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X-ray analysis has provided a 3-dimensional structural basis
through which the complex processes of biochemistry and biology
can be investigated and understood. The crystallographic studies
on the serine hydrolases have provided accurate structures for
many of the enzyme families and have shown that although the
families evolved independently, their active atoms in their catalytic
structures have equivalent stereochemistry. There has also been
remarkable variation in the amino acid composition of the catalytic
structures. Analysis has shown that their essential catalytic chem-
istry is achieved through the interactions of carboxyl or carbonyl
oxygens, a base and a potential nucleophile. Finally the evolution-
ary changes in some enzyme families, such as the Ntn-hydrolases,
are so extensive that their evolutionary relationships can only be
detected by comparisons of their 3-dimensional structures. Thus
X-ray analysis gives the biologist chemical, functional and evolu-
tionary insight into protein molecules.
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INTRODUCTION

It is a pleasure to contribute a paper to this volume of Croatica Chemica
Acta dedicated to Boris Kamenar, who as a crystallographer and a chemist
has always been interested in the ability of X-ray analysis to determine
structures, including protein structures, and the chemical mechanisms that
can be deduced from them.

The remarkable power of single crystal X-ray analysis is its ability to re-
veal individual atomic positions. It was this that made X-ray crystallogra-
phy so fundamentally important in chemistry. It provided first an accurate
structural framework to fit the theories of the chemical bond, secondly it es-
tablished the huge 3-dimensional library of chemical molecules, and thirdly
it removed the labour of synthesis to prove chemical constitution.! The im-
pact of X-ray analysis on biological science however is probably even more
important. The technique has established the principles of macro-molecular
structure and has defined the active centres and surfaces in a huge range of
proteins and their complexes. Such is the power and vitality of the crystallo-
graphic method that in some 30 years, really an incredibly short time, the
3-dimensional structure of some 8000 biological molecules, many of key im-
portance, have now been determined. At present the rate is about 15 struc-
tures a week and this is increasing.?

X-ray analysis has defined not only the 3 dimensional atomic structure
of proteins but also the stereochemistry of the amino acid groupings, and
where present, the chemical cofactors responsible for their function. Often it
has been possible to deduce the chemical mechanisms of the protein mole-
cule's reactions — bringing a new and fundamental insight to the biochemis-
try. But biological molecules have another importance, they are subject to
evolutionary selection and change. The determination of their 3-dimensio-
nal structures has revealed the existence of both divergent and convergent
evolutionary relationships. The former are often very ancient indeed and
undetectable from the amino acid sequences alone. The analysis of these re-
lationships gives X-ray analysis an additional impact on biological science.

In this review some enzymes from one large class, the serine hydrolases,
has been chosen to illustrate variation in 3-dimensional structure and to
identify examples of divergent and convergent evolution. At the same time
comparisons of the enzymes’ active sites will illustrate how the requirements
of their reaction mechanisms have imposed common chemical and structural
features on the catalytic machinery on these very different protein molecules.

EVOLUTIONARY RELATIONSHIPS IN THE SERINE HYDROLASES

The serine hydrolases are a very large and diverse class of enzymes
which act on a wide variety of substrates. They employ a common mecha-
nism of nucleophilic attack through an activated seryl hydroxyl oxygen.
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In the late 1960s the crystal structures of two serine hydrolases, alpha-
chymotrypsin and subtilisin were determined.>*® The enzymes belong to a
large family within the serine hydrolases, the serine proteases. Both en-
zymes carry out the same chemistry of nucleophilic attack by the seryl oxy-
gen on the carbonyl carbon in a peptide bond. The two enzymes have com-
pletely independent evolutionary histories and completely different amino
acid sequences and 3 dimensional structures. The X-ray analyses reveal
however that their catalytic structures both consisted of the same three
amino acids: Asp-His-Ser.# Comparison of these two local structures showed
moreover that their active H-bonded atoms were in essentially identical po-
sitions. This was a most important demonstration of locally convergent evo-
lution in which the stereochemical requirements for catalysis were imposed
on the chemical and structural variations driven by the evolutionary pro-
cess. Figure 1 illustrates the overlap of the catalytic triad in trypsin (from
Streptomyces griseus) with that in subtilisin (from Bacillus subtilis) and
shows the similar stereochemistry of their active atoms.

Many other crystal structures of chymotrypsin related and subtilisin re-
lated enzymes have since been determined. It is apparent that within these
two families there are very considerable changes in the sequences and some
distinct changes in chain structure, particularly in segments connecting

Figure 1. The overlay of the catalytic triad from the serine protease trypsin [pdb list-
ing 1sgt] from the organism Streptomyces griseus on that from subtilisin, derived from
Bacillus subtilis [pdb listing 1svn]. The atoms are coloured according to the usual
conventions. The trypsin catalytic residues are drawn with thick bonds, those from
subtilisin with thin bonds. The aspartic acid is to the left, the histidine is central
while the serine lies below. Note the close overlap of the Asp OD, His ND and NE,
and Ser OG atoms.
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strands and helices. The stereochemistry at the catalytic structures in the
two families however does not change. Moreover the positioning of the cata-
lytic amino acids on the protein polypeptide chain of the chymotrypsin-rela-
ted and of the subtilisin-related serine protease families as a rule does not
vary.+6.7

The same catalytic structure of Asp-His-Ser has since been identified in
a number of other enzyme families. One such family is that of the al-
pha/beta hydrolases.® The enzymes in this family have a central sheet of se-
quential parallel strands, linked by loops and helices which vary enor-
mously between the different species. The active serine however always sits
on a specific strand which is connected by a tight loop to a helix. Figure 2A
shows the architecture, represented schematically, of the lipase from the
yeast Mucor miehei typical of the members of this family. These particular
enzymes hydrolyse the ester bond in acyl-glycerides by the same mechanism
of nucleophilic attack as seen in the serine proteases. Inspection of the cata-
lytic machinery revealed the presence again of the Asp-His-Ser triad, and
further it was shown that the active atoms overlapped closely onto their
equivalents in the serine proteases,’ as illustrated in Figure 3. Comparison
of enzymes in the alpha/beta hydrolase family shows that variation in the
position of the catalytic residues on the polypeptide backbone can occurr
and that the aspartic acid can change to glutamic acid, or even be substi-
tuted by a carbonyl oxygen.!? This relaxation of the stereochemistry at the
catalytic triad in these lipases is in contrast to the tightly defined stereo-
chemistry in the serine proteases. It probably reflects the more labile char-
acter of the ester bond compared to that of the amide bond.

Two recent determinations of esterase structures provide striking exam-
ples of molecular evolution. The first is a methyl esterase from Salmonella
typhimirium from where the arrangement of the beta-strands and some of
the helices are very reminiscent of the alpha/beta hydrolases.®' A compari-
son between this esterase and the lipase from Mucor miehei is shown in Fig-
ure 2A and B. Since the connectivity linking the strands is importantly dif-
ferent, the enzymes have in all probability evolved independently. Most
intriguingly however the catalytic serine in both enzymes is sitting on a
loop between a central strand and a helix. With this arrangement both en-
zymes can exploit favourable access to a substrate and its presence as a
common feature in the two enzymes could therefore just as well be an exam-
ple of convergent evolution. It is also intriguing that the two subsequent
strands and the subsequent helix have the same organisation. This might
suggest a very remote common evolutionary origin for the two enzymes. But
the small size and simple organisation of the motif makes convergent evolu-
tion a feasible mechanism for this structure in the two molecules as well.
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A Yeast lipase

B  Methyl esterase

Asp

Yeast lipase numbering: 4 5 6

Figure 2. The organisation of main chain secondary structure with helices represent-
ed as cylinders and B-strands represented as arrows in two serine hydrolases. This
simplified schematic emphasises the connectivity along the elements of secondary
structure, but loses some aspects of the 3-dimensional organisation. The catalytic
residues — Asp, His, Ser — are labelled and represented as circles.

A, the lipase from Mucor miehei.

B, a methyl esterase from Salmonella typhimurium.

Both enzymes contain 7 central parallel B-strands, though their connectivity is dif-
ferent. It can be seen that in the lipase, the B-strands are arranged in the same or-
der as the sequence, in the methyl esterase this is not the case. The individual
B-strands nonetheless share a very similar structural architecture imposed by the
H-bonding interactions between the polypeptide chains. There is also a difference in
the ordering of the sequence of the catalytic residues. In the lipase the order from
the sequence N-terminus is Ser — Asp — His; in the methyl esterase, Ser - His —
Asp. The three strands in the shaded box however match in connectivity and struc-
ture. It may be that this small motif was incorporated in both enzymes, or that the
structure was arrived at independently. On the basis of the connectivity and the se-
quence order of the catalytic residues, it appears that the similarity in secondary
structure positioning is the result of a convergent process.
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A further factor in favour of convergent evolution is that in the methyl es-
terase the histidine and aspartic acid are recruited from quite different re-
gions of the sequence and structure compared to the alpha/beta hydrolases.

Ser OG

Figure 3. The overlap of the catalytic residues in the trypsin from Streptomyces
griseus (thick bonds) and the lipase from Mucor miehei (thin bonds). The aspartic
acid is to the left, the histidine is central while the serine lies below; the angle of
view is slightly different to that in Figure 1. Note again the overlap of the active
atoms.

The second example of evolutionary change at the molecular level comes
from an acetyl hydrolase that functions in neural cells.!? In this enzyme the
polypeptide chain has a 3-dimensional fold essentially the same as the pro-
teins, called G-proteins, that hydrolyse GTP. The small G-proteins are key
molecules in the cell signalling pathways. Their particular structure is
widespread and is generally associated with guanosine di- or tri-phosphate
binding. The secondary structure organisation of the GTPase molecules and
the esterase are illustrated schematically in Figure 4A and B. The amino
acid sequences of the two molecules show no detectable similarity. This sug-
gests that the presence of the GTPase fold in the main chain imposes few
restrictions on the amino acids during its evolution to different functions. In
Figure 5 the overlap of the catalytic triad from the serine protease trypsin
and from the brain acetylase is shown. Again the convergent evolution act-
ing locally on the catalytic residues can be seen in the close overlap of the
active atoms, though this is not as close as the overlaps seen in the serine
proteases.
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A Small G-protein (GTPase)

B Brain acetyl esterase
His

Figure 4. Schematic representations of a small G-protein, rac—1 (pdb listing 1mih),
A; and of a brain acetyl esterase (pdb listing 1wab), B. The connectivity of the
B-strands structure in these two proteins is the same except that the G-protein has
an extra strand (1'). There are also helices which can be seen to connect the strands
in a generally identical fashion.

The active residues in the two proteins are different and are performing very different
functions: in the G-protein they stabilise the bound guanosine di- or tri-phosphate
and in the esterase they form a catalytic site. They come from different points of the
sequence but those involved in the GTPase activity are not shown here.

VARIATIONS IN THE CATALYTIC STRUCTURE IN SERINE
HYDROLASES

Variations at the Acid/H-bond Acceptor

The comparison of the catalytic triads Asp-His-Ser in a selection of these
enzymes has revealed a number of variations that inform us about the
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Figure 5. The overlap of the catalytic residues in the trypsin from Streptomyces
griseus (thick bonds) and in the brain acetyl hydrolase. The view is similar to that in
Figure 1. The aspartic acid is to the left, the histidine is central while the serine lies
below. In this comparison the match of the active atoms is poorer than those in Fig-
ures 1 and 3.

chemistry of the catalytic reaction. The three residues have the character of
acid, acting as a H-bond acceptor, base and nucleophile. Survey of the struc-
tural data base shows that this combination of chemical properties is pre-
served in the serine hydrolases but that there are variations.!® The appear-
ance of oxygen functions other than the aspartic acid carboxylate group in
certain esterases has already been noted, see above. Another variation, as-
partic acid to histidine, was recently reported in the structure of a new fam-
ily of viral proteases.!41516:17 I the crystal structure of this dimeric enzyme
we can see that the acid function served by aspartic acid has been replaced
by histidine and that the carboxylate oxygen function is substituted by the
imidazole epsilon-nitrogen. Thus the catalytic triad is not Asp-His-Ser but
His-His-Ser. For a chemist there is no surprise in seeing an imidazole func-
tioning as a H-bond acceptor once it is realised that the special environment
in the protein is reducing the pK of this histidine side chain.

Variations at the Base

The histidine which acts as a base in the classic triad is replaced by ly-
sine in the enzyme asparaginase and in the serine beta-lactamase.!®19 This
substitution has two consequences. The first of these is steric, the contacts
to the epsilon-amino group will be tetrahedral while those to histidine will
be planar. The second is that lysine has a higher pK than histidine, 10.5 cf.
6.8 which will affect the local chemistry. To act as a base the lysine must be
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deprotonated. It is evident that the local displacement of water molecules
and the burial of the active site by the substrate, accompanied by structural
changes, favour the proton's movement and the structural and chemical
events in the reaction pathway. The presence of an amino group acting as
base in the catalytic residues also occurs in the newly identified Ntn-
hydrolase family of enzymes. The nucleophilic residue in these enzymes is
at the N-terminus; it is the N-terminal amino group that operates as the
base. The conformation assumed by this amino acid creates a H-bond inter-
action between the alpha-amino group and the side chain. These interac-
tions that create catalytic potency in the Ntn-hydrolases are more equiva-
lent to those seen in asparaginase (seen in Figure 6) or the beta-lactamase,
though they exist within a single amino acid, and may also recruit a water
molecule into the reaction.2? The catalytic site in the Ntn-hydrolase, Penicil-
lin G amidase or acetylase, is illustrated in Figure 6.

\

Glu OE
Asn OD

a, £ ~;

amino

__+Ser0G
\ Thr OG

Figure 6. The overlay of the catalytic groups of asparaginase and that from penicillin
G acylase both from Escherichia coli. Note that in the penicillin acylase, illustrated
with thick bonds, the nucleophile containing side chain and the base belong to the N-
terminal residue. In asparaginase which is drawn with thin bonds, the aspartic acid,
the lysine, acting as the base, is central and the threonine (equivalent to serine) lies
below. These match on to a carbonyl oxygen from a glutamine side chain, the alpha-
amino function and the serine residue respectively from the penicillin G amidase.

Variations at the Nucleophile-containing Residue

Although the families of enzymes under discussion are referred to gen-
erally as the serine hydrolases, the nucleophile containing residue in some
cases has been found to change to cysteine or threonine. There is for exam-
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ple one chymotrypsin-like serine protease from the hepatitis A virus, in
which the enzyme's nucleophilic residue has changed to a cysteine.?1*2 More
remarkably, the Ntn-hydrolase family has been found to contain members
with serine, cysteine and threonine as the catalytic nucleophile.?? For exam-
ple the Ntn-hydrolase penicillin V amidase with a catalytic N-terminal cys-
teine removes the sidegroup from the beta-lactam by cleaving the linking
amide bond.?* The enzyme performs an identical amide hydrolysis to that of
penicillin G acylase, which curiously is also a Ntn-hydrolase?? — it however
has a cysteine as its catalytic residue. Replacement of the serine by cysteine
in the viral protease and in the amidase will introduce a stronger nucleo-
phile and there may be need, as yet unidentified, for this in these enzymes.

The proteasome assembly also contains proteases which belong to the
Ntn-hydrolase family.?? This enzyme complex degrades peptides and pro-
teins in the cell. Its catalytic residue is a threonine which in terms of the
nucleophilic reaction is the same as serine. The presence in threonine of the
gamma methyl will however introduce steric constraints which in serine
proteases would interfere with the conformation and the movement of the
side chain in the catalytic process. One other enzyme that has threonine as
its catalytic residue is asparaginase, referred to above. It acts as an ami-
dase to convert the side chain amide to a carboxylic acid by the same
mechanism.?® An overlay of the catalytic structures in the Ntn-hydrolase
and in asparaginase is shown in Figure 6. Note that the match of active at-
oms is as close as in other comparisons.

CONCLUSION

This survey is unavoidably selective but it is evident from the 3 dimen-
sional structures that there is an evolution of the catalytic residues in ser-
ine hydrolases which can inform the chemist about the constraints acting on
the catalysis and which also can give the biologist clues about the physio-
logical conditions the organism concerned lives in. There is no doubt that
the progress in stuctural analysis is going to lead to many more surveys of
functional sites across the rapidly growing number of known structures.?’
These are likely to reveal the presence of functions unsuspected by the bio-
chemist. Very recently for example the crystal structure of an alpha-
amylase extracted from an Antarctic organism was determined.?® The
authors discovered that on the enzyme's surface there was a triad Glu-His-
Ser whose active atoms matched those of the classic triad in a serine prote-
ase, or more exactly the identical triad in the lipase from the yeast Geotri-
chum candidum.® This finding has given the biologists questions — does the
enzyme have a hydrolytic function, and if so what is it there for. It seems to
many of us that there will be many other discoveries of this nature in the
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future. Thus crystallography continues to bridge disciplines, to challenge
the ideas of chemists and biologists and more importantly is bringing both

res

earch communities together.
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SAZETAK

Kristalografska tumacenja i procjena katalitickog ustroja nekih
serin-hidrolaza

Eleanor Dodson i Guy Dodson

Rentgenska strukturna analiza pruza trodimenzijsku strukturnu osnovicu putem
koje se sloZeni biokemijski i biolo§ki procesi mogu istrazivati i razumjeti. Kristalo-
grafsko izuéavanje serin-hidrolaza pribavilo je to¢nu gradu mnogih skupina enzima i
pokazalo da, premda se skupine razvijaju neovisno, aktivni atomi u njihovim kata-
litickim strukturama imaju ekvivalentnu stereokemiju. Uo¢ila se takoder i znac¢ajna
promjena u aminokiselinskom sastavu kataliti¢kih struktura. Analizom je pokazano
da se njihova bitna kataliticka kemija odvija kroz interakcije karboksilnih ili karbo-
nilnih kisikovih atoma, osnovnog i mozebitnog nukleofila. Konac¢no, razvojne promje-
ne u nekim skupinama enzima kao $to su Ntn-hidrolaze tako su opsezne da se nji-
hove razvojne srodnosti mogu otkriti tek usporedbom njihove trodimenzijske grade.
Rentgenska strukturna analiza nudi bioloSkom kemic¢aru uvid ne samo u funkcijske
veé 1 razvojne znacajke molekula proteina.



