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Abstract

Subtilases are members of the clan (or superfamily) of subtilisin-like serine proteases. Over 200 subtilases are presently
known, more than 170 of which with their complete amino acid sequence. In this update of our previous overview
(Siezen RJ, de Vos WM, Leunissen JAM, Dijkstra BW, 1991, Protein Eng 4:719-731), details of more than 100 new
subtilases discovered in the past five years are summarized, and amino acid sequences of their catalytic domains are
compared in a multiple sequence alignment. Based on sequence homology, a subdivision into six families is proposed.
Highly conserved residues of the catalytic domain are identified, as are large or unusual deletions and insertions.
Predictions have been updated for Ca®* -binding sites, disulfide bonds, and substrate specificity, based on both sequence

alignment and three-dimensional homology modeling.
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Serine endo- and exo-peptidases are of extremely widespread oc-
currence and diverse function. Many distinct families of serine
proteases exist; they have been grouped into six clans (Rawlings
and Barrett, 1994; Barrett and Rawlings, 1995), of which the two
largest are the (chymo)trypsin-like and subtilisin-like clans. These
two clans are distinguished by a highly similar arrangement of
catalytic His, Asp, and Ser residues in radically different 8/8 (chy-
motrypsin) and a/B (subtilisin) protein scaffolds.

In 1991, we presented a review of over 40 members of the
subtilisin-like serine proteases, termed “subtilases,” which occur in
Archaea, Bacteria, fungi, yeasts, and higher eukaryotes (Siezen
et al.,, 1991). The mature enzymes were found to contain up to
1775 residues, with N-terminal catalytic domains ranging from
268 to 511 residues, and signal and/or activation-peptides ranging
from 27 to 280 residues. Several members contain C-terminal
extensions, relative to the subtilisins, which display additional prop-
erties such as sequence repeats, Cys-rich domains, or transmem-
brane segments. From four known crystal structures and a multiple
alignment of 40 known amino acid sequences, a core structure was
predicted for the catalytic domain of all subtilases, together with
the variations that are allowed in the main-chain length as a result
of insertions and deletions (Fig. 1). Nineteen of these core residues
were found to be highly conserved, 10 of which are glycines.
Predictions were also made for subtilases of unknown three-
dimensional structure concerning essential conserved residues, al-
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lowable substitutions, disulfide bonds, Ca?" -binding sites, substrate-
binding site residues, ionic and aromatic interactions, and surface
loops. Based on these predictions, strategies for homology mod-
eling and protein engineering were developed and implemented,
aimed at modulating either stability, catalytic activity, or substrate
specificity (Siezen et al., 1991, 1993, 1994, 1995a).

Since 1991, more than 100 new subtilases have been discovered,
and these are now included in this updated review. In addition to
many new enzymes from micro-organisms, numerous members of
the subtilase superfamily have now also been identified in various
eukaryotes such as slime molds, plants, insects, nematodes, mol-
luscs, amphibia, fish, mammals, and even in a catfish virus.

Structure-based alignment

The coordinates of subtilisin BPN’, subtilisin Carlsberg, thermi-
tase, and proteinase K were used previously (Siezen et al., 1991)
to determine the core of “structurally conserved regions™ (scrs;
Greer, 1990) and the common secondary structure elements, as
analyzed with the DSSP program (Kabsch and Sander, 1983). This
core of about 190 residues contains virtually all of the common
a-helix and B-strand elements, including the active site residues
D32, H64, and S221 (Siezen et al., 1991). Slight adjustments to
these core regions have now been incorporated (core ABC in
Fig. 2) based on a recent spatial superpositioning of seven struc-
tures that also included mesentericopeptidase, Savinase, and Es-
perase (Heringa et al., 1995); topologically equivalent residues
were defined as those that have Ca-atom distances of less than
2.0 A. The “variable regions” (or vrs) nearly always correspond to
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connecting loops between helices and strands and generally lie on
the external surface of the protein (Fig. 1).

When only the subtilisin BPN', subtilisin Carlsberg, and ther-
mitase structures were superimposed the number of structurally
equivalent Ca atoms increased to over 230 (or about 85% of all Car
atoms), which we refer to as the “extended core” (core AB in
Fig. 2). This distinction between core and extended core scrs is of
relevance for homology modeling, because the superfamily of sub-
tilases can be subdivided into several families (see below).

Identification of subtilase superfamily members

An extensive search of scientific literature and databases (EMBL,
Genbank, Swiss-Prot) was performed to identify new subtilisin-
like serine proteases, using the programs BLAST (Altschul et al.,
1990), TFASTA, and FASTA (Pearson and Lipman, 1988). Con-
sensus sequence segments of 20—40 residues around the active site
residues D32, H64, and S221 were used for this purpose; different
consensus segments were obtained for different subtilase families
(see Fig. 2). Sequences from patent literature and databases are not
included because they represent synthetic or mutated genes encod-
ing engineered subtilases. The main results of these searches are
summarized in Tables | and 2. Further details, including reference
to 10 crystal structures, can be found in the EMBL/Genbank and
PDB databases using codes listed in the tables.

At present, over 170 complete and several partial amino acid
sequences of subtilases are known; most are derived from the
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Fig. 1. A: Schematic representation of the secondary structure topology of
subtilases, with a-helices shown as cylinders and B-sheet strands as ar-
rows. Solid lines indicate the conserved regions (scrs) in all subtilases, and
dashed lines the variable regions (vrs). Approximate location is indicated
of the main Ca”*-binding sites (by Cal and Ca2), catalytic triad residues
D32, H64, and S221 (by *) and substrate-binding region (between strands
el and elll). B: Ribbon-plot representation of the secondary and tertiary
structure of subtilisin (PDB code 2SNI), made with MOLSCRIPT (Krau-
lis, 1991). Side chains of the catalytic residues are shown in ball-and-stick
representation.

corresponding gene or cDNA sequences. We caution that in many
cases it has not been established whether these genes encode func-
tional proteins or whether the encoded protein is actually a prote-
ase. Examples of the latter are the outer-membrane antigen phssal
of Pasteurella haemolytica (Lo et al., 1991), and the anti-freeze
protein af70 of Picea abies (EMBL D86598), which were not
described as proteases by the authors.

The majority of the subtilases are synthesized as pre-pro-
enzymes, subsequently translocated over a cell membrane via the
pre-peptide (or signal peptide), and finally activated by cleavage of
the pro-peptide. A detailed comparison of the pre-pro sequences
and the putative processing sites of these subtilases has identified
two main types of pro-peptide (Siezen et al., 1995b). However,
there are numerous exceptions in which the pro-peptides appear to
be completely unrelated or even absent. A small number of subti-
lases is intracellular (Table 1).

Table 1 shows that the (putative) mature enzymes range in size
from 266 to 1775 residues. The catalytic domain or module is
defined as the segment with sequence homology to subtilisins; it is
always located at the N-terminal end of the amino acid sequence
directly after the pre-pro region. This review is focussed only on
the catalytic domains.

Alignment of primary sequences

The multiple sequence alignment of the catalytic domains of over
120 subtilases is shown in Figure 2. Additional variants with <10%
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nahlys ATPNDPQY - GQQYAPQOVN- - CEAAWDVTYGDPG- - VT ISVVDQG 1QYDHEDLEGDGS - --
6y0535 <EVPNDPEY-SKQWNLRATA- -MESAWD- GSKGEG- - VTVAV IDTGVT-RVPDLRQT - - - -
bswpra <SLANDIQY- PYQWPLKNNG- ENGGVKNADVKYEP (12) TLIAVVDTGVDSTLADLKGKV - - --
dnbpr AAPNDPSY- RQOWHYFGNY- GVKANKVWDRGFTGQG- - VVVSVVDTG1L-DHVDLNGNMLPG- - - - - YDF ISSAPNARDGDQRD
dnavp2 ARPNDOHY - REQWHYFDRY- - - GVKADKVWDMGE TGON- - VVVAVVDTG 1L HHRDLNANVLEG- - - - - YDF ISNSQISLDGDGRD
dnavps AAPNDPFY-NDQWHYYSEY- - - - YDFIQEAETAQDGDGRD
alaprl ATPNDPRY-NDQWHYYEAA- - AGINAPAAWDK - ATGQG- VVVAVLDTGYR- PHLDLDANILPG- - - - - YOMISNTFVANDGGARD

<LTPNDTRL- SEQWAFGTTN- - - - - ~AGLNIRPAWDK-ATGSG- - TVVAVIDTGIT- SHADLNANILAG- - - - - YDF ISDATTARDGNGRD

hhhhhtt hhhhh tt tt eecceeeb bttt
— — —— SEEEE—— S—

- ~NLPLDNNYSANF - - DGTG- - VTAYVIDTGVNNAHVEFGG- -

trtdla

taaqua
taprot
taprok
tapror SPGTSTYRYDDS-AGQG- - TCVYVIDTGVEASHPEFEG -
bbpri ARGATTFDYDSS- AGAG- - TCVYV IDTGVDASHPNFDG
fusalp QRGSTAYAYDTT-AGQG- - ACAYVIDTGVEDTHPEFEG
plbspr
macdpa
aocespr
acalpr
aforyz
acoryz
afelst
anprta
anpepd
thprbl
anpepc
scprbl EFDTQNSA--- - - -RLNLGSFNRYLYDDD - AGRG- - VTSYVIDTGVNINHKDFEK - -
scysp3 <NSSLQEEA--- - - - KPKYGODLEYLYEDA - AGKG- - VTSYVLDTGIDTEHEDFEG
spsepr <KLETQSGA- SVKYDDIGKYVYDSS-AGDN- - ITAYVVDTGYSIBHVEFEG
ylxpr2 AIQTTPVT- - KAQTGNYAYVRETVGK- HPTVSYVVDSG IRTTHSEFGG
coyotS  <EGDSUNSAESSYTFNATAKYSYEDVEEEQNITYQPDA- - - - - PRHLARISRHYQLPFDVGDKDRYRSWENY YYEHDY - VNAY IMDTGIFADHPEFED
coreaBC — Sl QLIS

efcyla EVNSSILNINILNKDFK- SFNWPYKKIL -~ -«=------------- SHIDPVKEQLGKD- - ITIALIDSGIDRLHPNLQD -
sepepp MKSNHTY IKQTIT- -DSILFIDSGCDFKHPELQD hR
lslasp MTVL-LRDINSAILT- - - - --EYRLH-MYSSRYT- - SSIALLDENINTTHSYLQK -

bspara <FE- EDNWAFEHL - --VSKRH- - DFNGNK- - VKIAVLDSGVS- KIKGLDK -

seepip <NGSHDLF-DROWDMRE 1T~ - -NEGKSYKLSPDRKK- - AKVALVDSGVNSSHTDLXS INK- - --

1lnisp CTNSHDEW- DYOWDMKYVT- - - - -NNGESYALYQPSKK- - ISVGI IDSGIMEEHPDLSNSLGNY - - --
.

1spe2 «GYKDAAKLLTVNKQH IGLRAKPRLPNDPDF - DKQWYLRNTGQSGG - - - - - = - VKGLDLNVMAAWEMGYSGAG- - VTTATMPDGIDYLHEDLKN

cepol <GYRPLEQRLESQFDFSAVMSPSDPLY - GYOWYLKNTGQAGG- - KARLDLNVERAWAMGFTGKN- - I TTATMDDGVDYMHPD 1KN

becpe2 <GYNEVNDNYRQIDINDPLF - PRQWYLLNTGQADG

hepc2 GYRDINEIDINMNDPLF - TRQWYL INTGQADG- - - TPGLDLNVAEAWELGYTGKG- -VTIGIMDDGIDYLHPDLAS
acpcl <GLVEDRELHDRELARE JAAAGGGELHDPEL- IHEWYLNPTGSEVSRSD - EVRADLGVKAVWKKGITGKG- - IVVTILDDGIERTHPDLKS
lapcl <ASLGKCRDCPVDKLFDDPMW- NQOWYLODTRTSSS- - -

hepcl3 SALRDSALNLFNDPMW- NQOWYLQODTRMTAA -

bepeld <GPMGQQRRQSDDTRPMTFRDPYW-ERQWYLHDTRTS TN~

hepacd <QVRSDPQALYFNDP IW-SNMWYLHCGDRNS- - - -

hepcé <DYDLSHAQSTYFNDPKW- PSMWYMHCSDNTH. -

aafur <DFRPLKSPYTIQLNDPKW-GEMWYLNRGN- - - -

dmfurl <DF IRMRPSRTSSRAMSMVDAMSFNDSKW- POMWYLNRGG - - - -

ttfur <DLSYFYTDTVPYLNDPKW- KDMWYLNRGN- - - -

cefurl <HTDOND IFEEDDDGTQISKSRNRKHPDPNDPLW - TDMWYLNRGEHHSDS - -

acfurl <SVRFNDPKW-PHTWYLKRGN- - - -

acfur2 <DFHPRDVAEQMSVLDPYW- KNQWYLHGGA - -

lsfur2 <DFHPREVAEQMRVTDPNW - KDOWYLNRGA - -

mmpcd <SLVVPTDPWF -SKQWYMNKEI - - - - - - QODLNILKAWNQGLTGRG- -VVISILDDGIEKDHPDLWA

xlfurad <DIYTDPTDPKF-MQQOWYLLDTN- - - - -RHDLHVKEAWEQGFTGKG- - IVVSILDDGIEKNHPDLQA

hefur DVYQEPTDPKF - PQOWYLSGVT- - - - - QRDLNVKAAWAQGYTGHG- - IVVSILDDGIEKNHPDLAG-

dmfur2 <(27)PHLSFSPESISLASHSQRMEYRDVSSHF IFPDPLF - KEQWYLNGGA -
cefurz < (14) FRRSVLNRDGTRRAQRQOPQOSPAEIPSLPFPDPLY - KDQWYLHGGA - - -
hakx2 <DGIPNDPYF - KDMWYLLNTGQASG-
hslpc <SVHFNDPKY - POOWHLNNRR - - -

KDGLDMNVGPAWQKGYTGKG- - VVVSILDDGIQTNHPDLAQ-
VGGYDMNVRQAWLQGYAGRN- -VSVSILDDGIQRDHPDLAA-
- PAGVDMNVVPVWKKNITGRG- - IVISVLDDGLDWTHPDLEA-
- SPGRD INVTGVWERNVTGRG- - VIVVVVDDGVEHTIQDIAP -

ylxpré < (68) KPVDESMYGGMPDDSLYDVYRKYYPDEVGIKDPSL - WKQWYLHNVH - KAGHDLNVTGLWLRNVTGWG- - VVTAVVDDGLDMNAED I KA -
klkexl <LPIGDSSMEQIQNARILFNISDPLF ~-DQOWHL INPN- - YPGNDVNVTGLWKENITGYG- - VVAALVDDGLDYENEDLKD~
sckex2 APPMDSSLLPVREAEDRKLSINDPLF - ERQWHLVNPS- -FPGSDINVLDLWYNNITGAG- - VVAAIVDDGLDYENEDLKD -

spkrpl <DASESDELLNEFSNHFGISDPLF- YGQWHIFNSN- - - ~NPGHDLNLREVWDAGYFGEN- -VTVAFVDDGIDFKHPDLQA -

hvceovp

avprca <AF-PPOWHLRQTTIGK - TINAHANVEAAWKLS-DGTG--T11AIIDDGVD IDHEEFRS -
asaspa NESCTPLTGKEAGLDTGRSSAVRCLPGIN- PLQDLLNSGQNAFSPRGG- - -MAGND LNLWWAHRTEVLGQG- - INV}\VVDDGLAIRHPDLAD* -
slesp DTGAPQVLGGEDLAAARKAASARAEGQDPLESLOWDLPAIK- - - -- -ADKAHEKSLGSRK*4VTVAVIDTGVDDTHPDIAPNFDRQAS- -
scBepr MRAEVPSGYSAVDMREPLRLAGSASCTFPSEQQFKARPW- LORVL- - LDELWQGTRKGKG- - VRVAVIDTGVDDDNPQLTDA - - -
smserp AYQDPGRLGAPDSWKTAEFNRQWGLEAIS- - - -AEFAYARGYTGKG- - ITIGVIDNAIL- SHSEFSGKLT -

smespl SSYIENGKAGDPASWRSSEFNAEWGLGAIH- - - -ADQAYAAGYTGKG- - IKLGIFDQPVYAKHPEFAGENKVINLVTEGIREYTDPY - -
BMEEP2 APHEVSGQAGDPASWRSAEFNANWGLGAIH- - - -ADEAYAAGYTGKG- - DKVGIFDTPVN- RHPEFAGDGKLINVVTEGYRAYTDPHR-
phseal <TESIENPQPIIQ- - --LSESLSSKYSGKG- -VKLGVMDEGFMVKHPRHSSHLHPLIHQLTTPEGE - -

bespra - KDESFRKMNGGMPVSGNG- - 1G1V INDSGVDGTHND I KFGNNL

besprb <ESTDITGVNRVR- - - -~ TDKEMTRKGNGGMP I SGNG- - 1 GVVVNDSGVDGTHRDHEFGRNL

bebpft ATDGVEWNVDQID- - --APKAWALGYDGTG- - TVVAS IDTGVEWNHPALKEKYRGYNPENP - - -

bevpr MDDSAPYIG- - - -ANDAWDLGYTGKG- - IKVAI IDTGVEYNHPDLKK -

spscpa (28) SKETKTPQTPDDAEETIADDANDLAPQAPAKTADTPATSKATIRDLN- DPSQVKTLQEKAGKGAG- - TVVAVIDAGFDKNHEAWRLTDKTKARYQSKEDLERARKEHGITYGE
llprtp ~ - ~AVWSN- YKYKGEG- - TVVSVIDSGIDPTHKDMRLSDDKDVKL - TRSDVEKF KHGR
ldprthb - - -DVWQE- QKLKGEG--MVISIIDTGIDSSHQDLKLDSGVSTAL - SKSEVESD - - KSKLGHGK
11sp09 TGVWPELGGAERSGDG- -VVIGMIDTGINPNHPSFMNPWSREVADLKRFKGRCVPGDQFPLT- -
agsexrp - -PTGGLWPASNYGED- -VIIGVIDSGVNPESDSFRDDGM - TAQVPARWKGICSR - EGFNSS - -
lep69 - ~QNMGVWKDSNYGKG--VIIGVIDTGILPDHPSFSDVGM- - PPPPAKWKGVCES - -NFTN- - -
cmcucu LTVP-RRSQVESN- - IVVGVLDTGINPESPSFDDEGF - - SPPPPRWKGTCETSNNF
paaf70 <TTHSWDYLERD- - LSMPGFSYRKPKSSGTD- - IILGFLDTGINPEAASFSDKGM - - GPVPSRWKGACVKGENFNVS- -
atserp <TTRTPLFLGLD- - - -EHTADLFPEAGSYSD- - VVWVGVLDTGVHPESKSYSDEGF - -GP IPSSWKGGCEAGTNFTAS - -
hskiaa <LLRAIPRQVAQTLQ- - ADVLWOMGYTGAN- - VRVAVFDTGLSEKHPHF -
ddtagb <ANRLSPTVIFGTRDKLVN- - NDRID- IPLRGKG--QILSIADTGLDGSHCFFSDSKY PIPFNQVNENHR- - -
ddtagc <ANRLSPRVVFGTKDTLVN- - NDRVD - IPLRGRG- - QILSIADTGLDGSHCFFSDSKY - PIPLNSVNLNHR - - -
dmpga?d <MATSGIVESFPTGALVPKAETGVLN- - FLQKYP-EYDGRD- -VTIAIFDSGVDPRATGLETLCDGKTV-

hetpp2 <MATAATEEPFPFHGLLPKKETGAAS- - FLCRYP-EYDGRG- - VLIAVLDTGVDPGAPGMQVTTDGKP - -

cetpp <MTSSPPEIVPQQPLDALLLNKTDTEQEI- - FLTRKYP-NYDGRD- - ILIAILDTGVDPSLPGMQVTTTGER - -

smstab <TNMGVRLIGATE- - VWREY- - NITGEG- - IVVGIVDTGIDLSNPDL -

ptpyro MYNSTWRVINALQ- - FIQEF- - GYDGSG- - VWWAVLDTGVDPNHPFLSITPDGRR - -

teplst MFMSVYKIHAYD- -

TWINY- -GVLGDN- - VTVAVLDTG IDVGHPFLQVTLDGRP- -
.

Fig. 2. Continues on following pages.

503



504

basbpn
bes166
beedy

blgcar
bssprc
bssprd
bsaprg
bls14?
baalkp
bseyab
beaprs
bsepr

beeepr
vmvapt
peaprp
paalys
bstadd
betadl
bpisp

bsispl
beiakp
beispq
tsiap

tvther
tstap
bsakl
hmhlys
nahlys
60535
bswpra
dnbpr
dnavp2
dnavpb
alaprl
xeproa
sec.st
core AB
vaproa
alapr2
tredla
taaqua
taprot
taprok
tapror
bbpr )
fusalp
plbepy
macdpa
acespr
acalpr
atoryz
acoryz
afelst
anprta
anpepd
thprbl
anpepc
scprbl
scysp3
spsepr
ylxpr2
scyctd
coreABC
etcyla
sepepp
1slasp
bepara
seepip
1lnisp

lspc2
cepc?
bepe2
hepc2
acpel
lapcl
hepcld
bepe?
hepacd
hepcé
aafur
dmfurl
tefur
cefurl
acfurl
acfur2
lsfur2
mmpcd
x1turd
hsfur
dmfur?
cetur2
hakx2
hslpc
ylxpré
klkexl
eckexl
spkrpl
hveevp
avprca
asaspa

slssp

sceepr
snserp
snsepl
EMs6PL
phesal
bsspra
bssprb
bebpf

bsvpr

spscpa
1lprtp
ldprtb
118p09
agserp
lep69

emeucu
paat70
atserp
hekiaa
ddtagb
ddtagc
dmpgad
hstpp2
cetpp

smstab
pfpyro
teplst

R.J. Siezen and J.A.M. Leunissen

50 60 70 80 90 100 110 120 130
i . | ] | ] | { i
- -~ -KVAGGASMVPSETNPF - - - QDNNSHGTHVAGTVAAL - -NNSIGV-LGVSPS--ASLYAVRVLGA- - -DGSGQYSWIINGIEWATAN- - -NMDVINMSLGGPSG- - -

-NVRGGASFVPSETNPY- NNSIGV- LGVAPS--ASLYAVRVLDS- - ~ TGSGQYSWI INGIEWAISN- ~ - NMDV INMSLGGPTG-
-KVVGGASFVSGE- SYN- DNTTGV- LGVAPN- -VSLYATIKVLNS- - - SGSGTYSAIVSGIEWATQN- - -GLDVINMSLGGPSG-
-NVVGGASFVAGE-AYN- DNTTGV- LGVAPS- -VSLYAVRVLNS- - -SGSGTYSGIVSGIEWATTN- - -GMDVINMSLGGPSG-
-NVKGGASFVSGEPNAL- NNTTGV- LGVAYN- -ADLYAVKVLSA- - -SGSGTLSGIAQGIEWS ISN- - - GMNV INMSLGGSSG-
-RVVGGASFVSEEPDAL- NNNVGV - LGVSYD- - VDLYAVKVLSA- - -GGSGTLAGIAQGIEWAIDN- - -NMDV INMSLGGSTG-
~HIRGGVSFISTENTY- - -NNSYGV- LGVAPG- -AELYAVKVLDR- - - NGSGSHAS IAQGIEWAMNN- --GMDIANMSLGSPSG-
~RIAGGASFISSEPSY- - NNSIGV-LGVAPS--ADLYAVRVLDR- - -NGSGSLASVAQGIEWAINN- --NMBIINMSLGSTSG-
- ~NIRGGASFVPGEPST- - -NNSIGV-LGVAPN- -AELYAVKVLGA- - -SGSGSVSSTAQGLEWAGNN- GMHVANLSLGSPSP-
GMH TANMSLGSSAG-
-NNSIGV-VGVAPN- -AELYAVKVLGA- -NIHVANLSLGSPVG-
-HNGYGI-DGIAPE- -AQIYAVRALDQ NGSGDLQSLLQGIDWSIAN- -RMDIVNMSLGTTSD -
-DNGVGI-VGVAPD- ~-ADLYAVKAFDE- - - FGEGSTSSITAGVDWAIQH- - -HMDIINLSVTTVSD-

~ANNEGV- KGLLPNONVNLHIVKVFNE- - - SGHGYSSTLVRAIQTCADN-

- DNNVGV-VGVLPSGLVGLHNVKIFND- - SCVWTRASDLIQAIQSCQSA - - - -GSHVVNMSLGGSQG-
-~CADRKCEGTHVAGI IAASL - - -NNVSA-AGUVPK- - VQLIAVRVLYD SGSGYYSDIAEGIIEAVKA- ---GALILSMSLGGPTD-
-CTDRQGEGTHVAGSALADG- -GTGNGV- YGVAPD- -ADLWAYKVLGD - - - DGSGYADD IAAATRHAGDQATALN - -TKVVINMSLGSSGE-

-GTGSGV- YGVAPE- -ADLWAYKVLGD - -
- ENENGV-VGVAPE- - ADLLIIKVLNK- - -QGSGQYDWIIQGIYYAIEQ-
-DSNGGI-AGVAPE- -ASLLIVKVLGGE- -NGSGQYEWI INGINYAVEQ-
-ETGSGV-VGVAPK- -ADLFIIKALSG- - »DGSGEMGWIAKAIRYAVDWRGPKGE
-ENDKGV- IGTAPK- -AKLLVVRVLSG- - -QGYGDTKWV IEGVR YA INWRGPNNE.

-DGSGYADDIAEAT RHAGDQATALN*

- - QT TGGKNFSDDDGGKEDAT -
-RIIGGVNLTTDYGGVETNF - -
- -QIIDGRNFTTDDNSDPDNV - - -
- KVQVLSMSLGGREN- - -

-RITIGKHNVTSDDGNDPEIV- - - - SDQNGHGTHVCGTIAAT - ENDRA- - IGVAPE- - COLLVVRVLSN- - -RGFGTTEWVVEGIRHAINWEGPNGE -
.
-~ -KVVGGWDFVDNDSTP - - - ~QNGNGHGTHCAGTAAAVT- - - ~NNSTGI-AGTAPK- - ASTLAVRVLDN- - - SGSGTWTAVANGITYAADQ- -GARVISLSLGGTVG- - -
----KIVQGYDFVDNDSNP- - - -QDGNGHGTHCAGIAAAVT- - SGSGTMAAVANGIAYAAQN -
----KVIKGYDFVDNDYDP - -MDLNNHGTHVAGIAAAET- - NGSGTLSDIADAIIYAADS-
- -GSNKGRDFVDNDGDPYPDL- - - -~ LSDEYHEGTHVAGIAAGTT- SGSGSTSDIADAIEWAADQ-
- -VSNYGDDFVDNDGDPYPV- - - - -~ SASENEGTHVGGIAAGGT- ~NNATGH-AGISN- - -CSLLSARALGD- - - GGGGSLTD IADAIQWSADQ -
- - QFVTGYNFVDDNRDT- - - - --TDYNGHEGTHVAGTIAQAT- -NNEYGV-AGIAPK- -AKIMPLKVLGD- - -NGGGTVADIAEAIIYAADN-
- - - ~-RTDLGHNFVGRNNNA - - - - - -MDDQGHGTHVAGI IAAQS- -DNGYSM-TGLNAK- -AKIIPVKVLDS- - - AGSGDTEQIALGIKYAADK
NNPADEGDWFDNWDCGGYPDPRREK - --KFSTWEGSHVAGTIAAVT- -NNGVGV- AGVAYG- - AKVIPVRVLGK- CGGYDSDITDGMYWSAGGH - IDGVPDNQNv
ADPFDEGDWFDNWACGGYPDPRKER - - -SDSSWHGSHVAGTIAAVT- -NNRIGV-AGVAYG- -AKVVPVRALGR- CGGYDSDISDGLYWAAGGR - IAGIPENRN-
SNPADAGDDHSNWACGKYPDPRYEK - - -RNSSWHGSHVAGTIAAVT- -NNRIGV-SGVAYD- - ARIVPVRVLGR- CGGYNSD INEGMYWAAGGH - IDGVPDNKH -
NDARDPGDAVTRGECGTDSSGQPVP RADQDSSWHGTHVAGTVAAVT- - NNGEGV-AGVAYD- - AKVVPVRVLGK~ CGGLTSDIADGI IWASGGS- - DRVPANAN-
SNAADEGDWYAANECGAGIPA- - - - - - -ASSSWHGTHVAGTVAAVT- -NNTTGV-AGTAYG- - BKVVPVRVLGK- - - - CGGSLSDIADAIVWASGGT- VSGIPANAN- - - - -
esceeee tt bbbhhhhhhhhhh bbbbb bbtt ceecee t tb hhhhhhhhhhhhht t beeee bb
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- - - -RSVSGYDFVDNDADA- - - - -SDCNGEGTHVAGTIGGSL - YGVAKN- - VNLVGVRVLSC- - - SGSGSTSGVIAGVDWVAANAS - - - -GPSVANMSLGGGQS -~ -~~~
-+ - ~RASHGYDFVDNDNDA- - ---TDCNGEGTHVAGTIGGGE- NGSGSYSGVISGIDWVKNNAS- - GPSVANMSLGGGVS- - - -
- 'RIGKGYDAITPGGSA— - ---QDCNGEGTHVAGTIGGTT- NGSGSNSSVIAGLDWVTQNHV - - - -KPAVINMSLGGGAS- - -
- -RARVGYDALGGNG - NGSGSTSGV IAGVDWVTRNHR -RPAVANMSLGGGVS- - -
- - - -RAKFLKNFAGDGQD- - - - NGQGSNSGVIAGMDFVTKDAS - - SPNCPKGVVVNMSLGGPSS- - -
-RDGNGEGTHCAGTVGSRT - NGSGQYSTIIAGMDFVASDKN- - ~-NRNCPKGVVASLSLGGGYS- -
RDGNGEGTHCAGTIGSRT- - QGSGQYSTIISGMDFVANDYR - - ~NRNCPNGVVASMSIGGGYS-
- SDGHGEBGTHCAGTIGSKS- - - SGSGSLSGVIAGMDFVATDRK - - -SRPCRKGTVASMSLGGGYS -
- RDGNGEGTHCSGTIGSKT- - YCVAKK--VSIFGVKVLDD- - - NGSGSLSNVIAGMDFVASDYR - - - - SRNCPRGVVASMSLGGGYS-
- TDGNGRGTHCAGTIGSKT- - YGVAKK--TKIYGVKVLDN- - - SGSGSYSG1 ISGMDFAVQDSK- - ~ - SRSCPKGVVANMSLGGGKA- -
TDGHGEGTHCAGTIGSKT- - GSGSYSGIISGMDYVAQDSK - ~-TRGCPNGAIASMSLGGGYS -
SDGNGHRGTHCAGTIAGKT- - GGSGSTAGVVSGMNWVAENAT - - - -PNFSVASMSLGGSKS- -
ADTNGEGTHVAGTIGGRT- - GSSSSTSIILDGFNWAVNDI1- - -N'RGRQNKAAZSMSLGGGYS/ -
VDSIGEGTHVAGTIGGKT- - GESSSTSIILDGFNWAVNDIV- ~ -SKGRTKXKAAINMSLGGGYS-
VDSIGRGTHVSGTIAGKT- - GESSSTSLILDGFNWAAND IV - - -SKRRTSRAAINMSLGGGYS- -
VDGVGRGTHVSGTIGGKT- - GESSSTSIILDGFNWAAND IV - - - SKRRTGKAAINMSLGGGYS- -
VDSVGHGTHVAGTIGGET- - GESSSTSIILDGFNWAAND IV- - - SKGRTGKSAINMSLGGGYS- -
VDGVGEGTHVAGT IGGKT- - GESSSTSVILDGFNWAAND IV - - -SKNRTSKAAINMSLGGGYS- -
VDTLGHEGTHVSGTIGGST- - GESASTSVILDGYNWAVNDIV- - - - - -SKSRASKSAINMSLGGPAS- -

- LDGNGHGTHCSGTMAGRK - SGSGTMSDVVSGVEYAVQAH IKKAKDAKNGKVKGFKGSVANMSLGGGKS -

- LDGNGEGTHCAGTIASKH- NGSGTMSDVVKGVEYAAKAHQREAQ - EKKKGFKGSTANMSLGGGKS -
----RAEWGAVIPANDEA- - - - -SDLNGHGTHCAGIIGSKH- - NGEGTVSDVIKGIEYVTKEHIESSK - KKNKEFKGSTANLSLGSSKS -+
----RASWGATIPSGDVD- - - SGSGTMADVIAGVEWTVRHH- - - - - -KSSGKKTSVGNMSLGGGNS- -
- - GRSAALSVINQGFTWALNDYI- - SKRDTLPRGVLNFSGGGPKS- -

-~ -RVIQGIDLTKEGF- - - - - - GDONGHGTEVAGLVGSKT- - DGSGEASNVLSGLEF IVEHCTK - - VSRPOGKKCVANLSLGSFRS- -
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-NNLRLKNYVNDIE- - - - - -LDEYGHGTQVAGVI------ - TDGNS INMLKATVDATND - - --QVDIINVSLGSYKN- - - - - - - - -MEIDDERFTVEAF
-NIILKQSKSFVDDNI- - - - SDYTGHGTQI ISVLTGKHYT YGKSRAIDIYKALKIGIKN- -NFRVINISFSGEIY- - - - - DKKLMKKF
- -+ -HFSSISGHN- - - - - - - NTASIEGTAMAGVLS- - - - - YHORTRKSVISALKMAT IN- ~NEKLIIFPMSIILP- KASNSTQKNVSDF
- SIVFSFNAFDNTNKT - - - KDEFGEGT IVASL IAGNLDSKK - IGLNIN- - AEIFDIQVLDQ- - - KGLGTVDSVVKG INKAIDK - -QUDIINLSIGFSKG- KKL

IVNEVPKNGFRGSENDESGNKN'FE- EDKLNEGTLVAGQIGANGNL KGVNPG- -VEMNVYRVFGS KKSEMLWVSKGIIDAAND - -DNDVINVSLGNYLI- ’KDNQNKKKLRDDEKVDYDAL

FRNLVPKGGFDNEEPDETGNPSDI - .- -VDKHG!GTEVAGQITANGNI- - LGVAPG- -~ ITVNIYRVFGE-~ - ~-NLSRSEWVARA TRRAADD - - --GNKVINISAGQYLM- - - - ISGSYDDGTNDYQEYLNY
--NYHADASYDFSSNDPYPYPRY- - 'TDTWFNS!GTRCAGEVSAAK- -DNGVCG-VGVAYG- - SKVAGLRMLDQ- - - - PFMTDL I EANAMGHMPN - - -VIDIYSASWGPTDD- - - -GKTVDGPRNLT
--NFNAEASYDFSSNDPFPYPRY- - - TDDWFNSHGTRCAGEIVAAR - PYMTDL IEANSMGHEPS- - -KIHIYSASWGPTDD- - - -GKTVDGPRNAT
- -NYNADASYDFSSNEAFPYPRY- - PFMTDIIEASSMGHKPQ- - ~EIDIYSATWGPTDD- -GRTVDGPRELT
PFMTDIIEASSISHMPQ- - IDIYSASWGPTDN- - GKTVDGPRELT

~HVDIYSASWGPNDD- -GRTTEGPGVMA

- - -HVD1YSASWGPNDD- -GKTVEGPGRLP

"NYDPEASYDFN’DN’DHDPFPRY” ---HVDIYSASWGENDD- - GKTVEGPGRLA
NYDPDASYDFNDNDDDPQPRY- - -HVDIYSASWGPNDD- -GRTVEGPEKLA
NYDSYASYDVNGNDYDPSPRY- - GDVTDVVEAKSLGIRPN- - -YIDIYSASWGPDDD- - GKTVDGPGRLA
NYDALASCDVNGNDLDPMPRY- - GDVTDMVEAKSVSFNPQ- -HVHIYSASWGPDDD- -GKTVDGPAPLT
NYDPKASYDVNGNDGUPMPHC- - GDVTDVVEAKSLGLNSQ- - GKTVDGPGDMA
NYDPRASYDVNSHDDDPMPHY - - GDVTDAVEARSLSLNPQ- - GRTVDGPGELA
NYDPRASYDVNNNDDDPQPRY- - GDVTDAVEARSLSLNSQ- -GRTVDGPGELA
NYDERASYDVNDRDNDPMPRY - - -GRTVDGPAKLT
NYDEKASYDVNGHDPDPKPRY- ~ ---HIHIYSATWGPDDD- -GRTVDGPATLA
NYDPYASYDLNDHEDNDPMPRY- - - - -HVDIYSASWGPDDD- - GKVVDGPGKLA
NYDPYASYDVNDRDSDPMPRY- - -HIDIYSASWGPDDD- - - GKVVDGPGKLA
NYDPLASYDFNDYDPDPQPRY- - -HIHIYSASWGPEDD- - -GRTVDGPGLLT
--NYDPAASYDVNDQDPDPQPRY- - -HIHIYSASWGPEDD- - -GKTVDGPAKLA
- -NYDPGASFDVNDQDPDPQPRY - - -HIHIYSASWGPEDD- - -GKTVDGPARLA
- -BIDIYSASWGPEDD- - -GSTVDGPGPLA

- -HIDIYSASWGPEDD- - -GKTFDGPGPLA

- - GQTMARPGKVV

- GQITAEDEAASLIYGLD- - VNDIYSCSWGPSDD- - -GKTMQAPDTLY

- GDITTEDEAASLIYGLD- - -VNDIYSCSWGPADD- - - GRHLQGPSDLY

- -AYTSLGSWDFNDNIADPLPR- - - - - - LSDDQHGTRCAGEVAAAW- - - ~-NDVCG-VGIAPR- - AKVAGLRILS- - - - - APITDAVESEALNYGFQ- - - TNHIYSCSWGPADD- - - GRAMDAPNTAT
<SYAVVSESWGCYDD- - - - GAAFCDTTGNF

- - SGRIVAPRDVTRKTNFPTP- - - - - - - GNRDNEGTACAGVACG- - ~NGNFGA- SGVAPG- - AKLMP IRFVS - - - - - - ALGSQDEADSFVWAAQN: - - ~GADVISCSWGPPDG- - TWADDRDPLHKQKVPLPDST
- -NVRP-GSKNVVTGGSDPTP- - - - TDPDRCPRH- - SVSGITAAV- -DNSIGT- LGVAPR- - VQLOGFNLLDD- - - NIQQLOXDWLYALGORRHRRQPG - - - - LQPELRMSLVDPEG~ - - - - ANGLDQVQLDRLFEQRT

.

- - UNCVAGKPDTADGAWRPS - - - -ARESPHGTHVAGEIAAAK- - -NGVGM- TGVAPG- - VKVAGIKVSNP - - - DGPFYTEAVVCGFMWAAEH - - GVDVTNNSYYTDPW- - -- - YFNCKDDPDQKALVEAV
- - VDRAAGLDLLTKGKGGDPT: ~GADVVNISQDTTRP~ - =~ =--~------- LAATSEL

- AARVINNSWGIAPD (37) SSVEWGSEQPVPTGGHSA
-GARIINNSWGIGIT (20) QRQFDQTRQILGTKPGGA
- - ~GVRVINNSWGVSIP (20) QEQFDQVKPLLGSLAGAG
~NVFAINNSWNPFSISDDINVVDKFYQS IKQNKHNPL
-NIRIITNSWGATSD-
-DIRVITNSWGSSGD-
- - -APDVVNNSWGGGSG- -
- - -GADVMNLSLGNSLN- -

RLDNGSYNFSYDRQDN- - -
- - IPVKRGDAFRYDGTPSVDSD -
- - PGINAGDRFYFDGTFHFYSGSQ-
VRIYDASYPQFEVNPVEKED- - -
VQNVLGSTNLNAMTGILP ITYVENVPNT- - DSSSGRGTHVAGTVGGTGA-
- - VQNVLGSTNLQGITGILP ITYTENVPNT - - DTNSGRGTHVAGTVGGTGA -
- -NEPENEMNWYDAVAGEASP--~--------- YDDLARGTHVTIGIMVGSE- -
- -NFGQYKGYDFVDNDYDPKET- - - - PTGDPRGEATDEGTHVAGTVAANGTI
WUNDKVAYYHDYSKDGKT- - - - --AVDQEEGTHVSGILSGNAPSET -
YFNSKVPYGFNYADNNDT ITDD-
YYTEKVPYGYNYADKNDQIVDN

-DDPAKSVVGVAPE- - AQLLAMKVFSNSDTSAKTGSATVVSATEDSAKI -
-------- RGVAPD- - AQLLAMKVFSNNARNSGAYDDDI1SAIEDSVKL -

SCNGKIVGAQYFAHGA IAVGEF - NATRDYASPFDADGEGSHTASTAAGNYRVAVLSNGYNFGYASGMAPG~ - AWIAVYRALYS - - - - FGGYMSDVVAAVDRAVED -
MCNSKLIGARYFNNGIMAAIP- - NATFSMNSARDTLGHGTHTASTAAGNYVNGASYFGYGKGTARGIAPR - - ARVAVYKVTWP - EGRYTSDVLAGIDQAIAD-
RCNNKLIGARSYQLGHG- - - - DGCADTDVLAAMDAAIDD -~
RCNRKIIGARSYHIGRPISPG - -DVNGPRDTNGHGTHTASTAAGGLVSQANLYGLGLGTARGGVPL- - AR IAAYKVCWN - DGCSDTDILAAYDDAIAD-

-GVDIVSISIGVRSS-

NCNRKIIGARYYSGGEDDDLK (7) INPESRTARDYQGHGTYTAATAAGSFVDNANYNGLANGTARGGSASSSTRIAMYRVCGL - - -DYGCPGVQILAAFDDAVKD -
-NVNVLSMSLGGGMS -

LCNRKLIGARFFARGYESTMGPI DESKESRSPRDDDGIGTHTSSTAAGSVVEGASLLGYASGTARGM L----HALAVYKVCWL- - - -GGCFSSDILAAIDKAIAD-

-AELHIFRVFTN- - -NQVSYTSWFLDAFNYAILK- -KIDVLNLSIGGPDF-
-DYVNGHGTHVCGSAAGTPED- -AKIAFYDLSSG- - SSEPTPPEDYSQMYRPLYDA- - GARVHGDSWGSVSL-~ QRGYYGGYSDDAG
- - -DKVDGHGTHICGSAAGTPED- -ARIAFFDLASG- - SSSLTPPSDLKQLYQPLYDA- - -~ GARVHCDSWGSVSV- EGYTGSYSSDTA

- -CRDGRR 1DV INMSYGEHAN- -

-AKIVSMTIGDGRL - GSMETGTALVRAMTKVMEL -
-AQILSIKIGDTRL-STMETGTGLIRAMIEVINH-
-ARILSLNIGDHRL- GAMETGQAMTRAFNMCAEL -

-KVIERYDCSGCGDVDMRRRVT- ( 182) -GMSSPHGTHVSS IASGN- -

-KIVDIIDTTGSGDVNTATEVE- (175) - TSGGARGTHVAS IAAGHF - ~PEEPER-NGVAPG

- KMFDVIDCSGAGDVDTSITRT- (176} -VPSGARGSHVAG IAAANY - - PDNPQK - NGLAPG:

-DVIARDDNGTPLLLAYDNGLT- {208} - SDFHGHEGTSVATV IASRGRVLYDLYGDGKL (4 ) GVAPG- - AKIAGGDAWLL GNILVLEAWLAGFNIVTEEEDGYVYLSLDPFGPH-RADIISNSWGSIYTI-

-KIIEWRDFTDEGFVDTSFSFS- (142) - WDGHGEGTHVAGTVAGYDSNN (26 ) VTTDTV - QGVAPG- - AQIMAIRVLRS DGRGSMWD I IEGMTYAATH - - -

-RIVDIYDASDEGIAQIYYATN- {157) - WDAQGEGTHVSGTLAGVGLPTD - - - PVFNGT- YGVAPN- - AQLMEVKVLPGE- - FGFGATSWI INGMIYAASN -
.
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Fig. 2. Continues.



Subtilases 505

170 180 190 200
| |
basbpn - -TVGYPGRYP
bes168 - - TVGYPAKYP
bssdy - -TIGYPAKYD
blscar - - GVVVVARAGNSGSSGNTN- - -TIGYPAKYD
bespre - GIVVIAAAGNSGSSGNRN- - -TMGYPARYS- -
besprd - GIVVIAAAGNSGSVLGLVN- - - -TIGYPARYD- -
heaprq - GVLLIGAAGNSGQQGGSN- - -NMGYPARYA- -
blela? - -GUNYPARYS- -
baalkp - - SISYPARYA -
bseyab - - NVGFPARYA -
beaprs - - GVLVVAATGNNGSG- - -TVSYPARYA -
bsepr - -GVLLVAASGNDGNGK- - - - PUNYPAAYS -
besepr - -GILITAAA-NDGDSVGSKN- --TILYPAKYS -
vmvapt - -GVLMIAAAGNSGNT- - - -AHSYPASYD -
psaprp - -GMLLVAAAGNSGNS- - - - - -GFSYPASYD -
paalys - - GAVQIAAAGNSGDGDPLTN- - - -NVGYPAKYS -
bstals - -SIGYPGALV ~KVENGTYRVADF - SSRGYSWIDGDYA IQKGD- VE1SARGA- -
beta4l - ~TIQNGTYRVADF - SSRGHKRTAGDYVIQKGD VEISAPGA-
bpisp - - EVISVGAINF -
beispl - - GVLVVCAAGNEGDGDERTE- - - - EVIAVGSVSV-
besiakp - NVSVVCAAGNEGDGREDTN- - - - EVIAVGAVDF -
beispg - -DILVVCAAGNEGDGNHDTD - - - - EVVQUGSVNL- - -
tsiap  HDAIKEAVAS----- GRLVVCAAGNDGDGNEETD- - - - EVVQUGSVSL ~SGEISRF-----
.

tvther - GSVVVAAAGNAGNT- -NATAVASTDQ- - ~NDNKSSF - -VDVAAPGS- -

- -GAVVVAAAGNSSSS - - VDVAAPGS - --
- - GSVVVAAAGNNGSS - -VDVVAPGV- -
- - GSLVVAAAGNDGRQ- - IDLAAPGT- -
-~ GSLLVAAAGNGYGN- - IELAAPGG- -
--GVVIIAAAGNEGQN- -VD IAAPGGST‘DGKDG' - -
- -NVLIAAASGNDGEN- -LDISAPGS- - -
- -GALIVIAAGNENQDA- - - - VHLAAPGT- - - -
- -GALVVVAAGNENQNA - - - -VDLAAPGQ- - -
--GATI1IVAAGNDNIDA- - -VDISAPGA- - -
~-GTVIVIAAGNDNDNS - - - IDVAAPCGAQSFADDPE- - -
----- GTTVVVAAGNDASNV srmeeos oo - IDVSAPGS-- - m e

sec.st hhhhhhhhht L ecece ceee b

core Ap TEEEENe—

vaproa DSAVQSAVQS----- GVSFMLAAGNSNA- - DACN:

alaprz DDAVNNAVAS - -GVSFVVAAGNDNS - - NACN-

trcqala DTAVMNAINA - -GVTVVVAAGNDNR

taaqua - -GVVYAVAAGNDNA

taprot

taprok

tapror

bbprl

tusalp

plbspr

macdpa

acespr

acalpr

aforyz

acoryz

afelst

anprta

anpepd

thprbl

anpepc

scprbl

BCYspd -VDVFAPGT -

spsepr - - -NDQMAYF- - - - - SNYGSC - -VDIFAPGL-

ylxpr2 DSPGNIGGSTSCIITVGSIDS - - - - - SDKISVRSGGQGSNYGTC - - -VDVFAPGS-

scyctS --GIVFVAAAGNENL - - DAYW- - - ASPASAE- - - -NVITVGAFDD - - - -HIDTIARF----- SNWGPC- - ~UNIFAPGVY-

coreABC I L S ' - I

efcyla RKVVNYARKN - -NILIVASAGNESRDISTGN- - - - -ERHIPGGLE- - - -SVITVGATKX- - - --SGOIADY- - SNYGSN- '*VS!YGPAGGYGDNYK[TCQIUAREHMMT

cepepp QSIIYEAYKK - -NIVICWSSMNNLQKSANHGN- - - - - -VDFVAPGGETINGNELE

lelasp NDVVALAKLN - -NATILSSAGNDGLNLDTLHEPD- --SIITIGALGT--- - -DWRIASY- - - IDYFFPGGETTS - - -

bepara KKAIDRALKK --GIIIVASAGNDGGRR- - ----- --GVISVSAIDI--- - -NNKIYPL- -

seeplp QKAINYAQKK - -GSIVVAAVGNDGINVKKVRE- IN- KRRNLNSKTSKKVYDSPANLN- - - - NVMTVGSIDD- - - --NDYISEF- -FIDLMTIGGSYXLLDRYGEDAWLERGYMQ

1lniep KSAINYATAK----- GSIVVARLGNDSLNIQDNQTMINFLKRFRSIKVPGKVVDAPSVFE- - - -DVIAVGGIDG- - - - -YGNISDF- ---AIYAPAGTTANFKKYGQDKFVSQGYYL

.
lepoz MRATVNGVNNGRNGLGNVYVWASGDDGGPNDDCN- - - - -CDGYAASM- - - -WTISINSARN- - - - -DGQTAGY- - - YLASTFSNGKSNSR- - ------------
cepc2 MRAIVRGVNEGRNGLGSIFVWASGDGGED-DDCN- - - --CDGYAASM- - --WTISINSAIN-- -

bepel VQAMADGVNKGRGGRGS I YVWASGDGGSQ- DDCN- -
hepc2 LQAMADGVNKGRGGRGS I YVWASGDGGSY - DDCN- -
acpcel RKAFDLGIKEGRNGRGALYVWASGNGGR IGDNCN- -
lapel QKAFEYGIQK! IFVWA QGDNCI

hspelld  QKAFEYGVKQGROGKGSIFVWA
beped RAAFERGVR IFAWA
hepac4 KQAFEYGIKKGROGLGSIFVWASGNGGREGDYCS- -
hepcé RQAFENGVRMGRRGLGSVFVWASGNGGRSKDHCS - -
aafur TRAF IEGVRKGRGGKGSIF INASGNGGREHDNCN- -
dmfurl SRAFIEGTTKGRGGKGSIFIWASGNGGREQDNCN- -
ttfur TEAF IHGIEKGRNGLGS1FVNASGNGGRNNDNCN - -

- -SLAATYSSGSGG-

cefurl RSAFEKGITMGRKGKGSIFVWASGNGGKDADSCN-- - - TLATTYSSGATG- -
acfurl RKALYDGITKDRNGLGSIFVWASGNGGRELDNCN-- - - TLAATYSSGSGG- -
acfur2 KEAFIRGI 1FVWA HDSCN- - - - TLASTYSSGAYN- -
lsfur2 KKAFINGI IFVKWA LDSCN- - - -TLATTYSSGAYN- -
mmpcd QEAFRRGVTKCRQGLGTLF INASGNGGLHYDNCN- - - -HTLSVGSTTR- - - ~TFTTTFSSGVVT- -
x1furd EEAFYRGVTQGRGGLGS1YVWASGRGGREHDSCN- - - -YTLSISSTTQ- - - - TLATTYSSGNQN- -
hsfur EEAFFRGVSQGRGGL IF EHDSCN- - - - YTLSISSATQ- - - - TLATTYSSGNQN-

dmfur2 RRAFI YCVTSGRQCKGS] FVHASG)[GGRYTDSCN- - --FTLSISSATQ- - - - TLATTYSSGTPGH

cefur? REAFYRGIK QDSCS - - --YTLSISSATY- - - -SIATTYSSADFR- -
hakx?2 AKALRLGAEQGRNRLCSIFVNATG)I’GGLTDDDLN- - --FTISIGCIGD- -

helpe KAALQHGVIAGRQGFGSIFVVASGNGGQHNDNCN- - --YTVTIGAVDE- -

ylxpré KDAMVNAITNGRQGRGNVFVFASGNGGSRGDNCN- - --YSITVGALDF- -

klkexl KKAIIKGVTEGRDARGALYVFASGNGGMFGDSCN- - ~-FSITVGAIDW- -

sckex2 KKALVKGVTEGRDSKGAIYVFASGNGGTRGDNCN- - --YSITIGAIDH- -

spkrpl RRALMNGVINGRNGLGSIFVFASGNGGHYHDNCN- -
hvcevp  RDHRGRVAREGRDGLGTVLIRPAGNGGPI-DDCG- -
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Fig. 2. Continues.
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TGQKYTELDQGHGLVNVTKSWEIL (379)
----TLIDQGFGLIQVDKAIEEL( ? )

QGLNLSGEELVQFAKNSAMNTSHPVYDTEH -
-NWSPAAIASAIMTTAQVVDSYDHALL
-EWSPAATRSAMMTTANPLDNTLNPI-
-DWSPAAIKSAMMTTADTLNLANSPI-
-TWSPAAIKSALMTTASPMNAR

KRELVNPASMKQAL IASARRLPGV------

QONIEYSPYSIKRAISVTATKLGYV
ANNIDYTVHSVRRALENTAVKADNI
ONNLKWTPYTVRMALENTAYMLPHI
VYNTTPDPVTARIILKSSAKDIWY-
PEGIYYNPDIIKKVLESGATWLEGDPY-

Fig. 2. Continued (see facing page for caption).



Subtilases

sequence difference are not shown in Figure 2 but are listed in
Table 2. Amino acid numbering used throughout this review cor-
responds to that of mature subtilisin BPN' (acronym basbpn), our
reference sequence. Residues in inserts relative to this reference
sequence are numbered in square brackets; for instance, residues
inserted between positions 12 and 13 are numbered 12[+1], 12[+2],
etc., or 13[—2], 13[—1] if more appropriate.

The conserved catalytic residues Asp 32, His 64, and Ser 221 are
highlighted in Figure 2, as is the oxyanion-hole residue Asn 155.
Conserved core elements (black bars) and secondary structure are
indicated (Siezen et al., 1991, Heringa et al., 1995). This structural
framework can be used for homology modeling of subtilases of
known primary structures but unknown three-dimensional structures.

In some of the most highly diverged sequences there are regions
with very weak sequence homology, even in the core, which re-
sults in alignments that are not unambiguous. In those cases, al-
ternative alignments to those in Figure 2 may need to be considered.
These regions are found on the surface of the molecule and contain
numerous solvent-exposed residues, allowing for greater side-
chain variation. Examples are (a) the exposed regions 43--58 and
182-218, which contain structurally conserved S-strands and turns;
and (b) the exposed amphipathic helices 104-116, 133-144. and
243-252. In the latter case, the sequence alignment of amphipathic
helices is also based on the requirement that at certain positions
non-polar side chains are conserved that point into the interior of
the molecule, while polar residues face outward. When necessary,
correct three-dimensional positioning of Cys residues to form
putative disulfide bonds was used as an aid in proper sequence
alignment.

Sequence homology and family division

In Figure 3, the pairwise sequence identity within the catalytic
domains is plotted graphically for all members of the subtilase
superfamily aligned in Figure 2. It is clear that clustering occurs
into groups or families, in which members show higher sequence
identity to each other.

Figure 4 shows the parts of a family tree or cladogram, a mea-
sure of the sequence homology between superfamily members,
constructed from the sequence alignment of the catalytic domains
in Figure 2. In our earlier paper, a less extensive tree identified two
main classes and some subclasses (Siezen et al., 1991). This ex-
panded sequence information now allows a new subdivision into
six families, which are summarized below. The dendrograms in
Figure 4B illustrate the sequence homology within these families
and further subdivision into subgroups (or subfamilies). Many of
these subgroups are also apparent from the color patterns of se-
quence identity in Figure 3.
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Subtilisin family

Only found in micro-organisms as yet. Includes mainly enzymes
from Bacillus, with subgroups of true subtilisins (>64% identity),
high-alkaline proteases (>>55% identity), and intracellular prote-
ases (>37% identity). Numerous minor variants of true subtilisins
and high-alkaline proteases have been identified (Table 2). Long
C-terminal extensions are rare. Several 3D structures are known
(see Tables 1 and 2).

Thermitase family

Enzymes found only in micro-organisms, including some thermo-
philes (>55% identity) and halophiles. The characteristic N-terminal
sequence was also found in several other Bacillus proteases
(Table 3). Only one 3D structure is known (thermitase).

Proteinase K family

Large family of secreted endopeptidases found only in fungi,
yeasts, and gram-negative bacteria as yet; the bacterial subgroup
has >55% sequence identity. This family is characterized by a
high degree of sequence similarity (>37% identity), only minor
insertions and deletions and the absence of the Ca?* -binding loop
residues 76-81. Only a few of these enzymes have a significant
C-terminal extension beyond the catalytic domain. One 3D struc-
ture is known (proteinase K).

Lantibiotic peptidase family

A small number of highly specialized enzymes for cleavage of
leader peptides from precursors of lantibiotics, a unique group of
post-translationally modified, antimicrobial peptides (Sahl et al.,
1995). These endopeptidases have only been found in gram-
positive bacteria, and several are intracellular. Only llnisp has a
C-terminal extension, which acts as a membrane anchor. Charac-
terized by low sequence similarity with each other and other sub-
tilases (Fig. 3), and by numerous insertions/deletions. The most
recently reported protein bspara from Bacillus subtilis is described
as a putative protease required for plasmid stability; we speculate
that it may also play a role in lantibiotic processing.

A few 3D structures have been predicted by homology modeling
(Siezen et al., 1995a; Booth et al., 1996),

Kexin family

A large group of proprotein convertases (PCs) have been iden-
tified, all involved in activation of peptide hormones, growth fac-
tors, viral proteins, etc. (Barr, 1991; van de Ven et al., 1993). High
specificity is seen for cleavage after dibasic (Lys-Arg or Arg-Arg)
or multiple basic residues. Nearly all are eukaryotic and have high
sequence homology (>40% identity), while two more distant mem-
bers from Aeromonas and Anabaena provide links to other subti-

Fig. 2. (facing page) Alignment of amino acid sequences of catalytic domains of subtilases. Multiple sequence alignment was initially
performed using the PILEUP program (Devereux et al., 1984). Next, improvements were made manually by taking into account the
structure-based alignment (Siezen et al., 1991; Heringa et al., 1995). Inserts were judged to occur most likely in turns in external loops.
Families A to F are indicated on the left. Enzyme acronyms are given in Table 1. (*) New entries, and (c) corrected entries since Siezen
et al. (1991). Residue numbering at the top corresponds to that of mature subtilisin BPN’ (basbpn). Catalytic residues Asp 32, His 64,
and Ser 221 are in bold (highlighted red), as is the oxyanion-hole residue Asn 155. Green = highly conserved residues from Table 4;
yellow = Cys residues. Structurally conserved regions of the coreABC and extended coreAB are shown as solid bars; common
secondary structure elements are shown as: h = helix, e = extended S-sheet, b = bend and t = SB-turn (see also Fig. 1). The number
of additional residues in large inserts in the catalytic domain, and in N- and C-terminal extensions, are shown in brackets. Each
sequence begins at the mature N-terminus; an N-terminus based on the predicted pro-peptide cleavage site is indicated as (<). An
unknown number of C-terminal residues is presented as (>). Residues 146-156 of bspara are from a different reading frame than

proposed by the authors.



S ZIEPSZ — (9927) 0) 99C (enuy asepndad 1opes| § uio03oe] dso} 2YDs SMOPGOIIDT 4 dsers|
2 L8Y8Y] + sL ) (z61) 96'l eIXg aseurar01d adopoaus-jsD) gud (sno1o8[ng) uyoaNLqIaP SAINIIDGOIIVT 4 qudp|
5 96701 + SLL'T 181 296°1 elxXyg aseurajord adopaaus-[ja) dud 1S (SUowalo) sion] Sn22020§00°7 dudyg
3 190111 + 2 ¢ 789 enxyg asepnidad 1opea] wisIN dsiu S OZIN $HoD} SNI203010077 4 dsmuyp
M 8YE0TN — i ) 0€1< {enuy asepndad Jopea| udue(idg d12 LY Stpruaapids snoo00] ydoig dyjeas
AJn. G986V7Z - ($82) 0) S8T (enuj osepndad 1opesy cdog ddad § sipruapids sn220001Kydog ddadas
,M 98€79X + A 3 19t RIXY asepndad 1opea] uruapidg dida R6TENL spruiaprda sno2020jlydorg didaas
M 622S0Or + (9€1°1) (1€) 1911 enxg asepndad vg)H ydos saua8okd snadoooidays edosds
m TSOBEW + L1€ $6 AR 2 enxyg vV usuodmod uIsA[01A) V140 S11DOoDf SN22000431UY ejA0)0
A D4t cLOv0d 6 6LT A 6 Xy IseIUWIAY — SLUD3MA S22AWOUIIDOULIY | IoyIA)
~ 6SL1EN + 89T 901 8¢ enxyg asenoxd surpey[e a|qeIsowIdy + 6Lq 'ds saokwounopousdy] 4 des1
= LSSL8A — (12¢) «©) 12§ enuy asea10id aurfex[e ‘[jeoenuy doy “dS $206UOUNIDOUIIY] 4 desy
905621 + 08¢ ¥4 104 ehxyg 1 "V sseuwiiold + 1YV “ds snppong 1¥esq
126L£d - (£2¢) (0) (%43 enu| aseaosd Ienjjesenuj Odst 1Z2-S3IN ‘ds smypong bdsisq
79800d - (92¢€) (0) 9Z¢ enuj sseajold ouLIds “[[aoenU] ds vxkwdjod snypovg dsidq
0¢L01d — (z28) (0) rady eauy aseajoxd suiey[e “[[aoenuU] + 1zz "ds smpong dyyersq
09LETIN - (61¢) (0} 6l¢ enuy | aseajold oULIaS “[[adenu] rds £10€0dI snugns snjpovg 1dsisq
18685 + (€8) (11v) 768 enxg aseajord [[em o) yudm 891 siuqns snjjovg 4 vidmsq
132019901 P i i LLT Jenuy aseajoad duLIag v4pd syugns SNIOvY eredsq
SE06TN + 6€T'1 P61 EEV'L ehxyq o asepudadoyioeg fdq sijuqns snjjiovg Jdgsq
06S9LIN + 99 091 908 b asedjoad Jenj[a0enxs JOUIy ada $9TdD Syugns snipovg 4 1dasq
L0eEsSX + we €0l P9 enxg asealond sejnj(aoRnXd IOULN ada R91 syugns snjjovg idosq
[41674 + (9€¢) (oo1) 9¢y cenxg oseajoad auuIas auley[y + nypus SNIODY 4 1dassq
LESRTIN + 89¢ 1181 8LE enxg dqeA ISBISB[3 dulRy]Y aw dqeA syuqns snjjovg qefasq
0gzeeNn + 9L2) (€01) 6LE eIIXH ( 9se9joxd auLIag q4ds padssq
[€%4:1%90] + (SL2) (g01) 8LE enxy D aseajoid suLdg D4ds oxdssq
0gg6EN + (10L) (g21) 78 RANE| g asseaold suuog gads qidssq
0£T6EN + (15¢€) (TZs<) cOb< (BNXg v oseajoud auldg yads 21971 “ds snppong eidssq
££5¢9X + 60¢ 011 61y elxy [YVL uisiiiqng + 1PV “ds snypong 1ve1sq
69€79X + 60¢ Il oy BIXY 6L VL uistgng + 6¢VL “ds smpovg 4 6¢£e1sq
88962 + 692 €11 8¢ enxg T1epuag UIsIqng g4dp 9-¢78-0) “ds snjjong . sidesq
9gLera + LT 201 PLE BIOXY 14TV uisijhqog O+dp 12-S3IN “ds snjpovg bidesq
+ 98059 + 69T 11 08¢ A z6dd uisiugng + 269d snjydoojp snjjong dyjreeq
+ [€€80V + 89T £6 19¢ elxyg wooseradsy Ly uisyngng + snjua) snjjovg L¥1819
HS8D1 Ivee0X + LT S0l 6LE eNXg Sroqsye)) wispliqng + 9189 GINIDN Stuwofiuayng snjjong Ieasiq
18L00d & PLT A 2 enxyg AQ ursihqng - Ad stiugns snjpovg Lpssq
INST $9100X + SLC L0l 8¢ BNxg (OAON) 1d:Ndg uisijugns adp suatonfonbyojup snjjoog udgseq
* 8861021 + SLT 901 18¢ enxg vade (g 10) 8911 wisiugng yudp 891 sijugns snjjovg 891559

aapisod-wers)

VIIHLOVE
qaad N3 spudag BTN oxdaig {210, uoned0] owAzug 2usd vNQo wsiwediQ wAuoIY

[eusis LN

9pOd UOISSIIIY

SpIoE ouIwy

508

saspajosd aulas fo Kynupf asopugns 2y °1 dqe],



509

Subtilases

(panuniuod)

Ad?

08S11Z
05£00d
8LLIET
6506171
7926771
8SL96N
SOLELN
CIBILS
§0e91N
[106PSIN
9119¢X
68971X

896L5N
(33:19901
6L09LS
£L0v9d
10c10a

900v9d
§669¢X

9LlgeN
SOVl
619t
[£91ed
£P0L9X
1432147
66VSTIN
S6189S
0098¢d
TreLLN
VeLLOX
08¢8LA
08¢8Ld
69PCIIN
SE916X
§6€8¢1
868171
08091Z

+ 4+~ + e+ o+

+ + = 4+ + o+

+

e i S S S e S e s st

8T
78C
(£80)
(s62)
(¥82)
(L6V)
182
082
(197)
182
6LT
6LT

(€91°1)
089<
4!

(L0g)
£0b
887

(z09)
(61%)

68¢
€8¢
(906)
L6S
8TH
(€6€)
10v
(6LS)
8T
182
(666)
(¥66)
(18¢)
()
ShE
LY
44

121
| K4
(oz1)
azn
(€8<)
(sc1)
LO1
66
66

801
SOl

(z81)

(681)
6v1

(06<)
911
611

(arn
(161)

¥l
6€1
92)
4
611
(v1)
0Tl
(os1)
o€l
LTH
(s€)
(Ty)
Lz
(9¢1)
Lzl
o€l
el

€0V
€0V
€0V
91y
L9g<
€€¢
88¢
6L€
(09¢)
£67<
L8€
¥8¢

Spe'l
0£8<
86¢'1
Lot <
61¢
(39

€19
029

06¢
£ls
(444
[4%4]
129
LYS
Pes
129
6CL
80v
els
¥€0°'1
9¢0'l
SYO‘l
08¢
665
G6s
€09

enxg
eIXg
BIXg
BIXH

enxyg
enxy
eaxy
enxyg
enxy
enxy
enxg

enxg
enxg
enxg

enxyg
enxy

enuj

2
enxy
enxy
enxy
enxy
enxyg
enxg
enxg

A
eixy
enxyg
eIxy
enxyg
eaxyg
enxy
enxy
enxg
enxg

aseajoxd surpey|y
aseayoxd surpeyy
aseajoid aureyy
asesjord aurpeyy
oseajord aulag
aseajoid suuag
aseajoad Zurpeidap-apoun)
aseajoud sureyy
114 aseajoid

1 9seurdjold

¥ 9seuidlold

3 oseuialord

aseajord FIGVLS
aseaoid ajqes-jeay
uisK[o14d

utsKjo1ay

vy uisAjoleH

1d ¢L1 uisk[ofeH

aseajord suuas aAneIng
aseajoxd Juopuadap-e)

aseajoid auLag
asepndadourwe/osealold
aseajoid suuds Ie[niRdRNXY
uagnue drj1vads-adL1019§
aseajord auuag

aseajold suLIas durey[Y

v aseajoid

aseajord auuas auley|y
aseajoud suuag

asearold vl

1 uisAenby

asejoxd ZY-4ss

aseajord [Y-dSS

aseajoud suusas re[njjaoenxyg
aseajoxd renjjasenxy

ZA 9seajond poy

SA 2seajoid proy

aseajoud oiseg

dip

viad
qdad

Ddad
J4d
dip

Jo4d

smp3nunf sni8iadsy
98€07IDLY av2840 snp8iadsy
suvpnpiu snpS4adsy 4
4281 sniSeadsy 4
snuidvj1] S22Kwoq10a0d
4281 sninSiadsy o
011doSIUD WMZIIDIZHN «
G-61-S 'ds wnipsn,f
DUDISSDG DILIANDIY 4
wnqD winyopaLf
wnqp wWnyIDAAL
ISQUITY WnqID WnyopILL]
1dunyg
VAIvVANd
snupw SnuYio)lydois
14311215 SNIDOIOULIDY ] 4
SNSoLNf SNI20048dg 4
winjrydosan wnnovqoild 4
P 12UDLIBIPIU XDIZJOIDH 4
[d TL1 DouDISD DADLIDN 4
VAVHOAV
"ds susooyoauds .
SIIGDLIDA DUIDGDUY D
BLId)OBQOURK)
4010211302 $32Awodanis
99 suvpiar] sadkwoydag
818010043 'ds svuowopnasy
DONAJOWIDY DJI2INIISDY 5
DPIDIUOWDS SDUOWIOIDY 4
HAOYIUYISIIUL OLIGIA 4
snoukjour 3o oLQIA
L-0 “ds spuowoaagy
L-0 “ds spuowosany ,
VIpL snuiiay >
I-LA snoupnbp snuuay]
SUIISPIUDUL DUDLLFG
SURISIIUDW DUDLLFS 4
9POEOI] SUaIS2UDW DUDLIIG
suysadund spuowoyupy
SNSOPOU 4319DGOIYIN(] 4
SNSOPOU 431DqOJYIN(] 4
SNSopou 43120qo13Ydi(Y
Janedau-wein

zK10Je
zK100R
eudue
pdadue
1dsqd
sdadue
edpoew
diesnj
[1dqq
jo1de)
J01de)
Yoide;

qejsws
1sids)
o1kdyd
sAjeed
sApquy
sA[yeu

SES0AS
valdae

1dasas
dss(s
didesd
pessyd
edsese
1deawa
eoldea
zadere
jidefe
el
enbee)
¢dssws
1dssws
diosws
eoxdox
zadeup
gadeup
1dqup



R.J. Siezen and J.A.M. Leunissen

510

9L1€ZN - i 1 PLE ] Jenup asepndaduiy + sun8a)a SUIPGLYLOUID)) 4 ddyao
89C1N + (£69) (8zn) 189 A aseajordopua aNI-gxoy + Sup8ala SHPQUYLOUID)) [Jn§3d
S66¥0N + (5¥S) (Lon) 759 i aseatord z0d zod SUD33]3 SHIPGUYIOUID)) 4 7odao
8EV6C71 + (89¢) 100} ¥89 2 V aselasig riq SUDSaj2 SHIPGUYLOUIDY) 5 ¢angao
BpojRWIAN
1€656IN + (119) (TS €6L i aseajoidopua xi-zxy + eenuane RIpAY 4 Lras il
EJRIJUB[IO))
€LEIYT + (sv8) (S12) 090°1 o uung + 13d{8ap sapay , Injee
888897 + (s61°1) (o1) 66T°1 é uung + ppaadiZnif vaardopods Ings
q A A 6 978< o (1eonayjodAy) asepndadu], 6v3d 121s030uD]Uw DIYAOSOL(]T eeddup
SLEVEN ‘ (19¢°1) (61€) 089°1 ¢ 7 uung nf 1215D§0unjou DYdosos(T 4 Zanyup
P8E6SX é (£89) (60€) 768 é ] uung rnf 4a1sv3ounjou vjydosoiq [injwp
sjaasu]
86598 + (T9) (LoD 6LL é 0L3e urr01d dzoaynuy + §21q0 D21 & oLyeed
90TTed + 179 011 1eL A uIsIuInon)y + 012 STUNONY) 4 nonouwrd
0LTS6X + 1€9 Il St i aseajord 694 + WMUIINIS? U0IS13d0IATT 69day
SL6S8X + (8%9) (€11) 19L ¢ aseutajord suLag zZ[8p psounn|S SAULY . diosSe
PL6S8X & (619) (L6<) I L< i aseurajord auuag Z[vip pupippys sisdopiqoay diasie
ciglcd + (189) r11) (s6L) i aseurajord sutiag iy wnLopfiSuo) wniry 4 60ds11
sjueld
8€C911 + (S08) (Ln 9.6 13[00) aseajoid Juissaooid oiseqi(y oudx vo1kjodl] DIMOLIDY 4 gxdx[£
ECEECIN + L6T LS1 1297 _IIXH aseajoId Iepn[{aoenxs auley[y Z4dx vo1ukjodly vimosnf Zidx£
0CL6SX + (00%) (16) 16v B (1eouayiodAy) aseursjord (9518 IDISIN243D SIIKUOIDYIIDS 4 610408
116vLZ + (01¢) (891) 8Ly i III asea10ld £ds€ IDISINAUID SIOKUOIDYIOIVG 4 ¢dskos
L608TIN + (55€) 08¢C S€9 3[ondep UISIADIDD ‘g 9sealold 1q4d DISINDUID SIOKUOIDYIIDS 191dos
10CVCIN + SOL 601 P18 13j00 aseurdjord auLds 7y Zxay IDISIAUBD SAIUOLDYIIDS TXMNOS
SEYT8X + (L09) (zot) 60L i asepndadopua diseqig day aquiod s22u01DY20VSO21YIS 4 1dmyds
£90v1d + (067) (LL1) L9Y i aseatoad sulag + 2quiod $228WOIDYIIVSOZIYIS 4 adasds
8¢0L0X 2 (865) (zor) 00L 13j00 aseurajold auLds [ XY [xy s110p] saokuiodaaknyy 1x
SIseax
9800901 + o ¢ YhLl A Iauiodsuenyaseajord sulrag D8p; WNIP10ISIP Wny2IsoL10N(J « o3eipp
ceroTn + i m S06°1 i 19uodsuesysaseatoad suLag gdv WNIPIOISIP Wng}aIsolIoN] « q3eipp
spjow sw§
[T1v6X + (982) (Tzn) 80% enxyg asedroud J1d 1d D10ds081]0 SKAIOGOIYILY 1dsooe
81SL8N + 68T 0Z1 60V eNXH aseajoxd aureyy [qad WNUDIZADY DULIZPOYILL] 4 1qidyp
£2600d + 82 0Z1 0r BNXYg asedjord aureyy dip winua3osayd wniuowaIdy 1djeoe
£LV80T + 8¢ ¥4 (2014 enxyg aseuiajord ankjounse|g + 8T snapyf sndadsy 4 1S[oye
adad T9NA apndag MBI oxdaig [e10L, uoneds0] QwAzuyg Quad YN wsiued1Q wAUoIOY
[eudig RuliCe]

3POJ UOISSIIIY

SPIJE oulWy

panuyuo) Y Aqey,



511

wwod ‘siad ‘Uamnao| :.m> o ‘9ssnN Y,
daxd ur “[e 19 ISIOYIO0A ,
“PIAIOOLIOD D Mall,

Subtilases

9EISLIN - é i 81¢ & aseajoud snuiA ysyie) LR ] sniiasadioy , danoay
SASNAIA
£502ra + é i TS0l i aseajoad suuds aaneIng + uBWINY 4 venysy
LYOSLIN - (6¥T'1) (0) 6vT'1 enup 11 asepudad [Apudadu], + uewny 2 7ddisy
6¥8¢€N + ((42)] (1v1) 8L ¢ LDd *asea101d ewoydwAT + uewny odysy
L8E9SN + (66L) (o11) 16 ¢ aseaold 9/¢Dd + uBWNY 4 9gadsy
£6010d + (5vS) (o11) $69 é aseajord $0d + ISNOIN podww
78T80r + 6CS 601 8¢9 ¢ aseatoud 7Od zoau uewN 7odsy
018v9X + €9 011 €61 & asearoud ¢3d/10d 1o3u uewng £12dsy
T8Y08N + (0z8) (6¥1) 696 ¢ aseajord vV + uewngy yoedsy
$60LTX + L89 LOT v6L & uun anf uewny njsy
S[ewwey
0ls610N + (z99) € SLL 2 aseajoud 1Dd + SNUDOLIIWD Sniydory [ode|
z60zTn + (+99) o1 YLL é aseajord £0d + SISUBIULOfIIDO DUIOISOTYIUDLY gdadg
15022N + (sLS) Fin) 689 é aseajord 0d + SISUDIULOIDI DUOISOTYIUDAG 7adoq
usig
£6¥99X + (625) (orn 6£9 ¢ aseajo1d ¢ 174x s1aap] sndouay, zad[x
1708 + (8L9) (so1) €8L é Vv uung pruax $1490] sndousy eIny[x
elqydury
¥66£8d + (0%9) (Tin TSL A aseajordopua ayi-zxay + smppuapiLy snapdKyony o mnpm
epodoayjry
L9L8TT + (£65) (611) TIL ¢ aseajord [Dd grod vonwiofiipy visidy o 1adoe
SIL8ET + (6zL) (s6) v8 é (T uuny) asesjoad xXHd viod potuofipo piskidy Zinjoe
78965X + (LES) orn £59 2 asseatord 0d + ponofips visfidy Zodoe
69L871 + (109) (vo1) SoL & uLmng anf ponwofiips visdidy 4 {Injoe
££869S + (bzL) (€11) L£8 i aseajord XDd zanfr SipuSDIS VUL | Zings[
05889X + (LES) o11) €59 é aseajord 7D + SpuSpIs PIUMAT Zodsy
BISN[IO



R.J. Siezen and J.A.M. Leunissen

512

950¥SX € uung any ISNOW Injuw
90N € uunyg iy INSWey my3o
P60LTX uun,j iny uewIngy Inysy
+610SN Sl 11 @sepndad [Apndaduy, + 1y zddws
€TEIRX Ll 1 asepndad (Kpudaduy, + ISNON zddyuu
LYOELIN [1 asepudad |Apndaduy + uewngy zddisy
6£v€9X 8 aseajoid yuspuadap-e) voud 0Z1L00d "ds puanqouy eoidse
$G69SX aseajoid juspuadap-e) vaud SIIGOLIDA DUIDGOUY eoidae
POLLET 1T aseajoud oiseg qadq GOE snsopou 4319040124217 qidqup
08091Z aseajoud oiseq 1dq 861 SNSOPOU 1210D4012Y21(] idqup
9Y6E 8N 1€ oseutajord adA1-[Id dud 1STOADN 13svavavd snjjopqovy duddy
0cIviX T aseurajoxd adA3-11d ud €9LOADN SHID] SN22020190°7 €9L1
LILYTIN 81 aseurajoxd adKy-Id Jud 73 M\ SHOD} $ND20201D°] 73my|
796%0r aseurajoid adA1-1d Jud 11S (suowas2) SHID] SNI2000100] dudyg
8069¢ €l asepndad vg) gdos 1Ly-8L "ds snosoooidang qdoss
SS08LX 6l asepndad eg)H 6pvdos 6VIN sauadodd snododoidons epwuds
672S0r asepndad eg) ydos sauaSodd snazodoidass edosds
s86tird [3 J asepndadojjioeg Mdsy g (oneu) syuqgns snjpovg ydsysq
SEO6TN J asepndadojioeg jdq siugns snjpovg Jdgsq
8SIE1IA 6 101-HV aseat0id autjeyy + 101-HV "ds snjjrovg 1017eq
(243744 £ pady utsiugng Wude 814 "ds snpjovg widesq
+ 1E€€R0Y - Fumﬁummm ‘L1 WsInqQRs + snpua) snjjovg LYT1S1q
tLSI 66567d 9 14 uisinqng - smua] snjjovg 1qnsiq
LdNI $0+660 14 aseaoid-|y + 9I-INSY “ds snjpopg Nuwsysq
00962d I W oSeutARg + smua] snjjovg 1ABS[q
+ 98059 wy[EOEXeN ‘Z6Ed uIsthqng + 269d smydopojo snqpong dyeeq
09C16X 91 $6511 S1eqsire) uisinqog oqus YOS 11 stuofiuayoy smjovg [ess|q
19216X Sl £5ept 1aqspe) usynqog oqns €S¢T1 suiofiuaydr smpovg e3s|q
°9T16X 8 €11 313qspe)) ulsiuang oqns €1pS1 suniofiuayon snjjoog £e3s[q
0918LS 14 aseuneIadf \20 [-AMd Stuiofiuayon snjovg eIay[q
dso1 17E£€0X 81aqspre) WISIMQNg + 9189 AWION smlofiuail] snjjiovg TeosIq
HIWI 816.L0d < asepndadooniaiuasapy + SHOLDIUISIU SN]I1OvY dureswiq
6lescd [4 LVN uisijngng Nide 1-CON oupu sijuqns snjjiovg wdesq
EVLYON C [ urstugng fade 8.701 GINIDN snjrydourian1oinais snyjiovg (idesq
$9200a T SNOTLIRYDIRSO[AUWNY UTSHNQNS + (snonrivyoopsol{ww) syuqns sniovg sessq
+ 886107 vide ‘(g 10) 8911 WISHHQNS vide 891 siuqns snjjvg 89158q
dad T4NA SIOUDIAJJIP ploe oUWy swAzug ENENRYN (g wistuesi) JUBLIBA urepy

SAPOJ UOISSIIY

upwiop nKIp1vo ur Kuuapt 2ouanbas YOG YNM sasopIqns fo SUPUDA T JQBL



513

Subtilases

‘wwod ‘s1ad ‘smayney ‘D,

13
0€88¥N
0859¢N
6¥8eeN

888897
SLEVON

TLYO8IN
1LP08NW

1214181
[£3:1418 |
L8895

Leorll
£6010d

P681¢71
0900sa
T8Y08IN

T896SX
05889X

£0989X
9LOILIN
699SSIN

°sTsor

SyeoTn
SOLILN
96169
018¥9X

£6089Z
956SLX
09956X

53 ad[
¢l Lod

8 LOd
80d ‘esear01d ewoyduik

LT uung
T uung

L g uunyg
V uung

€ aseuaauos ursjordord ‘¢4
Z asenaAu0d uisjordoxd ‘9/60d
9/60d

£ asedauod udordod ‘pod
asepdauos uoidoid ‘pDd

0l LDd
01 yd0vd
YHOVd

aT d
Dd

€ C 9SBUSAUOD dULIDOPUI0INA ‘TDd
Z 9SBUQAUOD JULINOPUIOINAU ‘7]
L C 9SEUIAUOD 2UUIOPUQINA ‘7D

T 9SBLIDAUOD dULIDOPU30INSU ‘7D

(=]

£ £0d/10d
£0d/10d

8 £€2d/1Dd
| 9SELIIAUOD SULISOPUI0INAU ‘€Od/1Dd

<

0¢ uung
9 uung
£ uung

+ + + +

+

ciny

g uax
PuUax

pod

o+ o+

zods
7o%u
799U

199U
199u

s1490] sndouay

ISNON

LY |

uewINg

ppaadidnsf piaydopods
421sp30upjau viydosoiq

s109p) sndouay
s142p) sndouay

ey
ISNO
uewiny

®©y
asnop

Yy
ISNOW
uewny

pausofiipd visjdy
soudnls vauwd]

3
1’y
ISNON
uewIny

34
ey
ISNOW
uewiny

uoNII)
M)

ey

adyx
£odww
Lodw

mnys

qruyrx

9gadu
ggodurux

podus

poedux
poeduwnu

7odoe

Zodss
godux
godw

¢1odss
g1odws
¢ [odww

my33

nnq
Injus

adisy

Zmywp

eIny|x

9godsy

podww

poedsy

zods(

Todsy

£1odsy



514

R.J. Siezen and J.A.M. Leunissen

91
82
73
64
55
46
3%
28

Fig. 3. Pair-wise sequence identity matrix. Sequences are plotted vertically and horizontally in the same order as in Figure 2; the
incomplete sequence of hvcevp is not included. Subdivision into families A to F is indicated. A color code bar for percentage sequence

identity is shown.

lase families. A subgroup of yeast enzymes is evident, as are
subgroups of PC1 (>55% identity), PC2 (>73% identity), and
furin (>55% identity). In catfish herpes virus | a related but in-
complete amino acid sequence has been found that is presumed to
have been captured from a host (Rawlings and Barrett, 1994).

Several 3D structures have been predicted by modeling (see
below).

Pyrolysin family

Heterogeneous group of enzymes of varied origin and low se-
quence conservation (most <37% identity). Characterized by large
insertions and/or long C-terminal extensions, many with sequence
homology suggesting common ancestors. The most extreme exam-
ple is lIsp09 from the plant Lilium with insertions totaling more than
260 residues compared to subtilisin, almost doubling the size of the
catalytic domain. Subgroups of tripeptidyl peptidases and plant sub-
tilases (>37% identity) are distinguished; the former are of higher
eukaryotic origin, but only the human and mouse enzymes have ac-
tually been identified biochemically as tripeptidyl peptidases.

Several 3D structures have been predicted by modeling (see
below).

Several other subtilases have been identified for which only the
N-terminal or other partial sequence of the purified enzyme is
available; based on sequence alignment with Figure 2, these sub-
tilases presumably belong to families A, B, and C (Table 3).

Conserved residues

Highly conserved residues are listed in Table 4 and highlighted in
Figure 2. Only the essential catalytic triad residues D32, H64, and
S221 and a single glycine residue (G219) are totally conserved in
all sequences. Four other glycine residues (34, 65, 83, and 154) are
varied only once or twice; G34 and G154 have main-chain torsion
angles that do not allow for amino acid residues with side chains.
At several other positions the variation is limited to two or three
residues, which are usually structurally similar. In general, the
residues of the two internal helices hC and hF are the most highly
conserved in all subtilases. Three amino acid sequences (Islasp,
sepepp, and asaspa) are particularly poorly conserved; although it
seems questionable whether these enzymes are functional, a mu-
tation analysis of the pepP gene suggests that it indeed encodes a
functional protease (Meyer et al., 1995).

Many more residues are totally conserved within each of the six
families A to F, and these can be used to identify new family
members. In particular, families A and C are most conserved, with
a total of 32 and 41 invariant residues, respectively, while family
E has 63 invariant residues if the two more divergent sequences
(asaspa and avprca) are excluded.

Residue N155 (in a conserved segment 152—155), which helps
to stabilize the oxyanion generated in the tetrahedral transition
state (Carter and Wells, 1990), is not fully conserved. The only
accepted substitution here is N155D, as is found in the PC2 sub-
group of the kexin family. The effect of this substitution on the
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i H FAMILY
Families
e . ! "true" ]
A Subtilisin | subtilisin
B | Thermitase | Proteinase K | C high-alkaline o
Subtilisin
E Lantibiotic D A
peptidases intracellular
F| Pyrolysin —
extremophile
Thermitase
B
gram-negati:;_
bacteria
Fig. 4. Family tree or dendrogram analysis of the sub-
tilase superfamily, based on sequence alignment of the C fungal Proteinase K
catalytic domains only (Fig. 2). A: General layout of + yeast
the relationship between families A to F. B: Detailed
dendrograms of the individual families, in which branch
lengths are in inverse proportion to the degree of se- —
quence sml_llant_y. Not included are members with >90% sieta - Lantibiotic
sequence identity to one of the listed enzymes (see D [! ‘ s Yatasp peptidase
Table 2). Trees were constructed using the neighbor- PP e -—
joining method of Saitou and Nei (1987), as imple- :] pC2 —
mented in the programs NEIGHBOR (Felsenstein, 1993)
and GROWTREE (Devereux et al., 1984). The dis- _Jra
tance matrices that were used as input for the programs
were calculated using DISTANCES (Devereux et al.,
1984), PROTDIST (Felsenstein, 1993),' and HOMQL— furin Kexin
OGIES (Leunissen, unpubl. obs.). Positions containing
gaps were ignored, as were the large insertions indi- E
cated between brackets in Figure 2. Whenever appro- :I yeast
priate, the distances were corrected for multiple
substitutions (Jukes and Cantor, 1969; Kimura, 1983). —
All m_elhods used delivered in principle identical to- " gram-negative
pologies, except for the branch lengths; these may vary, i) sraser__| bacteria
depending upon the method used to calculate the dis- bspra =/ »
tances between the proteins, and correcting for multi- — spacpo ﬁ;t:':rli‘:"‘““
ple substitutions. " j Pyrolysin
F meucy o plant
heklan Codesb
I — coton j tripeptidase
LA e j thermophile |

catalytic efficiency of these proteases has been investigated by
protein engineering (Benjannet et al., 1995; Zhou et al., 1995).

Homology modeling

The procedure for homology modeling and protein engineering of
the catalytic domain of subtilases of unknown 3D structure based
on known crystal structures was described in our previous review
(Siezen et al., 1991), and can be applied to any of the enzymes
listed in Tables 1 and 2.

Modeling should be based on the known crystal structure of the
most related enzyme, and this will be straightforward for members
of the families A—C, because 3D structures are known in each
family. For the families D—F, with no known 3D structures, mod-
eling will be less straightforward and can be based on any known
structure from families A—C or a combination of these. Problems
will arise where large insertions occur, because these are still im-
possible to model reliably. It would be extremely helpful for mod-

eling purposes to determine the crystal structure of at least one
member of each of the D-F families, preferably those with large
inserts.

This homology method has since been refined and applied for
modeling and engineering of (a) the cell-envelope proteinase llprtp
of Lactococcus lactis (Siezen et al., 1993; Bruinenberg et al., 1994a,
1994b); (b) the lantibiotic leader peptidases llnisp of Lactococcus
lactis (Van der Meer et al., 1994; Siezen et al., 1995a), and efcyla
of Enterococcus faecalis (Booth et al., 1996); (c) the kexin family
members furin (hsfur: Creemers et al., 1993; Siezen et al., 1994)
and PC2/PC3 (Lipkind et al., 1995); and (d) the heat-stable pro-
teases pfpyro and tsplst of the hyperthermophiles Pyrococcus fu-
riosus and Thermococcus stetteri (W. Voorhorst, A. Warner, W. de
Vos, R. Siezen, in prep.). These studies have provided predictions
and evidence for inserted and disposable loops, disulfide bridges,
Ca’*-ion binding sites, surface salt bridges and networks, aromatic
surface clusters, and residues involved in enzyme-—substrate inter-
actions. Some examples are discussed below.
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Table 3. Incomplete amino acid sequences of subtilases

R.J. Siezen and J.A.M. Leunissen

Residues determined

Organism Enzyme Acronym N-term. Other Family References
BACTERIA

Gram-positive

Bacillus subtilis AS50 Intracell. serine protease bsia50 1-54 A Strongin et al., 1978
Bacillus sp. GX6644 Subtilisin GX bssugx 1-16 A Durham, 1993

Bacillus sp. Y Protease BYA bspbya 1-21 A Shimogaki et al., 1991
Bacillus thuringiensis israelensis Extracellular serine protease btisra 1-14 223-243 B Chestukhina et al., 1986
Bacillus thuringiensis finitimus Extracellular serine protease btfini 1-15 B Chestukhina et al., 1986
Bacillus thuringiensis kurstaki Extracellular serine protease btkurs 6-20 B Kunitate et al., 1989
Bacillus cereus Extracellular serine protease beespr 1-15 223-243 B Chestukhina et al., 1986
Bacillus intermedius 3—-19 Alkaline serine protease biprot 1-15 A Balaban et al., 1994
Nocardiopsis dassonvillei (prasina) Alkaline serine protease ndapll 1-26 C Tsujibo et al., 1990
Gram-negative

Streptomyces rutgersensis Proteinase D srespd 1-23 C Lavrenova et al., 1984
Thermus Tok3Al Caldolysin tscald 1-15 C Freeman et al., 1993
Vibrio metschnikovii Alkaline protease VapK vmapk 1-36 A Kwon et al,, 1994
Cochliobolus carbonum Extracellular protease ccalp2 1-29 C Murphy & Walton, 1996
EUKARYA

Fungi

Agaricus bisporus Extracellular serine protease abexpr 1-19 C Burton et al., 1993
Malbranchea sulfurea Thermomycolin msthmy 1-28 217-222 C Gaucher & Stevenson, 1976
Ophiostoma piceae Extracellular protease opexpr 1-18 170-193 C Abraham & Breuil, 1995
Verticillium chiamydosporium Extracellular protease VCP1 veexpl 1-20 C Segers et al., 1995
Scedosporium apiospermum Extracellular protease saalpr 1-13 C Larcher et al,, 1996

Table 4. Highest conserved residues in subtilases (v = variability)

Residue v=1 v=2 v=73 Context/function Exception
32 D Catalytic triad residue
34 G Bend; ¢, ¥ = 99°, 179° N (Islasp), A (smserp), P (smsspl, smssp2)
64 H Catalytic triad residue
65 G Buried helix, close packing del (asaspa)
68 V,C,T Buried helix, close packing, directly under catalytic triad M (Islasp), I (sepepp, ddtagc)
69 AS.C Buried helix, close packing G (nahlys), T (bsbpf), I (sepepp)
70 G,S Buried helix, close packing T (smstab), A (smsspl, paaf70)
83 G Helix/turn, close packing A (Islasp), T (efcyla)
90 LLV Buried B-strand, hydrophobic packing to helix C W (bsbpf ), M (seepip)
125 S Bend, directly adjacent to catalytic triad P (Islasp), C (hakx2), T (acfurl, bepe2)
152 AS Lines S1 pocket
154 G Lines S1 pocket; ¢, ¢ = 114°, 163° M (sepepp), del (bssepr)
155 N Oxyanion stabilization D (Ispc2, bepe2, cepe?, hspe2)
189 FY,W Turn at surface, side chain turned into pocket del (sepepp), S (smserp), L {bspara)
193 G,C,N Begin turn Y (sepepp), D (dmpga9), T (vmvapt)
201 PYF Bend at end B-strand, hydrophobic ring stacks with H226 I (seepip, smstab)
219 G Bend between €9 and hF; ¢, ¢ = 147°, 160°
220 T OD!1 H-bonded to backbone NH-154 N (sepepp, lnisp)
221 S Catalytic triad residue
223 A.S Buried helix, close packing
225 p Buried helix, close packing G (Islasp), S (sepepp, ddtagc)
229 G.A Buried helix, close packing T (bssepr)
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Large insertions and deletions

The 190 residues that constitute the scrs, as defined from the
known crystal structures (Siezen et al., 1991) and shown in Fig-
ure 2 are present in nearly all the subtilases. Some unusual dele-
tions are found, however, as listed in Table 5, and this implies that
not all of these core residues are essential for proper folding. Most
of these deletions occur in subtilase family D, the lantibiotic leader

Table 5. Large or unusual deletions and insertions
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peptidases, and include large N- and C-terminal deletions. All but
one of the internal deletions can be readily accommodated by
connecting residues that are spatially adjacent in the 3D structures
of subtilisin/thermitase. Particularly interesting in this respect is
the natural deletion of the Cal-ion binding loop, residues 7482,
in the Enterococcus subtilase (efcyla), thereby presumably extend-
ing hetix C by another four residues (Booth et al., 1996); this is
precisely the loop deletion that was engineered into subtilisin to

Unusual deletion

Missing residues Context Family Enzyme
1-13 N-terminus, hA D sepepp
65-66 Part hC, adjacent catalytic His E asaspa
74-82 Ca-binding loop — hC extended D efcyla
96-102 Turn, substrate-binding region F smserp
180-189 Turns D sepepp
257-275 C-terminus, hH D Islasp

Large insertion

Inserted residues

Position Number Properties Family Enzyme
N-term. Upto 98 No homology E Most family members
59 Highly charged F spscpa
34 Highly charged C scyctS
vrl 18 C scyctS
vrd 30-33 Weak homology F spscpa, llprtp, ldprtb
28-30 High homology B dnbpr, dnavp2, dnavp$, xcproa,
alapr]
26-31 Medium homology, conserved S-S bond ? F 11sp09, atserp, cmcucu, agserp,
lep69, paaf70
23 High homology F smsspl, smssp2
vrS 147-213 Weak homology, see alignment in Fig. 5 F pfpyro, tsplst, dmpga9, hstpp2,
cetpp
vrb 30 F pfpyro
vr7 42 Highly charged (50%) F phssal
vrg 16 Highly charged C anpepC
vr9 51 F smserp
34 High homology F smsspl, smssp2
18 F phssal
vrll 22 F slssp
16-18 Weak homology D seepip, llnisp
vrl3 134-169 Weak homology in central section (Fig. 5) F spscpa, llprtp, 1dprtb, bsvpr,
lep69, paaf70, atserp, agserp,
cmcucu, lsp09
73-175 High homology F ddtagb,ddtagc
27 F pfpyro
vrl§ 20-22 Weak homology D efcyla, seepip, llnisp
vrlé 149 A vmvapt
27 S-8 bond ? E asaspa
22 F smserp
20 High homology F bsspra, bssprb
vrl8 19 B sy0535
vrl9 38 S-S bond ? E cepc2
34 E asaspa
25 B bswpra
22-24 High homology F ddtagb, ddtagc
21 S-S bond? F slssp




518

obtain a Ca®* -independent, faster-folding variant (Gallagher et al.,
1993, 1995). The only unusual deletion comprises residues 65—-66
of helix C adjacent to the catalytic His; this deletion is not due to
a sequencing error (G. Coleman, pers. comm.).

The vrs essentially comprise all the connections between con-
served elements of secondary structure, as shown schematically in
Figure 1. While the positions of vrs are essentially the same as
defined before (Siezen et al., 1991), the length of these vrs is now
found to vary considerably more. The largest and most unusual
insertions are listed in Table 5. Some of these large inserts are
unique for a single enzyme, for example, pfpyro (in vr6), phssal
(in vr7), vmvapt (in vr16), and cepc2 (in vr19). Large insertions
occur most frequently in vr5, vr13, and vrl16. Sequence conserva-
tion in large inserts is frequently also apparent, particularly within
subtilase family B (inserts in vr4), as shown in Figure 2, and within
family F, as shown in the alignments in Figure 5. This is further
evidence for a common evolutionary origin of subgroups of en-
zymes that were already clustered together in the cladogram
(Fig. 4). Also note that the inserts in the kexin family E are not
large, but they are highly conserved (Fig. 2).

vrs

total
dmpga¥9 - (10) -GNIKGLSGNSLKLS- {103} - YDCILFPTADGWLTIVDTTEQGDL- (38) - 188
hstpp2 -{ 9)-GEIVGLSGRVLKIP-{ 95) - YDCLVWHDGEVWRACIDSNEDGDL~ (40) - 181
cetpp -{ 9) -GVIEGISGRKLAIP- { 96) -ADVVTWHDGEMWRVCIDTSFRGRL- (40} - 182
vril3

total
11sp0% - (62)-VRGKLIICTLTTDSSSPMSIEAILSTIQKIGAVGVIITMD- (67) - 169
agserp -(51)-VY-SVVICEAITP------ IYAQIDAITRSNVAGAILISN~ (51) - 135
cmcucu - (59) -LKGKIVVCEASFG--------- HEFFKSLDGAAGVLMTSN- (50) - 140
paaf70 - (62) -AKGNVVVCIANDTAA- - - SRYIMKLAVQDAGGIGMVVVED~ (50) - 149
lepé9 - (59) -IRGKIVICLAGGG- - - -VPRVDKGQAVKDAGGVGMIIINQ-~ (52) - 147
atgerp - (58)-VKGKIVMCDRGIN----- ARVQKGDVVKAAGGVGMILANT- (52) - 145
bsvpr - {51) -LTGKVAVVKRGSI----- AFVDKADNAKKAGAIGMVVYNN- (48) - 134
spscpa - {50) -VKGKIALIERGDI----- DFKDKVANAKKAGAVGVLIYDN- (49) - 134
llprtp - (60)-AKGKIAIVKRGEF----- SFDDKQKYAQAAGAAGLIIVNT- (58) - 151
ldprtb - (64) -VKGQLAVVKRGAY----- TFSAKVANAKAAGAAGIVIYNS- (51) - 150

consensus *kghk**x+* g k * agarGrkw

Fig. 5. Sequence alignment of most homologous regions in large inserts in
vr5 and vr13. The numbers of additional residues in these large inserts are
shown in brackets. Consensus residues are indicated (* = hydrophobic;
upper/lower case = totally/highly conserved)

N-terminal extensions can also be quite large, particularly in the
kexin family (Fig. 2, Table 4). These extensions are quite unique
because there is no apparent sequence homology in the large
N-terminal extensions. They are often highly charged, like the
pro-peptides, but their function is unknown.

Substrate specificity and catalysis

Figure 6 shows our schematic representation of the binding region
in subtilases, based on 3D binding data of subtilisins (McPhalen
and James, 1988; Heinz et al., 1991; Takeuchi et al., 1991a, 1991b)
and thermitase (Gros et al., 1989). This binding region can be
described as a surface channel or crevice capable of accommodat-
ing at least six amino acid residues (P4-P2') of a polypeptide
substrate or inhibitor (pseudo-substrate). Both main-chain and side-
chain interactions between enzyme and substrate/inhibitor contrib-
ute to binding. The P4-P1 backbone is H-bonded to the enzyme
backbone S-sheet residues 100-102 (strand el in Fig. 1) and 125~
127 (strand elll), forming the central strand (ell) of a three-
stranded antiparallel B-sheet. The C-terminal or leaving portion
P1'-P2’ of the substrate appears to be held less tightly as it runs
along the enzyme backbone segment 217-219.

R.J. Siezen and J.A.M. Leunissen

SERINE PROTEINASE W
189 (SUBTILISIN-LIKE)

— _

Fig. 6. Schematic representation of substrate/inhibitor (bold lines) binding
to a subtilisin-like serine proteinase (smooth surfaces). Nomenclature P4—
P2" and S4-82’ according to Schechter and Berger (1967). Side chains of
the P4-P2' residues are shown as large spheres; positions of the enzyme
residues that may interact with these P4-P2’ side chains are shown sur-
rounding the binding sites (S1, S2, etc). Enzyme numbering is that of
subtilisin BPN’. Hydrogen bonds between enzyme and substrate/inhibitor
are shown as dotted lines, and the scissile bond is shown by a jagged line.
Catalytic residues D32, H64, and S221, and oxyanion-hole residue N155
are indicated. Approximate positions of inserts (vr7, vr9, and vrll) are
shown by large arrows.

In general, the specificity of subtilases appears to be largely
determined by interactions of the P4—P1 residue side chains in the
enzymes’ S4-S1 binding sites, respectively, with S4 and S1 dom-
inating the substrate preference in subtilisin (Gron et al., 1992).
These sites have the following general characteristics:

S2': A hydrophobic pocket of variable size depending on the ori-
entation of the conserved aromatic side chain of residue 189.

S1: A distinct, large and elongated cleft, surrounded at the sides
and bottom by the backbone segments 125~128 and 152-155, at
the bottom end by residue 166 and at the rim by residues 156
and 129.

§2: A less distinct, smaller cleft, bounded at either side by residue
100 and active site residue H64, at the bottom by hydrophobic
residue 96 and active site residue D32, at the bottom end by
residue 33 and at the rim by residue 62.

S3: Not a distinct site, because the P3 residue points away from the
enzyme towards the solvent. However, the most likely inter-
action is with enzyme residue 101, which is adjacent and points
in the same direction. P3 side chains could also interact with
nearby residue 100 and the more distant residue 129.

S4: A very distinct pocket, between the segments 101-104 and
126-130, which appears to have two subsites; these subsites can
have different characteristics. Site 4a has at the side and bottom
the residues 96, 107, and 126, and at the rim 102. Site 4b has at
the side and bottom residues 104 and 135, and at the rim resi-
dues 128 and 130. These side chains determine the size of the S4
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pocket; in subtilisin Y104 is thought to form a flexible lid to the
S4 pocket (Takeuchi et al., 1991a).

In subtilisin and thermitase the S1 and S4 binding sites are large
and hydrophobic, which explains the broad specificity of both
enzymes with a preference for aromatic or large nonpolar P1 and
P4 substrate residues (Gron et al., 1992). For further details on the
structural basis of substrate specificity in subtilases we refer to the
recent review by Perona and Craik (1995).

Variations in the substrate specificity of naturally occurring sub-
tilases should be due to (and could be modified by) modulation of
the residues in the substrate-binding region as shown in Figure 6,
and in particular those residues whose side chains interact with P1
and P4 substrate residues. Some general predictions of substrate
specificity can be made by comparison of the multiple sequence
alignment in Figure 2 with the substrate-binding model in Figure 6.
Most of the subtilases should have a broad specificity and can be
considered as general-purpose proteases, because their binding re-
gions resemble those of subtilisin and thermitase.

The most notable exception occurs when residue 166 at the
bottom of the S1 pocket is an Asp, making the protease specific for
cleavage after P1 Arg residues. This occurs in family C (ylxpr2),
family D (seepip and llnisp), and in all of the kexin family E
members; these highly specific proteases are all involved in acti-
vation of pro-proteins. A certain preference for cleavage after Pl
Lys residues is observed in proteases with a negative charge on
residue 156 at the rim of the S1 pocket (Wells et al., 1987; W.
Voorhorst, A. Warner, W. de Vos, R. Siezen, in prep.). The kexin
family proteases are even more specific because they cleave only
after dibasic or multiple basic residues (Barr, 1991; van de Ven
et al., 1993). Modeling and engineering studies indicate that a high
density of negative charge at the substrate-binding face, and in
particular at the S1, S2, and S4 sites, is responsible for this high
selectivity (Van de Ven et al., 1990; Creemers et al., 1993; Siezen
et al., 1994; Lipkind et al., 1995; Perona & Craik, 1995). These
modeling studies predict that the (semi-)conserved acidic residues
at positions 33, 61,97, 104, 107, 129, 130, 131, 161, 166, 191, and
209 in family E subtilases are all in or near the substrate-binding
region. Based on this moedeling, acidic residues were introduced in
the S1 and S2 sites of subtilisin, and this led to a specificity for
dibasic residues (Ballinger et al., 1995).

Details of other enzyme—substrate interactions that could be im-
portant for substrate binding and selectivity can be obtained by ho-
mology modeling, as demonstrated for the family D members efcyla
(Booth et al., 1996) and lInisp (Siezen et al., 1995a), the family E
members (Siezen et al., 1994), and the family F members llprtp
(Siezen et al., 1993), tsplst and pfpyro (W. Voorhorst, A. Warner, W.
de Vos, R. Siezen, in prep.). These studies all suggest that electro-
static interactions between enzyme and substrate are more domi-
nant than hydrophobic interactions, and that they are used to generate
a more narrow specificity for certain substrates. In addition, inter-
actions with P3, P5, and P6 residues can also contribute to substrate
binding, particularly if these are charge—charge interactions. These
predictions have been verified by protein engineering of residues in-
volved in enzyme—substrate interactions in llprtp (Siezen et al., 1993),
llnisp (Van der Meer et al., 1994; Siezen et al., 1995a), and hsfur
(Creemers et al., 1993; Siezen et al., 1994).

Calcium coordination sites

Four calcium-ion binding sites are known from crystal structures
of subtilisins, thermitase, and proteinase K; these calcium ions are
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essential for stability and activity. From previous sequence align-
ments and homology modeling it was predicted that the Cal (strong)
and Ca3 (weak) sites are most common in members of the subti-
lase family, whereas the Ca2 (medium-strength) site is less com-
mon (Siezen et al., 1991). The weak Ca4 site has only been found
in proteinase K (Betzel et al., 1988a, 1988b).

For the new subdivision into six families the following predic-
tions can be made about the Cal and Ca2 sites. The Cal site re-
quires coordination from side-chain ligands of residues 2 and 41 and
from several side chains of residues 76-81 in the Ca®*-ion em-
bracing loop; these ligands are usually carboxyl/carbonyl groups of
Asp/Asn, but can also be from Glu/Gln. This Cal site is therefore
predicted to be present in nearly all members of families A, B, and
E, because they appear to contain the required ligands. In contrast,
this Cal site cannot be present in any member of families C and D
due to the lack of loop 7681, nor is it likely to occur in family F
members due to the high variability in sequence in this loop.

The Ca2 site requires coordination from several side-chain and
main-chain ligands of the loop 49-58, with side chains of residues
49, 52, and 54 appearing to be essential, and stabilization by the
positively charged side chain Arg/Lys of residue 94. Many family
B and E members have the elements required for this Ca2 site if
the side-chain oxygen ligands of Asp, Asn, Glu, Gln, Ser, and Thr
are considered as acceptable. Some members of families A (intra-
cellular proteases) and C (vaproa, alapr2) should also have the Ca2
site. Predictions for the families D and F are too difficult because
in general the sequence alignment is rather speculative in this
region; however, some likely candidates for the Ca2 site are seepip,
llnisp, bsvpr, llprtp, and ldprtb.

The Ca3 and Ca4 sites are weak and characteristically only have
one or two side-chain ligands in the known structures. For this
reason no predictions are attempted for these sites in other proteases.

Disulfide bonds

Disulfide bridges can contribute to the overall stability of a protein,
and the introduction of new S-S bonds can enhance the thermal
stability, as demonstrated in, for example, phage T4 lysozyme
(Matsumura et al., 1989). Initial attempts to stabilize subtilisin by
introduction of S-S bonds 22-87, 24-87, 26-232, 29-119, 36—
210, 41-80, and 148-243 were not successful (Wells & Powers,
1986; Pantoliano et al., 1987; Mitchinson & Wells, 1989; Katz &
Kossiakof, 1990); all of these crosslinks were designed by inspec-
tion of the three-dimensional structure of subtilisin. The first suc-
cessful thermal stabilization of subtilisin was the introduction of
the 61-98 S-S bond (Takagi et al., 1990), which occurs naturally
in aqualysin. It stands to reason, therefore, that naturally occurring
S-S bonds should provide a better choice for stabilization of sub-
tilisins than previously designed disulfides.

Seven naturally occurring disulfide bonds have now been iden-
tified in subtilases, i.e., 27-118[—2] and 175247 in proteinase K
(taprok; Betzel et al., 1988a, 1988b), 61-98 and 163-195 in aqual-
ysin (taaqua; Kwon et al., 1988), 53-100 and 171-131[+1] in
Dichelobacter basic protease (dnbpr; Lilley et al., 1992), and 47—
59{—11 in Bacillus subtilisin S41 (bsta41; Davail et al., 1994).
Based on sequence homology (Fig. 2), we predict that these seven
S-S bonds also occur in many other subtilases (Table 6). Based on
the known three-dimensional structures, together with the se-
quence alignment in Fig. 2, we also predict that many Cys residues
are correctly positioned to form other natural S-S bonds, as listed
in Table 6.
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Table 6. Putative and known (in bold) S-S bonds in subtilases

Family S-S bond Context Enzyme
A 29-114 el-hD vmvapt, psaprp
35-69 Strand-hC bsispq, tsiap
47-59[-1] e2-loop paalys, bsta39, bstadl
49-55 e2-loop bssepr
vri6 Within insert vmvapt
B 53-100 Turn-turn dnbpr, xcproa, dnapv2, dnapvS, alaprl
171-131[+1] Loop-loop dnbpr, xcproa, dnapv2, dnapv5, alaprl
259-263 Intraloop xcproa, alaprl
C 27-118[-2] el-hD taprok, tapror, taprot, bbprl, fusalp, plbspr, macdpa
175-247 e6-hG taprok, tapror, taprot, bbprl, fusalp, plbspr, macdpa
61-98 Loop-turn taaqua, vaproa, alapr?, trtdla
163-195 loop-turn taaqua, vaproa, alapr2, trt4la, anpepc, spsepr, scprbl, scysp3, ylxpr2
120-117]+1] Intraloop scycts
68-224 hC-hF aoespr
E 80-214 Loop-e9 All except asaspa, avprca
163-193 Loop-loop All except asaspa, avprca
68-224 hC-hF avprca
198-254 e7-hG avpreca
vrl Within insert hspac4, hspc6
vrl6 Within insert asaspa
vrio Within insert cepc?
F 96-102 Intraloop atserp, cmcucu, lep69, paaf70
135-167 hE-loop hstpp2
151-224 e5-hF atserp, lep69
193-197 Intraloop smserp, phssal, smsspi, smssp2
214-75[+3] €9-loop hskiaa
vrd Within insert Isp09, cmcucu, agserp, atserp, lep69, paaf70
vr5 Within insert hstpp2, cetpp, dmpga9
vrl3 Within insert llsp09, cmcucu, agserp, atserp, lep69, paaf70, ddtagb, ddtage
vrl9 Within insert slssp
Figure 7 shows a stereo view of these known and putative nat- 17 “natural” S-S bonds shown in Figure 7, only 29-114 and 163—
ural S-S bonds, but only those that can be superimposed on the 193 were included in a theoretical prediction of the 31 most en-
subtilisin BPN' structure. Other putative S-S bonds may occur in ergetically and stereochemically favorable disulfide conformations

large inserts that have more than one Cys residue (Table 6). Of the in subtilisin (Hazes & Dijkstra, 1988). Two natural S-S bonds

Fig. 7. Stereo view of known and putative natural disulfide bonds (bold) in subtilase members, superimposed on the subtilisin BPN’
structure (a-carbon atom trace). Side chains of the catalytic residues are shown in ball-and-stick representation.
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appears to be the maximum for any subtilase, with the possible
exception of atserp (Table 6). All the remaining Cys residues in
Figure 2 should not form S—S bonds, because they are either single
or predicted to be too far removed spatially from another Cys
residue.

Disulfides are predicted in each of the families A to F, except for
family D, the lantibiotic leader peptidases. These disulfides appear
to be family specific, and in some cases even sub-family specific.
Extracellular enzymes of gram-positive bacteria rarely contain di-
sulfides. While Cys residues are indeed rare in extracellular sub-
tilases from gram-positive bacteria (Fig. 2), a disulfide has been
found in a subtilisin (bsta41) from a psychophilic Bacillus, and a
different disulfide is predicted in another extracellular subtilase
(bssepr) from Bacillus (Table 6).

Conclusion

New members of the subtilase superfamily are being identified
continuously, with even more to be expected from the accelerating
genome sequencing projects. Therefore, this summary is bound to
be incomplete when it appears in print. The fact that subtilases
have now been discovered in numerous Archaea, Bacteria, and
Eucarya suggests that they are ubiquitous and have been around
for a long time. The novel information accumulated since our
previous review (Siezen et al.,, 1991) provides exciting new in-
sights into this unique set of enzymes. Through evolution, many
variants have arisen and at present these can be divided into six
main families A to F (Fig. 4), based on sequence alignment of only
the catalytic domains. This classification is by no means definitive
yet, as a further subdivision of family F may become apparent
when more sequences are available. Subtilases are quite common
in gram-positive bacteria, and Bacillus species stand out in partic-
ular, as many extracellular and even intracellular variants have
been identified (Tables 1 and 2), belonging to four different fam-
ilies. Recently, a Bacillus strain was even found to have a cluster
of four different subtilase genes (Schmidt et al., 1995), belonging
to families A and F.

What is most surprising now is the high degree of sequence
variability that is observed within the catalytic domains of subti-
lases. With the exception of the three catalytic residues Asp-His-
Ser virtually every other residue can be replaced by one or more
different residues. Moreover, it is not even clear what the minimal
structural framework requirement is, because large deletions have
now been found (Table 5). Large insertions in this domain are also
quite common (Table 5), and it is still not clear whether these
additions provide extra stability, binding sites, or other function-
alities. In one case, Bruinenberg et al. (1994a) demonstrated that
deletion of such a large insert (151 residues) in Lactococcus lactis
proteinase PrtP did not impair protein folding, but it did affect
proteolytic activity and specificity. While sequence comparisons and
homology modeling can provide a first estimate of overall structure
and functionality, and are useful as a tool for rational design of en-
gineered enzymes (Siezen et al., 1991), the high sequence and struc-
tural variabilities observed here clearly make some of the predictions
speculative and emphasize the need for more detailed 3D structural
information to complement the sequence data.

High sequence variability is also found in other protease fami-
lies, such as in the trypsin family of serine proteases (Rypniewski
et al., 1994) and the papain family of cysteine proteases (Berti &
Storer, 1995), although these both tend to have more conserved
disulfides. Subtilases do not rely on highly conserved disulfides for
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stabilization, and in fact, most subtilases do not have any disul-
fides. When these enzymes do have disulfides there is presumably
a maximum of two bonds, which can occur in many different
positions (Table 6).

Known members of the subtilase superfamily are all (putative)
endoproteases or tripeptidylpeptidases. In most bacteria, archaea,
and lower eukaryotes they are extracellular, rather unspecific en-
zymes required either for defense or for growth on proteinaceous
substrates. In certain cases, and particularly in higher eukaryotes,
the subtilases have developed into highly specialized enzymes of
biosynthetic pathways where they are involved in processing and
maturation of pro-proteins; examples are all family D and E mem-
bers. As yet, no other completely different function appears to have
arisen for this protein through evolution. On the other hand, given
the high sequence variability allowed for proteases, it is question-
able whether such a protein would be recognized as a subtilase
superfamily member in database screening if it has also lost one or
more of the three conserved catalytic residues. Nevertheless, the
search is still on, and the authors would appreciate any useful
comments, updates or advice.
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