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Abstract. We previously found that proteinaceous
protease inhibitors homologous toStreptomycessubtili-
sin inhibitor (SSI) are widely produced by variousStrep-
tomycesspecies, and we designated them ‘‘SSI-like pro-
teins’’ (Taguchi S, Kikuchi H, Suzuki M, Kojima S,
Terabe M, Miura K, Nakase T, Momose H [1993]Appl
Environ Microbiol 59:4338–4341). In this study, SSI-
like proteins from five strains of the genusStreptoverti-
cillium were purified and sequenced, and molecular phy-
logenetic trees were constructed on the basis of the
determined amino acid sequences together with those
determined previously forStreptomycesspecies. The
phylogenetic trees showed that SSI-like proteins from
Streptoverticilliumspecies are phylogenetically included
in StreptomycesSSI-like proteins but form a monophy-
letic group as a distinct lineage within theStreptomyces
proteins. This provides an alternative phylogenetic
framework to the previous one based on partial small
ribosomal RNA sequences, and it may indicate that the
phylogenetic affiliation of the genusStreptoverticillium
should be revised. The phylogenetic trees also suggested
that SSI-like proteins possessing arginine or methionine
at the P1 site, the major reactive center site toward target
proteases, arose multiple times on independent lineages
from ancestral proteins possessing lysine at the P1 site.

Most of the codon changes at the P1 site inferred to have
occurred during the evolution of SSI-like proteins are
consistent with those inferred from the extremely high G
+ C content ofStreptomycesgenomes. The inferred mini-
mum number of amino acid replacements at the P1 site
was nearly equal to the average number for all the vari-
able sites. It thus appears that positive Darwinian selec-
tion, which has been postulated to account for acceler-
ated rates of amino acid replacement at the major
reaction center site of mammalian protease inhibitors,
may not have dictated the evolution of the bacterial SSI-
like proteins.

Key words: Protease inhibitor — Amino acid se-
quence alignment —Streptomyces — Streptoverticillium
— Molecular phylogeny — Reactive center site —
Amino acid replacement — Codon change — G + C
content — Positive Darwinian selection

Introduction

Streptomycessubtilisin inhibitor (SSI) is a proteinaceous
protease inhibitor (Murao and Sato 1972) whose struc-
ture–function relationships have been extensively stud-
ied in combination with a variety of physicochemical
methods and the generation of site-specific mutants (Hi-
romi et al. 1985; Kojima et al. 1990, 1991, 1993,
1994a,b). Finding that homologous proteins of SSI are
widely distributed in streptomycetes, particularly in two
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genera,StreptomycesandStreptoverticillium(traditional
classification), we have recently designated them ‘‘SSI-
like proteins’’ (Taguchi et al. 1992, 1993a,b), here ab-
breviated to ‘‘SIL’’ proteins for those inStreptomyces
and ‘‘SIL-V’’ proteins for those inStreptoverticillium.
To date, plasminostreptin (PSN) fromStreptomyces an-
tifibrinolyticus (Sugino et al. 1978), alkaline protease
inhibitor (API-2c8) from Streptomyces griseoincarnatus
(Suzuki et al. 1981),Streptomyces lividansprotease in-
hibitor (SLPI) orStreptomycestrypsin inhibitor 1 (STI1)
from Streptomyces lividans(Ueda et al. 1992; Strickler et
al. 1992), STI2 fromStreptomyces longisporus(Strickler
et al. 1992), and SAC-I fromStreptoverticillium cinna-
moneum(Tanabe et al. 1994) have been isolated inde-
pendently by us and other groups as SSI-like proteins,
and their structure—function relationships have been
well characterized (Kojima et al. 1994b; Taguchi et al.
1994; Terabe et al. 1994a,b, 1995, 1996; Ueda et al.
1992). To our knowledge, no other bacterial protease
inhibitor family has been found.

The discovery of these ‘‘natural mutants’’ of SSI
prompted us to investigate the evolutionary process of
inhibitor proteins in order to gain an insight into the
physiological significance of protease–protease inhibitor
interactions in nature (Taguchi 1995). In the present
study, complete amino acid sequences of five SIL-V pro-
teins newly isolated fromStreptoverticilliumstrains were
determined, and representative SSI-like proteins, includ-
ing these SIL-V proteins, were phylogenetically charac-
terized. The phylogenetic trees constructed are used to

address the following two subjects: (1) the phylogeny of
the producer strains on the basis of the molecular tree of
the SSI-like proteins, and (2) the tempo and mode of
amino acid replacement at the P1 site, the center of the
reactive site which primarily determines the inhibition
specificity of SSI-like proteins toward proteases (Hiromi
et al. 1985).

Materials and Methods

Bacterial Strains and Protease Inhibitor Samples.All the strains and
their protease inhibitors investigated in this study are listed in Table 1.
The fiveStreptoverticilliumstrains were provided by Dr. T. Nakase of
the Institute of Physical and Chemical Research (RIKEN), Wako-shi,
Japan.

Purification of SIL-V Proteins.The five SIL-V proteins were pu-
rified to homogeneity from the culture supernatants of theStreptover-
ticillium strains essentially as described previously (Taguchi et al.
1994).

S-Pyridylethylation of Cysteine Residues, Enzymatic and Chemical
Digestions, and Sequence Analysis.Cystine residues of purified SIL-V
proteins were reduced with dithiothreitol andS-pyridylethylated with
4-vinylpyridine as described previously (Taguchi et al. 1994). Diges-
tion of modified SIL-V proteins and their peptides by proteases or
BrCN was carried out as described previously (Taguchi et al. 1994;
Ueda et al. 1992). Amino acid sequences were determined using an
Applied Biosystems model 476A protein sequencer.

Complete Sequence Determination of SSI-like Proteins.(1) SIL-V1:
Digestion ofS-pyridylethylated SIL-V1 by arginyl endopeptidase pro-

Table 1. Bacterial strains and SSI-like proteinsa

Strain SSI-like protein Reference

Streptomyces SIL-protein
S. albogriseolusS-3253 ISP5003 SSI Murao and Sato 1972
S. antifibrinolyticusJCM7351 PSN Sugino et al. 1978
S. griseoincarnatusISP5274 API-2c8 Suzuki et al. 1981
S. lividans 66ISP5434 SLPI (STI1) Ueda et al. 1992
S. longisporusISP5166 STI2 Strickler et al. 1992
S. cacaoiISP5057 SIL1 Kojima et al. 1994b
S. parvulusISP5048 SIL2 Taguchi et al. 1994
S. coelicolorMüller ISP5233 SIL3 Taguchi et al. 1994
S. lavendulaeKCC-S985 SIL4 Taguchi et al. 1994
S. virginiaeISP5094 SIL8 Terabe et al. 1994b
S. thermotoleransISP5227 SIL10 Terabe et al. 1994a
S. hygroscopicusISP5578 SIL12 Terabe et al. 1996
S. galbusISP5089 SIL13 Terabe et al. 1994a
S. azureusISP5106 SIL14 Terabe et al. 1994a
S. bikiniensisJCM4011 SIL15 Terabe et al. 1995

Streptoverticillium SIL-V protein
Sv. flavopersicusISP5093 SIL-V1 This study
Sv. orinociISP5571 SIL-V2 This study
Sv. eurocidicusISP5604 SIL-V3 This study
Sv. netropsisISP5259 SIL-V4 This study
Sv. luteoverticillatusISP5038 SIL-V5 This study
Sv. cinnamoneumsubsp.cinnamoneum SAC-I Tanabe et al. 1994

a ISP: InternationalStreptomycesProject; JCM: Japan Collection of Microorganisms, Riken; KCC: KCC Culture Collection of Actinomycetes,
Kaken Pharmaceutical Co. Ltd
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duced six peptides, whose sequences were determined. The partial
sequence of intact SIL-V1 indicated that peptide A6 was an amino-
terminal fragment and that peptide A3 followed it. Peptide A5, pos-
sessing no Arg residue, was a carboxy-terminal fragment. The connec-
tivities of A3-A1-A2-A4 and A4-A5 were confirmed by sequence
analysis of theS. aureusV8 protease-digested peptides, V3 and V1,
respectively, as shown in Fig. 1A.

(2) SIL-V2: Four peptides isolated from theS. aureusV8 protease
digests ofS-pyridylethylated SIL-V2 were subjected to sequence analy-
sis. By comparison with the partial sequence of intact SIL-V2, peptide
V4 was found to be an amino-terminal fragment. Peptide V2, with no
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 digests ofS-pyridylethylated 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
sequence of SIL-V2 is shown in Fig. 1B.

(3) SIL-V3: The amino acid sequences of five peptides obtained by
S. aureusV8 protease digestion ofS-pyridylethylated SIL-V3 were
determined. The partial sequence of intact SIL-V3 confirmed the order
V5–V3 in the amino-terminal region. Peptide V4, having Phe as a
carboxy terminus, was a carboxy-terminal fragment. The sequences of
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 theS.
aureusV8 protease digests ofS-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 residue.
The amino acid sequences of peptides L2 and L1 isolated from the
lysylendopeptidase digests clarified the remaining sequence of the car-
boxy-terminal region in peptide V3, and the sequence of peptide L5
confirmed the connectivities of V3-V2-V1-V4, as shown in Fig. 1D.

(5)SIL-V5: Six peptides were isolated from theS. aureusV8 pro-
tease digests ofS-pyridylethylated SIL-V5 and their sequences were
analyzed. Peptide V6, whose sequence was identical to that of intact
SIL-V5, was positioned at an amino terminus. Peptide V5, possessing
Phe as a carboxy-terminal residue, was a carboxy-terminal fragment.
Sequence analysis of peptide L1 and L2 isolated from the lysylendo-

peptidase digests, peptide N3 obtained by asparginylendopeptidase di-
gestion, and peptide VA2 isolated from the arginylendopeptidase di-
gests of peptide V6 clarified the remaining sequence of the carboxy-
terminal region in peptide V6, as shown in Fig. 1E. Peptide L2 also
confirmed the connectivities of V6-V4-V3-V2-V1-V5.

The complete amino acid sequences of the five SIL-V proteins were
thus determined. The revealed carboxy-terminal sequences were con-
sistent with the results of carboxypeptidase A treatment of intact SIL-V
proteins, as shown in Fig. 1. All the amino acid sequences determined
in the present study will appear in the EMBL amino acid sequence data
base with accession numbers P80596–P80600.

Data Analysis.SSI-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)
with NEIGHBOR of the PHYLIP package after pairwise sequence
differences (Table 2) were calculated with PROTDIST using the Day-
hoff PAM001 matrix. Confidence values for internal lineages were
assessed from 300 bootstrap replications of the original sequence data.
Maximum parsimony (MP) analyses were done with PROTPARS of
the package and the majority rule consensus tree was obtained with
CONSENSE.

Results

Determination of Complete Amino Acid Sequences of
SIL-V Proteins

Figure 1 shows the complete primary structures of the
five SIL-V proteins determined by the sequencing strat-
egy described in Materials and Methods. Like other SIL
proteins as well as SSI, each SIL-V protein is composed
of approximately 100 amino acids. The amino acid se-
quence of SIL-V1 turned out to be identical to that of
SIL-V4.

Fig. 1. Complete amino acid sequences and sequencing strategy for SIL-V1(A), SIL-V2 (B), SIL-V3 (C), SIL-V4 (D), and SIL-V5(E). Long
arrows delineate amino acid sequences identified by the sequencer anddashed linesindicate the remaining regions. Amino acids released by
carboxypeptidase A are indicated byCP.
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Sequence Comparison of SSI-Like Proteins

The sequences of the five SIL-V proteins fromStrepto-
verticillium—i.e., SIL-V1(V4), V2, V3, and V5—
together with that for SAC-I, were aligned with the 15
sequences of SIL proteins fromStreptomycesalready
determined using Clustal W (Fig. 2). The alignment var-
ied in a few local regions when alignment parameters
(e.g., gap penalties) and matrices were changed. How-
ever, these small variations in alignment proved to have
little influence on the phylogenetic framework con-
structed from the aligned sequence data. In Fig. 2, 27
amino acid residues out of the total of 112 are seen to be
completely conserved among the 20 SSI-like proteins.
Another eight residues are semiconserved within catego-
ries of chemically similar amino acids. The existence of
these conservation sites and the scarcity of gap sites sup-
port the legitimacy of this alignment, which is also con-
sistent with the tertiary structure of SSI as deduced from
crystallographic studies (Mitsui et al. 1979a,b). In fact,
the 27 conserved residues, marked with asterisks in Fig.
2, correspond well with those that may be required for
structure maintenance and the inhibitory action of the
SSI and SIL proteins (Kojima et al. 1993, 1994a; Tagu-
chi et al. 1994). For example, residues Val13, Arg29,
Trp86, Cys71, Cys101, Asn99, and Phe113 have been
shown or are considered to play roles in folding the
proper structural coordination of residues around the re-
action center or residues for dimer formation, and sub-
stitution at these residues had a drastic result—the con-
version of the inhibitor molecule to a substrate of

subtilisin BPN8 (Hiromi et al. 1985; Kojima et al. 1993,
1994a; Tamura et al. 1991).

Molecular Phylogeny of SSI-Like Proteins

Table 2 provides the pairwise differences among SSI-
like proteins calculated with PROTDIST using the Day-
hoff PAM001 matrix. The pairwise differences range
from 0.01 to 1.10 with an average of 0.64, and there is a
clear tendency for pairwise differences involving one of
three SIL proteins (SIL1, SIL8, and SIL15) as a partner
to be larger than those for pairs within the other 17
SSI-like proteins. This suggests that these three SIL pro-
teins are phylogenetically distant from the other 17 SSI-
like proteins and that the phylogenetic root of all the
SSI-like proteins is likely to lie on a lineage leading to
one or another of these three SIL proteins.

Figure 3 shows an NJ tree constructed from the pair-
wise difference data in Table 2. No other SSI-like protein
sequences exist that clearly serve as an outgroup to these
proteins. A phylogenetic tree constructed by the UPGMA
(Unweighed Pair-Group Method with Arithmetric Mean)
method, which assumes a constancy of evolutionary rates
on each lineage, placed the root on the terminal lineage
leading to SIL-1 (data not shown). The root of the NJ tree
is thus tentatively placed on the terminal lineage leading
to SIL1. Phylogenetic relationships supported by more
than 95% bootstrap probability values are usually con-
sidered to be statistically significant. By this criterion,
sister-group relationships for the following SSI-like pro-

Table 2. Pairwise sequence differences among SSI-like proteinsa

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

1. SSI
2. API-2c8 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 0.43 0.33 0.34 0.28 0.48 0.25
9. SLPI 0.44 0.49 0.38 0.34 0.36 0.43 0.32 0.29

10. SIL3 0.44 0.47 0.32 0.35 0.38 0.44 0.32 0.31 0.01
11. SIL2 0.50 0.46 0.31 0.29 0.37 0.46 0.31 0.30 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 0.81 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 0.93 0.98 0.95 0.97 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 0.82 0.85 0.85 0.84 0.83 0.81 0.89 0.88 0.84 1.10 1.01 1.08 0.94 1.07 0.97 0.58
20. SIL1 0.99 1.01 0.96 1.03 1.01 0.92 0.96 0.86 0.81 0.81 0.83 0.93 0.95 0.94 0.96 1.00 0.90 1.10 1.06

a Pairwise sequence differences among aligned SSI-like proteins (see Fig. 2) were calculated with PROTDIST of the PHYLIP package using the
Dayhoff PAM matrix, an empirical model that scales probabilities of change from one amino acid to another. The values shown are scaled in units
representing the expected fraction of amino acids that have changed
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teins are statistically supported: (1) SSI and API-2c8; (2)
SLPI and SIL3; (3) SLPI, SIL3, and SIL2; (4) SAC-I and
SIL-V5; and (5) SIL8 and SIL15. Two other clusterings
are also supported by strong bootstrap values: (6) SSI,
API-2c8, SIL14, SIL10, STI2, SIL4, PSN, SIL13, SLPI,
SIL3, and SIL2; and (7) SAC-I, SIL-V5, SIL-V3, SIL-
V2, and SIL-V1(V4). However, since the bootstrap val-
ues for the other branches are far less than the significant
level, the phylogenetic relationships corresponding to
these branches are considered not to be reliably resolved
in this study.

We also constructed an MP tree using the same
dataset (Fig. 4). The MP tree obtained is essentially con-
sistent with the NJ tree with respect to branching patterns
and the confidence levels of individual branches. Minor
discrepancies between the two trees exist in the place-

ment of (1) SIL12, (2) SIL-V2 and SIL-V3, and (3)
SIL14 and SIL10, but none of these relationships is sta-
tistically significant in either tree. It is therefore con-
cluded that the MP and NJ trees consistently establish the
phylogenetic relationships of (1)–(7) described above.

Discussion

Phylogenetic Utility of SSI-Like Proteins

Molecular phylogenetic studies of bacteria have been
based mostly on small rRNA sequences (Olsen et al.
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
makes rRNA sequences applicable to the systematic
study of both distantly and closely related species. Not-
withstanding the advantages of small rRNA sequences as
a useful molecular phylogenetic tool, however, the ne-
cessity of adopting other molecules in addition to rRNA
sequences has been pointed out (see, e.g., Eisen 1995;
Hasegawa and Hashimoto 1993, for reasons and discus-
sion). Trees based on rRNA sequences may be more
directly affected by an unequal base frequency of the
genome than those based on protein sequences. In this
context, the employment of protein sequences as a phy-
logenetic tool may be especially important for analyzing
microorganisms with extremely high G + Ccontents, as
is the case with streptomycetes (Wright and Bibb 1992).
In our case, the amino acid frequencies of SSI-like pro-
teins were free from the bias of streptomycetes genome

Fig. 2. Alignment of SSI-like protein sequences. The alignment was
done with the Clustal W alignment software. Sequence sources of the
SSI-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 begins
from the seventh residue of the SSI protein.Bars represent gaps. An
asteriskdenotes the complete conservation of an amino acid at the
corresponding residue, while asmall dotmeans that the corresponding
residue is semiconserved within a category of chemically similar amino
acids.

Fig. 3. Neighbor-joining tree for SSI-like proteins. The tree was con-
structed from the data presented in Table 2 as described in Materials
and Methods. Bootstrap probability values from 300 replications are
shown at the corresponding branches. Thescale barrepresents a dif-
ference corresponding to 0.1 (10%). The root is tentatively placed at an
arbitrary position on the terminal lineage leading to SIL1 (see text for
the reasoning).
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G + C content (data not shown), as in the case described
previously (Hashimoto et al. 1994).

The SSI-like proteins used in this study are widely
distributed in the generaStreptomycesandStreptoverti-
cillium. Genes for three SIL proteins—SSI, STI1, and
STI2 (Obata et al. 1989; Strickler et al. 1992)—were
found to be encoded as a single copy in the genome,
which discounts the possibility that a paralogous com-
parison is being made among duplicated genes. Although
the SSI-like proteins produce a limited amount of se-
quence information (approximately 110 amino acids),
they can be obtained in large amounts by cultivation, and
it is relatively easy to determine their primary structures
by automated Edman degradation of peptides generated
by enzymatic and chemical digestions. The extremely
high G + Ccontent makes it difficult to sequence genes
of Streptomyces,but determination of amino acid se-

quences is free from this constraint. For these various
reasons. SSI-like proteins were expected to provide an
alternative phylogenetic framework forStreptomycesto
the previous one based on partial small rRNA sequences
(Wellington et al. 1992).

Phylogenetic Affiliation of Streptoverticillium

Members of the genusStreptoverticilliumhave tradition-
ally been classified separately from those of the genus
Streptomyces,mostly 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)
(Wellington et al. 1992; Williams et al. 1983; Witt and
Stackebrandt 1990) and partial amino acid sequences
corresponding to the amino-terminal regions ofEsch-
erichia coli L30 protein homologs (about 20 amino ac-
ids) (Ochi and Hiranuma 1994) from several species of
Streptoverticilliumsuggests that members of the genus
Streptoverticillium are phylogenetically included in
those of the genusStreptomycesin such a way that mem-
bers of the two genera are not separated but mixed in the
manner of a mosaic. Our trees based on SSI-like proteins
(Figs. 3 and 4) are consistent with these findings in that
Streptoverticilliumspecies are phylogenetically included
in Streptomyces,but differ in that Streptoverticillium
forms a monophyletic group as a clade withinStrepto-
myces.This relationship is supported by high bootstrap
values—i.e., 92% for the NJ tree (Fig. 3) and 89% for the
MP tree (Fig. 4). We thus consider that a monophyletic
relationship among theStreptoverticilliumspecies is
very likely, which points to the importance of the for-
mation of spore whorls as a shared derived character in
members of this genus.

The closer relationship among theStreptoverticillium
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
sequence features characteristic of these proteins. For
instance, a one-residue insertion in the flexible loop re-
gion of SSI (Thr64 to Met70 of SSI) was observed only
for SIL-V proteins, whereas a two-residue insertion was
observed for SIL8, -12, and -15, and a three-residue in-
sertion was seen for SIL1. There are four residues
(Gln52, Lys67, Pro100, and Lys107) which are com-
pletely conserved among SIL-V proteins but are never
observed in SSI and other SIL proteins, although their
contribution to the structure and function of inhibitor
proteins remains uncertain. Taken together, these results
support the monophyly of the species which produce
SIL-V proteins.

The complete identity of primary structure between
SIL-V1 and SIL-V4 accords with the classification of
their producer strains (Sv. flavopersicusandSv. netrop-
sis) in the same category (I.-1.) by Goodfellow (1989).

Fig. 4. Maximum parsimony tree for SSI-like proteins. The tree was
constructed as described in Materials and Methods. Four equally par-
simonious trees were obtained and the 50% majority rule consensus
tree among them is shown. Since the root is likely to lie on a lineage
leading to SIL1 or to SIL8–SIL15 (see text), the root is tentatively
placed at node 16.Numbersare given to individual nodes.Numbers on
each branchrepresent the corresponding bootstrap probability values
from 300 replications, and branches for which the corresponding rela-
tionships are supported by >95% bootstrap probability are athick line.
The amino acid residue at the P1 site is shown for each SSI-like protein.
Amino acid residues unambiguously inferred as an ancestral state by
MP analysis are shown at each node. Phylogenetic positions 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
there are two equally parsimonious possibilities for the assignment of
the character state at these nodes. If lysine was present at nodes 15 and
16, changes for K→ R, K → M, and K → Q are inferred to have
occurred for node 16→ SIL1, node 15→ SIL8, and node 15→ SIL15,
respectively. If arginine was present at these nodes, changes for R→
K, R → M, and R→ Q are expected for node 16→ node 14, node 15
→ SIL8, and node 15→ SIL15, respectively.
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The close phylogenetic relationship among SLPI, SIL3
(see Figs. 3 and 4), and SILA3 (Taguchi et al. 1996)
points to a close relationship among their producer
strains,S. lividans66, S. coelicolorMüller, andS. coe-
licolor A3(2), and is in agreement with previous studies
on genomic mapping, DNA-DNA hybridization, and
chemical taxonomy (Hatano et al. 1994). Thus, the mo-
lecular phylogeny based on SSI-like proteins is mostly
consistent with previous knowledge concerning the phy-
logeny of streptomycetes.

Molecular Evolution at the P1 Reactive Site

Although the structure–function relationships between
SSI and proteases have been studied extensively, the
physiological roles of protease–inhibitor interactions in
the life cycle ofStreptomyceshave not been well elu-
cidated. On the basis of an analysis of mutant strains
devoid of SSI or API-2c8, it has been suggested that
SSI-like proteins may play an important role(s) in physi-
ological and/or morphological regulation inStreptomy-
ces (Taguchi et al. 1995b,c). With the aim of gaining
further insight into the physiological significance of SSI-
like proteins, we examined the tempo and mode of evo-
lution at the P1 site. The center of the reactive site, P1, of
serine protease inhibitors generally corresponds to the
major specificity determinant toward proteases (Laskow-
ski and Kato 1980).

As shown in Fig. 2, four amino acids (Lys, Arg, Met,
and Gln) are observed as P1 site residues of the SSI-like
proteins. By MP analyses of the SSI-like protein se-
quences, the occurrence of the different P1 site residues
could be assigned to specific lineages on the phyloge-
netic tree (Fig. 4). For instance, SSI and API-2c8 pos-
sessing Met at the P1 site are likely to have arisen from
SSI-like proteins possessing Lys at the P1 site in the
evolutionary process of node 2→ node 1. SIL8, which
also possesses Met at the P1 site, is phylogenetically
distinct from SSI or API-2c8, and may thus have arisen
from an SSI-like protein possessing Lys or Arg at the P1
site in the evolutionary process of node 15→ SIL8.
Among SSI-like proteins possessing Arg at the P1 site,
SLPI, SIL3, and SIL2 are clearly distinct from SAC-I
and SIL-V5, suggesting that these two subgroups inde-
pendently evolved from SSI-like proteins possessing Lys
at the P1 site (in the evolutionary processes of node 8→
node 7 and node 10→ node 9, respectively). It is also
obvious that the Arg residue at the P1 site of SIL1 has an
independent origin. Hence, these proteins are likely to
have acquired the same amino acid residue at the P1 site
by parallel amino acid substitutions. SIL15, possessing
Gln at the P1 site, may have evolved from an ancestral
protein possessing Lys or Arg at the P1 site in the evo-
lutionary process of node 15→ SIL15.

We tried to infer the mode of codon changes corre-
sponding to these amino acid replacements at the P1 site.

A notable feature ofStreptomycesis a high G + Ccom-
position (>70 mol%) in its genomic DNA (Wright and
Bibb 1992), presumably driven by ‘‘GC pressure’’ caus-
ing a mutation from A:T pairs to G:C pairs at high fre-
quency (Sueoka 1962; Muto and Osawa 1987). Since the
G + C content at the third position of the codons reaches
approximately 93%, codon usage is also extremely bi-
ased (Wright and Bibb 1992). The codon usage compiled
from 64Streptomycesgenes (Wright and Bibb 1992) is:
Lys (AAA: 4.9% andAAG: 95.1%), Arg (CGT: 6.3%,
CGC: 46.2%, CGA: 3.9%,CGG: 36.5%, AGA: 1.3%,
and AGG: 5.7%), Met (ATG: 100%), and Gln (CAA:
6.7% andCAG: 93.3%) (major codons are italicized).
The codon sequences for the P1 site residues of SSI,
SLPI (STI1), and STI2 were identified as ATG (Met),
CGG (Arg), and AAG (Lys), respectively (Ikenaka et al.
1974; Obata et al. 1989; Strickler et al. 1992), which is
consistent with biased codon usage.

Figure 5 shows plausible codon change pathways
among Lys, Arg, Met, and Gln and the minimum number
of base substitution steps needed for the individual path-
ways. All changes from Lys to Met in node 2→ node 1,
and from Lys to Arg in node 8→ node 7 and in node 10
→ node 9 require a single step in a direction that is
consistent with the GC pressure (Fig. 5). The P1 site
residue of an ancestral SSI-like protein at node 16 (Fig.
4) was inferred to be either Lys or Arg by MP analysis.
If Lys were present at the P1 site of node 16, all of the
changes for Lys→ Arg in node 16→ SIL1, Lys → Met
in node 15→ SIL8, and Lys→ Gln in node 15→ SIL15

Fig. 5. Possible codon change pathways at the P1 site of SSI-like
proteins. Four amino acids—lysine, arginine, methionine, and gluta-
mine—occur at the P1 site of the SSI-like proteins (see Figs. 2 and 4).
The most parsimonious codon change pathway(s) is sought between the
most likely codons corresponding to these amino acids in the light of
the high G + Ccontent of genome; the number of steps needed for each
pathway is indicated by thedifferent kinds of lines.The most plausible
direction of the codon change pathway(s) in light of the high G + C
content is indicated by anarrow. Since synonymous codon changes
occur much more rapidly than nonsynonymous ones, no step is as-
signed to such synonymous pathways as AGG→ CGG in PROTPARS
of the PHYLIP package.
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could be achieved by only one base substitution step that
is consistent with GC pressure. On the other hand, if Arg
were present at the P1 site of node 16, all of the changes
for Arg → Lys in node 16→ node 14, Arg→ Met in
node 15→ SIL8, and Arg→ Gln in node 15→ SIL15
would be against the GC pressure. It is therefore most
likely that an ancestral SSI-like protein at node 16 pos-
sessed Lys at the P1 site, under the assumption that the
root of all the investigated SSI-like proteins comes to any
point on the lineages leading to either SIL1 or SIL8–
SIL15, as described above. This proposition, however,
needs to be evaluated in more detail by collecting addi-
tional SSI-like protein sequences.

Table 3 shows the inferred minimum number of
amino acid replacements at each residue of the listed
SSI-like proteins during the course of their evolution. As
pointed out earlier, no amino acid replacement appears to
have occurred at 27 of the 112 sites, but replacements
may have occurred at the remaining 85 sites at different
frequencies (ranging from 1 to 15.3, with an average of
6.3). At the P1 site (residue 72 corresponding to Met73
of SSI), a minimum of six substitutions are assigned.
This almost equals the average number of all the variable
sites, suggesting that the rate of amino acid replacement
at the P1 site is neither accelerated nor decelerated as
compared to those of the other variable sites. The pri-
mary contact region of SSI with subtilisin BPN8 was
assigned in the region Gly66 to Tyr75 (Mitsui et al.
1979a) and a minimum substitution of amino acid at its
region averaged 5.7. This suggests that not quite high-
speed amino acid replacement has occurred at the pri-
mary contact region including the P1 reactive site. None
of other highly substituted sites have so far been reported
to play crucial role in inhibitory action of SSI (Taguchi
1995).

Evolutionary Implications

What do these findings imply with respect to the evolu-
tionary constraints operating on SSI-like proteins and
with respect to the physiological role of these proteins?
As explained above, the structure–function relationships
of naturally occurring SSI-like proteins, as well as of
mutagenized SSIs, have been well characterized and
point to the P1 residue playing a predominant role in
determining interactions with target proteases (Taguchi
et al. 1995b,c). SIL proteins possessing such basic amino
acids as Arg or Lys at the P1 site have been found to
inhibit trypsin in vitro (Kojima et al. 1994b; Taguchi et
al. 1994; Terabe et al. 1995, 1996), while mutagenesis
studies of SSI have shown that replacement of the P1 site
residue (Met73) by either Lys or Tyr results in the ac-
quisition of inhibitory activity toward trypsin or chymo-
trypsin, respectively, without substantial loss of inhibi-
tory activity toward the extrinsic protease, subtilisin
(Kojima et al. 1990, 1991). All five SIL-V proteins pu-
rified in this study exhibited effective inhibition toward
trypsin (Taguchi S, unpublished data), which is consis-
tent with a Lys or Arg residue occupying their P1 site.

It is widely known that the major reaction center site
of mammalian protease inhibitors has undergone amino
acid substitution at considerably higher rates than the
other sites of the inhibitors in some rodent lineages on
which genes for the inhibitors are multiplied by gene
duplication (Hill and Hastie 1987; Suzuki et al. 1991;
Rheaume et al. 1994; Goodwin et al. 1996; references
therein). It has been hypothesized that the accelerated
substitution rates at the reaction center site may be due to
some sort of diversifying or positive Darwinian selection
that drives high rates of amino acid divergence, and that
protease-secreting parasites may be the selective agent
responsible for it (Hill and Hastie 1987). Interestingly,

Table 3. Inferred minimum number of amino acid replacements at each residue of SSI-like proteinsa

0b 1 2 3 4 5 6 7 8 9

0c 1 1 1 0 0 2 0 2 1
10 7.3 3 7.5 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 12
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 5.5 0 9

100 0 10 9 7 6 11 6 10 9 4
110 5 8 0

a The minimum numbers of amino acid replacements inferred to have
occurred during the evolution of SSI-like proteins were obtained with
PROTPARS of the PHYLIP package. The values shown are the aver-
ages of those obtained from four equally parsimonious trees. The num-
bering of residues in this table, which refer to the conventional

numbering system for SSI (see Fig. 2), starts with the conventional
residue 7 and counts gap sites. Thus, the P1 site (Met73 for SSI)
corresponds to residue No. 72 in this table
b Columns: digits of corresponding residue numbers
c Rows: tens or hundreds of corresponding residue numbers
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accelerated substitution rates at the reaction center site
can be seen in between species comparisons, as well as
among paralogous inhibitors within a species (Creighton
and Darby 1990).

The present study shows that amino acid replacements
at the P1 site of SSI-like proteins have been neither ac-
celerated nor decelerated as compared to the other vari-
able sites (Table 3), and that all unambiguously infer-
rable pathways of amino acid substitutions (i.e., Lys→
Met in node 2→ node 1, Lys→ Arg in node 8→ node
7 and in node 10→ node 9) are not contrary to the
reasonable pathways inferred in light of the extremely
high G + Ccontent. It thus appears that strong positive
Darwinian selection at the P1 site postulated to have
operated on mammalian protease inhibitors may not have
dictated the evolution of the bacterial SSI-like proteins.

We have recently isolated three proteases from an
SSI-deficientS. albogriseolusmutant strain as candi-
dates for intrinsic target proteases of SSI (Taguchi et al.
1995b,c). One of the target proteases, termed SAM-P20,
was found to be strongly inhibited by SSI both in vivo
and in vitro (Taguchi et al. 1995b,c), and homologs of
the SAM-P20 gene were inferred to be distributed widely
in Streptomyces(Taguchi et al. 1995a). On the basis of
these data, we hypothesize that the major physiological
role of the SSI-like inhibitor proteins is the activity regu-
lation of intrinsic protease(s) rather than the defense
against extrinsic protease(s). In this sense, it is possible
that broad inhibitory specificities of SSI toward target
proteases can exert advantage in interacting as one mol-
ecule with multiple target proteases with various sub-
strate specificities. Examination of the evolutionary
mode at the active sites of the intrinsic proteases from the
streptomycetes would provide a key to understanding the
coevolutionary scheme between the inhibitors and cog-
nate protease(s).
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