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Abstract: The structure—functional convergence between two Zn-several functionally important residues in analogous proiéus-
dependent proteases, namely thermolysin and mitochondrial presell, 1998. The example of chymotrypsin—subtilisin proteases that
cessing peptidaséMPP), is described. These two families of utilize the same Ser-His-Asp triad still remains the classical one
nonhomologous enzymes show not only functional convergence ofVoet & Voet, 1990; Barrett & Rawlings, 1995Because the se-
several active site residues as in chymotrypsin and subitilisin, buuence order of the triad residues and overall folds of chymotryp-
also structural convergence of overall molecular architectures insin (Tsukada & Blow, 1985(two B-barrel domainsand subtilisin
cluding theB-sheet arrangement and packing of the surroundingKuhn et al., 1998 (modified Rossman foldare different, it ap-
a-helices. The major functionally important structural elementspears that the same catalytic triad arrangement has evolved inde-
are present in both enzymes with different topological connectionpendently in these two proteins. The question arises if it is possible
and often in reverse main-chain orientation, but display similarto find two proteins that share not only functional and local struc-
packing. The structural comparison helps to rationalize sequenceiral similarities as chymotrypsin and subtilisin do, but are similar
“inversion” of the HEXXH thermolysin consensus present asin overall structure and yet are related by convergence. We believe
HXXEH in MPP. The described structural convergence may bethat in the course of Zn-metalloprotease sequence—structure com-
due to a limited number of alternatives to build a Zn-protease thaparison study, we stumbled upon a striking example of such
utilizes hydrogen bonding between a substrate main chain and thetructure—functional convergence.

enzymeg-sheet for substrate binding. Thermolysin, a Zn-endopeptidase fr@acillus thermoproteolyti-
Keywords: core | protein; cytochroméoc; complex; metallo- cus represents zincin_—fold_ proteas(ee!grzin et_al., 1995and has
enzymes; mitochondrial processing peptidase; molecular evolut-)een thoroughly studied in ter”?s of its spfatlal structiinonrud
tion; thermolysin et al., 1987, 1992and enzymatic mechams(nMatthews,_1988;_

' Holland et al., 1995 At the sequence level, the thermolysin family
is characterized by the signature HEXXH, which incorporates two
(out of the threg Zn?* ligands and the catalytic glutamate. An-
other large family of Zn proteases, mitochondrial processing pep-

The rapidly increasing set of available protein spatial structuredid@ses(MPP) (Braun & Schmitz, 1995k is represented by the

(Bernstein et al., 1977guides our understanding of evolutionary recently determined structures of core | and Il subunits in the

rules in protein structure space. Divergence explains similarityMitochondrial cytochroméc, complex(Xia et al., 1997; lwata

through inheritance from the common ancestor, and convergendd @l 1998; Zhang et al., 1988n contrast to thermolysin, not

means that some similar properties were acquired independently fuch is known about the MPP catalytic mechanism and specificity

evolution. Many fascinating examples of divergent evolution havedespite the significant effofBraun & Schmitz, 1995b; Luciano &

been discoveredGardiner et al., 1997: Murzin, 1998; Holm & Cell 1996; Tanudji et al., 1999 The sequences of catalytic
Sander, 1999 However, the convergent evolution aspect remaing®-Subunit of MPP share the pattern HXXEH, which is reminiscent

relatively unexplored and limited to the studies on arrangement off that in the thermolysin Zn-binding site, but is inverteawl-
ings & Barrett, 199% In the N-terminal domain of mammalian

core | protein(homolog of MPPB-subuni}, the first histidine is
Reprint requests to: Nick V. Grishin, National Center for Biotechnology replaced by a tyrosinéBraun & Schmitz, 1995a However, plant

Information, National Library of Medicine, National Institutes of Health, . . . .
Bethesda, Maryland 20894; e-mail: grishin@ncbi.nim.nih.gov. core | proteins along with MPPs contain a complete/Hiis/Glu

3permanent address: Institute of Cytology and Genetics, Russian AcadZn-binding site and display full proteolytic activityBraun &
emy of Sciences, Novosibirsk 630090, Russia. Schmitz, 1995p
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To compare spatial structures of thermoly@notein Data Bank  thermolysin is similar to the Rossman fdkke the more Rossman-
(PDB) entry 4tmn) and the N-terminal domain of the core | in a like structure of a thermolysin homolog adamaly§Bode et al.,
cytochromebc; complex (PDB entry 1bgy, chain A we super- 1994, PDB entry 2aid Taking into account the differences in
imposed G atoms of the three Zn ligand#lis142, His146, and topology and main-chain orientation, we confidently conclude that
Glul66 in thermolysin with His61, Tyr57, and Glul37 in cope | the similarity between zincins and MPPs is convergent.
and a presumably catalytic glutamate resid@&i143 and Glu60 It is likely that general principles of helix-to-sheet and helix-to-
in thermolysin and core |, respectivélyhe superposition results helix packing contribute to the convergent similarity between zincins
in root-mean-square deviatiRMSD) of 1.56 A for these four ¢ and MPPs, which reflects the limited number of acceptable spatial
atoms and leads to a striking and unexpected match of many seesrangements of secondary structural elements. However, func-
ondary structural elements of the two protefiRfg. 1A,B). Indeed, tional requirements for being a Zn protease should be important as
the two helices carrying Zn ligand&ig. 1,E andF) and the other  well. Indeed, the stereochemical restrains on relative spatial ar-
two heliceg B andG) of thermolysin superimpose with their coun- rangement of Zn-binding residues, possibly catalytic glutamate,
terparts in the core | protein in reverse N-to-C orientation explain-andB-hairpinde (Fig. 1A,B) used for substrate binding by means
ing the “inversion” of the family signature. Five strands of a single of main-chain hydrogen bonds limits the number of possible pro-
B-sheet(a to e) including theB-hairpin de are structurally equiv-  tein architectures. For instance, another peptide hydrolase, namely
alent in both enzymes. These superimposable elements compripeptide deformylaseéPDF), was shown to share limited structural
the majority of the domain structure. Thus, in addition to similarity and functional similarity with thermolysitMeinnel et al., 1996;
in the arrangement of Zn-binding and catalytic residues, the twdChan et al., 1997; Becker et al., 1998; Dardel et al., 1998; Hao
proteases have similar overall structural architecture. This archiet al., 1999; Ragusa et al., 199®DF removes the formyl group
tecture is based on a mixgtsheet with a loose bundle of four from the N-terminus of the newly synthesized bacterial proteins.
a-helices packed on one side of it. PDF sequence consensus HEXXH is indicative of a metallohydro-

The overall structural similarity between thermolysin and thelase. The spatial structure of PO0Meinnel et al., 1996; Chan
N-terminal domain of core | obc; complex results in RMSD of et al., 1997 revealed its OB-like core and demonstrated that sim-
3.4 A for 85 G, atoms(Fig. 10) if connectivity and main-chain ilarly to zincins and MPP, HEXXH is a part of arrhelix with two
N-to-C orientation are ignored. The resemblance between thermohistidines coordinating a metal. The third metal ligai@lys90
ysin and core | protein remained unnoticed, because it is not decomes from a long twiste@-hairpin spatially equivalent to the
tected by widely used algorithms such as DAHolm & Sander,  S1'-loop in zincins and MPPs, and not from arhelix. The PDF
1995 and VAST (Gibrat et al., 1998 which are aimed on detec- also contains @-hairpin structurally equivalent to thde 8-hairpin
tion of similar folds where connectivity and orientation are pre-in zincins and MPPs, but thg-hairpin with Cys90 participates
served. However, if we leave only,@toms in the structure of the in main-chain hydrogen bonding of substréBecker et al., 1998;
N-terminal domain of core | proteifresidues A21-A201, PDB Hao et al., 1999 Thus, the similarity in overall architecture and
entry 1bgy, remove loops, and change residue numbegssirands  arrangement of functional groups is more pronounced between
and a-helices to match the connectivity and orientation observedhermolysin and MPP than between PDF and either thermolysin or
in zincins, DALI (Z-score of 2.4, RMSD 3.5 A for 93 Catoms MPP.
and VAST (p-value of 0.0012 find thermolysin structure as the Traditionally, homology is used to make functional predictions.
first hit with this set of G coordinates. Therefore, if the connec- However, the convergent similarity between thermolysin and MPP
tivity and main-chain orientation of the equivalent secondary strucis so extensive that it allows us to formulate predictions about the
tural elements were the same in zincins and MPPs, one wouldubstrate binding in the latter based on the former. To facilitate
inevitably conclude that these groups of proteases shared a coraubstrate binding, thermolysin uses the natural ability of a peptide
mon ancestor. Notably, when thermolysin is used as a referencég form main-chain hydrogen bonds with an edge oB8-aheet
not a single pair of structurally equivalent elements is consecutivéMatthews, 1988 The ed B-hairpin carries out this function in
in core | protein, and 7 out of 10 elements are present in a reversedhermolysin and probably has the same function in MPPs. The
chain orientatior(Fig. 1D). The N-terminal domain of core | pro- substrate chain forms hydrogen bonds with gistrandd in an
tein possesses a modified ferredoxin f@trand, c, d,ande and antiparallel way(Fig. 1A,B). The S1 specificity pocket is large in
helicesB" andE form a ferredoxin unijt while the zincin fold of  thermolysin, which is specific toward bulky hydrophobic amino

Fig. 1. (facing page. Thermolysin and core | protein: an example of structure—functional convergence. Ribbon diagfamthefmolysin(PDB entry

4tmn) and(B) core | protein(PDB entry 1bgydrawn by BOBSCRIPTEsnouf, 1997, a modified version of MOLSCRIPTKraulis, 1992. The structures

were superimposed and then separated for clarity. The spatially equivalent structural elements are colored correspondingly in the twd bau@iures.
pocket loop in core | proteifcolored dark grayis contributed by the core Il protein. N- and C-termini are labeled. Secondary structural elements are labeled
consecutively in the thermolysin structure, with the same letters used for spatially equivalent elements in the core | protein. The orieathtbticsof

and a loop in the Slpocket are shown by arrows. The Zn ligands, catalytic glutamate, and residues neaf #pedficity pocket are shown in a
ball-and-stick representation. The Zn ion is shown as an orange ball. The substrate analog ifthdten et al., 198y (Cbz-Phep-Leu-Alnin the
thermolysin structure is shown in green |lin€S) The stereoview of the superposition of thermolysied) and core | proteirigreen with the S1 pocket

loop protruding from the core Il proteiiblue). Side chains of Zn ligands and catalytic Glu are shown in both structures, a Zn ion and an inhibitor are shown
in thermolysin as a ball and thin lines, respectiv€l)) Structure-based sequence alignment of superimposable elements in thermolysin and core | protein.
The starting and ending residue in each segment is numbered, and the segments are labeled with the same |Attarsl Bs The sequences in the
opposite chain orientation are shown in reverse letters. Zn ligands and a catalytic Glu residue are shown in white letters boxed with blackicares the res
in the loop of S1pocket are in white letters boxed gray. Invariant residues are shown in bold letters, conserved hydrophobic, small, and hydrophilic residues
are on yellow, green, and blue background, respectively.
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acids. The pocket is capped by 1le188 and Gly189 supplied fronplacement of side chains, but itis clear that thé [8icket in MPPs
the loop. In core | protein this loop is superimposed with the loopshould be much smaller that the one in thermolysin. The structural
protruding from the core Il subunit C-terminal domain, which properties are consistent with the MPP preference for small or
contains Lys286 and Arg287 structurally equivalent to 1le188 andnegatively charged residues at'RBlbstrate sit¢Saavedra-Alanis
Gly189 (Fig. 1A-C). Due to the low resolution structure bt; et al., 1994; Waltner & Weiner, 1995; Tanudji et al., 199Phese
complex(lwata et al., 1998(3.0 A), it is hard to deduce the exact hypotheses await experimental verification.

D a b B B
4tmn E 29-YLOD-32 40-FTYDAKY-46 64-ASYDAPAVDAH-T4 75-YYAGVTYDYYKNVH-88
lbgy A 25-AJ0M-21 194-RMVLAAA-200 107-PKAVELLADIV-117 191-MYHA2JYATIAAG2-178
B’ B
c d e E
4tmn E 99-ATRSSVHYSQ-108 109-GYNMAFWNGSEMVYGDGDG-127 136-GIDVV. VTDYTAG-154
lbgy A 44 -9AQTIWVOVTD-35 B4-AHLNAYVSTREHTAYYIKAL-101 &7-TDHT i AOVIDIA2-49

F G
4tmn E 156-IYONESGAINBAISDIFGTLVEFYA-180 186—%-191 268-YRALTQYLTP-277
lbgy AB 147-UsAMRTAMEQIEQIIVASENIIQRCE-123  B289-20GRVH-B284  177-IAAVME-29D-169
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We believe that thermolysin and mitochondrial peptidase give a  binding: Crystallographic analysis of extended phosphonamidate transition-
remarkable example of convergent protein evolution. Indeed, ihoIState analoguesiochemistry 268542-8553.

il | . | h . . land DR, Hausrath AC, Juers D, Matthews BW. 1995. Structural analysis of
illustrates not only functional convergence of the active site resi- inc substitutions in the active site of thermolysdotein Sci 41955-1965.

dues as in the case of chymotrypsin and subtilisin, but, most imHolm L, Sander C. 1995. Dali: A network tool for protein structure comparison.
portantly, structural convergence of overall molecular architectures  Trends Biochem Sci 2478—480.

including theB-sheet arrangement and packing of the surroundind"o";n"gLr’]nssrr]'tdsel\rlu(é'I igi?j% géztg;ﬁ'_d;ﬁ”d families: Sequence and structure

a-helices. This convergence is a probable reflection of a limitedyyata S, Lee JW, Okada K, Lee JK, Iwata M, Rasmussen B, Link TA, Rama-

number of alternatives to build a Zn protease that utilizes hydrogen swamy S, Jap BK. 1998. Complete structure of the 11-subunit bovine mi-

bonding of a substrate chain to the enzygsheet for substrate tochondrial cytochrome bcl compleSicience 285471 :

bindi Kraulis P. 1991. MOLSCRIPT: A program to produce both detailed and sche-
Inding. matic plots structuresl Appl Crystallogr 24946—-950.

Kuhn P, Knapp M, Soltis SM, Ganshaw G, Thoene M, Bott R. 1998. The 0.78 A

. . . structure of a serine proteasBacillus lentussubtilisin. Biochemistry
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