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Abstract. We previously found that proteinaceous Most of the codon changes at the P1 site inferred to have
protease inhibitors homologous 8ireptomycesubtili-  occurred during the evolution of SSl-like proteins are
sin inhibitor (SSI) are widely produced by varioB8fep-  consistent with those inferred from the extremely high G
tomycesspecies, and we designated them “SSl-like pro-+ C content ofStreptomycegenomes. The inferred mini-
teins” (Taguchi S, Kikuchi H, Suzuki M, Kojima S, mum number of amino acid replacements at the P1 site
Terabe M, Miura K, Nakase T, Momose H [1998ppl  was nearly equal to the average number for all the vari-
Environ Microbiol 59:4338-4341). In this study, SSI- able sites. It thus appears that positive Darwinian selec-
like proteins from five strains of the gen@&reptoverti-  tion, which has been postulated to account for acceler-
cillium were purified and sequenced, and molecular phyated rates of amino acid replacement at the major
logenetic trees were constructed on the basis of theeaction center site of mammalian protease inhibitors,
determined amino acid sequences together with thosmay not have dictated the evolution of the bacterial SSI-
determined previously foStreptomycespecies. The like proteins.

phylogenetic trees showed that SSlI-like proteins from

Streptoverticilliumspecies are phylogenetically included Key words: Protease inhibitor — Amino acid se-
in Streptomyce$Sl-like proteins but form a monophy- quence alignment —Streptomyces — Streptoverticillium
letic group as a distinct lineage within tis#¢reptomyces — Molecular phylogeny — Reactive center site —
proteins. This provides an alternative phylogeneticAmino acid replacement — Codon chang— G + C
framework to the previous one based on partial smalcontent — Positive Darwinian selection

ribosomal RNA sequences, and it may indicate that thé
phylogenetic affiliation of the genuStreptoverticillium
should be revised. The phylogenetic trees also Suggesuigtroduction
that SSl-like proteins possessing arginine or methionin

at the P1 site, the major reactive center site toward target

proteases, arose multiple times on independent lineagesreptomycesubtilisin inhibitor (SSI) is a proteinaceous

from ancestral proteins possessing lysine at the P1 sit@rotease inhibitor (Murao and Sato 1972) whose struc-
ture—function relationships have been extensively stud-

ied in combination with a variety of physicochemical
Abbreviations:MP, maximum parsimony; NJ, neighbor-joining; SIL methods and the generation of site-specific mutants (Hi-
Streptomycesubtiiisin inhibitor-like; SSI,’Stre;’)tomycesubtilisin ‘in— ' romi et al'_19_85; Kojima et al. 1990, _1991' 1993,
hibitor 1994a,b). Finding that homologous proteins of SSI are
Correspondence tdS. Taguchi; e-mail: staguchi@rs.noda.sut.ac.jp ~ widely distributed in streptomycetes, particularly in two
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Table 1. Bacterial strains and SSl-like protefns

Strain SSl-like protein Reference
Streptomyces SIL-protein

S. albogriseolusS-3253 ISP5003 SSi Murao and Sato 1972
S. antifibrinolyticusICM7351 PSN Sugino et al. 1978
S. griseoincarnatusSP5274 API-2¢ Suzuki et al. 1981

S. lividans 661SP5434 SLPI (STI1) Ueda et al. 1992

S. longisporudSP5166 STI2 Strickler et al. 1992
S. cacaoilSP5057 SIL1 Kojima et al. 1994b
S. parvulusSP5048 SIL2 Taguchi et al. 1994
S. coelicolorMiiller ISP5233 SIL3 Taguchi et al. 1994
S. lavendula&K CC-S985 SIL4 Taguchi et al. 1994
S. virginiaelSP5094 SIL8 Terabe et al. 1994b
S. thermotoleran$SP5227 SIL10 Terabe et al. 1994a
S. hygroscopicu$SP5578 SIL12 Terabe et al. 1996
S. galbusiSP5089 SIL13 Terabe et al. 1994a
S. azureusSP5106 SIL14 Terabe et al. 1994a
S. bikiniensisICM4011 SIL15 Terabe et al. 1995
Streptoverticillium SIL-V protein

Sv. flavopersicusSP5093 SIL-V1 This study

Sv. orinocilSP5571 SIL-V2 This study

Sv. eurocidicusSP5604 SIL-V3 This study

Sv. netropsidSP5259 SIL-V4 This study

Sv. luteoverticillatudSP5038 SIL-V5 This study

Sv. cinnamoneursubsp.cinnamoneum SAC-| Tanabe et al. 1994

2|SP: InternationalStreptomyce®roject; JCM: Japan Collection of Microorganisms, Riken; KCC: KCC Culture Collection of Actinomycetes,
Kaken Pharmaceutical Co. Ltd

generaStreptomyceand Streptoverticillium(traditional  address the following two subjects: (1) the phylogeny of
classification), we have recently designated them “SSl-the producer strains on the basis of the molecular tree of
like proteins” (Taguchi et al. 1992, 1993a,b), here ab-the SSi-like proteins, and (2) the tempo and mode of
breviated to “SIL” proteins for those irBtreptomyces amino acid replacement at the P1 site, the center of the
and “SIL-V” proteins for those inStreptoverticillium. reactive site which primarily determines the inhibition
To date, plasminostreptin (PSN) froBtreptomyces an- specificity of SSI-like proteins toward proteases (Hiromi
tifibrinolyticus (Sugino et al. 1978), alkaline protease et al. 1985).

inhibitor (API-2c) from Streptomyces griseoincarnatus

(Suzuki et al. 1981)Streptomyces lividangrotease in-

hibitor (SLPI) orStreptomycesypsin inhibitor 1 (STI1) Materials and Methods

from Streptomyces lividan®&Jeda et al. 1992; Strickler et

al. 1992), STI2 fronStreptomyces longispor(Strickler Bacterial Strains and Protease Inhibitor Samplédl. the strains and

et al. 1992), and SAC-| fronStreptoverticillium cinna- their protease inhibitors investigated in this study are listed in Table 1.

. . The five Streptoverticilliumstrains were provided by Dr. T. Nakase of
moneum(Tanabe et al. 1994) have been isolated inde- P P y

) ~~ the Institute of Physical and Chemical Research (RIKEN), Wako-shi,

pendently by us and other groups as SSl-like proteinsjapan.

and their structure—function relationships have been

well characterized (Kojima et al. 1994b; Taguchi et al.  Purification of SIL-V ProteinsThe five SIL-V proteins were pu-

1994; Terabe et al. 1994a,b, 1995, 1996; Ueda et alified to homogeneity from the culture supernatants of $treptover-

1992)_ To our knowledge no other bacterial proteaséicillium strains essentially as described previously (Taguchi et al.
' 19

inhibitor family has been found. o4).

The C(ljlscovery of these r?aturall ”_‘”ta”ts of 53l S-Pyridylethylation of Cysteine Residues, Enzymatic and Chemical
.prolm.pte us t_o 'n_veSt'gate the ?Vo U“‘?”a}ry process OBigestions, and Sequence Analysiystine residues of purified SIL-V
inhibitor proteins in order to gain an insight into the proteins were reduced with dithiothreitol asdyridylethylated with
physiological significance of protease—protease inhibitor-vinylpyridine as described previously (Taguchi et al. 1994). Diges-
interactions in nature (Taguchi 1995)_ In the presemtion of modifieq SIL-V proteins_and their_ peptides by proteases or
study, complete amino acid sequences of five SIL-V prO_BrCN was carried out as described previously (Taguchi et al. 1994;

. . - . Ueda et al. 1992). Amino acid sequences were determined using an
teins newly isolated frorStreptoverticilliumstrains were

- ; k ) - Applied Biosystems model 476A protein sequencer.
determined, and representative SSl-like proteins, includ-

ing these SIL-V proteins, were phylogenetically charac-  complete Sequence Determination of SSi-like ProtéiysSIL-V1:
terized. The phylogenetic trees constructed are used tDigestion ofSpyridylethylated SIL-V1 by arginyl endopeptidase pro-
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(A) SIL-V1

1 60

SLFAPSALVLTVGEGESAADSGVQRAVTLTCTPKASGTHPAARAACDQLRAVDGDFKALV
intact

A8 A3 AL 2—>—A4

v3

61 110
TTKSDRVCTKEYRPIVITAEGVWDGHRVSYEHKFANPCMASDGKGVVFEF
Ad A5

— V3> —Vi—> <«CP—
(B) SIL-V2

1 60
SLYAPSALVLTIGQGDSASAGIQRAVTLSCMPTPSGTHPDARDACAQLRQADGKFDELTA

(D) SIL-V4

1 60
SLFAPSALVLTVGEGESAADSGVQRAVTLTCTPKASGTHPAARAACDQLRAVDGDFKALV
intact

V3
—L
61 110
TTKSDRVCTKEYRPIVITAEGVWDGHRVSYEHKFANPCMASDGKGVVFEF
2 Vi V4

V3>
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(E) SIL-V5

1 60
YAPSALVLTIGQGDSAATAGVQRAVTLTCTPKAAGSHPNTSGACAQLRLSNGDFDKLVKI
L
L1

intact intact
V4 >—V1 V6
M3 VA2 > ——N3—
61 109 61 108
TKAGTYCTKEWNPVTVTATGVWEGQRVNYSHTFGNPCMAKAAKSTVFSF KDGTMCTREWNPSTVTAEGVWEGRRVSFEHTFANPCEMKAGKGTVFEF
—V1 V3 V2 ——=V6-==>—V4—>-V3>—V2 V1 V5
M3 > L2 «—CP—
L4 > «—CP— N3 >

(C) sIL-V3

1 60
YAPSALVLTIGQGATAAESGVQRAVTLTCTPKSSGTHPDAKGACTQLRAAGGDFDKVTRI

intact
V5 V3

61 108
KSDTVCTKEWNPTVVTAEGVWDGRRISYEHTFANPCMAKAGKGLVFEF
3 V2 v V4

—V 2 4

A5 A4 «CP—

Fig. 1. Complete amino acid sequences and sequencing strategy for S{&)YSIL-V2 (B), SIL-V3 (C), SIL-V4 (D), and SIL-V5(E). Long
arrows delineate amino acid sequences identified by the sequencedasiebd linedndicate the remaining regions. Amino acids released by
carboxypeptidase A are indicated Gy.

duced six peptides, whose sequences were determined. The partipeptidase digests, peptide N3 obtained by asparginylendopeptidase di-

sequence of intact SIL-V1 indicated that peptide A6 was an amino-gestion, and peptide VA2 isolated from the arginylendopeptidase di-

terminal fragment and that peptide A3 followed it. Peptide A5, pos- gests of peptide V6 clarified the remaining sequence of the carboxy-

sessing no Arg residue, was a carboxy-terminal fragment. The connederminal region in peptide V6, as shown in Fig. 1E. Peptide L2 also

tivities of A3-Al-A2-A4 and A4-A5 were confirmed by sequence confirmed the connectivities of V6-V4-V3-V2-V1-V5.

analysis of theS. aureusv8 protease-digested peptides, V3 and V1, The complete amino acid sequences of the five SIL-V proteins were

respectively, as shown in Fig. 1A. thus determined. The revealed carboxy-terminal sequences were con-
(2) SIL-V2: Four peptides isolated from ti8& aureus/8 protease  sistent with the results of carboxypeptidase A treatment of intact SIL-V

digests ofS-pyridylethylated SIL-V2 were subjected to sequence analy- proteins, as shown in Fig. 1. All the amino acid sequences determined

sis. By comparison with the partial sequence of intact SIL-V2, peptidein the present study will appear in the EMBL amino acid sequence data

V4 was found to be an amino-terminal fragment. Peptide V2, with nobase with accession numbers P80596—P80600.

Glu residue, was positioned at a carboxy terminus. The sequence of

peptide M3 obtained by BrCN digestion and that of peptide L4 ob-

tained from the lysylendopeptidase digestsSqdyridylethylated SIL-

V2 confirmed the connectivities of V4-V1 and V1-V3-V2, respec-

tively. The remaining sequence of the carboxy-terminal region in

peptide V4 was clarified by the analysis of peptide M3. The total

Data Analysis.SSlI-like protein sequences were aligned with
Clustal W (Gibson et al. 1994). All phylogenetic analyses were done
with PHYLIP version 3.5 (Felsenstein 1993). Distance trees were con-
structed by the neighbor-joining (NJ) method (Saitou and Nei 1987)
sequence of SIL-V2 is shown in Fig. 1B. With NEIGHBOR of the PHYLIP packgge after pairvvisz_a sequence

(3) SIL-V3: The amino acid sequences of five peptides obtained bydlfferences (Table .2) were f:alculated with PR.OTDIST using the Day-

hoff PAM001 matrix. Confidence values for internal lineages were

S. aureusV8 protease digestion d&-pyridylethylated SIL-V3 were L .
determined. The partial sequence of intact SIL-V3 confirmed the ordel,assessed from 300 bootstrap replications of the original sequence data.

V5-V3 in the amino-terminal region. Peptide V4, having Phe as aMaX|mum parsimony (MP) analyses were done with PROTPARS of

: . the package and the majority rule consensus tree was obtained with
carboxy terminus, was a carboxy-terminal fragment. The sequences g ONSENSE

the peptides obtained by arginyl endopeptidase digestion, A5 and A4,
confirmed the connectivities of V3-V2-V1 and V1-V4, respectively, as
shown in Fig. 1C.

(4) SIL-V4: The sequences of five peptides isolated from $he Reasults
aureusV8 protease digests db-pyridylethylated SIL-V4 were ana-
lyzed. The order, V5-V3, in the amino-terminal region was confirmed
from the partial sequence of intact SIL-V4. Peptide V4 was positioned
at a carboxy terminus because it had Phe as a carboxy-terminal residu
The amino acid sequences of peptides L2 and L1 isolated from th
lysylendopeptidase digests clarified the remaining sequence of the car- .
boxy-terminal region in peptide V3, and the sequence of peptide LsFigure 1 shows the complete primary structures of the
confirmed the connectivities of V3-V2-V1-V4, as shown in Fig. 1D. five SIL-V proteins determined by the sequencing strat-

(B)SIL-V5: Six peptides were isolated from tige aureusv8 pro-  egy described in Materials and Methods. Like other SIL
tease digests (_ﬁpyridylethylated SIL-V5 and _their_sequences were cproteins as well as SSI, each SIL-V protein is Composed
analyzed. Peptide V6, whose sequence was identical to that of intact . . . . .
SIL-V5, was positioned at an amino terminus. Peptide V5, possessiné)f approxmately 100 amino acids. The 6.lmln0 acid se-
Phe as a carboxy-terminal residue, was a carboxy-terminal fragmen@uénce of SIL-V1 turned out to be identical to that of

Sequence analysis of peptide L1 and L2 isolated from the lysylendoSIL-V4.

Determination of Complete Amino Acid Sequences of
IL-V Proteins
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Table 2. Pairwise sequence differences among SSl-like prateins

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

1. SSI

2. API-2¢ 0.10

3. SIL14 0.31 0.32

4. SIL10 0.38 0.39 0.32

5. STI2 0.44 0.42 0.28 0.25

6. SIL4 0.46 0.47 0.38 0.33 0.30

7. PSN 0.46 0.46 0.33 0.17 0.28 0.38

8. SIL13 0.43 043 0.33 0.34 0.28 0.48 0.25

9. SLPI 0.44 0.49 038 0.34 0.36 043 0.32 0.29

10. SIL3 0.44 047 0.32 035 0.38 0.44 0.32 0.31 0.01

11. SIL2 0.50 046 0.31 0.29 037 046 0.31 030 0.15 0.14
12. SAC-I 0.81 0.85 0.67 0.65 0.80 0.66 0.63 0.65 0.62 0.63 0.53

13. SIL-V5 0.75 0.80 0.70 0.65 0.83 0.66 0.67 0.67 0.58 0.58 0.54 0.16
14. SIL-V3 0.81 0.82 0.67 0.64 081 0.69 0.68 0.66 0.62 0.64 0.55 0.29 0.32

15. SIL-V2 0.88 0.86 0.67 0.68 0.78 0.65 0.64 0.70 0.68 0.67 0.65 0.41 0.45 0.42

16. SIL-V1(v4) 0.82 0.83 0.63 0.62 0.81 0.72 0.74 0.65 0.56 0.59 0.59 0.53 0.50 0.34 0.56

17. SIL12 0.75 0.82 0.68 0.64 0.67 0.71 0.68 0.62 0.59 0.60 0.65 0.72 0.64 0.70 0.67 0.65

18. SIL8 1.04 1.02 0.97 093 098 0.95 097 0.86 0.95 0.97 0.88 0.99 0.92 0.94 0.97 1.00 0.90

19. SIL15 0.88 0.81 082 0.85 0.85 084 0.83 0.81 089 0.88 084 1.10 1.01 108 0.94 1.07 097 0.58

20. SIL1 0.99 101 096 1.03 1.01 092 096 0.86 0.81 0.81 0.83 093 095 094 0.96 1.00 0.90 1.10 1.06

2 Pairwise sequence differences among aligned SSl-like proteins (see Fig. 2) were calculated with PROTDIST of the PHYLIP package using
Dayhoff PAM matrix, an empirical model that scales probabilities of change from one amino acid to another. The values shown are scaled in ur
representing the expected fraction of amino acids that have changed

Sequence Comparison of SSl-Like Proteins subtilisin BPN (Hiromi et al. 1985; Kojima et al. 1993,
1994a; Tamura et al. 1991).
The sequences of the five SIL-V proteins fr@trepto-
verticillium—i.e., SIL-V1(V4), V2, V3, and V5—
together with that for SAC-I, were aligned with the 15 Molecular Phylogeny of SSI-Like Proteins
sequences of SIL proteins froi@treptomycesalready
determined using Clustal W (Fig. 2). The alignment var-Table 2 provides the pairwise differences among SSI-
ied in a few local regions when alignment parameterdike proteins calculated with PROTDIST using the Day-
(e.g., gap penalties) and matrices were changed. Howhoff PAMOO1 matrix. The pairwise differences range
ever, these small variations in alignment proved to havdrom 0.01 to 1.10 with an average of 0.64, and there is a
little influence on the phylogenetic framework con- clear tendency for pairwise differences involving one of
structed from the aligned sequence data. In Fig. 2, 2Three SIL proteins (SIL1, SIL8, and SIL15) as a partner
amino acid residues out of the total of 112 are seen to b& be larger than those for pairs within the other 17
completely conserved among the 20 SSl-like proteinsSSl-like proteins. This suggests that these three SIL pro-
Another eight residues are semiconserved within categaeins are phylogenetically distant from the other 17 SSI-
ries of chemically similar amino acids. The existence oflike proteins and that the phylogenetic root of all the
these conservation sites and the scarcity of gap sites su@Sl-like proteins is likely to lie on a lineage leading to
port the legitimacy of this alignment, which is also con- one or another of these three SIL proteins.
sistent with the tertiary structure of SSI as deduced from Figure 3 shows an NJ tree constructed from the pair-
crystallographic studies (Mitsui et al. 1979a,b). In fact, wise difference data in Table 2. No other SSl-like protein
the 27 conserved residues, marked with asterisks in Figsequences exist that clearly serve as an outgroup to these
2, correspond well with those that may be required forproteins. A phylogenetic tree constructed by the UPGMA
structure maintenance and the inhibitory action of the(Unweighed Pair-Group Method with Arithmetric Mean)
SSI and SIL proteins (Kojima et al. 1993, 1994a; Tagu-method, which assumes a constancy of evolutionary rates
chi et al. 1994). For example, residues Vall3, Arg29,on each lineage, placed the root on the terminal lineage
Trp86, Cys71, Cys101, Asn99, and Phell3 have beeleading to SIL-1 (data not shown). The root of the NJ tree
shown or are considered to play roles in folding theis thus tentatively placed on the terminal lineage leading
proper structural coordination of residues around the reto SIL1. Phylogenetic relationships supported by more
action center or residues for dimer formation, and subthan 95% bootstrap probability values are usually con-
stitution at these residues had a drastic result—the corsidered to be statistically significant. By this criterion,
version of the inhibitor molecule to a substrate of sister-group relationships for the following SSi-like pro-
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7 M 2 31 4 51 61
s YAPS ALVLTVGKGV SATTAAPERA VTLTCAPGPS GTHPAAGSAC ADLAAV--GGDL NALT 01
API-2¢” YAPS ALVLTVGKGV SAATVTPERA VTLTCAPGPS GTHPAADSAC ADLAAV--GGDL DALT
siLi4 YAPS ALVLTVGEGE SAAAATPERA VTLTCAPRPS GTHPVAGSAC AELRGV--GGDV HALT
SIL10 YAPS ALVLTVGHGE SAIAATPERA VTLTCAPKAA GTHPAAGAAC AELRGV--GGDF DALT
STI2 YAPS ALVLTVGHGT SAAAATPLRA VTLNCAPTAS GTHPAPALAC ADLRGV--GGDI DALK
SiL4 YAPS ALVLTIGHGG AAATATPERA VTLTCAPTSS GTHPAASAAC AELRGV--GGDF AALK
PSN YAPS ALVLTMGHGN SAATVNPERA VILNCAPTAS GTHPAALQAC AELRGA--GGDF DALT
SIL13 YAPS ALVLTMGHGE SAAAVSPARA VTLNCAPSAS GTHPAPALAC AELRAA--GGDL DALA
SLPI YAPS ALVLTVGHGE SAATAAPLRA VILTCAPTAS GTHPAAAAAC AELRAA--HGDP SALA
SIL3 YAPS ALVLTVGHGE SAATAAPLRA VTLTCAPTAS GTHPAADAAC AELRAA--HGDP SALA
sIL2 YAPS ALVLTIGQGE SAAATSPLRA VTLTCAPKAT GTHPAADAAC AELRRA--GGDF DALS
SAC-1 YAPS ALVLTIGQGD SAAAAGIQRA VILTCMPKAD GTHPNTRGAC AQLRLA--GGDF EKVT 55
SIL-V5 YAPS ALVLTIGQGD SAATAGVQRA VILTCTPKAA GSHPNTSGAC AQLRLS--NGDF DKLV
SIL-V3 YAPS ALVLTIGQGA TAAESGVQRA VILTCTPKSS GTHPDAKGAC TQLRAA--GGDF DKVT
SIL-V2 YAPS ALVLTIGQGD -SASAGIQRA VILSCMPTPS GTHPDARDAC AQLRQA--DGKF DELT
SIL-V1(v4) FAPS ALVLTVGEGE SAADSGVQRA VTLTCTPKAS GTHPAARAAC DQLRAV--DGDF KALV
SIL12 YPAS ALVLTVGHGA DAATAEVQRA VTLSCRPTPT GTHPAPAQAC AELHSV--GGAL GLLR L
sIL8 YAPS AMVFSVAQGD DVAAPTVVRA TTVSCAPGAR GTHPDPKAAC AALKS--TGGAF DRLL 4
SIL15 YAPS AVVLSIGKGD ASGPVTVLRA TTLSCAPVPG GTHPAPEAAC AELKAGFAGGGF GGLL -
siL YAPS AVVISKTQGA -SADAPAQRA VTLRCLPVG- GDHPAPEKAC AALREA--GGDP AALP 100 [ SIL8
.k ok R, * Rk ok, Kk ¥ * sk *% * * l SILlS
SIL1

71P1 81 9 100 m
BN " RGED---VM CPMVYDPVLL TVDGVWQGKR VSYERVFSNE CEMNAHGSSV FAF F|g 3. Neighbor.joining tree for SSI-like proteins_ The tree was con-
:':'U 4° ';?Egm g?:",:g::ztt mmgg;x zzzigizxi ﬁ?ﬁ:ﬁ?ﬁizx t:i structed from the data presented in Table 2 as described in Materials
SIL10 ARDG---VM CTKQYDPVVV TVEGVWQGKR VSYERTFSND CMKNAYGTGV FSF and Methods. Bootstrap probability values from 300 replications are
s”i ARDG---V| CNKLYDPVVV TVDGVWQGKR VSYERTFGNE CVKNSYGTSL FAF shown at the corresponding branches. Shale barrepresents a dif-
g;: Cﬁzgx’ gm’:g:m mgmm zz:gx:xi g&za:‘v’gait Eﬁ ference corresponding to 0.1 (10%). The root is tentatively placed at an
SILI3 GPAD---TV CTKQYAPVVI TVDGVWQGKR VSYERTFANE CVKNASGSSV FAF arbitrary position on the terminal lineage leading to SIL1 (see text for
sLPI AEDS---VM CTREYAPVVV TVDGVWQGRR LSYERTFANE CVKNAGSASV FTF the reasoning).
SIL3 ADDA---VM CTREYAPVVV TVDGVWQGRR LSYERTFANE CVKNAGSASV FTF
SIL2 AADG---VM CTREYAPVWV TVDGWWQGRR LSYERTFANE CVKNAGSASV FTF
SAC-1 KIKE-6-TA CTREWNPSVV TAEGWWEGRR VSFERTFANP CELKAGKGTV FEF
SIL-VE KIKD-G-TH CTREWNPSTV TAEGVWEGRR VSFEHTFANP CEMKAGKGTV FEF ment of (1) SIL12, (2) SIL-V2 and SIL-V3, and (3)
SIL-V3 RIKS-D-TV CTKEWNPTVV TAEGVWDGRR |SYEHTFANP CMAKAGKGLV FEF ’ TR
SIL-V2 ATKA-G-TY CTKEWNPVTV TATGVWEGQR VNYSHTFGNP CMAKAAKSTV FSF SIL14 and SIL10, but none of these relationships is sta-
SIL-V1(V4) TTKS-D-RV CTKEYRPIVI TAEGVWDGHR VSYEHKFANP CMASDGKGVV FEF ot ivnifi i i i
sIL12 TGAEPG-RM CTKEWRPITV TAEGVWDGRR VSYEHTFANN CFKNAAPTTV FEF tistically significant in either tree. It .IS therefore (.:OH
sIL8 SEPNPD-RA CPNHYAPVTV SAVGVWEGRR VAWDHTFANS CTMAATLDGN AVF cluded that the MP and NJ trees consistently establish the
SILI5 ASPDPD-RA CPQHFDPVTV TLDGVWEGAR TSWQHTFSNA CVMGTTLDGG EAF ; ; ; ;
SILT RYVEDTGRV CTREYRPVTV SVQGVWDGRR |DHAQTFSNS CELEKQTASV YAF phylogenetic relationships of (1)-(7) described above.

* * .. kwek ok ok PRI N 3 *

Fig. 2. Alignment of SSl-like protein sequences. The alignment was
done with the Clustal W alignment software. Sequence sources of th®jiscussion
SSl-like proteins used in this study are presented in Table 1. Highly
variable residues with extensive length variations located at the N-

terminal are excluded from the alignment; the alignment thus begi”SPhylogenetiC Utility of SSI-Like Proteins
from the seventh residue of the SSI prote®ars represent gaps. An

asteriskden_otes the comp_lete conservation of an amino acid gt theMoIecuIar phylogenetic studies of bacteria have been
cor_respc_)nd|ng_re5|due, Wh||_esu_mal| dotmeans that th_e corrgspondlng based mostly on small rRNA sequences (Olsen et al
residue is semiconserved within a category of chemically similar amino . o :
acids. 1994; Woese 1987). Ribosomal RNAs are ubiquitous to
all organisms, and the fact that the evolutionary rate of
rRNA sequences varies greatly within the molecule
teins are statistically supported: (1) SSI and AP1:Z2) makes rRNA sequences applicable to the systematic
SLPI and SIL3; (3) SLPI, SIL3, and SIL2; (4) SAC-1and study of both distantly and closely related species. Not-
SIL-V5; and (5) SIL8 and SIL15. Two other clusterings withstanding the advantages of small rRNA sequences as
are also supported by strong bootstrap values: (6) SSh useful molecular phylogenetic tool, however, the ne-
API-2¢’, SIL14, SIL10, STI2, SIL4, PSN, SIL13, SLPI, cessity of adopting other molecules in addition to rRNA
SIL3, and SIL2; and (7) SAC-I, SIL-V5, SIL-V3, SIL- sequences has been pointed out (see, e.g., Eisen 1995;
V2, and SIL-V1(V4). However, since the bootstrap val- Hasegawa and Hashimoto 1993, for reasons and discus-
ues for the other branches are far less than the significargion). Trees based on rRNA sequences may be more
level, the phylogenetic relationships corresponding todirectly affected by an unequal base frequency of the
these branches are considered not to be reliably resolvagenome than those based on protein sequences. In this
in this study. context, the employment of protein sequences as a phy-
We also constructed an MP tree using the saméogenetic tool may be especially important for analyzing
dataset (Fig. 4). The MP tree obtained is essentially conmicroorganisms with extremely HigG + Ccontents, as
sistent with the NJ tree with respect to branching patternss the case with streptomycetes (Wright and Bibb 1992).
and the confidence levels of individual branches. Minorln our case, the amino acid frequencies of SSl-like pro-
discrepancies between the two trees exist in the placeeins were free from the bias of streptomycetes genome
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P1 quences is free from this constraint. For these various
K—M ssi f reasons. SSl-like proteins were expected to provide an
o e -
alternative phylogenetic framework f@treptomyceso
SIL14 the previous one based on partial small rRNA sequences
(Wellington et al. 1992).

Phylogenetic Affiliation of Streptoverticillium

Members of the genuStreptoverticilliumhave tradition-
ally been classified separately from those of the genus
Streptomycesnostly due to the characteristic morpho-
logical feature of the former of forming spore whorls
(Locci and Schofield 1989). However, recent work based
on partial 16S rRNA sequences (about 500 nucleotides)
K (wellington et al. 1992; Williams et al. 1983; Witt and
SIL12 Stackebrandt 1990) and partial amino acid sequences
99 KorR-M g 8 M corresponding to the amino-terminal regions Edch-
16 Kor K;Sgﬁo SiLis  Q erichia coli L30 protein homologs (about 20 amino ac-
KorR &1 SIL1 R ids) (Ochi and Hiranuma 1994) from several species of
Fig. 4. Maximum parsimony tree for SSl-like proteins. The tree was Streptovertl,cn,lIngUQQeStS that me_mbers_ of the ge,nus
constructed as described in Materials and Methods. Four equally pa,_Streptovert|C|II|um are phylogenetically included in
simonious trees were obtained and the 50% majority rule consensulose of the genuStreptomyce such a way that mem-
tree among them is shown. Since the root is likely to lie on a lineagebers of the two genera are not separated but mixed in the
leading to SIL1 or to SIL8-SIL15 (see text), the root is tentatively manner of a mosaic. Our trees based on SSI-like proteins

placed at node 18Numbersare given to individual nodedlumbers on . . . N .
each branchrepresent the corresponding bootstrap probability values(FlgS' 3 and 4) are consistent with these findings in that

from 300 replications, and branches for which the corresponding reIa—StreDtovert'C'”'umSpeCIeS are phylogenetically included
tionships are supported by >95% bootstrap probability atéck line.  in Streptomycesbut differ in that Streptoverticillium
The amino acid residue at the P1 site is shown for each SS-like proteinforms a monophyletic group as a clade witl8trepto-
Amino amd_ residues unambiguously inferred as an ance_s?ral state anyces.This relationship is supported by high bootstrap
MP analysis are shqwn at gach npde. Phylogenetic positions fpr th?/alues—i.e., 92% for the NJ tree (Fig. 3) and 89% for the
occurrence of plausible amino acid replacements at the P1 site are . . .
shown on internal lineages.K'or R” at nodes 15 and 16 means that MP tree (F'g' 4)' We thus consider that a monOphyle“C
there are two equally parsimonious possibilities for the assignment of€lationship among thé&treptoverticilliumspecies is
the character state at these nodes. If lysine was present at nodes 15 apdry likely, which points to the importance of the for-

16, Chag?es foé K;&Rs'lflﬁ hg, i’;‘i 'élng age ir(‘jferl'gf’ ;‘:Lges‘ve mation of spore whorls as a shared derived character in
occurred 1or noae , hoae , and node y memberS Of thIS genus

respectively. If arginine was present at these nodes, changes for R . . R
K,R - M, and R - Q are expected for node 16 node 14, node 15 The closer relationship among t&¢reptoverticillium

~ SIL8, and node 15 SIL15, respectively. species was also supported by the direct sequence com-
parison among the SIL-V proteins. As shown in Fig. 2,
SIL-V proteins, including also SAC-I, exhibit several
G + C content (data not shown), as in the case describesequence features characteristic of these proteins. For
previously (Hashimoto et al. 1994). instance, a one-residue insertion in the flexible loop re-
The SSl-like proteins used in this study are widely gion of SSI (Thr64 to Met70 of SSI) was observed only
distributed in the gener&treptomycesand Streptoverti-  for SIL-V proteins, whereas a two-residue insertion was
cillium. Genes for three SIL proteins—SSI, STI1, and observed for SIL8, -12, and -15, and a three-residue in-
STI2 (Obata et al. 1989; Strickler et al. 1992)—weresertion was seen for SIL1. There are four residues
found to be encoded as a single copy in the genomegGIn52, Lys67, Pro100, and Lys107) which are com-
which discounts the possibility that a paralogous com-letely conserved among SIL-V proteins but are never
parison is being made among duplicated genes. Althoughbserved in SSI and other SIL proteins, although their
the SSi-like proteins produce a limited amount of se-contribution to the structure and function of inhibitor
qguence information (approximately 110 amino acids),proteins remains uncertain. Taken together, these results
they can be obtained in large amounts by cultivation, angupport the monophyly of the species which produce
it is relatively easy to determine their primary structuresSIL-V proteins.
by automated Edman degradation of peptides generated The complete identity of primary structure between
by enzymatic and chemical digestions. The extremelySIL-V1 and SIL-V4 accords with the classification of
high G + Ccontent makes it difficult to sequence genestheir producer strainsSy. flavopersicusind Sv. netrop-
of Streptomycesbut determination of amino acid se- sig) in the same category (l.-1.) by Goodfellow (1989).

Kor R—K

Kor
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The close phylogenetic relationship among SLPI, SIL3 Lvs = Met
(see Figs. 3 and 4), and SILA3 (Taguchi et al. 1996) -

points to a close relationship among their producer
strains,S. lividans66, S. coelicolorMuller, andS. coe-
licolor A3(2), and is in agreement with previous studies
on genomic mapping, DNA-DNA hybridization, and AGG(mtermedlate")
chemical taxonomy (Hatano et al. 1994). Thus, the mo- .,

lecular phylogeny based on SSl-like proteins is mostly

consistent with previous knowledge concerning the phy- p
logeny of streptomycetes. -~
CGG CAG
C A
A
Molecular Evolution at the P1 Reactive Site T o s
"""""""""" step
. . . 1 step
Although the structure—function relationships between ————— 2 steps

SSl ?nd .prOteaseS have been .Stu.d!ed gxtenswely, .t i9. 5. Possible codon change pathways at the P1 site of SSl-like
physiological roles of protease—inhibitor interactions Ir‘proteins. Four amino acids—lysine, arginine, methionine, and gluta-
the life cycle ofStreptomycesiave not been well elu-  mine—occur at the P1 site of the SSi-like proteins (see Figs. 2 and 4).
cidated. On the basis of an analysis of mutant strainghe most parsimonious codon change pathway(s) is sought between the
devoid of SSI or API-2¢ it has been suggested that most likely codons corresponding to these amino acids in the light of
S5k proteins may play an mportant role(s) in physi- %1191 + St o geome e e o sepeeeded o e
ological and/or morphological regulation Btreptomy- direction of the codon change pathway(s) in light of thehh@ + C
ces(Taguchi et al. 1995b,c). With the aim of gaining content is indicated by aarrow. Since synonymous codon changes
further insight into the physiological significance of SSI- occur much more rapidly than nonsynonymous ones, no step is as-
like proteins, we examined the tempo and mode of evosSigned to such synonymous pathways as AGE&GG in PROTPARS
lution at the P1 site. The center of the reactive site, P1, o' e PHYLIP package.
serine protease inhibitors generally corresponds to the
major specificity determinant toward proteases (Laskow-A notable feature oStreptomycess a high G + Ccom-
ski and Kato 1980). position (>70 mol%) in its genomic DNA (Wright and
As shown in Fig. 2, four amino acids (Lys, Arg, Met, Bibb 1992), presumably driven by “GC pressure” caus-
and GIn) are observed as P1 site residues of the SSI-liking a mutation from A:T pairs to G:C pairs at high fre-
proteins. By MP analyses of the SSlI-like protein se-quency (Sueoka 1962; Muto and Osawa 1987). Since the
guences, the occurrence of the different P1 site residueS + C content at the third position of the codons reaches
could be assigned to specific lineages on the phylogeapproximately 93%, codon usage is also extremely bi-
netic tree (Fig. 4). For instance, SSI and API-pos-  ased (Wright and Bibb 1992). The codon usage compiled
sessing Met at the P1 site are likely to have arisen fronfrom 64 Streptomycegenes (Wright and Bibb 1992) is:
SSl-like proteins possessing Lys at the P1 site in thdys (AAA: 4.9% andAAG: 95.1%), Arg (CGT: 6.3%,
evolutionary process of node 2 node 1. SIL8, which CGC: 46.2%, CGA: 3.9% CGG: 36.5%, AGA: 1.3%,
also possesses Met at the P1 site, is phylogeneticallgnd AGG: 5.7%), Met ATG: 100%), and GIn (CAA:
distinct from SSI or API-26 and may thus have arisen 6.7% andCAG: 93.3%) (major codons are italicized).
from an SSl-like protein possessing Lys or Arg at the P1The codon sequences for the P1 site residues of SSI,
site in the evolutionary process of node 15 SIL8.  SLPI (STI1), and STI2 were identified as ATG (Met),
Among SSl-like proteins possessing Arg at the P1 siteCGG (Arg), and AAG (Lys), respectively (lkenaka et al.
SLPI, SIL3, and SIL2 are clearly distinct from SAC-I 1974; Obata et al. 1989; Strickler et al. 1992), which is
and SIL-V5, suggesting that these two subgroups indeeonsistent with biased codon usage.
pendently evolved from SSl-like proteins possessing Lys Figure 5 shows plausible codon change pathways
at the P1 site (in the evolutionary processes of node 8 among Lys, Arg, Met, and GIn and the minimum number
node 7 and node 10. node 9, respectively). It is also of base substitution steps needed for the individual path-
obvious that the Arg residue at the P1 site of SIL1 has amways. All changes from Lys to Met in node-2 node 1,
independent origin. Hence, these proteins are likely taand from Lys to Arg in node 8> node 7 and in node 10
have acquired the same amino acid residue at the P1 site node 9 require a single step in a direction that is
by parallel amino acid substitutions. SIL15, possessingonsistent with the GC pressure (Fig. 5). The P1 site
GIn at the P1 site, may have evolved from an ancestratesidue of an ancestral SSl-like protein at node 16 (Fig.
protein possessing Lys or Arg at the P1 site in the evo4) was inferred to be either Lys or Arg by MP analysis.
lutionary process of node 15 SIL15. If Lys were present at the P1 site of node 16, all of the
We tried to infer the mode of codon changes corre-changes for Lys» Arg in node 16— SIL1, Lys - Met
sponding to these amino acid replacements at the P1 siten node 15— SIL8, and Lys— GIn in node 15- SIL15
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Table 3. Inferred minimum number of amino acid replacements at each residue of SSl-like ptoteins

o° 1 2 3 4 5 6 7 8 9
0° 1 1 1 0 0 2 0 2 1
10 7.3 3 75 0 10 11 4 4 11 7.3
20 9 5 7 0 0 2 0 1 5.3 0
30 7 0 10.3 7.3 10 0 3 0 0 4
40 4 13 12.3 0 0 2 5 0 4 10.5
50 8.5 3 4 6 0 5 9 11 7 2
60 10.8 11 15.3 8 13 5 7 3 5 2
70 0 3 6 6.8 6 8.8 0 5 7 3
80 2 5 9 0 0 0 4 0 8 0
90 5 5 4 5 3 3 0 55 0 9
100 0 10 9 7 6 11 6 10 9 4
110 5 8 0

2The minimum numbers of amino acid replacements inferred to havenumbering system for SSI (see Fig. 2), starts with the conventional
occurred during the evolution of SSlI-like proteins were obtained withresidue 7 and counts gap sites. Thus, the P1 site (Met73 for SSI)
PROTPARS of the PHYLIP package. The values shown are the avereorresponds to residue No. 72 in this table

ages of those obtained from four equally parsimonious trees. The num? Columns: digits of corresponding residue numbers

bering of residues in this table, which refer to the conventional ® Rows: tens or hundreds of corresponding residue numbers

could be achieved by only one base substitution step thdEvolutionary Implications
is consistent with GC pressure. On the other hand, if Ar

were present at the P1 site of node 16, all of the Changenorr]grdocg;i?reaifrl:zglggserl;nltmy Vé/)'rt]h gﬁﬁg tor::;nesvc;lrjl;j
for Arg - Lys in node 16 node 14, Arg— Met in y P 9 P

: ) . N
node 15- SIL8, and Arg— GIn in node 15— SIL15 with respect to the physiological role of these proteins?

. . As explained above, the structure—function relationships
would be against the GC pressure. It is therefore most P b

. . . of naturally occurring SSl-like proteins, as well as of
likely that an ancestral SSI-I|ke protein at nod_e 16 pOS'mutagenized SSls, have been well characterized and
sessed Lys at the P1 site, under the assumption that t}

tof all the i tiqated SSI-lik o ¢ Soint to the P1 residue playing a predominant role in
rootofall the investigated S s1-iike proteins comes to an determining interactions with target proteases (Taguchi
point on the lineages leading to either SIL1 or SIL8-

X ) i et al. 1995b,c). SIL proteins possessing such basic amino
SIL15, as described above. This proposition, however

X i ) .acids as Arg or Lys at the P1 site have been found to
needs to be evaluated in more detail by collecting add'inhibit trypsin in vitro (Kojima et al. 1994b: Taguchi et
tional SSl-like protein sequences.

i o al. 1994; Terabe et al. 1995, 1996), while mutagenesis
Table 3 shows the inferred minimum number of g,gies of SSI have shown that replacement of the P1 site
amino acid replacements at each residue of the listeghgjqye (Met73) by either Lys or Tyr results in the ac-

SSl-like proteins during the course of their evolution. As isition of inhibitory activity toward trypsin or chymo-
pointed out earlier, no amino acid replacement appears t@ynsin, respectively, without substantial loss of inhibi-
have occurred at 27 of the 112 sites, but replacementgyry activity toward the extrinsic protease, subtilisin
may have occurred at the remaining 85 sites at differentkojima et al. 1990, 1991). All five SIL-V proteins pu-
frequencies (ranging from 1 to 15.3, with an average ofsified in this study exhibited effective inhibition toward
6.3). At the P1 site (residue 72 corresponding to Met73rypsin (Taguchi S, unpublished data), which is consis-
of SSI), a minimum of six substitutions are assigned.tent with a Lys or Arg residue occupying their P1 site.
This almost equals the average number of all the variable |t is widely known that the major reaction center site
sites, suggesting that the rate of amino acid replacemerf mammalian protease inhibitors has undergone amino
at the P1 site is neither accelerated nor decelerated agid substitution at considerably higher rates than the
compared to those of the other variable sites. The priother sites of the inhibitors in some rodent lineages on
mary contact region of SSI with subtilisin BPNvas  which genes for the inhibitors are multiplied by gene
assigned in the region Gly66 to Tyr75 (Mitsui et al. duplication (Hill and Hastie 1987; Suzuki et al. 1991;
1979a) and a minimum substitution of amino acid at itsRheaume et al. 1994; Goodwin et al. 1996; references
region averaged 5.7. This suggests that not quite hightherein). It has been hypothesized that the accelerated
speed amino acid replacement has occurred at the prsubstitution rates at the reaction center site may be due to
mary contact region including the P1 reactive site. Nonesome sort of diversifying or positive Darwinian selection
of other highly substituted sites have so far been reportethat drives high rates of amino acid divergence, and that
to play crucial role in inhibitory action of SSI (Taguchi protease-secreting parasites may be the selective agent
1995). responsible for it (Hill and Hastie 1987). Interestingly,
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accelerated substitution rates at the reaction center site tematic bacteriology, vol 4. The Williams & Wilkins, Baltimore, pp

can be seen in between species comparisons, as well as 2333-2339 _
Goodwin RL, Baumann H, Berger FG (1996) Patterns of divergence

among paralogous inhibitors within a species (Creighton during evolution ofx1-proteinase inhibitors in mammals. Mol Biol
and Darby 1990). Evol 13:346-358

The present study shows that amino acid replacementsasegawa M, Hashimoto T (1993) Ribosomal RNA tree misleading?
at the P1 site of SSl-like proteins have been neither ac- Nature 361:23
celerated nor decelerated as compared to the other Va,lii_ashimoto T, Nakamura Y, Nakamura F, Shirakura T, Adachi J, Goto

. . . _ N, Okamoto K, Hasegawa M (1994) Protein phylogeny gives a
able sites (Table 3)’ and that all unambIQUOUSIy infer robust estimation for early divergences of eukaryotes: phylogenetic

rable pathways of amino acid substitutions (i.e., Lys place of a mitochondria-lacking protozoa@iardia lamblia. Mol
Met in node 2- node 1, Lys— Arg in hode 8- node Biol Evol 11:65-71
7 and in node 10— node 9) are not contrary to the Hatano K, Tamura T, Nishii T (1994) Taxonomic statuStreptomyces
reasonable pathways inferred in light of the extremely E)Oeiggog?‘:??é(g) and Streptomyces lividan§6. Actinomyceto-
hlgh G _+ Cconte,nt' It thus appeqrs that strong pOSItlveHiIl R?E, Hastie ND (1987) Accelerated evolution in the reactive centre
Darwinian selection at the P1 site postulated to have egions of serine protease inhibitors. Nature 326:96-99
operated on mammalian protease inhibitors may not havairomi K, Akasaka K, Mitsui Y, Tonomura B, Murao S (1985) Protein
dictated the evolution of the bacterial SSI-like proteins. protease inhibitor—the case @treptomycessubtilisin inhibitor
We have recently isolated three proteases from an (SS). Elsevier/North Holland, Amsterdam

- - . . lkenaka T, Odani S, Sakai M, Nabeshima Y, Sato S, Murao S (1974)
SSl-deficientS. albogriseolusmutant strain as candi Amino acid sequence of an alkaline proteinase inhibigtre{pto-

dates for intrinsic target proteases of SSI (Taguchi et al. mycesubtilisin inhibitor) fromStreptomycealbogriseolus S-3253.
1995b,c). One of the target proteases, termed SAM-P20, J Biochem 76:1191-1209
was found to be strongly inhibited by SSI both in vivo Kojima S, Obata S, Kumagai I, Miura K (1990) Alteration of the
and in vitro (Taguchi et al. 1995b,c), and homologs of Spec_iﬁ"i“é?ft ‘hﬁsTeptog"ﬁgfzgg"sm inhibitor by gene engi-

. . . . neering. blotecnnolo .
,the SAM-P20 gene WGI’Gj inferred to be distributed WldelyKojima S,gNishiyama Y?}:(umagai I, Miura K (1991) Inhibition of
in StreptomycegTaguchi et al. 1995a). On the basis of g piilisin BPN by reaction site P1 mutants Gtreptomycesub-
these data, we hypothesize that the major physiological tilisin inhibitor. J Biochem 109:377-382
role of the SSl-like inhibitor proteins is the activity regu- Kojima S, Kumagai I, Miura K (1993) Requirement for a disulfide
lation of intrinsic protease(s) rather than the defense Pridge near the reactive site of protease inhibitor Shigptomyces
against extrinsic protease(s). In this sense, it is possible Zl;gtl|ISIn inhibitor) for its inhibitory action. J Mol Biol 230:395—
that broad inhibitory specificities of SSI toward target ygjima s, Fujimura K, Kumagai I, Miura K (1994a) Contribution of
proteases can exert advantage in interacting as one mol- sait bridge in the protease inhibitor SSSteptomycesubtilisin
ecule with multiple target proteases with various sub- inhibitor) to its inhibitory action. FEBS Lett 337:195-199
strate specificities. Examination of the evolutionary Kojimas, Terabe M, Taguchi S, Momose H, Miura K (1994b) Primary
mode at the active sites of the intrinsic proteases from the structure and inhibitory properties of a proteinase inhibitor pro-

. . duced byStreptomyces cacadiiochim Biophys Acta 1207:120—
streptomycetes would provide a key to understanding the 55 ysireptomy phy

coevolutionary scheme between the inhibitors and cogtaskowski M Jr, Kato | (1980) Protein inhibitors of proteinases. Annu
nate protease(s). Rev Biochem 49:593-626
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