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iJsing 3-D searching techniques based on algorithms derived from graph theory we have established a striking structural similarity between the 
structure of bovine carboxypeptidase A and that of the C-terminal domain of bovine lcucine aminopeptidasc. There is no signilicant sequence 
homology between the aminopeptidases and the carboxypeptidases but the strong structural relationship detected in this complex fold suggesls 

that there may be a very remote divergent evolutionary relationship between these two enzyme classes. 
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1. INTRODUCTION 

Carboxypeptidase A is a monomeric peptidase of mo- 
lecular weight 34,600 which binds one zinc ion and 
catalyses the hydrolysis of the carboxyl terminal residue 
from polypeptide chains [l]. The crystal structure of 
bovine carboxypeptidase A has been solved at I,54 A 
resolution [2], and detailed binding studies have re- 
vealed the nature of the substrate specificity pocket [3]. 

Leucine aminopeptidase (LAP) [4] belongs to a fam- 
ily of widely distributed exopeptidases that catalyse the 
hydrolysis of amino acids from the N-terminus of pol- 
ypeptide chains. The molecule is a hexamer of identical 
subunits, each of which has MW 54,000 and binds two 
zinc ions. The crystal structure of LAP, both in the 
uncomplexed form and with the inhibitor bestatin 
bound, has recently been solved [5,6]. Each subunit con- 
sists of an N-terminal domain that is involved in trimer- 
trimer interactions, and a C-terminal domain which is 
involved in catalysis. 

We have been engaged in the development of tech- 
niques derived from graph theory which enable the 
rapid detection of structural similarities between pro- 
teins [7-91 in the Protein Data Bank (PDB) [lO,ll]. 
Previous work used one type of graph-matching proce- 
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dure, a subgraph isomorphism algorithm, to identify all 
protein structures that contained a user-defined struc- 
ture motif [7,8]. In this work, the graph representations 
of proteins are searched using a modification of the 
maximal common subgraph algorithm of Bran and 
Kerbosch [12]. The program (which is named PROTE) 
allows very fast searches of all the structures in the PDf3 
for similarities, either partial or complete, to the search 
protein structure [9]. 

In this paper we use these techniques to show that 
there is a strong 3-D structural relationship between the 
families of carboxype$idases and aminopeptidases. 

2. MATERIALS AND METHODS 

Regions of helix and swtmd in proteins in the Protein Data Bank 
(August 1991 release) were assigned using the algorithm of Kabsch 
and Sander [13]. The position and direction of each secondary struc- 
ture element (SSE) was then approximated by a vector in 3-D space 
which corresponds to the axis of an idealized helix or strand super- 
posed on the real helix or strand by least squares. The torsional angles, 
closest approach distances and distances between midpoints of each 
pair of SSEs within each protein in the PDB are stored in a database 
as a labelled graph. The nodes of the graph are the linear represents- 
tions of the SSEs, and the edges of the graph the distances and angles 
between them [7]. 

2.2. Detection oJsubgruph isomorplth 
The PROTE program [9] uses a maximal common subgraph algo- 

rithm [12] to match the query nodes, i.e. SSEs in the prcsect context, 
to the structure nodes by looking at the relationships (graph edge 
values, within specified tolerances) between them, This permits the 
rapid location of any structural overlaps between the query structure 
and any of the other proteins in the PDB, and output is interfaced 10 
the FRODO graphics program [14]. The program, which is now dis- 
tributed by Tripos Associates Inc., has heen extensively leslcd against 
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Fig. I. C-a traces of (a) the C-terminal domain of LAP and (b) CPA produced using Kraulis’ MOLSCRIPT prognun [IS]. The helices and strands 
cquivalcnced in our study are represented as coiled ribbons and arrows, respectively; the non-equivalent parts of the structure are shown as a 
smoothed C-u trace. Figure (c) is a stereodiagram showing the superposition of C-as of LAP (thick lines) and CPA (thin lines) in the equivalenced 

regions of the two structures. The view approximates to that used in the schematic diagram in Fig. 2, 

a variety of known motifs, including the trypsin, azurin and globin 
families, and shown to operate correctly and el%ctively [9]. 

3. RESULTS 

A search pattern consisting of the 42 helix and strand 
elements in the leucine aminopeptidase structure (PDB 
code lLAP, from the October 1991 release of the PDB) 
was prepared and a search conducted of the August 
1991 release of the Protein Data Bank. CPU time for the 
search was 40 min. on a Silicon Graphics 4D/210 VGX 
workstation. We monitored aIi structurai similaridas 
consisting of at least seven SSEs arranged in 3-D space 
within tolerances of 30” on inter-S% angles and of the 
lesser of 40% or 4 8, on inter-SSE closest approach 

distances. As a further constraint, only those structural 
matches where SSEs occurred in the same sequence 
order in both the search protein and the PDB proteins 
were monitored. The most significant hits were in the 
three carboxypeptidase A structures (PDB codes: 
3CPA, 4CPA, 5CPA) and carboxypcptidase B (LCPB). 
The hits in the carboxypeptidases A were the same in 
each case, and could be clustered together to form a 
region of similarity involving all 8 j? strands in the main 
B sheet and 5 of the 10 cx he&s in the C-terminal 
domain of LAP (see Table I). For the purposes of the 
fol:owing discussio, n we consider only the overlap of 
1 LAP with SCPA: the overlaps of 1LAP with 3CPA and 
4CPA are essentially identical. Carooxypeptidase B 
shares 49% sequence identity with CPA [ 161, and the hit 
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Fig. 2. Topological diagrams [1S] of (a) CPA and (b) the CGrminal 
domain of LAP. Circles represent a heliws and triangles represent ,8 
strands (apex down indicates the strand is viewed from the C termi- 
nus). Open circles and triangles indicate those SSEs that were found 
by the PROTE search to superpose in 3 dimensions, and shaded ones 
those that do not. The strands in the mair. &stranded @ sheets are 
numbered accordinS to their order in the sequence. Two of the hclices 
are marked X and Y to facilitate discussion, Positions of the Zn” ions, 
which are at the rear of the p sheet in this view, are also indicateci, as 
are the approximate positions of the SI and Sl’ subsltus in the two 

enzymes. 

found by PROT’E was similar, but the available coordi- 
nates (ICPB, [17]) are a preliminary C-a only set and 
not suitable for further comparison. 

4. DISCUSSION 

4.1. Comparison of rite carboxypeppridase A and ieucine 
aminopepridase fords 

An initial superposition of the regions of similarity 
produced by PROTE was refined by examination of the 
1LAP and SCPA structures on the molecular graphics 
[I43 to give an overall rms deviation over 86 
equivalenced C-a atoms in the core regions of the two 
structures (see Table I) of I,77 A. This superposition is 
shown in Fig. 1 and the superposition matrix is given 
in Table II. In Fig. 2 the topological similarity between 
the two folds is illustrated schematically: this shows that 
the main eight stranded p sheet has an identical organ- 
ization and order of strands, and furthermore that five 
helices are also conserved in position, although one of 
these helices (labelled ‘X’ in Fig. 2) superposes less well 
than the others. The areas of 3-D dissimilarity are 
mainly in the upper part of the diagram in Fig. 2: these 
are associated with the presence of a double Zn” site 
in LAP rather than a single one as in CPA, and with 
inter-subunit contacts around the 3-fold and &fold 
symmetry axes in LAP which have no counterpart in the 
monomeric structure of CPA. 

4.2. Comparison of active sites 
For both proteins the zinc-binding sites and the active 

site are situated at the C-terminal ends of the 4 central 
strands of the S-stranded @ sheet (see Fig. 2). However, 
it must be noted that our superposition does not pre- 
serve the positions of the zinc ions in 3-D space, which 
are displaced by almost 10 A because the loops at the 
ends of the central /? strands are more extended in LAP 

Table I 

(a) The equivalent helices and strands in LAP and CPA. The first two columns of figures 
give the SSEs equivalenccd in the initial PROTE search. and the final two columns list 
the equivalent 0s used to determine the final superposition malrix given in Table II 

PROTE search C-2 superposition 

LAP CPA LAP CPA 

a helix 179-195 14-29 
b strand 1 197-204 32-37 
j? strand 2 227-236 46-53 
/I strand 3 245-248 60-67 
a helix Y 274-290 72-90 
,9 strand 4 294-30 1 103-109 
a helix X 333-349 173-187 
B strand S 352-359 191-197 
fl strand 6 372-378 200-20s 
a helix 379-394 21 S-235 
jr strand 7 396-400 238-243 
/? strand 8 444+0 264-27 1 
a helix 471-484 288-305 

182-189 17-24 
196-200 31-35 
227-235 45-53 
242-250 59-67 
275-29 1 74-90 
295-300 104-109 

351-358 189-196 
373-377 200-204 
383-390 223-230 
397-399 238-240 
444449 265-270 
472-473 290-29 I 
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Table 11 

Rotation matrix used to rotate SCPA into ILAP 

0.77158 0.27094 -0.57554 
x = -0.61565 0.09039 -0.78181 * xc,, + 

-0.16007 0.95834 0.23655 

Whore XC,,,+ arc column vectors representing the CPA coordinates in the SCPA frame and X’ the same coordinates superposed on the ILAP 
structure. 

than in CPA. Nevertheless there are considerable ropo- 
logical equivalences between the zinc sites in the two 
enzymes: the single Zn2+ in CPA and the first Zn?’ in 
LAP both receive a ligand from strand 3 (Hi@” and 
Lys)5O, respectively) and from helix Y (Glu” and Aps’“, 
respectively). However, in CPA the Zn?+ is also ligated 
by His ‘96 from strand 5, whereas in LPA the two zinc 
ions are ligated by Asp31’ and G~L?~’ from helix X. 

Preliminary evidence for the mechanism of LAP has 
been gleaned from inhibitor-binding studies but this has 
not yet led to definitive proposals for a mechanism [6], 
and therefore detailed mechanistic comparisons are not 
possible at this stage. However, comparisons of subsites 
Sl and Sl’ (lying on the N-terminal and C-terminal 
sides of the scissile bond, respectively) in CPA [ 191 with 
their putative equivalents in LAP [6] shows *hat the Sl 
sites in the two proteins lie in roughly equivalent posi- 
tions between strands 5 and 8 in LAP and above strand 
8 in CPA. However, although the Sl’ sites both lie 
above the B sheet in CPA and LAP (Fig. 2), completely 
different parts of the chains are involved in the interac- 
tions. Nevertheless, in very broad terms, the polypep- 
tide substrate appears to run in approximately the same 
direction with respect to the folds of LAP and CPA, 
although the detailed interactions are different. 

4.3. Sequence sitnilariiy 
We find that even in the regions of structural overlap, 

the sequence identity is only 7% between the LAP and 
CPA sequences, which means there is no detectable se- 
quence similarity. This is in agreement with Burley et al. 
[5,6], who also observed that there was no sequence 
similarity between carboxypeptidases and leucine amin- 
opeptidase, but did not remark upon the overall 3-D 
similarity we have described in this paper. 

4.4. Evohtiorlary itnplicarions 
Structural similarities of this kind can have a number 

of explanations IS]: in terms of convergent evolution 
towards a common stable fold, in terms of convergent 
evolution towards a structure dictated by a particular 
functional requirement, or in terms of arguments based 
on divergent evolution. Thus one possible explanation 
for the structural similarity bctwetr; LAP and CPA is 
that the same fold occurs in both proteins because it is 
a particularly stable or simple fold, as is the case, for 
example, in the a@ barrel proteins [20]. In the present 

case, such an explanation appears improbable since the 
common folding motif between LAP and CPA is com- 
plex and involves a complicated mixed parallel and anti- 
parallel j3 sheet as well as several 01 helices (see Fig. 2), 
with a topology hitherto only found in carboxypepti- 
dases. 

It is theoretically possible that a common function 
could lead through convergent evolution to similar 
structural features: this can certainly occur at the level 
of sidechain orientations, as for example the Asp-His- 
Ser catalytic triad shared by the trypsin and subtilisin 
families of serine proteases and the lipases (reviewed in 
[21]). However, there are no unambiguously established 
cases of this occurring at the level of the gross tertiary 
structure of proteins, which is the situation encountered 
in the present comparison. Nevertheless, this may be a 
valid explanation for the similarity between LAP and 
CPA as in this case the two enzymes have related func- 
tions: CPA is a Zn peptidase, and the marked structural 
resemblance is restricted to the Zn-binding C-terminal 
domain of LAP which is responsible for the enzyme’s 
peptidase activity. 

There does, however, remain one other intriguing 
possibility: although there is no significant sequence 
similarity that can be cited as irrefutable evidence of 
divergent evolution from a common ancestor, it has 
been noted by Matthews and Rossmann [22] that during 
the evolution of proteins, tertiary structure is conserved 
more than amino acid sequence. On this view it is there- 
fore conceivable that the striking structural similarity 
we have found may be indicative of a very remote, 
previously unsuspected, divergent evolutionary rela- 
tionship between the families of aminopeptidases and 
carboxypeptidases. 
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