
Profein Science (1996), 5:lOOl-1013. Cambridge  University  Press.  Printed in the  USA. 
Copyright 0 1996 The  Protein Society 

Derivation of 3D coordinate  templates  for searching 
structural databases:  Application to Ser-His-Asp 
catalytic  triads in the serine proteinases and lipases 

ANDREW C .  WALLACE,  ROMAN  A.  LASKOWSKI, AND JANET  M.  THORNTON 
Biomolecular  Structure  and  Modelling  Unit,  Department of Biochemistry  and  Molecular  Biology, 
University  College,  Cower  Street,  London W C l E  6BT,  England 

(RECEIVED December 14, 1995;  ACCEPTED  March 13, 1996) 

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 I D  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 C a  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 Col 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 

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. 

Results 

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  ai., 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  folds. 

As can  be seen  in Table  1,  the  serine  proteinases  come in two 
distinct fold  groups:  Group 1 members  have a (.?-sandwich fold, 
characterized by trypsin, whereas Group  2 members  have an  al- 
ternating a-(.? fold,  characterized by subtilisin.  Group  l is fur- 
ther  subdivided  into  subgroups la,  Ib,  and I C  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 o l / p  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 
/3-Srndwich-trypsin-like fold 

Subgroup la  
Chymotrypsin  E.C.3.4.21.1 
lacb E  lcgi  E  lcgj  E Zcga A Zcga B lchg  lcho E  2cha  4cha A 4cha B 5cha A Scha B 
6cha A 6cha B lgcd  lgct A 2gch 2gct A 3gch 3gct A 4gch 5gch 6gch 7gch 
Sgch lgha E lghb E lgmc A lgmd A lgmd B lgmh  2gmt 

Trypsin  E.C.3.4.21.4 
lbit  lbra  lbrb E lbrc E lgbt  lmct A lntp  lppc E lppe E lpph E  2ptc  E  2ptn 
3ptb  3ptn  4ptp  lsgt  lsmf  E  ltab  E  2tbs  ltgb  ltgc  ltgn  ltgs Z ltgt 
2tga  2tgd  2tgp Z 2tgt ltld  ltng  ltnh  ltni  ltnj  ltnk  ltnl  ltpa E 
l tpo  l tpp 3tpi Z 4tpi Z 

Thrombin  E.C.3.4.21.5 
labi H labj  H lbbr  H lbbr K lbbr  N ldwb H ldwc H ldwd H ldwe H letr H lets H lett H 
lfph H I hag  E I hah H lhai H 2hat H Ihgt H 2hgt H lhlt H lhlt K 2hnt  E  2hpp H 2hpq H 
lhrt H 4htc H lhut H lihs H liht H lnrn H lnrn R lnro H lnro R lnrp H lnrp R lnrq H 
lnrr H lnrs H lppb H lthr H lths H l tmb H ltmt H ltmu H 

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

Pancreatic  elastase  E.C.3.4.21.36 
lela A lelb A l e k  A lesa  lesb  lest Zest E 3est 4est E 5est E 6est 7est E 
8est  E  9est linc  ljim 

Leukocyte  elastase  E.C.3.4.21.37 
lhne E lppf  E lppg E 

Subgroup  Ib 
a-Lytic  protease  E.C.3.4.21.12 
2alp  llpr A 21pr A 31pr A 41pr A 51pr A 61pr A 71pr A Slpr A 91pr A lpOl A lp02 A 
lp03 A lp04 A lp05 A lpO6 A lp08 A lp09 A 2p07 l p l 0  A l p l l  E lp12 E 

Streptogrisin A E.C.3.4.21.80 
lsgc 2sga 3sga E 4sga E 5sga E 

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

Subgroup IC 
1.3 Lysyl endopeptidase  E.C.3.4.21.50 
larb  larc 

FOLD GROUP 2: Serine proteases 
Alternating ar/&subtilisin-like fold 

Subtilisin  E.C.3.4.21.62 
lese  E  lmee A Is01 ls02  lsbc  lsbn  E  lsbt  2sbt  lsca  lscb  lscd  lscn  E 
lsel A lsel B 2sec E  lsib  E 2sic E 3sic E 5sic E 2sni E  lst2  lst3  2stl  lsub 
lsuc  lsud lvmo A lvmo B 

Endopeptidase K E.C.3.4.21.64 
lpek  E  2pkc  2prk  3prk  E  lptk 

Thermitase  E.C.3.4.21.66 
ltec  E  2tec  E  3tec  E  lthm 

FOLD GROUP 3: Serine-type carboxypeptidase 

Serine  type  carboxypeptidase  E.C.3.4.16.5 
3 x 2  A 3 x 2  B 3sc2 A lwhs A lwhs B lwhs A lwht A lwht B lwht A lyse 

FOLD GROUP 4: Triacylglycerol lipase 
a/@ 
Triacylglycerol  lipase  E.C.3. I .  1.3 
lcrl  lhpl A lhpl B ltah B ltah A ltah C ltah D ltgl 3tgl 4tgl  5tgl lthg 
ltrh 

- .. ________- .___ 
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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 3 0  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 Cy at  the  origin, its CB on  the negative y-axis,  and  its 
N6’ 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 cy-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*2 and Ser Oy, 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 

Table 2. Nonhomologous  data set of enzyme and 
non-enzyme  proteins, where no two proteins have 
a sequence identity greater than 95 % 

1191  1351  1SSc 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 lahd P lain  laiz A lak3 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  lbaf H lbal  lbbh A 
lbbi   lbbo  lbbp A lbbt 1 lbds  lbgc  lbge A lbgh  lbha  lbia 
lbllE  lbmv  1  lbod  lbov A lbrn L lbsr A lbtc  lbus  lbw3 lcZr A 
lcSa lcaa  lcau A lcbl  lcbn  lcc5  lccd  lccr  led8  lcdb 
lcde  lcdg  lcdt A lcew 1 lcgi I lcgt  lchb D lchr A lcid  lcll 
lcmb A lcob A lcol A lcor  lcoy  lcpb  lcpc A lcpt  lcrl  lcsc 
lese E lctf  lcth A lcvo  lcy3  Id66 A ldbb H ldfb H ldhr  ldrf 
ldri  ldtk  ldtx  ldxi A leaf  leca  lede  legf  lego  lend 
letr H lezm  lf3g  lfas  lfba A lfc2 C lfcb A lfdh G lfdl H lfdx 
lfgv H l fha  l f ia  A lfkb  lflv  lfnr  lfrr A lfus  lfvc A lfvd A 
lfxa A lfxd  lfxi A lgal  lgat A lgbl  lgca  lgct A lgdl 0 lgdh A 
lgfl  lgf2  lggb H lghl A lgky  lgla G lglt  lglu A lgly  lgmf A 
lgmp A lgof  lgox  lgpl A lgpb  lgpr  lgps  lgpt  lgsr A lgss A 
lguh A lhbg  lhbq  lhcc  lhdd C lhds A lhdz A lhem  lhev  lhfh 
lhge A lhhl  lhil A lhip  lhiv A lhle A lhmy  lhna  lhne E lhoe 
lhra   lhrh A lhsa A lhsb A lhsp  lhst A lhuw  lhyp  l i lb  l ife 
ligf H lind H lipd  lisu A lith A ljhl H lkdu  lkst  llab 1Icc A 
llct  lldn A llec  llen A llfb  llfi  llga A l lhl  llis  llla 
lllc  llld A llmb  3  llpe  llpf A l l tb C llte  llts A 1Ivl llya A 
l lzl   lmaj  lmam H lmat   lmba  lmbd  lmbs  lmcp H lmct A lmda H 
lmdc  lmee A lmfa H lmfa L lmin A lmio A lmpp  lmup  lmyg A lmyp A 
lmyt  lnar  lnbt A lnbv H lnca H lndk  lnea  lnip A lnoa  lnor  
lnpc  lnpx  lnrc A lnrd  lnsc A lntx  lnxb  lofv  loma  lomf 
lonc  lopa A losa  lova A lovb  lpaf A lpal   lpaz  lpba  lpbx A 
lpca  lpda  lpdc  lpdg A lpfk A lpgd  lpgx  lpha  lphh  lpho 
lpiZ  lpii  lpk4  lpkp  lpkr  lplc  lpnj  lpoa  lpoc  lpod 
lpoh  lpox A lpp2 L lppa  lppb H lppl E lppn  lppo  lprc  C lptf 
lpya A lpyp  lr09 I lr69  lrai A lrbp  lrcb  lrdg  lrds  lrec 
lrei A lrfb A lrhd  lrhg A lr ib A lril  lrip  lrne  lrop A l r ro  
l r tc   l r tp  1 lrve A lsOl lsbp  lsdy A lsgt  Ish1  lsha A lshf A 
lshg  lshp  lsim  lsiv A lslt A lsmr A lsos A lspa  lsrd A lsry A 
lst3  lstf 1 lstp  lsub  l tab I ltbs  lten  Itet H ltfd  l tf i  
ltgl  ltgs I l thb A lthg  lthm  ltie  ltirn A ltlk  ltme 1 ltml 
ltnc  ltnf A l ton  l top  l tpk A ltpl A ltpm  ltrb  Itre A l trm A 
l t ta  A lttf  lubq  lula  lutg  lvaa A lvab B lvil lvna lvsg A 
lwsy A lxim A lxis  lxla A lyat  lycc  lyea  lyeb  lymb  lypc I 
lypi A lysa C lzaa C 256b A Zaaa Zaai B Zabx A Zach A Zact Zalp 
Zapr Zatc A Zbat Zbb2 2bbk H Zbjl 1  Zbop A Zbpa 1 Zcab Zcas 
Zcba 2ccx Zccy A Zcdv Zcmd Zcna Zcpl Zcro Zctc Zcts 
Zctv A Zctx Zcyp Zdnj A Zech Zer7 E Zfb4 H Zfbj H 2fcr 2fxZ 
Zfxb Zgbp Zgcr  Zgst A Zhhm A Zhhr A Zhip A Zhmb  Zhmq A Zhpd A 
Zhpr ZigZ H Zigg Zihl Zimn 21dx Zlhb Zltn A Zmad H Zmcg 1 
Zmcm Zmev 1 Zmhb A Zmhr Zmip A Zmml  Zmnr  2msb A Zmta C Znck L 
Znn9 Zohx A Zovo Zpcb B Zpfl Zpia Zpka A Zpkc Zplt  Zplv 1 
Zpmg A 2pna ZpoI A Zreb Zrhe ZrnZ Zrsp A Zsas Zsga 2sic I 
Zsn3 Zsns Zsnv Zstv Ztbv A Ztgf  Ztgi Ztmd A Ztmn E 2tmv P 
2tpr A Ztrx A Ztsl Ztsc A Zuce Zwrp R Zyhx Zyhx 351c 3adk 
3bSc 3bcl  3blm 3cZc 3cd4  3chy  3cla  3cms  3dfr  3eca A 
3est  3fxc  3gap A 3grs  3hfm H 3i18 A 3ink C 31ad A 31dh 3mds A 
3mon A 30vO 3pZp A 3pfk  3pgk  3pgm  3psg  3rpZ A 3rub L 3scZ A 
3sdh A 3sdp A 3sgb E 3trx  3xia  4azu A 4bpZ  4cpv  4dfr A 4enl 
4fab H 4fgf  4fxn  4gcr  4gpd  1  4hvp A 4icb  4mdh A 4mtZ 4ptp 
4rcr H 4sbv A 4sgb 14tms Scyt R Sfbp A Sfdl  Sldh  5p21 Spa1 
Spti  Srub A Stim A 6ins E 61dh 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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llpr - Ser 193-HlsS7-Asp 102 

with rms distance .e 2.0.4 from Ser Oy and Asp 0 6  

functional oxygen5 

f l I I a I I X x 1  Ltlau 

template all  new hits 

Fig. 1. l.-lo\v diagram  shotving  the  main steps involved in the calcula- 
tion of  the 3D ternplate. 

compared  against  this  template.  The  RMS  distance of its clos- 
est Asp  carboxyl oxygen and its Ser 0’ 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 I ) ,  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 i t  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 01,  Asp  C“, 
Asp C”,  Asp O ” ,  and  Asp 0”. 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*2, 
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 

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. I t  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 3Dfunctional template 
for the Ser-His-Asp catalytic triad 

Coordinates 

Residue  Number  Atom x Y i 

Ser 
Asp 
His 
His 
His 
His 
His 
His 
Ser 
Ser 

I95 
I02 
57 
57 
57 
57 
57 
57 

2 14“ 
125‘‘ 

-1.15 4.87 
3.68 0.06 

- I  .09 0.80 
0.00 0.00 
1 . 1 1  0.82 
0.07 -1.50 
0.70 2.09 

-0.66 2.09 
5.01 2.26 
2.28 5.71 

-0.07 
0.06 
0.00 
0.00 
0.00 
0.01 
0.00 
0.00 
1.71 

-2.81 

“ Mean  coordinates of the 0) atom in the  noncatalytie  Ser 214 of 
fold.  Group I enzymes and the  Ser 125 of fold Group 2 enzymes. 



Fig. 2. Conformations  of  representative  catalytic  triads  from  each  of  the  four  fold  groups:  Group 1 in green,  chymotrypsin 
lcho  (Fujinaga et al., 1987); Group 2 in white,  subtilsin 2sic (Takeuchi  et  al., 1991); Group 3 in red,  serine-type  carboxypepti- 
dase 3 x 2  (Liao et al., 1992); and  Group 4 in yellow, lipase 1 tah  (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 .O 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 N6' of  the His. The 

other  cluster  corresponds  to  the  Ser 0 7  positions, which are 
within hydrogen  bonding  distance  of  the  His Nf2.  

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 I ,  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 to  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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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 l l  %. 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 a//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 I )  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 Ib a-lytic  proteinase,  and 0.53 A from 
subgroup I C  lysyl endopeptidase. 

The “catalyfic fefrad” 

Functional oxygen rms deviation 

Fig. 3. Histogram of the  RMS  distance of the  Ser 0’ 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  templatc,  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 

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, i t  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:l 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 

Table 4. RMS distances  between overall “funcfional templafes 

No. of catalytic  Mean  RMS  distance 
No. of chains“  triadsh of groupC 

Overall  template: 225 195 0.77 
Fold group 1 I70 I52 0.62 
Fold group 2 35 29 0.58 
Fold group 3 7 4 0.65 
Fold group 4 13 IO 0.45 

~- ~~- ” ” ~ ~  

~ ~~~~ ~~~ 

Overall Fold Fold Fold Fold 
template group I group 2 group 3 group 4 

- 0.47 0.17 0.65 0.39 
0.47 - 0.34 1.04 0.7 I 
0.17 0.34 - 0.80 0.42 
0.85 I .04 0.80 - 0.87 
0.39 0.7 I 0.42 0.87 - 

~~ 

~ ~~~~~” 

~ 

~~ ~ 

~~~ ~ ” ~- ~” 
~~ 

‘’ Total  number of chains  for  each  fold  group in the  enzyme  data  set. 
h 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 0 7  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 I enzymes. The method was the same as before, but 
using the Ser 214-His 57-Asp 102 triad of llpr  as  the starting 
seed. We found that these triplets, like the catalytic triads, all 
have an RMS distance of less than 2.0 A from  their overall 
mean. In other words, the position of the  noncatalytic Ser  214 
is just as tightly defined as the catalytic Ser  195. The relative co- 
ordinates of its functional oxygen are given  in Table 3. lt  ap- 
pears that  the Ser 214, together with the peptide backbone of 
the catalytic His 57, forms  a network of hydrogen bonds that 
enable the Asp 102 to be presented in the  optimal position for 
interaction with the  His 57 imidazole ring. Indeed, it has been 
suggested that the Ser 214 residue performs an electrostatic sta- 
bilization role. Mutation of this residue causes decreases in free 
energy of catalysis, in agreement with electrostatic calculations 
(McGrath et al., 1992). In another  mutation experiment, Corey 
et al. (1992) investigated the effect of swapping this noncatalytic 
serine with the functional  Asp. They formed the double  muta- 
tion of D102S and S214D into  the gene coding for  rat anionic 

trypsin, expressed this in Escherichia coli, and then solved the 
X-ray structure. The Asp in this mutant was in a totally differ- 
ent position to that in the catalytic triad, though it still formed 
a hydrogen bond to  the His imidazole ring. There was catalytic 
activity, but the k,, was reduced 100-fold, indicating that, al- 
though  a charged Asp in the vicinity of the  His is sufficient for 
low catalytic activity, the position and hydrogen bond inter- 
actions of the Ser  214 residue are  important  for efficient catal- 
ysis. In addition, Noble et al. (1993) expressed the  mutant 
D263A  in the  catalytic  triad of the lipase of Pseudomonas glu- 
mae and  found it still exhibited catalytic activity. They postu- 
late that a neighboring Glu residue may adopt the role of the 
Asp. This suggests that  the Asp residue in this particular lipase 
is both dispensable and in an unusual chemical environment. 

Figure 3 has another peak at RMS distance 2-4.5 A (hatched 
bars).  This, as in the Group 1 case above,  corresponds to a sec- 
ond Ser residue associated with the catalytic His and Asp, this 
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 chainsa triadsb of groupc template group 1 group 2 group 3 group 4 

Overall template: 225 195 
Fold group 1 170 152 
Fold group 2 35 29 
Fold group 3 7 4 
Fold group 4 13 10 

1.32 - 1.49 3.27 2.39 1.59 
0.67 1.49 - 1.33 2.23 1.74 
0.70 3.27 1.33 - 2.76 2.30 
0.83 2.39 2.23 2.76 - 0.87 
1.06 1.59 1 .I4 2.30 0.87 - 

a 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 .OO 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 0 7  hy- 
drogen  bonds to His N6’, whereas the Asp  carboxyl 0 hydro- 
gen bonds to His Nf2.  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. 

non-catalytic 

rn catalytic  triads 

n 

0 1 2 3  4 5 6 1  8 9 1  
Functional  oxygen rms deviation 

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 GI 2ig2,  with an Rh4S 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. 5. Histogram  showing the RMS  deviation  from  the “functional” 
consensus  template of all Ser-His-Asp  interactions extracted from a data Fig. 6. MOLSCRIPT  diagram (Kraulis, 1991)  of  cyclophilin A show- 
set of  nonhomologous  proteins.  The  serine  proteinases are shown in ing the Ser  99-His  92-Asp 123 triad, in white bonds, picked up by the 
black and  these are clearly  separated  from the other,  noncatalytic  as-  Ser-His-Asp  functional  template.  This  triad  may  enable  cyclophilin A 
sociations.  There are, however,  two  proteins that are not  serine  protein- to exhibit protease  activity. Also shown  is  His  126  (black  bonds), which 
ases,  cyclophilin and immunoglobulin,  shown in grey,  that  appear  to is thought  to  be  involved in the peptidyl-prolyl cis-trans isomerase 
have a Ser-His-Asp  triad in the catalytic  conformation.  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 0’ has  the  side  chain  of  Phe 1 1  3 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 0 7  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 0 7 .  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 thePhe 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 fi-barrel 
comprising eight antiparallel fi-strands with two a-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 GI 

The second non-enzyme  with an apparent catalytic triad is im- 
munoglobulin 01 ,  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 Oy 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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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  distance  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 

known  to  have  some  enzymatic  activity,  although  not  protease 
activity,  and  in  immunoglobulin G I ,  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 N6’ and Nt2 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. 
This is true in two esterases: Geotrichum candidum lipase  (Schrag 
et al., 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 0‘ ’ 
and  the  Ser Oy in  these triads  are 0.70 i\ 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 N6’ 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 Oy 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 Oy 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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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. Bacon DJ, Anderson WF. 1988. A fast algorithm for rendering space-filling 
If sufficient  matches were found  during  the  subsequent cycles, molecular pictures. J Mol  Graph 6:219-220. 
the template  could be stored as a common triad  motif that might Bairoch A, Boeckmann B. 1994. The SWISS-PROT protein sequence data 

have  either fUnCtiOnal or Structural significance. With  this  ap- Bairoch A, Bucher P. 1994. PROSITE: Recent developments. Nucleic Acids 
proach, it should  be possible to  build a database  of  common 3D Res 22:3583-3589. 

SITE database  (Bairoch & Bucher, 1994). 

bank: Current  status. Nucleic Acids Res 22:3578-3580. 

motifs, like the  functional  motifs used in the PRO- Barth A, Frost K, Wahab M, Brandt W,  ScMader HD, Frank R. 1994. Cia- 
sification of serine proteases derived from steric comparisons of their 
active site geometry, part 11: Ser,  His, Asp arrangements in proteolytic 
and non-proteolytic proteins. Drug Design and Discovery 12:89-111. 
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teases derived from steric comparisons of their active sites. Drug Design 
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