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Abstract

It is well established that sequence templates (e.g., PROSITE) and databases are powerful tools for identifying
biological function and tertiary structure for an unknown protein sequence. Here we describe a method for auto-
matically deriving 3D templates from the protein structures deposited in the Brookhaven Protein Data Bank. As
an example, we describe a template derived for the Ser-His-Asp catalytic triad found in the serine proteases and
triacylglycerol lipases. We find that the resultant template provides a highly selective tool for automatically dif-
ferentiating between catalytic and noncatalytic Ser-His-Asp associations. When applied to nonproteolytic pro-
teins, the template picks out two “non-esterase” catalytic triads that may be of biological relevance. This suggests
that the development of databases of 3D templates, such as those that currently exist for protein sequence tem-
plates, will help identify the functions of new protein structures as they are determined and pinpoint their func-

tionally important regions.
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The use of protein sequence motifs and templates as a tool for
the identification of biological function and prediction of tertiary
structure is already well established (see reviews by Taylor, 1988;
Hodgman, 1989; Taylor & Jones, 1991). These templates are in
essence a 1D protein sequence signature that is identified by the
analysis of information in known protein structures and in data
from sequence alignments and pattern-matching techniques. The
information is summarized in databases such as PROSITE
(Bairoch & Bucher, 1994) and PRINTS (Attwood et al., 1994)
which, along with automatic sequence alignment algorithms, en-
ables swift assessment of an unknown protein sequence.
There has been detailed analysis of the 3D topologies of metal-
binding sites, both in proteins and in small molecules (for re-
views see Glusker, 1991; Jernigan et al., 1994). However, there
is not a database of 3D templates of functionally important units
in proteins, analogous to the sequence templates of PROSITE.
As the number of known protein structures increases, so the
need for a 3D equivalent of PROSITE grows with it —especially
for identifying likely functions of proteins whose biological role
is unknown and, equally usefully, for locating the functional re-
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gions and residues involved. A 3D template can provide a quan-
titative description of the relative dispositions of, for example,
the key residues in an enzyme active site based solely on the co-
ordinates. The template can then be used to scan a database of
known protein structures to identify putative catalytic centers.

Here we demonstrate the power of such search templates and
the novel information they can provide. We take as our exam-
ple the Ser-His-Asp catalytic triad of the serine proteases and
lipases, which is one of the best known and most intensively
studied of all functional mechanisms. An added advantage of
using this triad is that there are many examples in the protein
structures deposited in the Brookhaven Protein Data Bank
(PDB) (Bernstein et al., 1977). The triads are present in several
protein families, and the template provides a means of quanti-
fying the differences in the conformational geometry across the
different structural and functional families.

In the Ser-His-Asp catalytic triad, the three residues, which
occur far apart in the amino acid sequence of the enzyme, come
together in a specific conformation in the active site to perform
the hydrolytic cleavage of the appropriate bond in the substrate.
This triad was first identified in the serine proteinases (Blow
et al., 1969; Wright et al., 1969), which cleave peptides at the
amide bond. This is an ubiquitous group of proteolytic enzymes
responsible for a range of physiological responses, such as the
onset of blood clotting (Mann, 1987) and digestion (Blow,
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1976). They also play a major role in the tissue destruction as-
sociated with arthritis, pancreatitis, and pulmonary emphysema.
Each enzyme is highly specific for its own peptide substrate and
this specificity is governed by the substrate residue that fits into
the P’ subsite, or specificity pocket, immediately adjacent to the
scissile bond. Perona and Craik (1995) have recently published
a comprehensive review of the structural basis of substrate spec-
ificity in serine proteinases.

Barth et al. (1993) have performed an extensive steric com-
parison of the active site residues in the serine proteases. They
analyzed the differences in the relative conformations of the Ser-
His-Asp residues by performing RMS fits of all against all oc-
currences and, on the basis of the differences and similarities,
were able to classify the serine proteases according the chymo-
trypsin and subtilisin families. As a result of their analyses, they
were able to identify an additional serine, which is present, and
highly conserved, in the active site of the serine proteases, and
suggested it to be part of a “catalytic tetrad.” They also found
several examples of Ser-His-Asp triads in nonproteolytic pro-
teins and in approximately similar conformations to that of the
serine proteases (Barth et al., 1994).

Artymiuk et al. (1994) have used a graph-theoretic approach
for the identification of 3D patterns of amino acid side chains
in protein structures. For example, they constructed a search
template from the side-chain atoms of the Ser 195-His 57-Asp 102
catalytic triad of chymotrypsin and, depending on the allowed
interatomic distance tolerances, different numbers of catalytic
triads were identified from their data set. They also identified
an unusual triad from the pro-enzymes chymotrypsinogen and
trypsinogen, which does not exist in the active form.

A different structural comparison of the serine proteases,
using a less specific technique, has been performed by Fischer
et al. (1994). Their method, derived from geometric hashing
methods used in computer vision research, treats all Co atoms
in a protein as points in space and compares proteins purely on
the geometric relationships between these points. It can detect
recurring substructural 3D motifs, and was able to identify the
structural similarities of the active sites of the trypsin-like and
subtilisin-like serine proteases based solely on the similarities of
the Ca geometries of their constituent residues.

Apart from the serine proteases, the Ser-His-Asp catalytic
triad also occurs in the triacylglycerol lipases, which are respon-
sible for hydrolyzing triglycerides into diglycerides and, sub-
sequently, monoglycerides and free fatty acids. For example,
pancreatic lipase hydrolyzes water-insoluble triacylglycerols in
the intestinal lumen and thereby plays an important role in di-
etary fat absorption. Lipases are stable in both aqueous and
organic media and this makes them suitable as catalysts for a
number of synthetic processes that would otherwise require harsh
conditions to proceed. Like the serine proteinases, the catalytic
mechanism is effected by way of a catalytic serine (Blow, 1990;
Brady et al., 1990). The catalytic site is buried beneath a short
stretch of helix, known as the “lid.” A number of crystallo-
graphic studies have confirmed the hypothesis that the lid is dis-
placed during activation (Brzozowski et al., 1991; Derewenda
et al., 1992), being rolled back as a rigid body into a hydrophilic
trench filled previously by water molecules, exposing the active
site.

In this study, we used a data set of serine proteases and lipases
to automatically compute a highly specific 3D template for the
Ser-His-Asp catalytic triad in these proteins, thereby defining
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its conformation. Our method differs substantially from previ-
ous methods (e.g., Barth et al., 1993; Artymiuk et al., 1994;
Fischer et al., 1994) in that a simple template, specific to the Ser-
His-Asp catalytic triad, is derived. This template allows such tri-
ads to be identified uniquely in other structures and quantifies
the differences in the triads from related proteins. The applica-
tion of this procedure to other systems is discussed.

We used the derived template to search for similar triads in
other proteins, including non-enzymes, to see how often they
occur outside the serine proteinases and lipases. We found two
proteins with the correct triad conformation and these are dis-
cussed. Our study demonstrates that 3D templates derived from
the PDB can provide interesting suggestions concerning the
function of a novel protein once its structure has been determined.

Resulits

The data sets

Two data sets were used, both extracted from the January 1995
release of the PDB. The first comprised the serine proteinases
and lipases used in deriving the Ser-His-Asp 3D templates. The
serine proteinases, lipases, and related enzymes were identified
on the basis of their Enzyme Classification (E.C.) number (Bielka
et al., 1992), which characterizes an enzyme’s function in terms
of the reaction it catalyzes, the substrate on which it operates,
and any associated co-factors. To ensure the most complete data
set, the sequence of each structure in the PDB was cross-
referenced against the SWISS-PROT database (Bairoch &
Boeckmann, 1994) and the relevant E.C. numbers identified.

The resultant data set consisted of 192 serine proteinases,
4 serine-type carboxypeptidases, and 9 triacylglycerol lipases.
Some of the enzymes have more than one chain, and therefore
more than one catalytic triad. Table 1 lists the data set in terms
of all the individual chains: 205 serine proteinases, 7 serine-type
carboxypeptidases, and 13 lipases. The chains are grouped into
four main fold groups, numbered 1-4, according to their over-
all structure. This structural classification was achieved using
the program SSAP (Orengo et al., 1993), which computes a sim-
ilarity score (SSAP score) between two proteins; the higher the
score, which ranges from 0 to 100, the more similar the overall
structures. We used an SSAP score of >80, which is the mini-
mum score generally used to identify homologues, to group to-
gether enzymes having similar overall foids.

As can be seen in Table 1, the serine proteinases come in two
distinct fold groups: Group 1 members have a 8-sandwich fold,
characterized by trypsin, whereas Group 2 members have an al-
ternating «-8 fold, characterized by subtilisin. Group 1 is fur-
ther subdivided into subgroups 1a, 1b, and 1c¢ on the basis of
sequence similarity: chains in different subgroups have a lower
than 30% pairwise sequence identity. These chains, being in the
same fold group, still have very similar overall structures and
are almost certainly derived from a common ancestor. Group 3
contains the serine-type carboxypeptidases and Group 4 the tri-
acylglycerol lipases. The SSAP scores between members of
Groups 2, 3, and 4 are <70, reflecting the significant structural
differences between them. However, the overall folds of the
serine-type carboxypeptidases of Group 3 and the triacylglyc-
erol lipases of Group 4 have some similarity in that both are
members of a superfamily of «/3 hydrolases, as defined in
SCOP (Murzin et al., 1995) and Ollis et al. (1992). Within each
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Table 1. Data set of enzyme chains containing the Ser-His-Asp catalytic triad

FOLD GROUP 1: Serine proteases
B-Sandwich-trypsin-like fold

Subgroup 1a

Chymotrypsin E.C.3.4.21.1

lach E 1cgi E lcgj E 2cga A 2cga B 1chg Icho E 2cha 4cha A 4cha B 5cha A 5cha B
6cha A 6cha B 1ged Igct A 2gch 2get A 3gch 3get A 4geh 5geh 6gch 7gch

8gch 1gha E Ighb E 1gmc A 1gmd A Igmd B 1gmh 2gmt

Trypsin E.C.3.4.21.4

1bit 1bra 1brb E 1brc E 1gbt Imct A Intp 1ppc E 1ppe E 1pph E 2ptc E 2ptn
3ptb 3ptn 4ptp 1sgt 1smf E 1tab E 2tbs ltgb ltge ltgn ltgs Z ltgt

2tga 2tgd 2tgp Z 2tgt 1tld ltng 1tnh 1tni 1tnj ltnk 1tnl 1tpa E

1tpo ttpp 3tpi Z 4tpi Z

Thrombin E.C.3.4.21.5

labi H labj H 1bbr H 1bbr K 1bbr N 1dwb H 1dwc H 1dwd H 1dwe H letr H lets H lett H
Ifph H lhag E 1hah H lhai H 2hat H 1hgt H 2hgt H 1hlt H 1hlt K 2hnt E 2hpp H 2hpq H
1hrt H 4htc H lhut H lihs H tiht H 1nrn H Inrn R Inro H Inro R Inrp H Inrp R Inrg H
Inrr H Inrs H 1ppb H Ithr H 1ths H Itmb H 1tmt H Itmu H

Tissue kallikrein E.C.3.4.21.35
2kai A 2kai B 2pka B 2pka Y lton

Pancreatic elastase E.C.3.4.21.36
lela A lelb A lelc A lesa lesb lest 2est E 3est 4est E Sest E 6est 7est E
8est E 9est linc 1jim

Leukocyte elastase E.C.3.4.21.37
lhne E 1ppf E Ippg E

Subgroup 1b

a-Lytic protease E.C.3.4.21.12

2alp 1lpr A 2lpr A 3lpr A 4lpr A Slpr A 6lpr A 7lpr A 8lpr A 9lpr A 1p01 A 1p02 A
1p03 A 1p04 A 1p05 A 1p06 A 1p08 A 1p09 A 2p07 1pl0 A 1pll E 1pI2 E

Streptogrisin A E.C.3.4.21.80
Isge 2sga 3sga E d4sga E Ssga E

Streptogrisin B E.C.3.4.21.81
3sgb E 4sgb E

Subgroup 1c¢
1.3 Lysyl endopeptidase E.C.3.4.21.50
larb larc

FOLD GROUP 2: Serine proteases
Alternating «/g-subtilisin-like fold

Subtilisin E.C.3.4.21.62

Icse E Imee A 1501 1s02 1sbc Isbn E Isbt 2sbt 1sca Iscb Iscd Iscn E
Isel A 1sel B 2sec E Isib E 2sic E 3sic E 5sic E 2sni E 1st2 1st3 2stl Isub
Isuc Isud lvmo A lvmo B

Endopeptidase K E.C.3.4.21.64
1pek E 2pkce 2prk 3prk E 1ptk

Thermitase E.C.3.4.21.66
Itec E 2tec E 3tec E 1thm

FOLD GROUP 3: Serine-type carboxypeptidase
a/f

Serine type carboxypeptidase E.C.3.4.16.5
3sc2 A 3sc2 B 3sc2 A Iwhs A 1whs B 1whs A 1wht A 1wht B 1wht A 1ysc

FOLD GROUP 4: Triacylglycerol lipase
a/B

Triacylglycerol lipase E.C.3.1.1.3
lcrl 1hpl A Thpl B 1tah B Itah A 1tah C 1tah D 1tgl 3tgl 4tgl 5tgl 1thg
1trh
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of the fold groups in Table 1, the enzyme chains are further
grouped according to their E.C. number, reflecting their differ-
ent functional roles.

The second of our two data sets was a representative set of
protein structures in the PDB. The 3D templates derived from
the enzyme data set were applied to this second data set to see
if any Ser-His-Asp triplets, in the catalytic conformation, are
present in any other proteins. The second data set was a set of
unique protein chains, including homologues, but excluding
identical or trivially different chains such as single-residue mu-
tants. It was compiled by extracting protein chains from the
PDB such that no two had a sequence identity greater than 95%.
The resultant 639 protein chains are listed in Table 2.

Derivation of the 3D templates

The first step in generating the 3D coordinate templates was to
automatically extract all occurrences of interacting Ser, His, and
Asp residues, catalytic as well as noncatalytic, and irrespective
of relative conformation. The interacting triplets were located
in the enzyme data set using a program called DISTRIB
(R.A.L.). Residues were considered to be interacting if at least
one interatomic contact was less than the sum of the van der
Waals radii of the contacting atoms plus 1 A. Each extracted
triplet was transformed onto a common reference frame defined
by the planar ring of the His: the His was placed in the x-y plane
with its C” at the origin, its C® on the negative y-axis, and its
N?! atom with positive x and y values.

The second step was to automatically filter from these Ser-His-
Asp triplets only those that were catalytic triads with well-con-
served conformations. These would form the basis for calculating
the final 3D templates. The alternative would have been to lo-
cate all the catalytic triads manually and use these for deriving
the templates. However, there are two principal advantages of
the automatic procedure. First, it is more generally applicable
to other systems, including those where the triads of interest are
not so well-known beforehand. Second, the automatic proce-
dure selects only those cases that are well conserved. The degree
of this structural conservation is defined by the RMS distance
cut-off; essentially, this separates those interactions that are de-
fined as “catalytic” from those that are “noncatalytic.” There-
fore, we can quantify the distortion of those triads which,
although known to be catalytic, have a conformation in the crys-
tal structure that has somehow been perturbed —such as by the
binding of an inhibitor. By eliminating these perturbed confor-
mations, one gets a more accurate and reliable final template.

Thus, the aim of the filtering process was to identify those
triplets where the Asp and Ser residues were in approximately
the correct positions relative to the His. The procedure we used
was an iterative one, illustrated in Figure 1, and involved tak-
ing one of the known catalytic triads as a starting point, or seed.
The seed triad was Ser 195-His 57-Asp 102 from «-lytic protein-
ase llpr (Bone et al., 1991), although any other unperturbed
triad would have done just as well. Initially, we calculated the
RMS distance of all the Ser and Asp side-chain atoms relative
to the seed triad; however, after detailed inspection, it became
clear that the relative positions of the two functional oxygens
Asp 0% and Ser O7, governed the conformation of the cata-
lytic triad. Therefore, these two atoms were taken as reference
points and this, in essence, constituted an initial trial 3D tem-
plate. Each Ser-His-Asp triplet found by DISTRIB was then
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Table 2. Nonhomologous data set of enzyme and
non-enzyme proteins, where no two proteins have
a sequence identity greater than 95%

1191 1351 155¢ laaf laaj laak laap A laat lab2 laba

labk labm A labt A laca lace laco lacp lacx ladn ladr

lads laec laep lafc A 1ahd P lain laiz A 1ak3 A lake A lala
lalb lalc lald lalk A laoz A lapa lapm E lapo laps larb

larp larq A latn A latx lave A lavh A layh Ibaf H Ibal 1bbh A
1bbi 1bbo 1bbp A 1bbt 1 1bds 1bgc 1bge A Ibgh Ibha lbia

1blIE 1bmv 1 lbod lbov A 1brn L lbsr A 1btc 1bus Ibw3 1c2r A
lIc5a 1caa Icau A Icbl 1cbn leeS leed leer 1cd8 ledb

lcde ledg ledt A fecew I legi [ Icgt 1chb D Ichr A lcid lcll

lcmb A 1cob A Icol A lcor Icoy lepb lepe A lept lerl 1csc

lese E lctf Icth A lcvo 1cy3 1d66 A 1dbb H 1dfb H 1dhr 1drf
1dri 1dtk 1dtx 1dxi A leaf leca lede legf lego lend

letr H lezm 1f3g 1fas 1fba A 1fc2 C 1fcb A Ifdh G 1fdl H 1fdx
Ifgv H Ifha 1fia A 1fkb 1flv 1fnr 1frr A 1fus 1fvc A 1fvd A

Ifxa A 1fxd 1fxi A lgal Igat A 1gbl lgca lget A 1gdl O 1gdh A
1gfl 1gf2 1ggb H 1ghl A 1gky lgla G 1glt 1glu A 1gly lgmf A
lgmp A 1gof 1gox 1gpl A 1gpb lgpr lgps Igpt igsr A lgss A
Iguh A lhbg lhbg lhee 1hdd C 1hds A 1hdz A 1hem lhev 1hfh
Ihge A lhhl 1hil A Thip thiv A thie A lhmy lhna lhne E lhoe
Ihra 1hrh A lhsa A lhsb A lhsp lhst A lhuw lhyp lilb lifc
ligf H lind H lipd lisu A lith A 1jhi H 1kdu lkst 1lab llcc A
llct 1ldn A llec llen A 11fb 11fi 1lga A 11lhl 1lis llla

e 11ld A 1lmb 3 1lpe 1lpf A 1ltb C llte 1lts A 1lvl llya A

11z] Imaj Imam H Imat Imba imbd Imbs 1mcp H 1mct A Imda H
Imdc Imee A Imfa H Imfa L 1min A 1mio A 1mpp Imup Imyg A Imyp A
Imyt Inar Inbt A Inbv H Inca H Indk Inea Inip A 1noa Inor
Inpc Inpx Inrc A Inrd Insc A Intx Inxb lofv loma lomf

lonc lopa A losa lova A lovb lpaf A 1pal 1paz Ipba ipbx A
Ipca Ipda 1pdc 1pdg A 1pfk A 1pgd 1pgx Ipha Iphh Ipho

1pi2 lpii Ipk4 1pkp lpkr Iplc 1pnj Ipoa Ipoc 1pod

1poh 1pox A 1pp2 L Ippa Ippb H 1pp! E 1ppn 1ppo Iprc C Iptf
Ipya A Ipyp 1109 | 1r69 1rai A Irbp Ircb 1rdg lrds lrec

Irei A 1rfb A Irhd 1rhg A 1rib A 1ril 1rip lrne lrop A Irro

Irtc trtp 1 1rve A 1501 Isbp I1sdy A 1sgt Ishl Isha A 1shf A

1shg Ishp 1sim Isiv A Islt A Ismr A 1sos A 1spa Isrd A Isry A
Ist3 Istf I Istp 1sub 1tab I Itbs Iten ltet H 1tfd 1tfi

1tgl 1tgs | 1thb A 1thg l1thm Itie 1tim A 1tlk 1tme 1 1tml

Itnc 1tnf A 1ton ltop Itpk A 1ltpl A Itpm 1trb Itre A ltrm A
Itta A 1ttf lubq lula lutg Ivaa A lvab B lvil lvna lvsg A

Iwsy A Ixim A 1xis Ixla A lyat lycc lyea lyeb lymb lypc |

lypi A lysa C lzaa C 256b A 2aaa 2aai B 2abx A 2ach A 2act 2alp
2apr 2atc A 2bat 2bb2 2bbk H 2bjl 1 2bop A 2bpa 1 2cab 2cas
2cba 2cex 2cey A 2cdv 2emd 2cna 2cpl 2cro 2cte 2cts

2ctv A 2ctx 2¢yp 2dnj A 2ech 2er7 E 2fb4 H 2fbj H 2fcr 2fx2
2fxb 2gbp 2ger 2gst A 2hhm A 2hhr A 2hip A 2hmb 2hmqg A 2hpd A
2hpr 2ig2 H 2igg 2ihl 2imn 2ldx 2lhb 2itn A 2mad H 2mcg 1
2mcm 2mev 1 2mhb A 2mhr 2mip A 2mm1 2mnr 2msb A 2mta C 2nck L
2nn9 20hx A 2ovo 2pcb B 2pfl 2pia 2pka A 2pke 2plt 2plv 1
2pmg A 2pna 2pol A 2reb 2rhe 2rn2 2rsp A 2sas 2sga 2sic |

2sn3 2sns 2snv 2stv 2tbv A 2tgf 2tgi 2tmd A 2tmn E 2tmv P

2tpr A 2trx A 2ts] 2tsc A 2uce 2wrp R 2yhx 2yhx 351c 3adk

3bSc 3bcl 3blm 3c2c 3cd4 3chy 3cla 3cms 3dfr 3eca A

3est 3fxc 3gap A 3grs 3hfm H 3il8 A 3ink C 3lad A 3I1dh 3mds A
3mon A 3ovo 3p2p A 3pfk 3pgk 3pgm 3psg 3rp2 A 3rub L 3sc2 A
3sdh A 3sdp A 3sgb E 3trx 3xia 4azu A 4bp2 4cpv 4dfr A 4enl
4fab H 4fgf 4fxn 4ger 4gpd 1 4hvp A 4icb 4mdh A 4mt2 4ptp
4rcr H 4sbv A 4sgb [ 4tms Scyt R Sfbp A 5fd1 Sldh 5p21 Spal
Spti Srub A Stim A 6ins E 6ldh 6rxn 6taa 7aat A 7api A 7cat A
7fab H 7icd 7pcy 7rsa 8abp 8dfr 8fab A 8ilb 8rub L 8rxn A

91dt A 9pcy 9rnt 9wga A
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no new
hits

new hits
recycle

Fig. 1. Flow diagram showing the main steps involved in the calcula-
tion of the 3D template.

compared against this template. The RMS distance of its clos-
est Asp carboxyl oxygen and its Ser O to the reference atoms
was calculated. An RMS cut-off distance of 2.0 A was used, all
triplets with a lower distance being retained.

Once all matching triplets had been extracted, a new template
was calculated using their coordinates. However, to avoid bias-
ing the results toward the largest of the fold groups (Group 1
in Table 1), a separate mean template was calculated for each
of the four fold groups and these means were averaged to give
an overall mean template. As before, the template involved only
the coordinates of the two functional oxygens in the triad. The
resultant 3D template was then taken as the new starting tem-
plate and the entire above procedure was repeated. At each cy-
cle, a few more triads would be pulled in, and the 3D template
further refined, until no more new hits were obtained. A similar
iterative procedure was used by Barth et al. (1993) to extract Ser-
His-Asp triads from the serine proteases, although their method
differed in the fitting of the triads and the definition of matches.

We will refer to the final 3D template that resulted from the
above procedure as the “functional template,” because it gives
only the coordinates of the two functional Asp and Ser oxygens.
A second template, referred to as the “side-chain template,” was
also computed. This used the coordinates of all the Asp and Ser
side-chain atoms, namely Ser C*, Ser C”, Ser O, Asp C“,
Asp C?, Asp O°', and Asp O%. Again, a separate template was
computed for each of the four fold groups, as well as an over-
all one. The calculation was slightly complicated by the Asp hav-
ing two carboxyl oxygens, either one of which, O°' or 0%,
might be the functional one, their names being defined in the
PDB files according to the IUPAC conventions and defined
by the appropriate torsion angle. Therefore, we took whichever
of the oxygens was hydrogen bonded to the His imidazole ring as
the functional oxygen, and the other as the nonfunctional one.
In computing the overall RMS distance, the distances between
corresponding functional and nonfunctional oxygens were used.
In some cases, this definition gives an artificially increased RMS
distance. For example, consider the case where the two func-
tional oxygens of equivalent Asp’s coincide, but their nonfunc-
tional oxygens are on opposite sides of this oxygen. Our RMS
distance will be larger than the value a standard RMS distance
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comparison would give but, as a result, has the advantage of al-
lowing triads with unusual side-chain conformations to be iden-
tified more easily.

The Ser-His-Asp templates

The overall “functional template,” derived by the iterative pro-
cedure described above, is shown in Table 3. It comprises the
3D coordinates of the reference His side chain plus the two func-
tional oxygens on the Ser and Asp residues. As will be seen
shortly, the positions of these two functional oxygens are well
conserved across all four fold groups. Furthermore, as will also
be shown, they are specific to the catalytic triads; that is, the ox-
ygen positions in noncatalytic associations of Ser, His, and Asp
residues differ sufficiently to make the template particularly se-
lective for the catalytic associations of these three residues.

The side-chain template involves all the Ser and Asp side-chain
atoms and, because these are not conserved across the fold
groups, no meaningful overall template can be derived for the
side chains as a whole. Indeed, as will be seen, the Ser and Asp
side chains adopt quite different conformations in the different
structural groups while managing to conserve the positions of
their important functional oxygens. This variability among the
serine protease and lipase families has been observed before (see,
for example, Barth et al., 1993, 1994), but is of interest here in
that it is automatically picked up as a by-product of template
generation and can be quantified easily for comparative pur-
poses. The differences can be seen in Figure 2, which shows a
representative Ser-His-Asp triad from each of the four fold
groups, and one can see that there are quite marked differences
between them, as will be discussed later.

Functional templates

Let us consider the functional template first, this being the
one extracted and refined from a starting seed catalytic triad.
Figure 3 illustrates just how good the resultant template is at dis-
criminating between catalytic and noncatalytic associations of
Ser, His, and Asp residues. The black bars in the histogram cor-
respond to the catalytic triads with an RMS distance of <2.0 A
from the functional template, whereas the white bars correspond

Table 3. Coordinates of the 3D functional template
Sfor the Ser-His-Asp catalytic triad

Coordinates

Residue Number Atom X y z

Ser 195 o7 ~1.15 4.87 —-0.07
Asp 102 0%2 3.68 0.06 0.06
His 57 c® —1.09 0.80 0.00
His 57 C 0.00 0.00 0.00
His 57 Né! 1.11 0.82 0.00
His 57 (ol 0.07 —1.50 0.01
His 57 el 0.70 2.09 0.00
His 57 N¢2 —0.66 2.09 0.00
Ser 2142 o 5.01 2.26 1.71
Ser 1252 (o} 2.28 5.71 -2.81

“Mean coordinates of the O” atom in the noncatalytic Ser 214 of
fold. Group 1 enzymes and the Ser 125 of fold Group 2 enzymes.
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Subtilisin

Lipase

Fig. 2. Conformations of representative catalytic triads from each of the four fold groups: Group 1 in green, chymotrypsin
Icho (Fujinaga et al., 1987); Group 2 in white, subtilsin 2sic (Takeuchi et al., 1991); Group 3 in red, serine-type carboxypepti-
dase 3sc2 (Liao et al., 1992); and Group 4 in yellow, lipase 1tah (Noble et al., 1993), showing the different conformations adopted
by the Ser and Asp side chains. Triads have all been superimposed on their histidine residue. The diagram was produced using

Raster3D (Bacon & Anderson, 1988; Merritt & Murphy, 1994).

to those too far from the 2.0-A cutoff to be picked up. Exami-
nation of the latter structures reveals that, in all cases, the con-
formation of the Ser-His-Asp triad has been perturbed by the
presence of an inhibitor, so displacing the residues from their
uncomplexed positions.

What is more important in Figure 3, however, is that none of
the noncatalytic associations (grey and hatched bars) lie within
the 2.0-A cutoff; all are outside it, and most a long way outside.
In other words, the automatic filtering procedure is capable of
discriminating between catalytic and noncatalytic associations
of the Ser, His, and Asp residues. This in turn suggests that the
conformation of the two functional oxygens in the catalytic triad
is in some way special; the oxygens are not found at these posi-
tions when the triplet is a noncatalytic one. Indeed, it can be seen
from Figure 3 that a cutoff of 2.0 A may even be too generous.
The black bars have a strong peak at around 0.4-1.0 A, and the
majority lie below 1.4 A. The majority of structures in the data
set have inhibitors bound to the active site; examination of the
structures with RMS distances between 1.4 A and 2.0 A reveals
that the active sites are distorted by these inhibitors and that
those above the 2.0-A cut-off have covalently bound inhibitors.
Figure 3 has other interesting features that are discussed below.

Conservation of the functional oxygens

The strong conservation of the two functional oxygens is il-
lustrated in Figure 4, which shows the functional templates for
each of the four fold groups. The tighter of the two clusters cor-
responds to the functional Asp carboxyl oxygen, which is in a
position where it can hydrogen bond to the N°' of the His. The

other cluster corresponds to the Ser O positions, which are
within hydrogen bonding distance of the His N¢2.

The differences in these positions across the four fold groups
are quantified in Table 4. This shows the RMS distances between
the functional templates of each group, together with their dis-
tances from the overall functional template. Among the groups,
the smallest difference is 0.34 A, which is between the templates
of Groups 1 and 2 (both serine proteases), and the largest is
1.04 A, between the trypsin-like serine proteases of Group 1 and
the serine-like carboxypeptidases of Group 3.

The differences between each of the four group templates and
the overall template ranges from 0.17 A for Group 2 to 0.65 A
for Group 3. In other words, the overall template lies closer to
that of the Group 2 enzymes than to the other group templates.
The template for the largest group of enzymes, the trypsin-like
serine proteases of Group 1, lies 0.47 A away, and this accounts
for the large peak at around 0.5 A in Figure 3; this peak corre-
sponds to the highly populated Group 1 enzymes.

Column 4 in Table 4 shows the measure of the variability of
the functional oxygen positions within each fold group. The sep-
arations are quite small, ranging from 0.45 A to0 0.65 A. They
tend to be less than the differences between the functional
groups, suggesting that the differences are genuine and arise
from the differences in the overall folds of the proteins.

Side-chain templates

As mentioned above, the side-chain templates are not well
conserved across the four fold groups because the Asp and Ser
side chains tend to have markedly different orientations while
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Fig. 3. Histogram of the RMS distance of the Ser O and Asp carboxyl
oxygen atom from the overall mean consensus template position for all
Ser, His, and Asp associations in the enzyme data set. This histogram
shows how the majority of catalytic triads, in black, are within an RMS
distance of 2.0 A from the consensus template, and indeed can be sep-
arated from the noncatalytic interactions using 2.0 A as a cut-off. In
the remaining catalytic triads (white bars), lying beyond the 2.0-A cut-
off, the conformation of the triad is perturbed by the binding of an
inhibitor. In addition, the triads at an RMS distance of 2-5.5 A in the
histogram represent structurally conserved noncatalytic triads that play
a role in hydrogen bonding to and orientating the catalytic triads (see
text).

still managing to present their functional oxygens to the His in
strongly conserved positions. Table 5 quantifies the RMS dif-
ferences between these templates, together with their distances
from the overall side-chain template. The most similar templates

Table 4. RMS distances between overall “functional templates”
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are those of Groups 3 and 4, both with an RMS distance of
0.87 A. The similarities in their Asp and Ser conformations can
be seen in Figure 2. In terms of sequence homology, the enzymes
in these two groups are not particularly similar, sharing a se-
quence identity of 11%. The side-chain templates of Groups 1
and 2 are also reasonably similar (RMS 1.33 A) and the sequence
identity, at 16%, is again low.

The most marked differences are between Groups 2 and 3
(RMS 2.76 A), Groups 2 and 4 (RMS 2.30 A), and Groups 1
and 3 (RMS 2.23 A). These differences can be seen in Figure 2,
where, first, the Ser side chain of Groups 1 and 2 originates from
below the plane of the His, whereas that of Groups 3 and 4
comes from above. The side-chain templates of Groups 3 and 4
have the greatest similarity, indeed they both have similar «/3
folds. There are also differences in the conformations of the Asp
side chains for each of the four groups, most noticeably in the
subtilisin-like serine proteases (Group 2), where a different ox-
ygen on the Asp is the functional one.

Within the Group 1 serine proteases, there are three subgroups
(see Table 1) where the sequence identity between members of
different subgroups are <30%. Despite these differences, the
side-chain templates for the catalytic triads are very similar, with
the template of subgroup la having an RMS distance of 0.35 A
from that of subgroup 1b «-lytic proteinase, and 0.53 A from
subgroup Ic¢ lysyl endopeptidase.

The “catalytic tetrad”

Returning to Figure 3, which shows the distribution of the RMS
distances of all Ser-His-Asp triplets from the overall functional
template, one sees that there are actually very many noncata-
lytic Ser-His-Asp associations (grey and hatched bars) in this
data set. What is more, those that come from the Group 1 en-
zymes (grey bars) show a marked peak at around 5.0 A, suggest-
ing a conserved conformation of a different, noncatalytic
Ser-His-Asp triad. It turns out that this triad is strongly associ-
ated with the catalytic triad; in fact, it involves the catalytic
His 57 and Asp 102 residues, together with a different Ser than
the catalytic Ser 195, namely Ser 214. There is a near 1:1 ratio
of the triads at the peaks of 0.5 A and 5.0 A because Ser 214
is found in a structurally conserved position in all Group 1 ac-
tive sites. Indeed, these four residues, the catalytic triad plus
Ser 214, have been termed the “catalytic tetrad” (Barth et al.,
1993).

To check the extent of this structural conservation, we derived
a consensus template for the Ser 214-His 57-Asp 102 triplet in

No. of catalytic Mean RMS distance Overall Fold Fold Fold Fold
No. of chains® triads® of group* template group 1 group 2 group 3 group 4
Overall template: 225 195 0.77 - 0.47 0.17 0.65 0.39
Fold group 1 170 152 0.62 0.47 - 0.34 1.04 0.71
Fold group 2 35 29 0.58 0.17 0.34 - 0.80 0.42
Fold group 3 7 4 0.65 0.85 1.04 0.80 - 0.87
Fold group 4 13 10 0.45 0.39 0.71 0.42 0.87 -

% Total number of chains for each fold group in the enzyme data set.

" Number of catalytic triads identified using overall functional template.

“Mean RMS deviation from the group’s mean template of each of the

fold group’s members.
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Fig. 4. Box-plot showing the mean positions of the Ser O and the Asp carboxyl oxygen atom for each of the four fold groups
(black, yellow, blue, and green, respectively). These atoms all converge at favorable hydrogen bonding positions relative to the
nitrogens of the His ring. The tighter of the two clusters at the bottom of the picture corresponds to the Asp oxygen positions,
and the other cluster represents the Ser oxygen.

the Group 1 enzymes. The method was the same as before, but trypsin, expressed this in Escherichia coli, and then solved the
using the Ser 214-His 57-Asp 102 triad of llpr as the starting X-ray structure. The Asp in this mutant was in a totally differ-
seed. We found that these triplets, like the catalytic triads, all ent position to that in the catalytic triad, though it still formed
have an RMS distance of less than 2.0 A from their overall a hydrogen bond to the His imidazole ring. There was catalytic
mean. In other words, the position of the noncatalytic Ser 214 activity, but the k., was reduced 100-fold, indicating that, al-
is just as tightly defined as the catalytic Ser 195. The relative co- though a charged Asp in the vicinity of the His is sufficient for
ordinates of its functional oxygen are given in Table 3. It ap- low catalytic activity, the position and hydrogen bond inter-
pears that the Ser 214, together with the peptide backbone of actions of the Ser 214 residue are important for efficient catal-
the catalytic His 57, forms a network of hydrogen bonds that ysis. In addition, Noble et al. (1993) expressed the mutant
enable the Asp 102 to be presented in the optimal position for D263A in the catalytic triad of the lipase of Pseudomonas glu-
interaction with the His 57 imidazole ring. Indeed, it has been mae and found it still exhibited catalytic activity. They postu-

suggested that the Ser 214 residue performs an electrostatic sta- late that a neighboring Glu residue may adopt the role of the
bilization role. Mutation of this residue causes decreases in free Asp. This suggests that the Asp residue in this particular lipase
energy of catalysis, in agreement with electrostatic calculations is both dispensable and in an unusual chemical environment.
(McGrath et al., 1992). In another mutation experiment, Corey Figure 3 has another peak at RMS distance 2-4.5 A (hatched
et al. (1992) investigated the effect of swapping this noncatalytic bars). This, as in the Group 1 case above, corresponds to a sec-
serine with the functional Asp. They formed the double muta- ond Ser residue associated with the catalytic His and Asp, this

tion of D102S and S214D into the gene coding for rat anionic time in the Group 2 enzymes (the subtilisin-like serine proteases).

Table 5. RMS distances between overall “side-chain templates”

No. of catalytic Mean RMS distance Overall Fold Fold Fold Fold

No. of chains® triads® of group*® template group 1 group 2 group 3 group 4
Overall template: 225 195 1.32 — 1.49 3.27 2.39 1.59
Fold group 1 170 152 0.67 1.49 — 833 2223 1.74
Fold group 2 35 29 0.70 3.27 1.33 - 2.76 2230
Fold group 3 7 4 0.83 2.39 253 2.76 - 0.87
Fold group 4 13 10 1.06 1.59 1.74 2.30 0.87 -

“Total number of chains for each fold group in the enzyme data set.
" Number of catalytic triads identified using overall functional template.
¢ Mean RMS deviation from the group’s mean template of each of the fold group’s members.
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The triplet consists of Ser 125-His 64-Asp 32. Again, we derived
a consensus template for this triplet, this time using the Ser 125-
His 64-Asp 32 triplet from 2sic as the starting seed. We found
that the position of the functional oxygen of the Ser 125 is also
strongly conserved: there were 29 Ser 215-His 64-Asp 32 trip-
lets identified from a total of 35 chains with all RMS distances
well below 1.00 A. The coordinates of the functional oxygen are
given in Table 3.

The serine-type carboxypeptidases of Group 3 do not have a
conserved noncatalytic serine. However, it has been suggested
that Asn 176 plays a similar role (Liao et al., 1992), but, unlike
the two serines, the Asn carboxylate is out of the plane of the
imidazole ring, which calls into question the significance of this
residue.

There is a further peak in Figure 3 at 6-7 A RMS distance,
which corresponds to noncatalytic triplets where the Ser O hy-
drogen bonds to His N®', whereas the Asp carboxyl O hydro-
gen bonds to His N“2. This is the opposite hydrogen bonding
conformation to that of a catalytic triad and is catalytically in-
active because the Ser lies close to the histidine backbone and
so would cause steric hindrance to a substrate.

20 = |
|
O non-catalytic
W catalytic triads
é
: |
5 105 ‘
o ‘ \
g .
z |
I | ‘
m |
1t
| tl I
b L
0\ L - “‘ LA gyt I “H
0 1 2 3 4 5 6 17 8 9 10

Functional oxygen rms deviation

Fig. 5. Histogram showing the RMS deviation from the “functional”
consensus template of all Ser-His-Asp interactions extracted from a data
set of nonhomologous proteins. The serine proteinases are shown in
black and these are clearly separated from the other, noncatalytic as-
sociations. There are, however, two proteins that are not serine protein-
ases, cyclophilin and immunoglobulin, shown in grey, that appear to
have a Ser-His-Asp triad in the catalytic conformation.
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Search for Ser-His-Asp triads in other PDB entries

We have established that the overall functional template, along
with an RMS distance cut-off of 2.0 A, is able to identify all
Ser-His-Asp catalytic triads with the exclusion of all noncata-
lytic associations. We next applied the template to search a rep-
resentative data set of 639 protein chains taken from the PDB
(Table 2). This data set contains some of the structures present
in the enzyme data set, the ones omitted being those excluded
on the basis of having a higher than 95% sequence identity. The
results of the search are shown in the histogram in Figure 5. As
before, the black bars correspond to the catalytic triads in the
serine proteases and lipases present in the data set. These all lie
well within 2.0 A of the template. Most of the other triplets (grey
bars), which come from the other structures, have an RMS dis-
tance of > 2.0 A. However, there are two proteins that are nei-
ther serine proteinases nor lipases, but that have an RMS
deviation below the 2.0-A cut-off. These are the Ser 99-His 92-
Asp 123 triad of cyclophilin A, 2cpl (Ke, 1992), which has an
RMS of 1.38 A, and Ser 191-His 225-Asp 222 of chain H of im-
munoglobulin G1 2ig2, with an RMS of 1.57 A (Marquart et al.,
1980).

Cyclophilin A

The first of these, cyclophilin A, is a binding protein for the
immunosuppressive drug cyclosporin A and is also an enzyme
with peptidyl-prolyl cis-trans isomerase activity. Figure 6 shows
the location of the identified Ser 99-His 92-Asp 123 triad (white
bonds) in the protein. Although the protein’s enzymatic mech-
anism is not yet fully known, various residues have been iden-
tified as possibly important for catalysis. One of these is His 126,
which is shown with black bonds in Figure 6, very close to the

Fig. 6. MOLSCRIPT diagram (Kraulis, 1991) of cyclophilin A show-
ing the Ser 99-His 92-Asp 123 triad, in white bonds, picked up by the
Ser-His-Asp functional template. This triad may enable cyclophilin A
to exhibit protease activity. Also shown is His 126 (black bonds), which
is thought to be involved in the peptidyl-prolyl cis-trans isomerase
activity.
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Fig. 7. Ser-His-Asp triplet from cyclophilin A, which adopts a catalytic triad conformation yet is not known to be catalytically
active. The “catalytic” Ser O has the side chain of Phe 113 lying directly below it, making the binding of a substrate sterically

unfavorable.

triad, lending weight to the possibility of this protein having pro-
teinase activity. Figure 7 shows a close-up of the cyclophilin A
“catalytic” triad. The Ser O and Asp carboxyl oxygen appear
to be in optimal hydrogen bonding positions. The Asp carboxyl
oxygens form a network of stabilizing hydrogen bonds with the
surrounding residues, making the Asp very similar in nature to
a real catalytic aspartate.

However, the triad is surrounded by three hydrophobic resi-
dues: Val 128 and Leu 122 lying above and below the His 92 ring,
and Phe 113 directly below the catalytic Ser 99 O”. It appears
that the steric hindrance caused by these residues would inhibit
any substrate binding. There is the possibility that the binding
of a substrate could cause a conformational change in the en-
zyme, forcing the Phe 113 to move out of the way of the Ser and
enable catalysis. To test this possibility, the accessibility and
reactivity of the Ser to substrate could be tested using diisopro-
pylphosphofluoridate, which should form an irreversible cova-
lent adduct with the Ser, as it does in all serine proteinases and
lipases (Hayashi et al., 1973). To date, no proteinase-like activ-
ity has been reported for cyclophilin A, although, because en-
zymes are highly specific for substrate, the protein may not have
been sufficiently assayed for proteinase activity.

The overall structure of cyclophilin A (Fig. 7) is a 3-barrel
comprising eight antiparallel 3-strands with two «-helices sitting
on the top and bottom of the barrel. Because this topology is
unlike any of the fold groups in Table 1, the protein is unlikely
to be evolutionarily related to the serine proteases or lipases.

Immunoglobulin G1

The second non-enzyme with an apparent catalytic triad is im-
munoglobulin G1, 2ig2 (Marquart et al., 1980). The triad is
Ser 191-His 225-Asp 222, which has an RMS deviation of 1.57 A
from the overall functional template. Figure 3 indicates that the
majority of catalytic triads lie within 1.4 A of the mean template,
and those between 1.4 and 2.0 A have bound inhibitors. This
suggests that this triad may not have the stringent conformation
needed to be catalytically active. Indeed, its location in the struc-
ture (Fig. 8) is at the C-terminus of the molecule, near the hinge
region, and would probably be buried if the X-ray structure
of the whole Ig molecule were available. In addition, it is far
away from the hapten binding site, which is situated at the
N-terminus.

A close-up of the triad is shown in Figure 9, where it can be
seen that it is surrounded by mostly hydrophobic residues (green
bonds). It also looks rather different from the triads in the ser-
ine proteases and lipases (cf. Fig. 2) because the Asp side chain
approaches the His from a completely different orientation. This
is reflected in a high RMS distance of 4.20 A between this triad
and the overall side-chain template.

The triad lies on the surface of the heavy chain of the immu-
noglobulin molecule with the Ser O pointing out, toward the
surface. There is also a second Ser residue in the vicinity, Ser 192
(Fig. 9), which might be compared with the Ser 214 or Ser 125
residues of the Group 1 and Group 2 enzymes, respectively (Ta-
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/ ‘catalytic’ triad

antibody combining site

Fig. 8. MOLSCRIPT diagram (Kraulis, 1991) of the intact immuno-
globulin fragment with the position of the “catalytic” triad shown. The
triad lies at the C-terminus of the molecule, whereas the hapten bind-
ing site is at the N-terminus.

ble 1). However, its location, although next to the “catalytic”
Ser 191, is quite different.

Discussion

We have derived a simple 3D template for the well-known and
much-studied Ser-His-Asp triads of the serine proteases and li-
pases. The template reveals a number of new and interesting as-
pects of these triads. The first is just how strongly the positions
of the functional oxygens are conserved across all the different
fold groups, with the majority having an RMS distarnce of un-
der 1.4 A. What is more, the general, noncatalytic associations
of Ser, His, and Asp residues tend not to make use of these spe-
cial oxygen locations. Taken together, this strong conservation
of position and its uniqueness to the catalytic systems, enables
the use of the template as an automatic filtering process for the
catalytic triads. It also provides a means of measuring how un-
usual any given triad conformation is, particularly where the
binding of an inhibitor disrupts it.

The strong conservation of the functional oxygen positions
is achieved in different ways in the four different fold groups.
The orientations of the Asp and Ser residues vary markedly from
one group to the next, although they are well conserved within
each group.

When the template was used to search through a representa-
tive data set of structures in the PDB, apart from identifying cor-
rectly all the known Ser-His-Asp catalytic triads, it also located
two very interesting matches: one in cyclophilin A, which is
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known to have some enzymatic activity, although not protease
activity, and in immunoglobulin G1, where any enzyme activ-
ity at the located triad is most unlikely. A similar search per-
formed by Barth et al. (1994) revealed several other matches.
However, the triads were fitted on the C* and C” of the Asp
and Ser as well as the N°' and N2 of the His, explaining the
discrepancies in the matches. Perhaps the most interesting re-
sult of our search through the PDB is that we found only these
two noncatalytic matches. One might expect a large enough data
set of proteins to contain some fortuitous Ser-His-Asp associ-
ations that satisfy the template, yet do not have any catalytic
function. The fact that only the immunoglobulin G1 appears to
be the only fortuitous “hit” —and then with an RMS outside the
usual catalytic triad cut-off of 1.4 A —demonstrates the special
nature of the conformation of the oxygens in the catalytic triad.

In this paper, we have only dealt with the Ser-His-Asp catalytic
triad. However, there are many similar systems to which the ap-
proach could be applied. For example, not all catalytic triads
employ an Asp as the acid group, but instead use a glutamate.
Thisis true in two esterases: Geotrichum candidum lipase (Schrag
etal., 1991) and Torpedo californica acetylcholinesterase (Sus-
sman et al., 1991). Both of these proteins have Ser-His-Glu cat-
alytic triads. Comparison with our overall functional template
shows that the RMS distances from the template of the Glu O*!
and the Ser O in these triads are 0.70 A and 0.72 A, respec-
tively. These values lie well within the RMS cut-off that defines
a catalytic triad, supporting the view that the Glu and Asp have
the same role in their respective triads.

In addition, Wei et al. (1995) have identified a novel catalytic
triad in Streptomyces scabies that employs the main-chain car-
bonyl of a Trp residue to hydrogen bond to the His N°' in place
of the Asp carboxyl oxygen. Here the catalytic triad is Ser 144-
His 283-Trp 280. Again, applying our template shows that the
RMS distance from our template of the two functional oxy-
gens —the Ser O and the main-chain Trp carbonyl oxygen—
is 1.92 A. This is larger than the 1.4 A seen for “native” enzymes,
but is still below the 2.0-A cut-off defined above. Examination
of this structure shows that the Ser O” is distorted away from
the mean template position by 2.64 A because the structure con-
tains the covalent inhibitor bis-p-nitrophenylmethylphosphonate.
We have already noted that the Ser-His-Asp catalytic triad is
sometimes distorted by binding of unusual or covalent inhibitors.

Of course, there are other enzyme systems present in the PDB
that employ a His residue as part of their catalytic machinery;
for example, papain (Cys, His, Asn) and malate dehydrogenase
(His, Asp). An extension of this work would be to use our tem-
plate triad to investigate the structural similarities in catalytic
centers of such enzymes. This work is currently in progress.

An additional application of the method would be for cases
where there is no prior knowledge of functionally important res-
idue associations. The filtering procedure described here requires
only a single triad as a starting seed to act as an initial functional
template. At each cycle of the iterative procedure, similar tri-
ads, which are sufficiently close in conformation to the start-
ing template, are brought in and used in refining the template
for the next cycle. The final result is a functional template plus
all the residue associations that match it. The whole procedure
merely needs a initial seed conformation to start it off. Such a
seed can be generated automatically with no prior knowledge
of its functional importance. Thus, for example, for an associ-
ation of residues X-Y-Z, the first such association encountered
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Ser 191

Fig. 9. Ser 191-His 225-Asp 222 triad (yellow bonds) found in the immunoglobulin molecule G1 (2ig2, Marquart et al., 1980).

in the data set of structures could be taken as the starting seed.
If sufficient matches were found during the subsequent cycles,
the template could be stored as a common triad motif that might
have either functional or structural significance. With this ap-
proach, it should be possible to build a database of common 3D
residue motifs, much like the functional motifs used in the PRO-
SITE database (Bairoch & Bucher, 1994).
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