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Abstract 

Based  on the recently  determined  X-ray  structures of Torpedo  californica acetylcholinesterase  and Geotrichum 
candidum lipase  and  on  their  three-dimensional  superposition,  an  improved  alignment  of a collection  of 32 related 
amino  acid  sequences  of  other  esterases,  lipases,  and  related  proteins  was  obtained.  On  the  basis  of  this  align- 
ment, 24 residues are found to be invariant in 29 sequences of hydrolytic  enzymes,  and  an  additional 49 are well 
conserved.  The  conservation in the three  remaining  sequences is somewhat  lower.  The  conserved  residues  include 
the  active  site,  disulfide  bridges,  salt  bridges,  and  residues in the core  of  the  proteins.  Most  invariant  residues  are 
located at the edges  of secondary  structural elements. A clear structural basis  for  the  preservation  of  many  of these 
residues  can  be  determined from  comparison of the two  X-ray structures. 

Keywords: acetylcholinesterase;  conserved  residues;  esterases;  lipases;  sequence  alignment;  three-dimensional 
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Acetylcholinesterase  (acetylcholine acyl hydrolase, EC 
3.1.1.7)  and neutral lipases (triacylglycerol acyl hydrolase, 
EC 3.1.1.3)  act on two very different classes of substrates. 
The  former rapidly  hydrolyzes the  neurotransmitter ace- 
tylcholine and  thus plays an  important role  in  synaptic 
transmission  at cholinergic  synapses  (Quinn, 1987). Its 
substrate is a  small  water-soluble molecule, and catalysis 
takes place in a homogeneous  aqueous phase.  Lipases 
preferentially  hydrolyze triacylglycerols. They  act  in  situ 
at  the lipid-water interface,  and their  principal  biologi- 
cal  role is the  breakdown  of lipids as  an initial event in 
the utilization  of fat  as  an energy  source  (Borgstrom & 
Brockman, 1984). They  form a rather diverse group  of 
enzymes that  can be divided into several classes based on 
amino acid  sequence  homology (Cygler et  al., 1992). 

Although these enzymes hydrolyze vastly different  sub- 
strates,  substantial sequence homology was recognized be- 
tween well-studied members  of the acetylcholinesterase 

family, such as  the enzyme from  the electric organ of Tor- 
pedo californica (Schumacher  et  al., 1986) and Torpedo 
marmorata (Sikorav  et al., 1987), and a class of lipases 
represented by the enzyme from  the fungus Geotrichum 
candidum (Shimadaet al., 1989; Slabas et al., 1990; Schrag 
et  al., 1991). These  proteins  contain  approximately 550 
amino acid  residues.  A high degree  of  similarity was de- 
tected  predominantly  in  the  N-terminal  half  of  the mole- 
cule  (ca. 60% of the  total sequence), especially in the 
region encompassing the active-site serine. Similarity was 
less evident  in the C-terminal half of the molecule. These 
regions were thought  to be  structurally  different  due to 
the involvement of the  C-terminus of T culifornica ace- 
tylcholinesterase (TcAChE) in dimer  formation via an in- 
termolecular  disulfide  bridge and in  attachment of the 
protein to the  membrane via a phosphatidylinositol anchor 
(Silman & Futerman, 1987), whereas the G. candidurn 
lipase  (GCL) is a  monomeric  protein. Recently deter- 
mined three-dimensional (3D) structures of GCL  to 1.8 A 
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gree of structural similarity that extends through  the 
whole length of the polypeptide chain. The root-mean- 
square deviation between the 399 corresponding C, at- 
oms after superposition of the two molecules  was 1.90 A 
(Ollis et al., 1992). The same topological fold, named the 
a/@ hydrolase fold, has been identified in a number of 
other hydrolases with no sequence similarity to either 
GCL or TcAChE or to each other (Ollis  et al., 1992). 

A number of other proteins have  been identified that 
are homologous to TcAChE and  GCL,  and some of the 
sequence alignments have already been reported.  The 
most comprehensive studies were carried out by Gentry 
and Doctor (1991) and Krejci et al. (1991) and comprised 
16 and 17 different sequences, respectively. These se- 
quences included, in addition to several vertebrate acetyl- 
cholinesterases (AChE), members of the closely related 
butyrylcholinesterase (BChE) family, as well as insect 
AChEs, which display properties intermediate between 
vertebrate AChE and BChE  (Gnagey et al., 1987). Other 
sequences  represented  various other esterases  such  as cho- 
lesterol and carboxyl esterases and three proteins devoid 
of known  catalytic function: thyroglobulin ( Mercken  et al., 
1985), the protein that is the precursor of the thyroid hor- 
mone, and two Drosophila adhesion proteins, glutactin 
(Olson et al., 1990) and neurotactin (de la Escalera et al., 
1990). For the discussion that follows, we  will refer to this 
large class of proteins as the lipaselesterase family. It 
should be stressed, however, that not all lipases nor es- 
terases belong to this family. 

In this study we present an improved alignment of  se- 
quences that show homology to TcAChE and to GCL, 
based on the 3D superposition of these two enzymes and 
inclusion of additional sequences that have  recently  been 
reported in the literature. We have identified a total of 32 
homologous proteins. Of these, 29 are either  lipases or es- 
terases, whereas three others, mentioned above, do not 
possess a catalytic triad  and play other biological roles. 
Although all the enzymes catalyze hydrolysis of an ester 
bond, they  hydrolyze substrates varying widely in size and 
complexity. The  majority of the enzymes contain  a Ser- 
His-Glu catalytic triad, but some (e.g., cholesterol ester- 
ases)  have  Asp  as the acidic  member of the triad. Analysis 
of the conserved positions, identified by the variability  in- 
dex and knowledge of the 3D structures of GCL and 
TcAChE, provided a basis for understanding their con- 
servation. Furthermore, inspection of the nonconserved 
regions of GCL and TcAChE provides some information 
about  the  parts involved in substrate binding in this ar- 
ray of enzymes,  which differ greatly in substrate specific- 
ities. Information  obtained  through such comparisons is 
in  many ways complementary to mutagenesis studies; the 
sequences represent a natural pool of “mutant” proteins, 
which preserve catalytic function. 

To gain a better understanding of the relationship be- 
tween sequence and  structure  and  the role of the highly 
conserved residues in the preservation of the  fold,  anal- 

yses combining sequence alignment with a  structural su- 
perposition of a few members of the family of proteins 
have  been carried out  for other homologous families, no- 
tably globins (Lesk & Chothia, 1980), serine proteases 
(Greer, 1990), and, very recently, subtilisin-like proteins 
(Siezen et al., 1991). Greer (1990) coined the term “struc- 
turally conserved regions,” or SCRs, to describe common 
regions of proteins belonging to the same family, based 
on  the superposition of their 3D structures. Similarly, 
he  used the term “variable regions,” or VRs, to describe 
those regions  where the structures differ significantly. 
This description was adopted by  Siezen  et al. (1991) in 
their analysis of the subtilisin-like family, where quanti- 
tative analysis was warranted by the availability of the 3D 
structure of four members of that family. Because for this 
study there were only two structures available, we have 
resorted to a qualitative description of the scaffold SCRs. 

Results and discussion 

The proteins identified in this study  are quite diverse  in 
terms of their substrates and their biological roles. They 
are relatively large (-60 kDa, >550 amino acids) com- 
pared to most serine proteases and some other lipases 
(fungal Rhizomucor miehei lipase, 269 amino acids [Boel 
et al., 19881; the catalytic domain of human pancreatic 
lipase contains 335 amino acids [Winkler et al., 19901). 
This  invites speculation that, in addition to ester bond hy- 
drolysis, they may also perform other functions and/or 
be  allosterically controlled. In the cases of glutactin, neu- 
rotactin, and thyroglobulin, the region  homologous to es- 
terases forms only one segment  of these proteins, and its 
function is not related to catalytic activity. 

The topology diagram representing the 3D structures 
of TcAChE and  GCL is shown in Figure 1 ,  and second- 
ary structure assignments are listed in Table 1 .  In the fol- 
lowing text, when a specific position is mentioned, two 
sequence numbers are given: the first corresponds to the 
GCL numbering and the second to the TcAChE number- 
ing, e.g., Ser [217,200]. The convention used to refer to 
a particular topological feature is described  in the legend 
to Figure 1 .  The proteins (Table 2) have  been  selected and 
their sequences  aligned as described in the Methods. The 
degree of conservation at each position along the aligned 
protein sequence was analyzed with the use  of the vari- 
ability index (Kabat et al., 1983). The results are shown 
in graphic form in Figure 2. The variability plot indicates 
clearly that homology  between  these  proteins is more pro- 
nounced in their N-terminal parts  than in C-terminal 
parts, as noted previously for the comparison of TcAChE 
and GCL (Slabas  et al., 1990; Schrag  et al., 1991). A close 
inspection of the  backbone traces of GCL and TcAChE 
indicates that, in fact, the structures can be divided into 
N- and C-terminal segments (subdomains) near position 
[350,323], adjacent to the  loop containing the active-site 
glutamate (Fig. 1). 
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Table 1. Secondary structure assignments for 
acetylcholinesterase (AChE) and Geotrichum 
candidum lipase (GCL) a 

AChE  GCL Type Name 
~- 

6-10 4-7 0-Strand b, 
13-16 11-14 &Strand b2 
18-21 16-18 &Strand P O  
26-34 21-28 &Strand P I  

57-60 51-54 0-Strand b3 
- 66-77b a-Helix 

- 85-95 a-Helix 

4 3 . 2  

ffb5.2 

79-85b - a-Helix ab3,2 

96- 102  107-113 p-Strand 0 2  
109-116 123-128 &Strand P 3  

132-139 144-152 a-Helix 
142-147  158-162 P-Strand 

013.4 

P4 
- 175-180b a-Helix 

168-183 185-200 a-Helix 
193-199 210-216 &Strand P S  

200-2 1 1 218-227 u-Helix 
220-226 244-248 0-Strand 06 
238-252 266-274 a-Helix 
259-268 282-291 a-Helix 

4 5  

d . 5  

01S,6 

4 . 1  

4 7  

a 1 7  271-278 294-308 a-Helix 
305-3 1 1 332-337 a-Helix 
318-324 345-351 &Strand 
329-335 356-360 a-Helix 
349-360 368-378 
365-376 
384-41 1 416-438 a-Helix a748 

4 
016,7 

P7 

.:,8 

.+,8 a-Helix 
384-393 a-Helix 4 . 8  

ad ,9  

a& 

417-423 443-449 P-Strand 0 8  
443-448 467-471 a-Helix 

478-491 a-Helix 460-479 
502-505 513-516 P-Strand P9 

510-514 521-525 P-Strand PI0 

5 18-534 530-538 a-Helix ff 10 

a See Figure 1 for the diagram of the consensus secondary structure 
diagram of the two structures. 

The corresponding helix is absent in the other enzyme. 

Fig. 1. Topology diagram of the common elements 
of TcAChE and GCL  structures.  The  strands of 
the small, three-stranded &sheet are marked by 
bj, where j ranges from 1 to 3. Strands of the 
large sheets are marked by Greek letter P with a 
subscript from 0 to 10. Numbering starts at 0 to 
remain consistent with the nomenclature of the 
a/P hydrolase fold motif (Ollis  et a1.,1992). The 
connection (loop) between strands i and j of the 
@-sheet is marked as l;,j or L;,j for small or large 
sheet, respectively. The  a-helix is referenced as 
a t j ,  where subscripts refer to the  loop in  which it 
is embedded, and superscript k refers to the se- 
quential number of this helix within the  loop. lf 
there is only one helix  in the connecting loop  the 
superscript is not used. In some cases the symbol 
L;, is used, in which  case the superscript refers to 
the sequential order of a part of the L;,, loop con- 
tained between two secondary structural elements. 

A pairwise comparison of all sequences, based on the 
common alignment of Figure 2, is shown in Figure 3A. 
A similar comparison for the N- and C-terminal subdo- 
mains is shown  separately  in  Figure  3B,C.  Subfamilies are 
clearly  distinguishable  in this representation. The  percen- 
tage of identical amino acids at equivalent positions for 
each pair of proteins in this set  varies from 16% for  the 
most distantly related to 97% for the most  closely  related 
sequences. The average pairwise identity for all 32 pro- 
teins is -29%. The identity figure between N-terminal 
parts ranges between 22% and 97% with an average of 
36%, while that  for the C-terminal parts varies between 
6% and 98'70, with an average of 20%. These numbers 
represent a comparison based on a multiple-sequence 
alignment, with restrictions on the positions of insertions 
imposed by the two  known  3D structures, rather than  on 
an alignment optimized for each pair independently, as 
is done customarily. Therefore, the percentages, espe- 
cially for C-terminal segments, are in some cases  lower 
than numbers  obtained for two  unrelated sequences 
(-15-20% [Doolittle, 19851). Although the amino acid 
similarity of the C-terminal parts is weak, there are sev- 
eral positions that  are very  well conserved. 

For three proteins in this set, bovine thyroglobulin 
(Mercken  et al., 1985), Drosophila glutactin (Olson  et al., 
1990), and Drosophila neurotactin (de la Escalera et al., 
1990), the catalytic triad is not conserved. Thyroglobu- 
lin,  a 2,750-amino acid residue protein, is a precursor of 
thyroid hormone. Neurotactin is a large, apparently trans- 
membrane protein, involved  in  cell-cell  adhesion. In both 
of these cases,  it is the C-terminal domain that shows ho- 
mology to the esterases. In glutactin, a 1,023-amino acid 
residue glycoprotein located in basement membranes of 
Drosophila, it is the N-terminal segment that is homolo- 
gous to esterases. Although the sequence identity of these 
three nonhydrolytic proteins with other proteins in this 
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Table 2. Protein sequences included in the comparison 

Protein 

Lipases 

Acetylcholinesterases 

Butyrylcholinesterases 

Carboxylesterases 

Cholesterol esterases 

Other esterases 

Nonhydrolytic proteins 

Source 

Geotrichum candidum gene 1 
G.  candidum gene 2 
Candida cylindracea gene 1 
C. cylindracea gene 2 

Torpedo californica 
Torpedo rnarmorata 
Mouse 
Fetal bovine serum 
Human 
Drosophila 
Anopheles stephensi 

Human 
Mouse 
Rabbit 

Rat liver, PI 6.1 
Human 

Rabbit liver esterase 1 
Rabbit liver esterase 2 
Mouse isoenzyme 
Rat liver esterase El 

Drosophila esterase 6 
Drosophila esterase P 
Heliothis juvenile hormone 
Culex esterase B1 

Rat pancreas 

Human 

Bovine 

Dictyostelium D2 esterase 
Dictyostelium crystal protein 

Drosophila neurotactin 
Drosophila glutactin 
Bovine thyroglobulin 

Code Reference 

Gclipl 
Gclip2 
Crlipl 
Crlip2 

TcalifAChE 
TmarmAChE 
MouseAChE 
FbsAChE 
HumanAChE 
DrosAChE 
AnophAChE 

HumanBChE 
MouseBChE 
RabbitBChE 

Rat61 
HumanCE 

RabbitCEI 
RabbitCE2 
MouseCE 
RatCE 

DrosCE6 
DrosCEP 
HeliotCE 
CulexCEbl 

RatCholE 

HumanCholE 

BovCholE 

D2 
DCP 

Neurotactin 
Glutactin 
Bovthyro 

Shimada et al., 1990 
Shimada et al., 1989 
Kawaguchi et al., 1989 
Longhi et al., 1992 

Schumacher et al., 1986 
Sikorav et al., 1987 
Rachinsky et al., 1990 
Doctor et al., 1990 
Soreq et al., 1990 
Hall and Spierer, 1986 
Hall and Malcolm, 1991 

Lockridge et al., 1987 
Rachinsky et al., 1990 
Jbilo and Chatonnet, 1990 

Robbi et al., 1990 
Munger et al., 1992; 

Long et al., 1991 
Korza and Ozols, 1988 
Ozols, 1989 
Ovnic et al., 1991 
Long et al., 1988 
Takagi et al., 1988 
Oakeshott et al., 1987 
Collet et al., 1990 
Hanzlik et al., 1989 
Mouches et al., 1990 

Han et al., 1987; 
Kissel et al., 1989 

Hui  and Kissel, 1990; 
Nilsson et al., 1990; 
Baba et al., 1991 

Kyger et al., 1989 

Rubino et al., 1989 
Bomblies et al., 1990 

de la Escalera et al., 1990 
Olson et al., 1990 
Mercken et al., 1985 

family is within 16-28%, there is no evolutionary pres- 
sure to maintain the geometry  of the active  site. One may, 
therefore, predict that their 3D structures will  show more 
divergence from  GCL  and TcAChE than other proteins 
in this group. Consequently, the analysis  described  below 
is based primarily on the sequences of 29 esterases and 
lipases, and  the three noncatalytic proteins are mentioned 
only where appropriate. 

Data presented in Figure 3 indicate that proteins with 
similar substrate specificity share  a higher degree of sim- 
ilarity. For example  similarity  between mammalian AChEs 
and BChEs (as measured by the percentage of identical 
amino acids) ranges from -50% to 93%. Insect AChEs 
from Drosophila and Anopheles stephensi show a lower 
level  of identity with their mammalian counterparts, only 

35-38%, still well above the average level  observed for the 
whole group. There are two  regions  where  large  insertions 
are observed. One insertion occurs in the Lb3,2 loop in 
lipases. This loop blocks  access to the active  site  in GCL, 
and most  likely  plays a similar role in other lipases of this 
family. The second insertion  occurs near position 
[117,106] of insect AChEs. This additional sequence, as 
deduced from  the cDNA sequence, is highly hydrophilic 
and the mature protein is proteolytically cleaved  in this 
region (Fournier et al., 1988). 

A few general conclusions can be drawn from inspec- 
tion of the variability plots (Fig. 1). There are 24 positions 
(-4.5%) that  are absolutely conserved in all 29 enzyme 
sequences ( V =  l),  21 of  which are in the N-terminal seg- 
ment (as defined above). Of these, 10 are glycines that 
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Fig. 2. Amino  acid  sequence  alignment of 32 homologous  proteins.  Solid  line  divides  hydrolytic  enzymes  from  three  other  ho- 
mologous  proteins.  The  most  common  amino  acid  type  at  each  position is shown in reversed  video  mode.  Second  most  abun- 
dant  amino  acid  type is shown  in  bold  letters.  Bar  plot  above  the  aligned  sequences  represents  the  square  root of the  variability 
index  for  each  position,  based on the  first 29 sequences. The scale on the vertical  axis  is from 0 to  20. Values above 20 were 
truncated  to 20 for  better  readability. (Figure continues on next page.) 

either have main-chain torsion angles in  the  range  not eas- 
ily accessible for  other residues, or  form close contacts 
through their C, atoms with other  atoms. Eleven of the 
24 positions  are conserved in thyroglobulin,  neurotactin, 
and  glutactin. 

In  addition  to positions  having V = 1 ,  there  are 49 
positions with 1 < V <  4 (42 in the  N-terminal  part)  and 
another 71 with 4 < V <  9 (53 in  the  N-terminal  part).  In 
total, 144 positions (-27%) have a variability  index less 
than  9, of which 116 (-33%) are  in  the N-terminal part 
and only 28 (- 15%) in the  C-terminal part. Of the 120 

low variability  positions (1 < I/ < 9) there  are 19 (14 in 
the N-terminus), where the substitutions are conservative, 
i.e., of the  type  Gly/Ala,  Val/Ile/Leu, Phe/Tyr/Trp, 
Ser/Thr/Cys,  Asp/Glu,  Asn/Gln,  or  Lys/Arg. Most fall 
into  the first  three  categories, being either  aliphatic (hy- 
drophobic) or aromatic. Low variability positions are not 
distributed evenly along  the sequences but  are clustered 
in specific areas (Table 3). 

Analysis of the role of amino acid  positions with low 
variability is of great importance for understanding  com- 
mon  characteristics of the  proteins  under  consideration 
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Fig. 2. Continued. 

in terms  of  fold  and similarity of catalytic  mechanisms. 
Stereodiagrams of the C, tracings  of GCL  and  TcAChE 
with these  positions  color-coded  are  shown  in  Figure 4. 
It is immediately apparent  that  the  invariant residues are 
located at  the edges of  the  large  0-sheet, mainly at  the 
C-terminus  of  this parallel sheet and in  connecting  loops. 
They seem to be  placed  in key positions to ensure  correct 
folding.  The  majority  of low variability positions are in the 
core  of  the  protein, within the @-sheet  structure.  In  fact, 
most are within  strands to p7 of the large &sheet or in 
the small  0-sheet (see Fig. 4). Residues forming  a-helices 
are, in  general, less  well conserved, with the exception of 
the  long helix CY&. The  latter  has  an  amphipathic  char- 

acter, with one side  exposed to  the  surface  and  the  other 
packed  against the  0-sheet. Residues facing the  surface 
show high variability, while those facing the  interior of 
the  protein  are  much  more conserved  (Fig. 5). Helices 
identified by Ollis et al. (1992) as  part of the a//3 hydro- 
lase fold, which pack  tightly  against the  0-sheet, show 
somewhat  lower  variability  than  other helices. 

The low variability  positions ( V  < 9) can  be  divided 
into five groups: (1) catalytic  triad, (2) hydrophobic  core- 
forming residues, (3) residues involved in  salt  bridges, (4) 
cysteine residues  forming  disulfide  bridges, and (5) resi- 
dues at  the edges of  the  secondary  structural elements 
(turns  and  loops). 



372 M. Cygler et al. 

Table 3. Low and high variability clusters 

Residue  range Topological position 

Low variability regions 
[24,30]-[63,68] 

[102,91]-[113,102] 
[123,110]-[137,124] 
[157,141]-[171,155] 
[183,166]-[228,211] 

[241,218]-[250,227] 
[345,318]-[358,331] 
[425,397]-[431,403] 
[460,437]-[471,448] 
[487,475]-[495,483] 

High variability regions 
[17,19]-[22,28] 
[60,65]-[92,81] 

[117,106]-[121,108] 
[261,238]-[273,251] 
[302,279]-[315,288] 
[365,346]-(412,3841 
[433,405]-[456,431] 
[476,454]-[480,468] 
[496,484]-the end 

Loop after strand PI 
Strand p2 
Strand p3 and loop  Li,4 
Strand p4 and loop L:,5 
Helix a&, strand 05 ,  helix L Y ~ , ~  

area  around active-site Ser 
Strand Os 
Strand p7 
C-terminal half of helix 
Region around active-site His 
Helix a& 

LOOP L0.I 
LOOP Ll.2 

L2,3 
Helix ai,, 
Helix ad7 
Helices and a& 
Strand pX 
Loop between a& and a& 
Strand p9 to the end 

Catalytic  triad 

Although some of the catalytic residues have been iden- 
tified  previously,  only determination of the 3D structures 
of GCL and TcAChE clearly identified the Ser-His-Glu 
serine protease-like catalytic triad (Kinemage 2). These 
residues are conserved with the exception of cholesterol 
esterases and Drosophila carboxylesterases, where Glu is 
replaced by Asp. The critical role of these residues in 
catalysis has been confirmed for various enzymes of this 
family by site-directed  mutagenesis. In TcAChE, the mu- 
tation of Ser 200 to Cys resulted in diminished activity, 
while mutation to Val abolished all detectable activity 
(Gibney et  al., 1990). Mutation of the  corresponding 
Ser 217 in GCL to Ala also rendered this enzyme inactive 
(T. Vernet, pers. comm.). Replacement of His 440 of 
TcAChE by Glu  eliminated  activity,  whereas the mutation 
of His 425 reduced activity only slightly (Gibney et al., 
1990). Location within the protein sequence  of the active- 
site  Ser and His  have also been confirmed by site-directed 
mutagenesis in rat cholesterol esterase (DiPersio et al., 
1990,  1991). 

The active-site Ser [217,200] is part of a conserved 
sequence: Gly-Glu(His)-Ser-Ala-Gly-Ala/Gly. This se- 
quence, and in particular Gly-Xaa-Ser-Xaa-Gly,  has  been 
found in many other enzymes containing a catalytic triad 
(Brenner, 1988). A recent comparison of the structures 
of five  enzymes displaying the  CY/^ hydrolase fold (Ollis 
et al., 1992) showed that, in all of them, the serine (or the 
residue with an analogous role) is embedded in a tight 
turn between a  @-strand and an a-helix. This serine is in 

a strained conformation with backbone torsion angles  of 
53",-118" in GCL and 68",-100" in TcAChE. As a re- 
sult, the serine hydroxyl group is  well exposed and easily 
accessible to the catalytic histidine and to the substrate. 
Requirements for glycines 2 residues before and 2 residues 
after the serine (Gly [215,198] and [219,202]) are  due to 
the close proximity of these two residues  in the strand- 
turn-helix supersecondary structure. Requirement for  a 
small side chain at position [220,203] is also due to steric 
restrictions. A similar supersecondary structure  around 
the active-site  serine has also been found in the structures 
of two other lipases (Brady et al., 1990; Winkler et al., 
1990) and has recently  been postulated to occur in  some 
other lipases and esterases (Derewenda & Derewenda, 
1991). 

The observation that residue [216,199], with its side 
chain below the catalytic triad, is almost always a gluta- 
mate in the lipase/esterase  family of proteins, suggests that 
it may  be  of importance for catalysis. There is a second 
acidic side chain in the vicinity  (in the interior of the pro- 
tein), which  is also well conserved (Asp/Glu [466,443]). 
No defined role for these residues has been elucidated 
so far, but it has  been  suggested (Schrag et al., 1991; 
Sussman et al., 1991) that their role is to coordinate wa- 
ter molecules  needed for substrate hydrolysis.  When Glu 
[216,199] was changed to Gln in TcAChE,  the  rate of 
hydrolysis of acetylcholine was reduced approximately 
10-fold (Gibney et al., 1990). However, K,,,/K, was al- 
tered approximately 50-fold (P. Taylor, pers. comm.). 
In  a few cases residue [216,199] is in fact Gln (Heliothis 
juvenile hormone esterase) or His (Drosophila esterases). 
Mutation of the tripeptide containing the other acidic res- 
idue, Glu [466,443]-Ile-Glu to Gly-Ile-Gln in human 
BChE  reduced the enzymatic  activity  without affecting its 
folding (Neville  et al., 1992). 

The active-site  His [463,440], contained in a consensus 
sequence Gly-Sm-Xaa-His-Sm-Xaa-Glu/Asp (Sm, res- 
idue with a small side chain), is embedded in a type I1 
@-turn. His is found in the second position in this turn, 
while the third position is usually occupied by  glycine 
(Gly [464,441], +,$ of 88",-13" in GCL; 114", -1" in 
TcAChE). This turn is preceded by a type I @-turn in 
which the second position is often occupied by  glycine 
(Gly [460,437], +,$of 62",-148" in GCL, 68",-130" in 
TcAChE). Carboxylesterase  (CE)  sequences depart some- 
what from this pattern  and  are characterized by the se- 
quence Gly-Asp-His-Gly-Asp-Glu, with the first Gly being 
1 residue closer to histidine than in other proteins. CE 
may  have a different local structure in the  loop leading 
to histidine. This subfamily also shows differences in the 
sequence around the active-site acid (see below). Yet an- 
other  pattern is observed in Dictyostelium esterases, 
where His is preceded by Cys. 

The position of the acid  member of the active-site triad 
is  very  well maintained  in the sequence  alignment. In most 
proteins of this family the role of the acid is provided by 
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glutamic acid. This is the first family of enzymes contain- 
ing a  catalytic triad, which has  Glu  in  this role. It is im- 
portant  to  note, however, that  aspartic acid seems to 
fulfill this  role in cholesterol esterases and Drosophila es- 
terases 6 and P. The acid  takes  the  second  position  in  a 
type I turn.  The consensus  sequence around  the acid is 
Gly-(Xaa),-Glu/Asp-Gly. The  first of the  two Gly resi- 
dues is at  the  end of strand p7 and assumes an extended 
conformation.  It is occluded by the  aromatic ring of a 
highly conserved residue, Tyr [447,421], embedded in the 
middle of  strand p 8 .  There is no space for  a side chain at 
this  position  without  some changes in the local structure. 
The second Gly, which follows the acidic residue, is in the 
third  position of the type I 0-turn  and packs against the 
backbone of helix near the conserved Asp [425,397]. 

The  position of the  catalytic  triad acidic residue in 
carboxylesterases cannot be predicted  unambiguously 
from  the present data.  There  are  two  adjacent sequence 
regions in CEs  that align well with the active  site  acid, 
The first  has the consensus  sequence Gly 332-(Xaa),- 
Glu-Phe/Tyr-Gly  (human  CE  numbers)  and  has an  aro- 
matic side chain,  rather  than Gly, after  the acid (position 
[355,328]). The glycine is moved one position back, where 
other sequences have a  residue with a  small side chain. 
The second region has  the  consensus  sequence  Gly 348- 
(Xaa),-Glu-Gly (human CE numbers),  conforming to 
the general pattern.  The high degree of similarity to other 
proteins in the [320,293]-[340,313] region, preceding the 
two  aforementioned sequences, suggests that  structures 
in  that region are very similar to TcAChE  and  GCL. If 
the active-site acid comes from  the first of the  two possi- 
ble sequences, the  conformation  of  the  backbone  around 
it would have to be somewhat  different  than  the  one  ob- 
served in GCL  and TcAChE (see above,  the histidine loop 
conformation)  due to the presence of  Phe/Tyr side chain 
in place of  Gly [355,328]. If  the active-site acid comes 
from  the second  sequence, the  loop between helix 
and  strand p7 would have to be longer, whereas loop 
LA,9, following the  acid, would have to be shorter  than in 
the  other enzymes. The alignment  shown in Figure 2 
presents  the  first of these two  alternatives. Future site- 
directed mutagenesis experiments may settle this question. 

Glu [354,327] is guided into  the correct orientation  for 
hydrogen bonding to His [463,440] by two  additional hy- 
drogen  bonds to the other oxygen atom of its carboxylic 
group:  one  from  the  backbone NH of residue 1351,3241, 
three  positions  before  the  acidic  residue in the  sequence, 
and  one  from  the hydroxyl group of Ser [249,226]. In 
other enzymes of  the a/P hydrolase  fold family the  cor- 
responding  Asp is stabilized  through  a  hydrogen  bond 
from  the  backbone NH two residues after  the acid (Ollis 
et  al., 1992). Ser [249,226] is conserved  not  only in Glu- 
containing enzymes but  also in those  containing  Asp in 
the  active site. This suggests that  the Ser is also used for 
hydrogen  bonding to Asp, folIowing some  small move- 
ment of the  backbone. 

Hydrophobic core 

As  noted previously for globins (Lesk & Chothia, 1980), 
the  majority of residues with low variability  are  located 
in the  hydrophobic  core  of  the  protein. They tend to clus- 
ter in a few regions. One is  withit. strands P1 to p7 of the 
large /3-sheet, and, in fact, very  few  residues of these seven 
strands  have  a  variability index greater than 9. There is 
a high concentration of branched aliphatic residues in this 
cluster in accordance with known preferences and require- 
ments for  the packing of P-strands  (Levitt, 1978). Well- 
conserved aromatic residues also tend to cluster together. 
Their  aromatic side chains  form  a layer above  strands P3 
to os on  the concave side of  the &sheet. 

Although  both sides of  the large &sheet have strongly 
hydrophobic  character  and  are shielded from solvent by 
numerous a-helices, aliphatic and  aromatic residues within 
the sheet show preferences in their locations. We observe 
that nearly all branched side chains are  found  on  the con- 
vex side of the  @-sheet, whereas the  aromatic residues 
strongly  favor  the  concave side of the sheet. Only 1 out 
of  the 7 highly conserved aromatic residues is on  the con- 
vex side. 

Salt  bridges 

The 3D structures  of  GCL  and  TcAChE  contain  four 
conserved salt bridges. There are usually two  hydrogen 
bonds between Arg/Lys and  Asp/Glu  and  additional 
bonds  to the  protein backbone. These bridges play an im- 
portant role in stabilizing  the 3D fold  of  the  protein by 
tying  neighboring  loops  together. 

The first salt bridge is formed between Arg [38,44] and 
Glu [103,92]. Glu [103,92] is at  the beginning of strand 
P2 of the  large &sheet and  on  the C-terminal  side  of  the 
loop Lb3,2, which varies greatly in length among  the com- 
pared proteins. In  TcAChE,  part of this loop is positioned 
near the active-site cleft and is likely to be  involved in sub- 
strate binding. In  GCL this loop covers the active site and 
presumably undergoes some conformational change upon 
substrate  binding (Schrag et  al., 1991). The  salt bridge 
helps to keep the bottom of  this loop  in place and is lo- 
cated close to the  disulfide  bridge  formed by Cys [61,67] 
and Cys [105,94] (see below). Glu [103,92] is conserved 
in all sequences except glutactin, where it is replaced by 
Asp,  that may  perform  a similar function.  Mutation  of 
this  Glu to either  Gln or Leu in human  AChE resulted in 
loss of activity  of  the expressed protein  and is probably 
due  to improper  folding (Bucht et al., 1992). Arg [38,44] 
is located in a segment Ll,b3 connecting  strand 6 ,  of  the 
large @-sheet and  strand O3 of the small &sheet. It is con- 
served in all sequences except those of cholesterol ester- 
ases. ChE sequences  have  a  deletion  of three  to  four 
residues in  this region and must  have  a  different confor- 
mation of this loop. All ChEs have, however, a conserved 
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Fig. 4. Ribbon tracing of the molecules showing regions with low and high variability. Yellow ribbons mark the  strands of the P-sheets. Com- 
parison of the  tracings in A and B gives an idea of the similarity of GCL  and TcAChE  structures.  Red-positions with V = 1; magenta- 
positions conserving the  character of the side chain; yellow-active-site triad;  blue-positions with 1 < V < 4; dark blue-positions with 4 < 
V < 9; green-positions with V >  50; white-positions of insertions or deletions. A: TcAChE- positions with V = 1 and those where the  char- 
acter of the side chain is conserved. B: GCL-positions with V < 9. C: GCL-positions of deletions and of residues with high variability. 
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Fig. 5. Helical wheel for helix a&, [185,168]-[200,183] with variabil- 
ity indices, V ,  at each position. 

Lys residue within this stretch and it is likely that this Lys 
forms analogous hydrogen bonds with Glu [103,92]. 

The second salt bridge, Arg [165,149]-Asp  [189,172], 
is formed between a highly conserved pair of residues 
at the bottom of a medium-sized loop, Li,5, connecting 
strand P4 and  a long helix,  CY^,^. Arg [165,149] is con- 
served  in  all  32  sequences, and Asp [ 189,1721  is conserved 
in  all but one. Rabbit liver esterase 1 (Korza & Ozols, 
1988)  has a  Phe in this position, but there is an Asp-Glu 
dipeptide 2 residues  preceding it. This protein has a dele- 
tion of  -9  residues  in the surface loop, L:,5, prior to Glu. 
This  suggests that in rabbit liver  esterase  1, the conforma- 
tion of this loop is somewhat different than its confor- 
mation in other proteins and might permit the formation 
of a salt bridge  between  Glu  [187,170] and Arg  [165,149]. 
The adjacent Tyr [164,148] is also conserved in all se- 
quences. Its side chain not only fits well into the hydro- 
phobic environment, but also makes a hydrogen bond to 
the main-chain carbonyl group of residue [129,1 la]. 

The third salt bridge is between Glu [180,163] and Arg 
[290,267]. Arg [290,267]  is located in a well-conserved 
short helix, ai,7, near the tip of a long loop, L6,7. It is 
a highly conserved position, occupied by either Arg or 
Lys. It is located near Cys  [288,265],  which is part of 
the second disulfide bridge.  Glu  [180,163] is embedded  in 
a surface loop, Li,5. Although this loop has a different 
conformation in GCL  and  TcAChE, this Glu is found in 
a similar position in both.  In  GCL, Arg [290,267] forms 
two hydrogen bonds to the carboxylic group of  Glu  [180, 
1631, both side  chains being in an extended conformation. 
In  TcAChE, Glu 163 folds back,  but there are also two 

hydrogen bonds  from Arg to the  Glu,  one of them to the 
backbone carbonyl group (Fig.  6). Although position 
[180,163] is not  as well conserved as position [290,267] 
and this salt bridge  does not exist  in  all compared proteins, 
it seems to be important  for  the lipase and cholinesterase 
subfamilies. It is also likely to be formed in  bovine thy- 
roglobulin and Drosophila glutactin. 

These three salt bridges are in  close spatial proximity to 
each other. In  fact, Arg  [38,44] and Arg  [290,267] are close 
neighbors and  run antiparallel to  one another (Fig. 6). 
The salt bridges act in a cooperative way to tie together 
surface loops: the tip of the large L6.7 protrusion  and 
the tips of loops Ll,b3 , L:,2, and Li,5. In  TcAChE, the 
N-terminal segment of the L6.7 protrusion  forms  part of 
the “aromatic” gorge, which  serves  as the entrance to the 
active site (Sussman et al., 1991). The same segment  in 
GCL is likely to contribute to substrate binding (Schrag 
et al., 1991). This region  may also be  involved  in sub- 
strate recognition and/or binding  in other proteins of this 
family. 

The fourth salt  bridge is formed between  Asp  [425,397], 
located in the middle of a long, kinked  helix a748 preced- 
ing strand 08, and Arg/Lys [529,517] at the end  of loop 
Llo, just before C-terminal helix alo. Asp is conserved in 
all  sequences. Although it is not in the immediate  vicinity 
of the active site, its site-directed mutagenesis to Asn ap- 
pears to affect the catalytic activity of the enzyme  (Krejci 
et al., 1991). Additional evidence (Shaffermanet al., 1992) 
suggests that this mutation renders the enzyme inactive 
by preventing its folding to the native conformation. This 
salt bridge is  well conserved in lipases and in AChEs, 

Fig. 6. Salt bridges: Arg [38,44]-Glu [103,92]; Arg [165,149]-Asp 
189,1721; Glu [180,163]-Arg  1290,2671. Superposition of TcAChE  and 
GCL;  TcAChE-  thick lines; GCL - thin lines. 
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BChEs, and CEs. It provides an anchor for the C-terminal 
helix aI0 ,  which might precede, or even guide, the  for- 
mation of a disulfide bond characteristic for esterases  (see 
below). Although position [529,517] contains a positively 
charged side chain in only 21 sequences, there are nearby 
Arg or Lys residues in the  other proteins that, judging 
from the 3D structure of GCL  and  TcAChE, could par- 
ticipate in a similar interaction. 

Disulfide bridges 

There  are two disulfide bridges that  are conserved in 
nearly all the 32 sequences, and  a  third  one conserved 
among  the AChEs and BChEs, as well as in thyroglobu- 
lin and  neurotactin. 

The first bridge joins Cys [61,67] and Cys [105,94]. 
It encompasses a variable length loop, Lb3,2,  that is of 
importance  for  substrate binding. Position [61,67] is 
strictly conserved, whereas position [ 105,941 contains 
Cys  in all but one sequence. The exception is Culex ester- 
ase B1 (Mouches et al., 1990), where the Cys residue is 
three positions prior to [105,94]. Because loop  Lb3,2 in 
this protein is one of the shortest among all sequences, a 
different  conformation at its base that would still permit 
formation of a disulfide bridge is possible. 

The second disulfide bridge, between  Cys [276,254] 
and Cys [288,268], encompasses a small segment at the 
tip of a much  larger surface protrusion (residues [261,242] 
to [3 11,2831). The size  of the disulfide loop varies from 
4 residues in neurotactin to 17 in glutactin. Even within 
AChEs this loop varies in length by 4 residues. Only two 
sequences  lack  these  cysteines: Culex esterase B1 (Mouches 
et al., 1990) and Heliothis juvenile hormone esterase 
(Hanzlik et al., 1989). Although this disulfide bridge is 
highly conserved, its role and  importance  are not appar- 
ent  from  the 3D structure alone. Because the large sur- 
face loop encompassing this disulfide is near the entrance 
to the active site, this loop may play a role in substrate 
binding and/or recognition. 

The AChEs and BChEs also contain  a  third  intramo- 
lecular disulfide bridge linking positions [430,402] and 
[533,521]. These two Cys residues are also present in the 
sequences of bovine thyroglobulin and Drosophila neu- 
rotactin. This covalent linkage plays an  important role in 
TcAChE.  The C-terminus of TcAChE provides contacts 
for dimer formation (via a four-helix bundle and an inter- 
molecular disulfide bridge) and  has  an  attachment site 
for  anchoring  the protein in the membrane  (Sussman 
et al., 1991). The C-terminal helix al0 of TcAChE points 
away from the rest of the protein and makes  relatively  few 
contacts with it.  The disulfide bridge helps to hold helix 
a10 together with the rest  of the  protein. Although the 
backbone conformation  around this region in GCL  and 
TcAChE is similar, GCL has Ser and Ile in place of the 
cysteines. The predominantly hydrophobic character of 
the residues in these positions (Ile/Val in one  and Leu in 

the  other) suggests that they may also come into contact 
with each other in those proteins that lack the disulfide 
bridge. 

Residues at  the edges of secondary 
structural elements 

Most of the strictly conserved residues are located in 
turns and loops at the edges of the &strands or a-helices 
and seem to be important  for  maintaining  the proper 
fold of the backbone. They are especially frequent on the 
C-terminal side of the parallel &strands, where the active 
site is always located (BrandCn & Tooze, 1991). Their en- 
vironment and possible role are summarized in Table 4. 
The following paragraphs provide a discussion of those 
positions that require more elaboration. 

Positions Gly [ 130,1171, Gly [ 13 1,1181, Gly/Ala [ 132, 
1191, and  Phe/Leu [133,120] form  a  loop, L4,4, after 
strand o3 (Fig. 1). Although this sequence and a few pre- 
ceding residues  in GCL  and TcAChE show only one  dif- 
ference (at position [132,119]), the conformation of this 
loop in these two proteins is quite different. In both en- 
zymes, this loop is in  close  proximity to the active  site and 
most  likely  plays a role  in the catalytic  process. The amino 
group of  Gly 119 in TcAChE has been  suggested to be 
part of the oxyanion hole (Sussman et al., 1991). A simi- 
lar role has  been postulated for  the equivalent Ala 132 of 
GCL (Schrag et al., 1991). The side chain in position 
[129,116], at the beginning of the L:,4 loop (usually Tyr 
or His), stacks against the side chain of Tyr [164,148], 
which is conserved in all sequences  except neurotactin. 
Tyr [ 164,1481 is additionally hydrogen bonded to the car- 
bonyl of residue [129,116], and the latter makes a hydro- 
gen bond to the backbone carbonyl of Tyr [164,148]. 
Residue [129,116] is tightly constrained by these interac- 
tions and may provide a pivot for  rotation of loop L4,4 
([130,117]-[137,124]). Such a  rotation might be required 
as part of a  conformational change in GCL  upon bind- 
ing to the lipid/water interface and/or binding of sub- 
strate. Because no structure of a GCL-substrate analog 
complex has yet  been determined, we do not know if this 
loop changes its conformation  upon  substrate binding. 

The region of conserved residues [167,151]-[171,155] 
forms a distorted a-helical turn. Position [ 167,1511, in all 
sequences  except two, is occupied by a glycine at the be- 
ginning of the turn.  The Gly backbone 4,$ angles are 
66",-155" in GCL and 69",-167" in TcAChE  and cor- 
respond to  an area of the Ramachandran plot, which, for 
residues other  than glycine, is not accessible without in- 
ternal strain. Gly [ 170,1541 and Phe [ 17 1,1551 occur at the 
end of this turn in all except one sequence. The require- 
ment for Gly most likely originates from  the tight pack- 
ing of this residue against the  protein  backbone  (the 
carbonyl of conserved Arg [165,149]) and the aromatic 
ring  of Phe [171,155]. 
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Table 4. Structural context of the conserved (V = 1) residuesa 

Residue Position Context Possible function 

GP,131 
G[15,17] 

P[28,34] Ll,b3 I/V P F/Y A 
A[30,36] 

C[61,67] Lb3,0 C X Q  S-S bridge to C[105,94] 
E[103,92] Lb3.Z s E D C L y  Salt bridge 

G[130,117] 
G[131,118] Li.4 G G G/A  F/L x  x G 
G[136,123] 

Y[164,148] Ring stacking 
R[165,149] LiS Y R V/L g  x  x G F/L Salt bridge 
G[170,154] Packing against R[165,149] 

N[184,167] Li.5 N x g l  Anchoring 

N[200,183] 4 5  

F[204,187] G . 5  N i a x F G G d P  Packing 
G[205,188] 
G[206,189] 

G[215,198] 05 Close packing 
S[217,200] V/I x I/L f G e S A G A/G Active site 
G[219,202] f f5 ,6  Close packing 

S[249,226] LA,, i x x S G  H-bond to E[354,327] 

C[276,254Ib G . 7  S-S bridge to C[288,265] 

E[354,327] L:,8 d E/D g Active site 

D[425,397] 4 . 8  D  x  x  F/V Salt bridge 

H[463,440] LQ.9 g x x H G / A x E / D  Active site 

F[488,476] 4 . 9  W/F  a  n F A Packing volume 

11.2 

LbZ,O Close packing against F/Y 

Oxyanion hole loop 

(b,$)CCL = 100",10" 

a One letter code is used. In the context column a capital letter identifies a highly conserved residue (bold for  invariant resi- 
due), X/Y means that only residues X or Yare observed in this position, small letter indicates the type of residue with the high- 
est abundance, and the letter x indicates a variable position. 

Not conserved in two CEs: HeliotCE and  CulexCEbl. 

The helix CY& ([185,168]-[200,183]), which runs nearly 
parallel to  the large &sheet over strands /3,-&, has  con- 
served residues on  the side  facing the sheet (Fig. 5) .  Asn 
[ 184,1671 anchors  the N-terminal end of helix a& through 
hydrogen  bonds to  the backbone of residue [322,295]. 
This  Asn is found  in a conformation with the  backbone 
torsion  angles  in  the  left-handed helical region (4, $ of 
56",40" in GCL; 25",29" in  TcAChE) usually accessible 
only to Gly and Asn.  Asn [200,183] is just  before a highly 
irregular helical turn  formed  by  residues [201,184]- 
[204,187], extending helix CY&. Its  backbone  torsion  an- 
gles, -15",-122" for  GCL  and -5",-143" for  TcAChE, 
fall into a somewhat  unfavorable  region of the  Rama- 
chandran  plot,  but we do not have a good  explanation for 
its  preservation.  The side  chains  of  this  residue  and of 
residue [199,182] are exposed, and  the  latter is usually 
charged.  The conserved Phe [204,187], at  the end of the 

helical turn, packs  tightly  against the  interior of the pro- 
tein (conserved Trp [196,179] and  Phe/Tyr [24,30]). Res- 
idues  forming  a  turn between helix a& and  strand &, 
which contains  at  its  end  the active-site serine, are  also 
strongly  conserved  in  all  sequences.  Gly [205,188], start- 
ing this turn, assumes an unusual  conformation with q5, $ 
of 100",10" in GCL (125",0" in  TcAChE). The neighbor- 
ing Gly [206,189] faces the  interior  and packs closely 
against the  backbone of residue [201,184]. Position [207, 
1901 is occupied by a  hydrophilic  residue and is exposed, 
whereas  residue [208,191] is nearly  always a proline. 

Residues [416,388]-[438,410] form a  kinked  helix, 
ff748, both in TcAChE  and  in  GCL.  This helix lies over 
strands &-& and lines one side of  the active  site. The 
kink is at position [428,400], usually an  aromatic resi- 
due,  and  this side  chain is stacked  against the ring  of  His 
[463,440] and  the  hydrophobic  part of the  Glu [354,327] 
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side chain, members of the catalytic triad.  Although  the 
sequence of this helix  is not strongly preserved, its hydro- 
phobicity pattern is maintained in all sequences, support- 
ing the notion  that  an  a-helical arrangement also exists 
in other proteins of this family. In the cholinesterases, one 
of the cysteines of the  third disulfide bridge comes from 
this helix. 

Helix a& points with its  C-terminal  end to the N-termini 
of strands os and p7 of the 0-sheet and is anchored to 
them by the highly conserved C-terminal aromatic resi- 
dues Phe/Trp [485,473] and  Phe [488,476]. 

Many of the remaining highly  conserved  residues form 
a cluster and pack  against  each other. This group includes 
residues [445,419], [447,421], [485,473],  [488,476],  [494, 
4821, and [503,492]. Most maintain an  aromatic charac- 
ter in all sequences. A buried water molecule was found 
in this region in both  GCL and TcAChE. It  forms  four 
hydrogen bonds with nearly ideal tetrahedral  coordina- 
tion: three to the backbone NH  and carbonyl groups and 
the fourth to the NcH of the indole ring of Trp [503,492]. 
The presence of this buried water may explain the  strong 
conservation of Trp rather  than  a more relaxed preser- 
vation of an aromatic  character of this residue. This Trp 
[503,492] and Pro [494,482] anchor the bottom of a rather 
flexible loop  that is disordered in TcAChE. Finally, the 
last 2 residues with low variability are  at position [533, 
5211, which is either Cys  (of the  third disulfide bridge in 
AChEs) or Ile/Leu,  and at position [536,524], occupied 
by Trp/Phe. The latter packs  against  conserved Asp [425, 
3971 and Tyr [394,375]. 

High variability positions 

In parallel with analysis of the conserved residues, it is 
important to address the question of spatial distribution 
of positions with  high variability. Most of these positions 
are also clustered (Table 3). High variability clusters are 
distributed throughout  the sequences and correspond to 
parts of the polypeptide chain that  are  on  the surface 
of the molecule in the 3D structures of both  GCL  and 
TcAChE (Fig. 4). There is a concentration of high vari- 
ability residues near the substrate-binding site. Because 
these enzymes bind different  substrates, positions with 
high  variability  in  this  region  may  be  involved  in substrate 
binding. As was noted in other cases, insertions/deletions 
occur on the protein surface (Delbaere et al., 1975) and 
are rather evenly distributed over the entire surface. 

Conclusions 

The degree of amino acid similarity in the proteins iden- 
tified here is somewhat higher than  that found in the 
globins. Lesk and  Chothia (1980) compared the 3D struc- 
tures of nine globins and identified 5 (-3.3%) residues 
as absolutely conserved, 2 involved  in  heme and oxygen 

binding and the other 3 in  packing of a-helices. They also 
found  that residues in the protein core tend to be more 
conserved than the residues on  the surface. The study of 
Siezen et al. (1991) on 35 subtilisin-like proteases revealed 
1 1 absolutely conserved  residues (- 3.3 Vo), 3 correspond- 
ing to the catalytic triad  and  another 5 in the substrate- 
binding region. They identified 36 positions (-12%) as 
highly  conserved (roughly corresponding to V < 4). Nine 
of these highly conserved residues  were Gly, many of 
which  have  main-chain torsion angles  in the range not eas- 
ily  accessible to other residues. The corresponding num- 
bers for  the proteins discussed here (4.5% for absolutely 
conserved and 14% for highly  conserved  residues  with 14 
glycines) are somewhat higher than in the  other two 
classes of proteins mentioned above and possibly  reflect 
the higher 0-sheet content in esterases. 

N-terminal subdomains display a higher percentage of 
conserved  residues than C-terminal subdomains and show 
a  strong conservation pattern, indicating the likelihood 
that these parts of the proteins will have very similar 3D 
structures. Although the structures of GCL and TcAChE 
also show striking similarities in their C-terminal parts, 
it is likely that changes occur in the C-terminal parts of 
some of the other proteins. These  changes  may affect the 
mutual orientation of the N- and C-terminal subdomains. 
The observed conservation of some contact residues be- 
tween  these subdomains suggests,  however, that  a reason- 
able similarity of packing  should  be  expected. Comparison 
of TcAChE and  GCL showed  in fact some rotation of 
the C-terminal part  around  strand  p7, relative to the N- 
terminal part.  A similar effect has been observed in the 
a / p  hydrolase fold enzymes,  where a different degree 
of bending of the 0-sheet was observed between strands 
p1-P7 and  strands &-p9 (Ollis et al., 1992). 

Salt bridges play an important role in the preserva- 
tion of the esterase fold by holding together loops in 
the vicinity  of the active site. The disulfide bridges in the 
N-terminal part of the structures are most likely impor- 
tant  for maintenance of the  conformation of two loops, 
one of which ([64,70]-[101,90]) is clearly  involved  in sub- 
strate binding (M. Hare1  et al., in prep.). The level  of con- 
servation in the C-terminal part of the sequences, where 
less of the protein is involved  in forming the scaffold and 
more is in the  loops, is lower. The pairwise homology of 
the C-terminal parts is in  many  cases not very significant, 
just as that  found in distantly related globins. The iden- 
tity between the C-terminal parts of TcAChE and  GCL 
is only 13%, yet the 3D structures of these subdomains 
are very similar. 

The picture emerging for proteins of this family is, 
in a way, analogous to that of immunoglobulin variable 
domains, where the conserved scaffold of the protein is 
formed by a 0-barrel from which extend the loops form- 
ing the hapten-binding site  (Davies & Metzger, 1983). The 
scaffold of the proteins discussed in this paper, formed 
by a large 0-sheet and crossover helices, is  well conserved 
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and provides a stable environment for  the catalytic triad, 
whereas substrate specificity is determined by the loops 
covering the scaffold and  surrounding  the active site. As 
discussed above,  a  rational explanation for conservation 
can be offered for highly  conserved  residues  in  terms  of the 
structural or functional requirements of these proteins. 
Positions conserved  in only a subset of these enzymes are 
often associated with extended loops or other less  rigid 
elements involved in providing substrate specificity. 

Methods 

The sequences included in this comparison are listed in 
Table 2. They were  selected through  a literature search 
and through searches of the  SWISSPROT data base  using 
the profile analysis method (Gribskov et al., 1987,  1990). 
The sequence alignment proceeded in steps. First, the 
sequences  of TcAChE and GCL were aligned based on 
the superposition of their 3D structures. They  were used, 
together with 7: rnarrnorata AChE and Candida rugosa 
lipase sequences, to construct a profile for searches of 
the  data base (program  PROFILEMAKE,  GCG pack- 
age  [Devereux  et al., 19841). Sequences  selected this way 
(program PROFILESEARCH, GCG package) were then 
aligned with the multiple sequence alignment program 
PILEUP.  In  a number of places (e.g., region 368-400 in 
GCL)  automatic alignment of  sequences  was at variance 
with the structural alignment. These discrepancies, with 
respect to regions  of the 3D structures of TcAChE and 
GCL displaying  very  low homology, suggested a few ad- 
ditional modifications to the alignment. Insertions were 
kept to a minimum and were not allowed  in the middle 
of secondary structural elements common to GCL and 
AChE, unless  suggested by a strong sequence similarity. 
The final alignment is shown in Figure 2. 

The variability index at each position of the aligned  set 
of sequences was calculated following a procedure devel- 
oped earlier for the analysis of immunoglobulin  sequences 
(Kabat et al., 1983). The variability, V,  at any given po- 
sition is defined as V = n/p,  where n is the number of 
different amino acids occurring at this position, andp is 
the  fraction of sequences  with the amino acid of  highest 
frequency of occurrence. This parameter varies from 1, 
for an absolutely conserved residue, to a value of 400 for 
a position where there is an equal probability of finding 
any one of the 20 amino acids. The square root of Vmay 
be interpreted as a (weighted) number of the different 
amino acids to be  expected at this position. The positions 
at which some sequences  have a deletion (gap) required 
special treatment. For such a position a deletion in any 
sequence was treated as a new amino acid type. Effec- 
tively, that amounted to a penalty of 1 added to n for each 
sequence with a deletion, whereas p was calculated as a 
fraction of  all  sequences. For such a position the variabil- 
ity index could become greater than 400. 
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