

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

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

oxidation: the loss of electrons from an atom or mole­
cule. 

oxyanion hole: a binding site for an alkoxide in an 
enzyme active site. The "hole" is a pocket that fits the 
-o- group precisely, and has two hydrogen-bond­
donating groups that stabilize the oxyanion with 
-o- ··H-X hydrogen bonds. 

packing motif: an arrangement of secondary structure 
elements defined by the number and types of such ele­
ments and the angles between them. The term motif is 
used in structural biology in a number of contexts and 
thus can be confusing. 

pairwise alignment alignment of two sequences. 

palmitoylation: reversible attachment of a palmitoyl 
group to a protein via a thioester linkage. 

parallel beta sheet: a beta sheet, formed from non­
contiguous regions of the polypeptide chain, in which 
every strand runs in the same direction. 

partner swapping: exchange of one protein for another 
in multiprotein complexes. 

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

peptide bond: another name for amide bond, a chem­
ical bond formed when a carboxylic acid condenses 
with an amino group with the expulsion of a water mol­
ecule. The term peptide bond is used only when both 
groups come from amino acids. 

percent identity: the percentage of columns in an align­
ment of two sequences that contain identical amino 
acids. Columns that include gaps are not counted. 

phase problem: in the measurement of data from an X­
ray crystallographic experiment only the amplitude of the 
wave is determined. To compute a structure, the phase 
must also be known. Since it cannot be determined 
directly, it must be determined indirectly or by some 
other experiment. 
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Glossary: phi torsion angle 

phi torsion angle: see torsion ang le. 

phosphate-binding loop: see P-loop. 

phosphorylation: covalent addition of a phosphate 
group, usually to one or more amino-acid side chains 
on a protein, catalyzed by protein kinases. 

phylogenetic tree: a branching diagram, usually based 
on the evolutionary distances between sequences, that 
illustrates the evolutionary history of a protein family or 
superfamily, or the relationships between different 
species of organism. 

pK.. value: strictly defined as the negative logarithm of 
the equilibrium constant for the acid-base equation. 
For ranges of pKa between O and 14, it can be thought 
of as the pH of an aqueous solution at which a proton­
donating group is half protonated and half deproto­
nated. pKa is a measure of the proton affinity of a 
group: the lower the pl<., the more weakly the proton 
is held. 

pleated sheet: another name for beta sheet. 

P-loop: a conserved loop in GTPase- and ATPase-based 
nucleotide switch proteins that binds to phosphate 
groups in the bound nucleotide. 

polypeptide: a polymer of amino acids joined together 
by peptide bonds. 

positive cooperativity: binding of one molecule of a 
ligand to a protein makes it easier for a second mole­
cule of that ligand to bind at another site. 

prenylation: irreversible attachment of either a farne­
syl or geranylgeranyl group to a protein via thioether 
linkage. 3- J 

primary structure: the amino-acid sequence of a 
polypeptide chain. 

primary transcript: the RNA molecule directly tran­
scribed from a gene, before removal of introns or other 
editing. 

profile: a table or matrix of information that character­
izes a protein family or superfamily. It is typically com­
posed of sequence variation or identity with respect to 
a reference sequence, expressed as a function of each 
position in the amino-acid sequence of a protein. It can 
be generalized to include structural information. Three­
dimensional profiles express the three-dimensional 
structure of a protein as a table which represents the 
local environment and conformation of each residue. 

2 

propinquity factor: another term for proximity fac­
tor. 

proteasome: a multiprotein complex that degrades 
ubiquitinated proteins into short peptides. 3 

protein kinase: enzyme that transfers a phosphate 
group from ATP to the OH group of serines, threonines 
and tyrosines of target proteins. Kinases that phospho­
rylate carboxylates and histidines also occur as part of 
two-component systems in prokaryotes, fungi and 
plants, but not in animals. ,3-2 

protein phosphatase: enzyme that specifically 
removes phosphate groups from phosphorylated ser-
ines, threonines or tyrosines on proteins. 2 

proteolytic cascade: a sequential series of protein 
cleavages by proteases, each cleavage activating the 
next protease in the cascade. l 61 

protomer: the asymmetric repeating unit (or units) 
from which an oligomeric protein is built up. l -2 
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proximity factor: the concept that a reaction will be 
facilitated if the reacting species are brought close 
together in an orientation appropriate for chemistry to 
occur. 

pseudosymmetric: having approximate but not exact 
symmetry. A protein with two non-identical subunits of 
very similar three-dimensional structure is a pseu­
dosymmetric dimer. 1. 

psi torsion angle: see torsion angle. 

quaternary structure: the subunit structure of a pro­
tein. 

Ramachandran plot: a two-dimensional plot of the 
values of the backbone torsion angles phi and psi, with 
allowed regions indicated for conformations where 
there is no steric interference. Ramachandran plots are 
used as a diagnosis for accurate structures: when the 
phi and psi torsion angles of an experimentally deter­
mined protein structure are plotted on such a diagram, 
the observed values should fall predominantly in the 
allowed regions. 

reaction sub-site: that part of the active site where 
chemistry occurs. 2 

redox reactions: reactions in which oxidation and 
reduction occur. 2 

reducing environment: a chemical environment in 
which the reduced states of chemical groups are 
favored. In a reducing environment, free -5-H groups 
are favored over -5-S- bridges. The interior of most 
cells is a highly reducing environment. 

reduction: the gain of electrons by an atom or molecule. 

residue: the basic building block of a polymer;the frag­
ment that is released when the bonds that hold the 
polymer segments together are broken. In proteins, the 
residues are the amino acids. 1 

resolution: the level of detail that can be derived from 
a given process. 

resonance: delocalization of bonding electrons over 
more than one chemical bond in a molecule. 
Resonance greatly increases the stability of a molecule. 
It can be represented, conceptually, as if the properties 
of the molecule were an average of several structures in 
which the chemical bonds differ. 

reverse turn: another name for beta turn. 

RGS protein: regulator of G-protein signaling protein; 
protein that binds to the free GTP-bound a subunit of a 
heterotrimeric G protein and stimulates its GTPase 
activity. 

RNA editing: enzymatic modification of the mRNA 
base sequence. It may involve changes in the bases or 
the insertion of entirely new stretches of bases. RNA 
editing produces a protein sequence that does not cor­
respond precisely to the sequence of amino acids that 
would be predicted from the gene sequence by the 
genetic code. 1 2 

RNA interference (RNAi): abolition of the expression 
of a gene by a small (~22 base pair) double-stranded 
RNA. 

S-acylation: reversible attachment of a fatty-acid 
group to a protein via a thioester linkage; palmitoyla­
tion is an example of 5-acylation. 3-19 

salt bridge: a hydrogen bond in which both donor 
and acceptor atoms are fully charged. The bonding 
energy of a sa lt bridge is significantly higher than that 

of a hydrogen bond in which only one participating 
atom is fully charged or in which both are partia lly 
charged. 

scaffold protein: a protein that serves as a platform 
onto which other proteins assemble to form functional 
complexes. 

secondary structure: folded segments of a polypep­
tide chain with repeating, characteristic phi, psi back­
bone torsion angles, that are stabilized by a regular pat­
tern of hydrogen bonds between the peptide -N-H 
and C=O groups of different residues. • 

side chain: a chemical group in a polymer that pro­
trudes from the repeating backbone. In proteins, the 
side chain, which is bonded to the alpha carbon of 
the backbone, gives each of the 20 amino acids its 
particular chemical identity. Glycine has no side 
chain, and the end of the side chain of proline is fused 
to the nitrogen of the backbone, creating a closed 
ring. 

single-nucleotide polymorphism (SNP): a mutation 
of a single base in a codon, usually one that does not 
affect the identity of the amino acid that it encodes. 

L 

specificity sub-site: that part of the active site where 
recognition of the ligand takes place. 

stop codon: a codon that signals the end of the coding 
sequence and usually terminates translation. 

stress-response proteins: proteins whose synthesis is 
induced when cells are subjected to environmental 
stress, such as heat. 

structural domain: a compact part of the overall struc­
ture of a protein that is sufficiently independent of the 
rest of the molecule to suggest that it could fold stably 
on its own. " 

substrate: the molecule that is transformed in a reaction. 
2 

sumoylation: modification of the side chain of a lysine 
residue by addition of a small ubiquitin-like protein 
(SUMO). The covalent attachment is an amide bond 
between the carboxy-terminal carboxylate of SUMO 
and the NH2 on the lysine side chain of the targeted 
protein. " 

superfamily: proteins with the same overall fold but 
with usually less than 40% sequence identity. The 
nature of the biochemical functions performed by pro­
teins in the same superfamily are more divergent than 
those within families. For instance, members of the 
same enzyme superfamily may not catalyze the same 
overall reaction, yet still retain a common mechanism 
for stabilizing chemically similar rate-limiting transi­
tion-states and intermediates, and will do so with simi­
lar active site residues. 

switch I region: a conserved sequence motif in 
GTPase- and ATPase-based nucleotide switch proteins 
that, with the switch II region, binds the terminal 
gamma-phosphate in the triphosphate form of the 
bound nucleotide and undergoes a marked confor­
mational change when the nucleotide is hydrolyzed. 

switch II region: a conserved sequence motif in 
GTPase- and ATPase-based nucleotide switch proteins 
that, with the switch I region, binds the terminal 
gamma-phosphate in the triphosphate form of the 
bound nucleotide and undergoes a marked confor­
mational change when the nucleotide is hydrolyzed. 
,3-6 
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temperature-sensitive: losing structure and/or func­
tion at temperatures above physiological or room tem­
perature. A temperature-sensitive mutation is a change 
in the amino-acid sequence of a protein that causes the 
protein to inactivate or fail to fold properly at such tem­
peratures. :1-12) 

temperature-sensitive mutants: organisms contain­
ing a genetic mutation that makes the resulting protein 
sensitive to slightly elevated temperatures.The temper­
ature at which the mutant protein unfolds is called the 
restrictive temperature. The term is also used for the 
protein itself. ,3 11 

tertiary structure: the folded conformation of a pro­
tein, formed by the condensation of the various sec­
ondary elements, stabilized by a large number of weak 
interactions. (l 10, 

tetramer: an assembly of four identical or different 
subunits. 1-191 

thermophilic: favoring high temperatures. A ther­
mophilic organism is one that requires high tempera­
tures {above approximately 50 °C) for survival. A ther­
mophilic enzyme is one that functions optimally and is 
stable at temperatures at which mesophilic proteins 
denature. 1-12. 

©2004 New Science Press Ltd 

TIM barrel: another name for the alpha/beta barrel fold. 
(1-18) 

torsion angle: the angle between two groups on 
either side of a rotatable chemica l bond. If the bond is 
the C0-N bond of a peptide backbone the torsion angle 
is ca lled phi. If the bond is the Co.-C backbone bond, the 
angle is cal led psi. {1 ·3) 

transcription: the synthesis of RNA from the coding 
strand of DNA by DNA-dependent RNA polymerase. 
(1-2) 

transition state: the species of highest free energy 
either in a reaction or a step of a reaction; the highest 
region on the activation-energy barrier. (2-6) 

translation: the transfer of genetic information from 
the sequence of codons on mRNA into a sequence of 
amino acids and the synthesis on the ribosome of the 
corresponding polypeptide chain. (1-2) 

trimer: an assembly of three identical or different 
subunits. { 1-19) 

two-component systems: signal transduction systems 
found in bacteria and some eukaryotes involving a 
membrane-bound histidine kinase and a cytoplasmic 
response regulator protein that is activated by phos-

Glossary: zinc finger 

phorylation. (3-15) 

ubiquitin: a small protein that when attached to other 
proteins {ubiquitination), targets them for degradation 
to the proteasome. Sometimes ubiquitin tagging tar­
gets a protein to other fates such as endocytosis. (3- 11 

ubiquitination: the attachment of ubiquitin to a pro­
tein. (3-11) 

up-and-down structural motif: a simple fold in which 
beta strands in an antiparallel sheet are all adjacent in 
sequence and connectivity. (1-17) 

van der Waals interaction: a weak attractive force 
between two atoms or groups of atoms, arising from 
the fluctuations in electron distribution around the 
nuclei. Van der Waals forces are stronger between less 
electronegative atoms such as those found in 
hydrophobic groups. ( 1-4) 

yeast two-hybrid: a method for finding proteins that 
interact with another protein, based on activation of a 
reporter gene in yeast. (4-4) 

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 signa­
ture metal-ion binding sequence motifs. \ 1-18) 
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multi-step reactions 78-79, F2-40 
types of reactions 70-73 
see also enzymes 

catalyst 62 
catalytic triad 34-35, F1-52, 78, 79 

see also under serine proteases 
cathepsin D F3-5, 93 
cavities, binding 56-57, 148 
Cdc42 59 
Cdk2 96, 114-115, F3-27 

activation loop (T loop) 114, F3-27, 115 
substrate-binding site 115, F3-28 

Cdk-activating kinase (CAK) F3-27, F3-28 
cells 

internal frameworks, connectors and scaffolds 60, 
61, F2-18 

internal structure F3-3 
protein expression 138, F4-15, 165 
protein localization see localization, intracellular 
reducing environment 10, 92 

cellular compartments 
as mechanism of regulating function 90 
pH and redox environments 92-93 
protein targeting 86, 91, F3-4 

chameleon sequences 158-159, F4-49 
channels 25, F1-33 
chaperones 20 
chelates 28 
CheY F3-30 
cholera toxin F1-74 
chorismate mutase 67, F2-26 
choroideremia 125 
Chou-Fasman method of predicting secondary 

structure 18 
chromatin 126, 127 
chromo domain F3-2 
chymotrypsin F2-20, 118,F3-31,F4-29 

alpha 118, F3-31 
catalytic triad F1-52 
reaction steps 78-79, F2-40 

chymotrypsinogen 143, F4-24 
activation 118, F3-31 

190 Index 

circulardichroism spectra F1-3S 
citrate synthase 68, F2-28, 72, F2-32 
classification, protein 32-33 
clefts, binding 56-57 
co-activators 96, 97 
coagulation, blood 119, F3-34 
coat proteins, vesicular 125, F3-46 
codons 6, F1-4 

stop 6, 7 
coenzyme A (CoA) 72, F2-37 
coenzymes 76-77, F2-37 
cofactors 

enzyme 76-77,F2-37 
decarboxylation reactions 73, F2-34 
redox reactions 70-71, F2-31 

stabilizing tertiary structure 28, F1-39 
coiled coils 40-41,41,F1-67 
collagen 15, F1-16, 60,F2-17 
collective motions 46, F1-76 
competitive binding 94 
competitive inhibitors 86, 94, F3-7 
complementarity 

in binding interactions 40-41, F1-66, 52, F2-2 
to transition states 68 

complement cascade 110 
complexes, protein see quaternary structure 
computational methods 

identifying catalytic residues 150-151 
mapping binding sites 148-149 

concavity, binding sites 56-57, 58 
condensation 73 
conformational changes 

in Cdk activation 114-115, F3-28 
exclusion of water 68-69, F2-30 
ligand-induced 46, F1-76 

induced fit model 54, F2-4 
large-scale 47, F1-80, 55, F2-7 
local, in domain structure 46, F1-77 
regulating protein function 96-97 

molecular switches 98 
motor proteins F3-17 
pH-dependent F3-S, 93 
phosphorylation-induced 111, F3-22 
prion proteins 160 
switch proteins 98, 99, F3-13 
transition state stabilization 68, F2-29 

conformational states 47, F1-79 
conservation, evolutionary 142-143, F4-23 
conservative substitutions 6-7, F1-6 
conserved (sequences) 132, 133 
cooperative binding 94-95, F3-8 
cooperativity 86, 94-95 

negative 86, 94, 95 
positive 86, 94, 95 

coordinate covalent bonds 28, F1-38 
copper (Cu2+) 77, F2-38 
co-repressors 96, 97 
covalent bonds 10, F1-10 

atomic motions 46-47 
coordinate 28, F1-38 
stabilizing tertiary structure 28 
see also disulfide bridges; peptide bonds 

covalent modification 86-87, 110 
Creutzfeldt-Jakob disease (CJD) 160 
crixivan F2-5 
cross-linking interactions 

in domains 36, 39 
in quaternary structure 42 
structural assemblies of proteins 60-61 
see also disulfide bridges; metal ions 

crossover connection, between beta sheets 38, F1-60 
crystallins 31, 147 

beta 31 
gamma 31,F1-44 

C terminus see carboxyl terminus 

cyclins 96, 114-115 
cyclin-dependent kinases (CDKs) 112, 114-115 

see also Cdk2 
cyclodextrin glycosyltransferase F4-49 
cyclophilin F2-20, F4-47 
cysteine 

disulfide bonds see disulfide bridges 
nitrosylation 127, F3-S0 
structure and side chain 4, F1-3 

cytidine triphosphate (CTP) 96, 97 
cytochrome b562 F1-28, F1-S1, 36 
cytochrome c 28, F1-39 
cytochrome c6 F2-12 
cytochrome P450 F2-10, 71 
cytochromes 36 
cytokines, multifunctional 156-157 

DctB protein, Rhizobium meliloti 25, F1-31 
deacetylases F3-48, 127 
DEAD box helicase motif F4-7 
death domain (DD) F3-2 
decarboxylation 72, 73, F2-34 
decoy structures, Rosetta method 145, F4-26 
degradation, protein 78-79, 87, 108-109 

see also peptide bonds, hydrolysis; proteolysis 
dehydration 73 
3-dehydroquinate dehydratase 44, F1-74 
deletions, sequence 33, 132 
deletion strains, yeast 165 
denaturants 26, 27, 55 
denatured state F1-22, 26, 27, F1-3S 
5'-deoxyadenosylcobalamin F2-37 
1-deoxymannojirimycin 122 
dephosphorylation 115 
DH domain F4-6 
diabetes, type II 160 
Dictyostelium 1 16 
differentiation and maturation mediator (DMM) 

156-157 
dihyd rofolate reductase (DH FR) F1-24, 81, F4-31 
dimers 40, 44, F1-74 
diphtheria toxin 

gene repressor protein F2-9, 97, F3-11 
mechanism of action 93, F3-6 

dipole moment 8, 9, F1-8 
disulfide bridges 10, F1-10, 28, F1-37 

cross-linking of domains 39, F1-63 
intracellular environment and 92 

disulfide oxidoreductases 150 
DNA 6 

binding sites 56, F2-9 
DNA-binding proteins 88, 97 
DNA microarrays 138, F4-14, 165 
DNA polymerases F1-1, F2-33, 147,F4-30 
DNase F2-33 
DOCK 151 
docking programs 151 
dodecamer 44, F1-74 
dolichol pyrophosphate (DPP) F3-42 
domains 30-31 

arrangements 32-33, F1-46 
binding sites at interface between 57, F2-11 
classes 36-39 
conformational changes 46, 47 
evolution by gene duplication and fusion 31 
folds 32 
hydrophobic cores 30 
interaction 86, 88, F3-2 
interrupted 30, F1-42 
prediction of protein function from 134, F4-6 
in protein classification 32 
proteins with multiple 31, F1-43, F1-44 
size 30 
structural 56, 57, 142 

domain swapping 58, 59, F2-14 
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dominant-negative effect 42,43, F1-72 
Drosophila melanogaster 136, F4-1 O 

Hedgehog protein (HH-C) F3-39 
drugs, disrupting protein function 97 
DtxR 97, F3-11 

EF-1 104, F4-47 
effector molecules (ligands) 86-87, 94-97 

competitive binding and cooperativity 94-95 
ligand-induced conformational change and 

allostery 96-97 
EF-G 105 
EF-hand domain 88, F3-1, F4-6 
EF-Ts 104, F3-16 
EF-Tu 104-105,F3-16, 158,161 
Eg5 F3-12 
Ehlers-Danlos syndrome 61 
elastin 60-61 
electron density map 168, FS-1 
electrons 

transfer 70-71, F2-31 
unpaired 76 

electrostatic interactions 10, F1-10 
in binding interactions 52-53 
in catalysis 64-65, F2-23 
see also hydrogen bonds; van der Waals interactions 

elimination reactions 72, F2-32 
elongation factor see EF 
endonucleases,homing 120-121 
endoplasmic reticulum (ER) 

glycosylation in 122, F3-42 
protein targeting to 91, F3-4 

endorphin 118, F3-33 
endosomal vesicles 92-93 
energetics, catalysis 63, F2-21 
enkephalin 118, F3-33 
enolase 141, 162, F4-55 
Enterococcus faeca/is protein, prediction of secondary 

structure F1-21 
enthalpy 26 
entropy 26 
enzymes 62 

activation by limited proteolysis 118, F3-31, F3-32 
active sites see active sites 
allosteric regulation 96, F3-10 
bifunctional 80-82, F2-42, F2-43, F2-44 
cofactors see cofactors, enzyme 
competitive inhibition 94, F3-7 
divergent and convergent evolution 140-141, 

154-155 
multifunctional 80-83 
non-enzymatic functions 83 
phosphorylation 111, F3-23; F3-22 
predicting function of uncharacterized 162-163 
reaction acceleration rates 62, F2-20 
with structural role 61 
substrates see substrates 
temperature dependence 55, F2-6 
trifunctional 83, F2-45 
types of reactions catalyzed 70-73 
see also catalysis; specific enzymes 

equilibrium 62 
equilibrium constant 62 
Erk2 F4-2 
ERKs F4-5 
Escherichia coli F4-1 o 

f857 protein 162-163 
galactonate utilization pathway F4-56 
protein kinases 111 
two-component signaling systems 116 

esters, cleavage of 72-73 
eukaryotes 

cell structure 90, F3-3 
genes 6, F1-5 
glycosylation 122 
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protein degradation 108-109, F3-19 
two-component signaling systems 116 

E-values 132, F4-3, 133 
EVH1 domain 88 
evolution 140-141 

convergent 34,35, 140-141, 146-147, 154-155 
divergent 140,F4-19, 141,154,155 
by gene fusions and duplications 31 
homology modeling and 142-143, F4-23 
by sequence insertions and deletions 33 

evolutionary distance 132, 133 
exons 6, F1-5 

insertion, in protein evolution 33 
expression, gene and protein 138, 165 
exteins 120 

f857 162-163 
F-actin FM 
families 

interaction domains 88, F3-2 
protein 146 

functional variation within 147 
profiles 135, F4-8 

farnesylation 91, 124 
FASTA 132 
F-box domain F3-2 
feedback inhibition, competitive 94, F3-7 
ferredoxins 39, 147 
FHA domain 88, F3-2 
FhuA protein F1-32 
fibrinogen 60 
fibronectin domain F3-2 
fibrous proteins 30 
Fis 158, F4-50 
FixJ F3-30 
flavin adenine di nucleotide (FAD) 70, F2-31, F2-37 
flavin mononucleotide (FMN) 70 
flexibility, protein 27, F1-36, 46-47 

binding in interior cavities and 57, F2-1 O 
binding interactions and 54-55, F2-6 
cooperativity and 95 
variability 55, F2-7 

flipping, aromatic ring 46-47 
fluctuations 46, F1-76 
folded proteins 

secondary structure see secondary structure 
thermodynamics 26-27 
weak interactions stabilizing 10-11, Fl-10, 26-27 

folding 3, 20-21, F1-23 
forces driving 20-21 
helical membrane proteins 21 
intermediates 20, F1-22 
see also tertiary structure 

folds, domain 32 
four-helix bundle Fl-51, 36, F1-54, 153 
frameworks, intracellular 60 
free energy 

ligand binding 59 
stabilization 26 

free radicals 76 
FtsH F4-47 
fumarase F2-20, 72, F2-32 
function, protein F1-1, 3, 50-51 

context dependence 90 
convergent evolution 146-147, 154-155 
diverse structures with one 154-155 
diversity of specific structures 152-153 
flexibility and 54-55 
gene product with unknown 164-165 
levels 50, F2-1 
proteins with more than one 156-157, F4-47 
regulation see regulation of protein function 
and structure 33 
time and distance scales F4-1 
of uncharacterized genes 162-163 

functional genomics 130 
experimental methods F4-1, 138-139 
sequence analysis methods 132-137 

fungi, two-component signaling systems 116 
"fuzzy functional form" (FFF) 150 
FYVE domain 88, F3-2 

Gal4 transcription factor F2-9 
galactonate dehydratase (GalD) F1-45 

active site F4-58 
characterization 162-163, F4-57 
quaternary structure F1-74 

galactonate utilization pathway F4-56 
beta-galactosidase F4-49 
GAP1 88, F3-14 
GAPs see GTPase-activating proteins 
gated binding 64, F2-23 
G domain 98-99, F3-12 
GEFs see guanine-nucleotide exchange factors 
gene(s) 6-7 

duplication 31 
expression patterns 138, 165 
fusion 31 
numbers perorganism 136, F4-10 
product of unknown function 164-165 
proteins regulating 88, 97 
relatedness 132 
uncharacterized, functions for 162-163 

gene chips 138 
gene knockouts 138, 139,F4-15, 157 
genetic code 6, F1-4 

degeneracy 6 
organization 6-7,F1-6 

genetic diseases 42-43 
genetic engineering 120 
genome 

sequencing 136, F4-9 
sizes 136, F4-10 

genomics 130 
functional see functional genomics 
structu ra I 146 

geranylgeranyl modification 124 
Glc3Man9GlcNAc2 122, 123, F3-43 
globin fold domain 36, F1-55 
globular proteins 30 
glucose-6-phosphate isomerase (phosphoglucose 

isomerase) 156-157, F4-47 
glutamic acid (glutamate) 4, F1-3 
glutamine 4, F1-3 
glutathione (GSH) 94 
o-glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) F2-6 
glycine F1·3, 18 
glycogen phosphorylase 111, F3-22 
glycoproteins 122 
glycosylation 28-29, 122-123 
glycosylphosphatidylinositol (GPI) anchor 124, 

F3-45, 125 
glycosyltransferases 140-141 
Golgi complex 

oligosaccharide processing 122, F3-42 
vesicular transport 125, F3-46 

G-protein-coupled receptors (GPCRs) 102-103, F3-15 
G proteins (GTPases) 50, 98-99, 100-105 

ex subunit 102 
~'Y subunits 102 
heterotrimeric 88, 102-103 
scaffold proteins and 61,F2-18 
small 100-101 

lipid modification 124, 125,F3-46 
regulation of signaling 100-101, F3-14 
targeting to membrane 91, F3-4, 124,125 
see also Ras 

structure 98-99, F3-12 
switch mechanism 99, F3-13 
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versus motor proteins F3-17, 107 
see also EF-Tu 

GRASP (surface topography) image 172, FS-S 
Grb2 F3-21, 111 
Greek-key motif 34, 36, 37, Fl-SB 
green fluorescent protein (GFP) 77, 139, F4-17 
GRID 148, F4-31, 149 
GroES co-chaperonin Fl-74 
ground state 62, 63 

destabilization 66, 67 
growth hormone, human see human growth hormone 
Gstat F4-23, 143 
GTP 98 

in EF-Tu switching 104-105, F3-16 
inG protein switching 100, 1O1,F3-14, 102 
in microtubule assembly 50-51, F2-1 
hydrolysis 50, F2-1, 98,100 

GTPase-activating proteins (GAPs) 88, 1OO,F3-14, 104 
GTPases see G proteins 
guanine-nucleotide exchange factors (GEFs) 100, 

F3-14, 102 
guanosine triphosphate see GTP 
GYF domain F3-2 

hairpin turns see beta turns 
haloperidol F2-S 
Hck F3-24 
Hedgehog proteins (HH) 120-121, F3-39 
helical parameters 14, Fl-14 
helix 

alpha see alpha helices 
cap Fl-13 
dipole 14, 15 

helix-turn-helix motif 34, Fl-SO, F4-6, 137 
heme 71,F2-31, F2-37 
heme-containing proteins 28, Fl-39, 36 
hemoglobin 40, 42, 44 

cooperative binding 95 
oxygen binding 47 
sickle cell 42-43, Fl-71, 44 

heptad repeat 40-41, 41 
heptamer Fl-74 
Hermansky-Pudlak syndrome 125 
heterodimers 40, F1-6S 
heterogeneous nuclear ribonucleoproteins 

(hnRNPs) 126 
heteropentamers F1-6S 
heterotetramers 40, F1-6S 
hexamers 40, Fl-74 
Hidden Markov Model 132, 133 
histidine 

phosphorylation 110-111, 116-117. 
structure and side chain 4, Fl-3 

histidine protein kinase (HK) 116, F3-29 
histones, post-translational modifications 126, 127 
HIV protease F1-1 
HIV protease inhibitors F2-S 
homeobox domain F4-6 
homodimers 40, F1-6S 
homologous genes/proteins 132, 140-141 

functional diversity 152-153 
prediction of function 162-163, F4-SS 

homology 132 
modeling 142-143,F4-22 

homotrimers 40 
hormones, polypeptide 118-119 
human genome 136, F4-1O 
human growth hormone Fl-28, F1-S1, 36 

binding sites F2-8 
receptor complex 44, Fl-73 

human immunodeficiency virus (HIV) 
protease Fl-1 
reverse transcriptase F4-3O 

hydration shell 23, Fl-26 
hydride ions 68, 69 

192 Index 

hydrogen bonds 4, 1O,Fl-1O 
acceptor atom 10 
in alpha helices 14-15, Fl-13 
in beta sheets 16,Fl-17, Fl-18 
in binding interactions 59,F2-1S 
donor atom 10 
in oligomer formation 42 
in phosphorylated proteins 111 
in secondary structure elements 12 
water molecules 11 

hydrolases 33, 147 
hydrolysis 8, 72-73 
hydronium ions (H3O+) 74-75 
hydropathy plots 25, Fl-31 
hydrophilic 4 
hydrophilic amino acids 4, Fl-3 
hydrophobic 4 
hydrophobic amino acids 4, Fl-3 
hydrophobic cores, in domains 30 
hydrophobic effect 4, 20 

forces driving 26, Fl-34 
in oligomer formation 42 
in protein folding 20-21 

hydrophobic interactions, in ligand binding 59, F2-1S 
hydrophobic surface, binding sites 58, F2-12, 148 
hydroxide ion (OH") 75, 92 
hypoxia-inducible factor (HIF-1 a) 109 

icosahedron 44, Fl-74 
IKB 109 
immunoglobulin A F3-3O 
immunoglobulins 36, F1-S6, 37 

hypervariable loops 22-23, F1-2S 
IMP cyclohydrolase 81, F2-43 
inclusion bodies 161 
induced fit 47, 54, F2-4 
inhibitors 86-87 

allosteric 96 
competitive 86, 94, F3-7 

insertions, sequence 33, 132 
insulin 44, Fl-74 
inteins 120-121 

mechanism of action F3-38, 121 
structure 120-121, F3-37 

interaction domains 86, 88, F3-2 
interleukin-4 and its receptor Fl-66 
intermediates 

in enzymatic reactions 62, 63, 78, F2-4O 
shuttling over long distances 83, F2-4S 
shuttling through internal tunnel 82, F2-44 

folding 20, Fl-22 
intrans 6, Fl-S 
iron (Fe2+, Fe3•) 

diphtheria toxin expression and 97, F3-11 
as enzyme cofactor 77, F2-38 

iron-sulfur proteins 39 
isocitrate dehydrogenase (ICDH) 80, F2-42, 111, F3-23 
isoleucine Fl-3 
3-isopropylmalate dehydrogenase F2-11 

JAK kinase F2-13 
JAK/STAT signaling pathway 127 
jelly roll fold 36, 37, F1-S9 
JNKs F4-S 

Kd 28,55 
KDEL sequence 91, 164-165 
KDGP aldolase Fl-74 
keratin 40 
kinases 33 
kinesin 1O6-1O7,F3-17 
kirromycin antibiotics 104-105 
knockouts,gene 138, 139,F4-1S, 157 
Kss1 F4-2, F4-4, F4-S 
kT 55 

Lac repressor 30, Fl-41, 31 
lactate dehydrogenase Fl-74, F2-3O 
Lactococcus lactis, beta-phosphoglucomutase 79, F2-41 
lambda repressor Fl-SO 
Lek F3-24 
Leishmania major, dihydrofolate reductase-thymidylate 

synthase 81 
lethal factor, anthrax toxin F2-2 
leucine 4, Fl-3 
leucine zipper 41, Fl-68 
lifetime, protein 87, 108-109 
ligands 51, 52 

binding sites see binding sites, ligand 
effector 86-87, 94-97 
finding candidate 151 
induced conformational changes see conformational 

changes, ligand-induced 
induced fit model of binding 54, F2-4 
macromolecular 56 
regulation of protein function 86 
small-molecule 56-57, 58 

LIM domain F3-2 
lipid anchor (tail) 86, 90, 91, F3-4, 124-125 
lipidation 124 
lipid bilayer 14, 24, Fl-29 

alpha helices spanning 14, Fl-3O, 25 
protein folding in 21 

lipid modifications, protein targeting by 124-125, F3-44 
lipid rafts 91, 124 
lipid-transport protein (LTP) F2-1S 
lipoamide (lipoic acid) F2-37 
beta-lipotropin 118, F3-33 
localization, intracellular 139, F4-17, 164-165 

mechanisms see targeting, protein 
as regulatory mechanism 90 

lock-and-key analogy 54 
LON F4-47 
loops 

movements 46, Fl-77, 47 
at protein surfaces 22-23, F1-2S 
sequence insertions and deletions 33 

LRR domain F3-2 
lymphoma proprotein convertase 124 
lysine 

carbamylation 8 
methylation 126, F3-37 
structure and side chain 4, Fl-3 

lysine tyrosylquinone 77, F2-39 
lysozyme 75,F2-36, 160 
lysyl oxidase 60-61 

macrophage inhibitory factor (MIF) F4-47, 157, F4-48 
magnesium (Mg2•) 

as enzyme cofactor 77, F2-38 
in GTPase and ATPase function F3-12, 99 

malate dehydrogenase 70, F2-31 
mandelate 152 
mandelate racemase (MR) 

active site F2-3, F4-41 
biochemical function F4-38 
homologs 141, 152-153,F4-40, 162,F4-SS 

manganese (Mn2+) F2-38 
man nose 122, F3-41 
MAPKs see mitogen-activated protein kinases 
MARCKS motif F4-7 
MATa2 protein 158-159, F4-S1 
MCMl 158-159, F4-S1 
MCSS (multiple conformations simultaneous search) 

148-149 
melanocyte-stimulating hormone (MSH) 118, F3-33 
membrane proteins 24-25 

all beta sheet 25, Fl-32 
alpha-helical 24, Fl-3O, 25 

isolated alpha helix 18, 24 
membrane spanning Fl-3O, 25 
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folding 21 
secondary structure elements 18, 24 
targeting 91, F3-4, 124-125, F3-44 

membranes 24,Ft-29 
pores/channels 24, 25, Ft-33 

Menkes syndrome 61 
mesophilic proteins 26, 27, F2-6 
messenger RNA (mRNA) 6, Ft-5 

regulation 87 
metal ions 

cross-linking of domains 39, Ft-64 
enzyme cofactors 77, F2-38 
in metalloproteases 79 
in redox reactions 71 
stabilizing tertiary structure 28, Ft-38 

metalloproteases 79 
metastable protein folds 160-161 
Methanococcus jannaschii F4-1 O 
Methanopyrus kandleri 81 
methionine 4, Ft-3 
methionine aminopeptidase 2 (MetAP2) F4-47, 157 
methionine aminopeptidases 109 
methylation 126, F3-37, 127 
methyltransferases 126 
microarrays 138, F4-14, 165 
microfilaments 47 
microtubules 50, F2-1 

kinesin movement along 106-107, F3-17 
mitogen-activated protein kinase kinase (MAPKK-2) F2-2 
mitogen-activated protein kinases (MAPKs) 

cascade 61, F2-18, F3-21 
phylogenetic tree F4-5 

modular structure of proteins 32-33 
molybdenum (Mo) F2-38 
molybdenum cofactor biosynthesis protein C Ft-74 
monomers 40 
"moonlighting" 156-157 
motifs 34-35 

determining intracellular localization 164-165 
functional 34, 134-135, F4-7 
identification from sequence 34-35 
sequence 34 
structural 34, 35 

motions, protein 46-47, Ft-76 
motor proteins F2-1, 61, 106-107 
MSCS (multiple solvent crystal structures) 149 
muconate lactonizing enzyme (MLE) 

active site F4-41 
biochemical function 152, F4-39 
homologs 141, 152-153,F4-40, 162,F4-55 

multidomain proteins 31, Ft-43, Ft-44 
classification 32-33 

multifunctional proteins 156-157, F4-47 
muscle 61 
mutagenesis, site-directed 150 
mutations 

causing abnormal polymerization 42-43, Ft-72 
disrupting protein function 97 
oncogenes 101 
surface loops 22-23 
temperature-sensitive (ts) 26, 27,108 

MutS F4-27 
Mycobacterium xenopi F3-37 
Mycoplasma genitalium F4-1 o 
myoglobin Ft-1, Ft-39, 36,Ft-55 

sperm whale Ft-78 
myohemerythrin Ft-51, 36, Ft-54 
myosin 61, 106-107,F3-17 
myristoylation 124 

N-acetylation 28, 29, 126-127, F3-48 
NAD see nicotinamide adenine di nucleotide 
NAO-dependent dehydrogenases 69, F2-30 
native state 20, Ft-22 
neuraminidase 36, Ft-57, Ft-74 
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neurofibromin F3-14 
neuroleukin 156, 157 
NFKB 109 
nickel (Ni2+) F2-38 
nicotinamide adenine di nucleotide (NAD) F2-37, 77 

-dependent dehydrogenases 68-69, F2-30, 155 
in oxidation/reduction reactions 70, F2-31 

nicotinamide adenine dinucleotide phosphate (NADP) 
70, F2-31, F2-37, 77 

nitric oxide (NO) 127 
nitrosylation 126, 127, F3-50 
N-linked sugars 122, F3-41 
northern blot 138 
N terminus F1-7 
nuclear magnetic resonance (NMR) spectroscopy 

binding-site studies 149 
interpretation of information produced 168 
quality of model produced 172 
resolution 169, 172 
structure determination by 171,FS-4 
structure ensemble 169, FS-2 

nuclear transport factor-2 141, F4-21 
nucleases 72-73 
nucleophile 4, 78, 79 
nucleotide-binding fold 38, 39 
nucleotides 6 

hydrolysis, protein switches based on 98-105 
see also ATP; GTP 

octamer F1-74 
oligomers 40, Ft-65 

formation 42 
oligosaccharides 73, 122 

processing 122, F3-42 
O-linked sugars 122, F3-41 
omega torsion angle Ft-9 
oncogenes 101 
operons 162-163 
organic solvents, binding-site probes F4-32, 149 
orotidine 5'-monophosphate decarboxylase (OMP 

decarboxylase,ODCase) 62, F2-19, F2-20, 67 
osteonectin motif F4-7 
oxidation 70 
oxidation/reduction (redox) reactions 70-71,F2·31 
oxyanion hole F2-40, 79 

p38 F4-5 
p67 157 
p120GAP 88,F3-14 
packing motif 22,23,Ft-28 
PAKl protein kinase 59 
PALA (N-phosphonoacetyl-L-aspartate) 66-67, F2-25 
palmitoylation 124 
papilloma virus capsid protein F2-14 
parasites 125 
Parkinson's disease 160 
partner swapping 58-59, F2-13 
PBD domain 88 
PDZ domain F3·2, F4-23, 143 
pentamers 40, 44, Ft-74 
peptide bonds 8-9 

formation 8, Ft-7, 73, F2-33 
hydrolysis 8, Ft-7, F2-33, 78-79, F2-40 
properties 9, Ft-8, Ft-9 
rearrangements, in protein splicing 120, F3-35 

percent identity 132, 136-137 
pericyclic rearrangement 67, F2-26 
Pfam database F4-4 
pH, control of protein function by 92-93 

induced conformational switching 93, F3-5 
phase problem 170 
PH domain 88, F3-2, 91, F4-6 
phenylalan ine 4, Ft-3 
phi torsion angle 9, Ft-9 
phosphate-binding loop see P-loop 

phosphoester hydrolysis 72-73, F2-33 
phosphoglucomutases 79, F2·41 
phosphoglucose isomerase (PGI) 156-157, F4-47 
phosphoglycerate kinase (PKA) 68, F2-29 
phospholipase Cy 88 
phosphorylation 28, 29, 87 

in control of protein function 110-111, F3-21 
glycosylation and 123 
in protein targeting 91, F3-4 
two-component signal carriers 116-117, F3-29 

phosphotriesterase Ft-47 
phylogenetic tree 133, F4-5 
Pi-helix Ft-14 
pKa values 74-75, F2-35 
plants 8, 116, 136 
plasminogen 143,F4-24 

activation F3-32 
pleated sheets see beta sheets 
pleckstrin homology domain see PH domain 
P-loop F3-12, 99, F4-7, 137, F4-12 
pockets, binding 56-57 
poly(Lys), circular dichroism spectrum Ft-35 
polynucleotides 73 
polypeptide chains 

assemblies see quaternary structure 
properties in water 9, F1·8, Ft-9 

polypeptides 8 
polyproline helices 15, Ft-14 
pores, membrane 24, 25, Ft-33 
position-specific score matrix (PSSM) 135, F4-8 
post-translational modifications 28-29, Ft-40 

in control of protein function 87, 11 O 
glycosylation 122-123 
lipid modification 124-125 
other mechanisms 126-127 
in protein targeting 91 
see also phosphorylation; proteolysis 

potassium (K+) F2-38 
potassium channel 25, Ft-33 
PQQ 28, Ft-39 
pre-albumin 37, Ft-58, Ft-69 
precursors, activation of 118-1 19 
pregnenolone biosynthesis 71,F2-31 
prenylation 124-125 
"prepro" hormones 118-119 
primary structure (sequence) 3, Ft-2, 6 

tertiary structure determination from 20 
see also sequence(s) 

primary transcript 6-7, Ft-5 
prions 160-161, F4·52 
probes, binding site F4-32, 149 
profile-based threading 144, F4-25 
profiles, protein 134, 135, F4-8 
prokaryotes (bacteria) 

cell structure 90, F3-3 
genes 6, Ft-5 
glycoprotein binding 122 
post-translational modifications 29 
protein degradation 109 
protein kinases 110-111 
two-component signaling systems 98, 116-117 

proline 
Cdk2 activation and 115 
conformational preferences 18 
in helical structures 15, Ft-14 
structure and side chain 4, Ft-3 

pro-opiomelanocortin 118-119, F3-33, F4-16 
propinquity (proximity) factor 66 
PROSITE database 135 
protease inhibitors F2-5 
proteases 34, 72, F2•33, 146 

endosomal 92-93, F3·5 
hormone-processing 118-119, F3·33 
reaction steps 78-79, F2-40 
see also serine proteases 
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proteasome F1-74, 108-109, F3-19 
Protein Data Bank 142, F4-28 
protein G, Staphylococcus aureus 159 
protein kinase domains 112, F3-24, 153 
protein kinases 87, 110-111 

activation mechanism 112-113, F3-25 
activation loop (segment) 112, F3-24, F3-25, 

F3-26, 114, F3-27, 115, F3-28 
autoregulation 88 
localization 90 
multiple alignment F4-4 
regulation 112-115 

protein microarrays 138 
protein phosphatases 110, 115 

two-component signaling systems 116-117 
proteolysis 

limited 28, 29,110, 118-119 
self (autoproteolysis) 120-121 
ubiquitin-dependent 109, F3-20 
see also degradation, protein; peptide bonds, 

hydrolysis 
proteolytic cascade 1 18, 119, F3-34 
protomer 44 
protons 92 
proton transfer 52-53, 74-75 
proximity 66-67, F2-25 
proximity factor 66 
Pseudomonas aeruginosa 90, F4-1 0 
Pseudomonas ova/is 152 
pseudosymmetric proteins '44 
PSI-BLAST 135 
PSIPRED F4-25 
psi torsion angle 9, F1-9 
PTB domain 88, F3-2 
PUA domain F4-6 
purification, protein 139 
PutA F4-47 
pyridoxal phosphate (PLP) 73, F2-37 

-dependent transam ination 154, F4-43 
in unknown gene product 164, F4-59 

pyruvate decarboxylase 53,73, F2-34, 141, F4-20 

quantity, protein 87 
quaternary structure 3, F1-2, 40-45 

in genetic diseases 42-43 
geometry 44, F1-75, Fl-74 
intermolecular interfaces 42-43 
intracellular environment and 92 
ligand-induced conformational changes 47 
prediction from sequence 143 
role of complementarity 40-41 

Rab 124, 125 
Ramachandran plot 12, Fl-11 
RanGAPl 127 
Rap-Rafoligomerization Fl-70 
Ras Fl-1, 100-101,F3-21 

lipid modification 125 
mutations 101 
switching cycle 101,F3-14 
targeting to membrane 91 

reaction sub-site, enzyme active site 64, 65 
recessive mutations 43 
recognition, molecular 52 
recognition modules (interaction domains) 86,88, F3-1 
redox environment, control by 92-93 
redox reactions 70-71,F2-31 
reducing environment 10, 92 
reduction 70 
refinement 170 
regulation of protein function 

by N-acetylation 126-127 
by degradation 108-109 
by location 90-91 
mechanisms 86-87 
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by methylation 126 
by nitrosylation 127 
by pH and redox environment 92-93 
by phosphorylation 110-111 
by proteolysis 118-121 
by sumoylation 127 
by switching see switches, molecular 

regulator of G-protein signaling (RGS) proteins 
102-103 

residue 4 
resolution 168,FS-1, 169,172 
resonance 8 

peptide bonds 9, F1-8 
response regulator protein (RR) 116-117, F3-29, 

F3-30 
retinol-binding protein Fl-19, 37 
reverse transcriptase 147, F4-30 
reverse turns see beta turns 
R-factors 172 
RGS proteins 102-103 
rhinovirus 44, Fl-74, 97 
Rhizobium meliloti DctB protein 25, Fl-31 
rhodopsin 103, F3-15, F4-23, 143 
ribbon diagram 172, FS-5 
ribosome 60,F2-16, 104 
ribozymes 62 
RING finger domain F3-2 
RNA 

binding sites 56 
catalytic (ribozymes) 62 
coenzymes and 77 
degradation 87 
editing 6, 7 
interference (RNAi) 138,139 
messenger (mRNA) 6, F1-5 
regulation 87 
ribosomal 62 
transfer (tRNA) 104, F3-16 

RNA polymerases 147 
root-mean-square deviation (RMSD) 169, 172 
Rosetta method 144-145, F4-26, F4-27 
Rossmann fold 34 

Saccharomyces cerevisiae (yeast) F4-10 
MATa2 158-159,F4-51 
protein functions 137, F4-13 
Teml 90 
two-hybrid system 138, 139,F4-18, 165 
YBL036c F4-60, 164-165, F4-59 

5-acylation 124, 125 
SAGE (serial analysis of gene expression) 138 
Salmonella typhimurium 82 
salt bridges 1 O, F1-1 0, 42 

in phosphorylated proteins 111 
Sam68 126 
SAM domain F3-2 
scaffold proteins 60, 61, F2-18 

protein binding to 91, F3-4 
Schizosaccharomyces pombe 90 
scorpion toxin 39, Fl-63 
scrapie 160 
scytalone dehydratase 141, F4-21 
secondary structure 3, F1-2, 12-13 

classifying types of folds from 12 
elements 12 

membrane proteins 18,24-25 
see also alpha helix; beta sheet; beta turn 

prediction 18,Fl-21, 134 
steric constraints 12, Fl-11 

selenium (Se) F2-38 
"semi-liquid" nature of proteins 46 
septin 127 
sequence(s) 3, F1-2, 6 

alignment 132-133 
active-site residues 162 

local 134-135, 137 
multiple 132, 133, F4-4 
pairwise 132-133, F4-2 

analysis 132-135 
chameleon 158-159, F4-49 
comparison 132, 134 
conserved 132, 133 
deriving function from 136-137, F4-11 
divergent and convergent evolution 140-141, F4-19 
growth of information on 136, F4-9 
identity/similarity 132-133, F4-3, 142 

40% rule 136-137, F4-11 
percent 132, 136-137 

insertions and deletions 33, 132 
secondary structure prediction from 18, Fl-21, 134 
signal 86, 91, F3-4 
structure determination from 142-145 
see also primary structure 

Serl 125 
serine 

phosphorylation 110, 111, 112 
structure and side chain 4, F1-3 

serine proteases 
activation 118, F3-32 
catalytic triad 34-35,Fl-52, 78, 146-147 

detection methods 150, F4-35 
convergent evolution 140, 146-147, F4-29, 155 
multi-step reactions 78-79, F2-40 
precursors, homology modeling 143, F4-24 

serpins (serine protease inhibitors) 161,F4-54 
seven-transmembrane helix fold 153 
SH2 domain 88, F3-2, 153 

in analysis of protein function F4-6, 135, 137 
in protein kinase regulation 112-113, F3-26 
in STAT signaling 58 

SH3 domain 88, F3-2 
in analysis of protein function 134, F4-6, 135, 137 
in protein kinase regulation 112-113, F3-26 
in protein targeting 91 

sickle-cell anemia 42-43, Fl-71 
side chains 4 

amino acid 4, F1-3 
movements 47 

signal sequences 86, 91, F3-4 
signal transduction pathways 87, 88 

protein switches 98 
regulation by phosphorylation 110, F3-21 
regulation by protein localization 90 

signal transduction proteins 
domain arrangements 32, Fl-46 
partner swapping 58-59, F2-13 
scaffold proteins 61 

silk Fl-1, 16,37,60 
single-nucleotide polymorphism (SNP) 6, 7 
site-directed mutagenesis 150 
Smt3 127, F3-49 
SNARE domain F3-2 
sodium dodecyl sulfate (SDS) 55 
solubility, glycosylation and 123 
soluble proteins 

folding 20-21, Fl-23 
hydration shell 23, F1-26 

Sos F3-14, F3-21 
Sp 1 OOb F4-27 
space-filling image 172, FS-5 
specificity 

enzyme-mediated reactions 64, F2-24 
ligand binding 52, 59 
sub-site, enzyme active site 64, 65 

splicing, protein 120-121, F3-35, F3-38 
sporulation, yeast 165 
Src kinases 112-113, F3-26 
Src-Lck 32, Fl-46 
5-5 bridges see disulfide bridges 
stability, protein 26-29, 108 
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agents disrupting 27 
covalent bonds in 28 
post-translational modifications and 28-29 
secondary structure role 12 
weak interactions in 10-11, Fl-10, 26-27 

Staphylococcus aureus, protein G 159 
STAT (signal transducer and activator of transcription) 

molecules 58-59, F2-13 
Ste5p 61, F2-18 
steroid-delta-isomerase 141, F4-21 
steroid hormone biosynthesis 71, F2-31 
stop codon 6, 7 
stress-activated protein kinases (SAPK) F4-S 
stress-response proteins 108,109 
structural genomics 146 
structural proteins Fl-1, 3,50,60-61 

catalytic proteins as 61 
forming assemblies 60-61 
as frameworks and connectors 60 
as scaffolds 61 

structure, protein 
accuracy and precision 168-169 
convergent evolution 140-141, F4-19, 154-155 
determination 168-173 
divergent evolution 140-141, F4-19, 154, 155 
diversity 32-33 
four levels 3, Fl-2 
and function 33 
functional diversity of specific 152-153 
growth of information 146, F4-28 
interpretation of information 168-169 
membrane protein 24-25 
metastable 160-161 
modular nature 32-33 
prediction from sequence 134 
prediction of function from 130, 134-135 
presentation methods 172, FS-5 
primary 6 
quality of model produced 172 
quaternary 40-45 
resolution 168,FS-1, 169 
secondary 12-19 
tertiary 22-23 

substrates 50, 62, 63 
chirality 155 
finding candidate 151, 162-163 

subtilisin Fl-52, F4-29 
binding sites F4-33 
coordinate covalent bonds Fl-38 

subunits 40 
binding sites at interface between 57, F2-11 

succinate dehydrogenase 70, F2-31 
sugar isomerases 155 
SUMO 127,F3-49 
sumoylation 126, 127, F3-49 
superfamilies,protein 134,135,140, 146-147 

evolution offunction 146-147 
functional variation within 147 
TIM-barrel proteins 152-153 
serine proteases 146-147 
DNA polymerases 147 

superoxide dismutase 36, F2-22 
surface plasmon resonance 139 
surfaces, protein 

amphipathic beta sheets 17 
beta turns 13 
binding sites for macromolecules 56, F2-8, F2-9 
hydrophobic side chains at 21 
loops 22-23, Fl-25 
movements of atoms at 46 

surface topography image 172, FS-5 
switch I regions F3-12, 99, F3-17, 107 
switch II regions F3-12, 99, F3-17, 107 
switches, molecular Fl-1, 3, 50,51, 98-107 

based on nucleotide hydrolysis 98-105 
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see also G proteins; motor proteins; two-component 
signaling systems 

symmetric protein complexes 44, Fl-75 
synthesis, protein 73 

GTPase switches in 104-105,Fl-16 
see also transcription; translation 

T4 lysozyme Fl-79 
Taq DNA polymerase 27, F4-30 
targeting, protein 86 

to degradative machinery 87, 108-109, F3-20 
by lipid modification 124-125, F3-44 
mechanisms 91, F3-4 

TATA binding protein Fl-1, Fl-62 
taxol F2-1 
Teml 90 
temperature 

dependence, enzyme function F2-6, 55 
high, protein denaturation 27 
protein stability and 108 
sensitivity 26, 27 

temperature-sensitive (ts) mutations 26, 27,108 
tertiary structure 3, Fl-2, 22-23 

determinants 20 
flexibility 27, Fl-36 
molecular recognition and 52 
packing of atoms in interior 23, Fl-27 
post-translational modifications and 28-29 
prediction from sequence 134, 142-145 
stability see stability, protein 
water molecules at surface 23, Fl-26 

tetrahedron 44 
tetrahydrofolate F2-37 
tetramers 40, 41, 44, Fl-74 
theoretical microscopic titration curves (THEMATICS) 

F4-36, 151 
thermodynamics, folded proteins 26-27 
thermolysin 79, 149, F4-34 
thermophiles 62,108 
thermophilic proteins 26, 27, 55, F2-6 
Thermotoga maritima F2-6 
thiamine pyrophosphate (TPP, thiamine diphosphate, 

TDP) 73, F2-34, F2-37 
thioesterase, Escherichia coli 31, Fl-43 
thioester dehydrase 31, Fl-43 
thioredoxin F4-47 
threonine 

phosphorylation 11 O, 112, 114-115, F3-27 
structure and side chain 4, Fl-3 

thrombin F4-47 
thymidylate synthase 81,83,F4-47 
TIM see triosephosphate isomerase 
TIM-barrel proteins 35, F1-53 

functional versatility 152-153 
of unknown function 164 

TIM barrels 12, 33, 38, F1-61 
torsion angles 9, F1-9 
toxins 39 
tax operator DNA sequence F2-9 
TPP see thiamine pyrophosphate 
transamination 154 
transcription 6, 7, Fl-5 

regulation 87 
transducin 103 
transfer RNA (tRNA) 104, F3-16 
transition state 62, 63, F2-21 

stabilization 68, F2-27, F2-28 
translation 6, 7, Fl-5 

GTPase switches in 104-105 
transthyretin 160 
TRBD domain F4-6 
trimers 40,41,44,Fl-74 
triosephosphate isomerase (TIM) F1-24, F1-53 

catalytic residues F4-36, F4-37 
ligand-induced conformational change F1-77 

phosphoglucose isomerase and 157 
reaction rate F2-20 

tropomyosin F1-67 
troponin C 95 
trypsin 118 
trypsinogen 143 
tryptophan 4, Fl-3 
tryptophan synthase F1-45, 82, F2-44 
Tu see EF-Tu 
tubulin 50, F2-1 
two-component signaling systems 98, 116-117 

conserved features of RR regulatory domains 117, 
F3-30 

mechanisms 116-117, F3-29 
two-dimensional gel electrophoresis 138,F4-15, 165 
two-hybrid system,yeast 138, 139,F4-18, 165 
tyrosine 

phosphorylation 110, 111, 112 
structure and side chain 4, F1-3 

tyrosine protein kinases 110, 111, 112-113 

ubiquitin 108, 109 
ubiquitination 108,109 
up-and-down structural motif 36, 37, F1-57 
urea 55 
urease F2-20 

valine F1-3 
van derWaals interactions 4, 10,F1-10 

in enzyme binding 64 
vesicular transport, control of 124, 125, F3-46 
viruses 

coat proteins 59, F2-14 
oligosaccharide binding 122, 123 
see also specific viruses 

vitamins,cofactors derived from F2-37 

Walker motif F4-7, 137, F4-12 
water 

displacement, in binding interactions 59 
exclusion, in enzyme reactions 68-69, F2-30 
hydrogen-bonding properties 11 
in peptide bond formation Fl-7 
properties of polypeptide chains in 9, F1-8, Fl-9 
protein folding in 20-21,Fl-23 
in protein interior 23 
protein stability and 2(F1·34 
in quaternary structure 42, F1-69 
removal/addition reactions 72-73 
on surface of folded protein 23, F1-26 

WD40 domain 88, F3-1, F4-6 
weak noncovalent interactions 

in binding interactions 52, 58-59 
in protein assemblies 60 
stabilizing folded proteins 10-11, F1-10, 26-27 
stabilizing quaternary structure 42 

wire diagram 172, FS-5 
WW domain 88, F3-2 

X-ray crystallography 
binding-site studies 149 
interpretation of information produced 168 
quality of model produced 172 
resolution 169 
structure determination by 170, FS-3 

YBL036c 164-165, F4-59, F4-60 
yeast see Saccharomyces cerevisiae 

zinc (Zn2+) 28, 77, F2-38 
zinc finger motif 38, 39 

functional diversity 153 
in protein characterization F4-7, 137 
structure 34, F1-49, F1-64 

z-score 144, F4-25 
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';This [text] focuses on structure ana staoility, ratner tnan on biological categories, ana 
it aoes an excellent joo of outlining the funaamental themes. It also ties in phy_sical 
ctiemistrr. (ttirougn forces and energetics) .... We could therefore use it as a basic text in 
tne P./ Otein structure p_lus p_hr.sical chemistrY, course we teach for juniors at Harvard." 
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