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Signal peptidases remove signal peptides from secre-
tory proteins. By comparing the type I signal peptidase,
SipS, of Bacillus subtilis with signal peptidases from pro-
karyotes, mitochondria, and the endoplasmic reticular
membrane, patterns of conserved amino acids were dis-
covered. The conserved residues of SipS were altered by
site-directed mutagenesis. Replacement of methionine 44
by alanine yielded an enzyme with increased activity.
Two residues (aspartic acid 146 and arginine 84) ap-
peared to be conformational determinants; three other
residues (serine 43, lysine 83, and aspartic acid 153) were
critical for activity. Comparison of SipS with other pro-
teases requiring serine, lysine, or aspartic acid residues
in catalysis revealed sequence similarity between the re-
gion of SipS around serine 43 and lysine 83 and the active-
site region of LexA-Iike proteases. Furthermore, self-
cleavage sites of LexA-Iike proteases closely resembIed
signal peptidase cleavage sites. Together with the finding
that serine and lysine residues are critical for activity of
the signal peptidase of Escherichia coli (Tschantz, W. R.,
Sung, M., Delgado-Partin, V. M., and Dalbey, R. E. (1993) J.
Biol. Chem. 268,27349-27354), our data indicate that type
I signal peptidases and LexA-Iike proteases are structur-
ally and functionally related serine proteases. A model
envisaging a catalytic serine-Iysine dyad in prokaryotic
type I signal peptidases is proposed to accommodate our
observations.
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The most important common feature of protein transport
across the cytoplasmic membrane of prokaryotes and the en-
doplasmic reticular (ER)l membrane of eukaryotes is the fact
that transported proteins are synthesized with an amino-ter-
minal signal peptide. The signal peptide is required for protein
targeting to the membrane and initiation of protein transloca-
tion across the membrane (1-4). Although the primary struc-
ture of signal peptides is poorly conserved, three domains can
be distinguished in all of them: first, a short amino-terminal
domain with at least one positively charged amino acid; second,

a central hydrophobic domain (h-region) of 7-15 amino acids;
and third, a polar carboxyl-terminal domain (c-region) of 3 to 7
amino acids (3). Structurally related signal peptides are re-
quired for protein transport to the mitochondrial intermem-
brane space (5). During translocation ofthe protein across the
membrane, the signal peptide is removed (processing) by signal
peptidases (SPases; Ref. 6). The c-region specifies the SPase
cleavage site (7, 8). Turn-promoting residues that are car-
boxyl-terminal to the cleavage site are required for efficient
processing (9).

The prokaryotic SPases, which recognize typical signal pep-
tides as described above, are known as type I SPases, or leader
peptidases (Lep). These membrane proteins process the major-
ity of exported bacterial pre-proteins (10, 11). Three type I
SPases of Gram-negative bacteria have been characterized.
These are Lep (EC) of Escherichia coli (10), Lep (ST) of Salmo-
nella typhimurium (12), and Lep (PF) of Pseudomonas fluores-
cens (13). Lep (ST) and Lep (PF) show a high degree of sequence
identity with Lep (EC) (93 and 50%, respectively) over almost
their entire length. As demonstrated for Lep (EC), these three
proteins possess two amino-terminal membrane anchors, and
both their amino- and carboxyl-terminal moieties are exposed
to the periplasm (14).

Recently, we identified SipS of Bacillus subtilis, which is the
first characterized type I SPase of a Gram-positive bacterium
(15). Although SipS shows some sequence similarity with Lep
(EC/ST/PF), it is structurally quite distinct from the latter
enzymes (15, 16). First, SipS (184 residues) is much smal1er
than Lep (EC/ST/PF) (323,324, and 284 residues, respectively).
Second, three regions of Lep (EC/ST/PF) are absent from SipS.
One of the missing regions corresponds to the first membrane
anchor ofLep (EC/ST/PF). Unexpectedly, SipS showed a much
higher degree of similarity with a subunit (Imp1p) of the mi-
tochondrial inner membrane protease I (ImpI) of Saccharomy-
ces cerevisiae (17), which processes proteins targeted to the
inter-membrane space. Like SipS, Imp1p has only one mem-
brane anchor, and both proteins share similarities over almost
their entire length (27% identity; Ref. 15). The alignment of
SipS, Lep (EC/ST), and Imp1p revealed patterns of conserved
amino acids in five distinct regions (denoted A-E) of each
enzyme (Fig. 1). Thef!e patterns were also detectable in the
Imp2p subunit of ImpI (18, 19), the Sec11 subunit of the ER
SPase complex (SPC) of S. cerevisiae (20), and the two subunits
Spc18 and Spc21 ofthe canine ER SPC (21,22). Thus, with the
sequence of SipS, we could demonstrate structural similarities
between prokaryotic and eukaryotic SPases, indicating that
these proteins belong toone class of enzymes (15).

In the present study we investigated which residues are
required for SipS to be functional. We concentrated on those
residues that are conserved in all type I SPases because we
anticipated that these would be the most important. The resi-
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FIG. 1. Patterns of conserved amino acids in prokaryotic and
eUkaryotic SPases. The comparison includes the deduced amino acid
sequences ofSipS of B. subtilis (15), Lep (EC) of E. coli (10), Lep (ST) of
S. typhimurium (12), Lep (PF) of P. fluorescens (13), the Imp1p and
Imp2p subUnits of the mitochondrial inner membrane protease lof S.
cerevisiae (17, 18), the Sec11 subUnit ofthe ER SPC of S. cerevisiae (20),
and the Spc18 and Spc21 subUnits ofthe canine ER SPC (21,22). Five
subregions, A-E, containing the most conserved patterns of amino
acids, are shown. To facilitate the comparison, the SPases were divided
into three groups: first, prokaryotic SPases (SipS, Lep (EC), Lep (ST),
Lep (PF»; second, the mitochondrial Imp1p and Imp2p; and third,
eukaryotic SPases (Sec11, Spc18, Spc21). Identical residues or conserv-
ative changes are only boxed when present in at least two ofthe groups
of SPases. Consequently, in some cases, nonconserved amino acids are
present in one box. Numbers refer to the position ofthe first amino acid
of each subregion in the respective SPases. Residues important for the
activity (*) and conformation (6) of SipS are indicated.

dues ofregion A (Fig. 1) were not analyzed because they reside

in the membrane anchor of SipS. This part of the protein is

probably not required for the catalytic reaction, because a

truncated soluble form of Lep (EC), lacking both anchors, is

still capable of correct signal peptide cleavage (23).

MATERIALS AND METHODS

Plasmids, Bacterial Strains, and Media-Table I lists the plasmids
and bacterial strains used. TY medium (tryptone/yeast extract) con-
tained Bacto-tryptone (1%), Bacto-yeast extract (0.5%), and NaCl (1%).
M9 medium-1 and -2 used in the labeling of E. coli were prepared as
described in Ref. 24. Both M9 media were supplemented with ampicillin
(40 JLg/ml).

DNA Techniques-Procedures for DNA purification, restriction, liga-
tion, and agarose gel electrophoresis were carried out as described in
Ref. 25. Enzymes were from Boehringer (Mannheim, Germany). E. coli
MC1061 was electrotransformed with ligation mixtures, using a Bio-
Rad Gene PulserTM. Polymerase chain reactions (PCR) were carried out
with the Vent DNA polymerase (New England Biolabs). For site-di-
rected mutagenesis of SipS residues in region B, the following protocol
was used. Chromosomal template DNA of B. subtilis was denatured for
1 min at 94 °C. Next, two primers (primer M and primer B; Table II
were used to amplify DNA fragments in 20 cycles of denaturation (30 s;
94 °C), primer annealing (1 min; 50 °C), and DNA synthesis (1.5 min;
73 °C). In addition to the desired mutations, primer M specified a SalI
site. Primer B specified either a BclI or an EcoRI site (Table II). \
Amplified fragments were purified with the Qiagen PCR purification
spin kit (Qiagen Inc., Chatsworth, CA), digested overnight with appro-
priate restriction enzymes, and ligated to linearized plasmid DNA
(pMO). When a mutation was to be introduced in the middle part of a
DNA fragment (e.g. mutations in regions C, D, and E of SipS), two
subsequent PCR reactions were performed. A first PCR with a muta-
genic primer (primer M; Table II) and limiting amounts of a primer
specifying one end point of the desired fragment (primer B; Table II)
was performed as described above. Next, about 0.2 JLg ofthe amplified
fragment from the first PCR was used as a primer in the second PCR
step together with a third primer (primer A; Table II) specifying the
other end point of the desired fragment. This second PCR was carried
out under the same conditions as the first PCR. The sequences of all
DNA fragments obtained through PCR were verified by the dideoxy-
chain termination method (26), using the T7 sequencing kit (Pharma-
cia, Uppsala, Sweden). 35S-dATP was from Amersham (Radiochemical
Centre, Amersham, UK). DNA and protein sequences were analyzed
using version 6.7 ofthe PCGene Analysis Program (Intelligenetics Inc.,

Mountain View, CA), The FASTA algorithm (27) was used for protein
comparisons in the Swiss Protein Data base (release 18), the Atlas
of protein and genomic sequences (release September 1993; MIPS,
Martinsried, FRG), and the EMBL Nucleotide Sequence Data Bank,
The RDF2 program was used to evaluate sequence similarities (28), To
calculate z values, the KTUP value was set to 2, and 500 random
shumes ofthe test sequences were perforrned, Alignrnents with z values
greater than 6 were considered significant; alignments with z values
smaller than 3 were considered insignificant,

Pulse-Chase Protein Labeling, Immunoprecipitation, SDS-PAGE,
and Fluorograph-Pulse-chase labeling, immunoprecipitation, and
SDS-PAGE were perforrned as described in Refs, 15, 24, and 29, 14C-
Methylated molecular weight markers were from Amersham Interna-
tional, Fluorography was perforrned as described in Ref, 30, Relative
amounts of precursor and mature forrns of (A13i)-/3-lactamase were
estimated by film scanning with an LKB ultroscan XL laser densitom-
eter, The activities of SipS mutants were compared with that of wild-
type SipS by comparing the relative amounts ofmature (A13i)-/3-lacta-
mase obtained after a chase period of 10 rnin or 3 h in the presence of
the wild-type or the mutant enzyme,

SipS antiserum-A SipS-based peptide (sippep 1) with the sequence
NKKRAKQD (residues 115-122 of SipS) was synthesized by Eurose-
quence B,V, (Groningen, The Netherlands), Sippep 1 contained an
amino-terrninal S-acetylmercaptoacetyl group to facilitate its cross-
linking to ImjectR maleirnide-activated bovine serum albumin from
Pierce {31), Rabbits were used to raise antibodies against the peptide-
bovine serum albumin conjugate at the Finnish National Public Health
Institute (KTH; Helsinki),

Western Blot Analysis-The presence of SipS in E, coli C600 and B,
subtilis 8G5 sipS was assayed by Western blotting (32), Lysates of E,
coli C600 were prepared by concentrating cells from overnight cultures
7-fold in loading buffer for SDS-PAGE and subsequent boiling (5 min),
Membranes of B, subtilis 8G5 sipS were prepared from cultures in TY
medium (33). Membrane proteins were solubilized in 2% Triton X-100
(30 min, 0 °C). Nonsolubilized material was removed by centrifugation
(135,000 X g; 20 min; 4 °C), After SDS-PAGE, proteins of E, coli C600
or solubilized membrane proteins of B. subtilis 8G5 sipS were trans-
ferred to Immobilon-polyvinylidene difluoride membranes (Millipore
Corp., Bedford, MA), Bands corresponding to SipS were visualized with
antibodies against sippep 1 and alkaline phosphatase-anti-rabbit-IgG
conjugates (Western-lightTM, Tropix, Bedford, MA),

Prediction of SPase Cleavage Sites-SPase cleavage sites were pre-
dicted according to the algorithms of von Heijne (34). The same algo-
rithms were used in a computer program, enabling the search for SPase
cleavage sites with a variable window, Sequences of 15 amino acids
(residues -13 to +2) that yield a "von Heijne score" higher than 3.5
strongly resemble SPase cleavage sites, For shorter sequences (e,g, -5
to +2) von Heijne scores greater than 0 indicate a strong resemblance
with regions surrounding SPase cleavage sites,

RESULTS

Mapping of Functionally Important Conserved Residues of
SipS-To map functionally important conserved residues of
SipS, a site-directed mutagenesis approach was used. Residues
of SipS, which are conserved in all type I SPases, were replaced
by alanine. Alanine was chosen because it is small, and it has
a chemically inert side chain. Thus, conformational strain and
indirect effects on catalysis were minimized. Mutations were
introduced in the 3' part of sipS (encoding residues 41-184) by
PCR, using the oligonucleotides shown in Table II. These were
designed in such a way that amplified fragments contained a
Sall site at the 5' end and an EcoRI or a Bcll site at the 3' end
(Table lI). After restriction with Sall and EcoRI, or Sall and
Bcll, the fragments were ligated to plasmid pMO (Fig. 2), which
was cut with the same restriction enzymes. Since pMO con-
tains the 5' end ofthe sipS gene (encoding the residues 1-40),
this resulted in a complete copy of a mutant sipS gene. Another
advantage of pMO was that it encodes the hybrid precursor
pre(A13i)-{3-lactamase, which is processed by SipS but not by
Lep (EC) (15, 24). Thus, pre(A13i)-{3-lactamase could be used
directly to monitor the activity of SipS mutants. To this pur-
pose, E. coli C600 cells containing mutant sipS genes (encoded
by pMO derivatives) were labeled for 1 min with [35S]methi-
onine and, subsequently, chased with an excess of nonradioac-
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TABLE I
Plasmids and strains

Relevant properties

Contains the replication functions of the Lactococcus lactis WG2 plasmid p WVO 1
(49), replicates also in E. coli and B. subtilis; encodes pre(A13i)-/3-lactamase; 7.5
kb;aApr; Emr; Kmr

pGDL42 derivative; contains the sipS gene of B. subtilis; 8.1 kb; Apr; Ems; Kmr

pGDL42 derivative; contains 5' sequences (position 1-352) of sipS; 3' sequences of
sipS (position 353-796) are replaced by a multiple cloning site; Apr; Ems; Kmr

Genotype

pGDL41 15

pMO This paper

Bacterial strain Ref.

F- araDl39 A(ara-leu)7696 galEl5 galKl6
A(lac)X743 rpsL hsdR2 mcrA mcrBl

F- thr-lleuB6 thi-llacYl supE44 rfbDl fhuA2l

50

C600 Phabagen collection, University of Utrecht,
The Netherlands

Laboratory collection

tive methionine for 10 min. With wild-type SipS (E. coli C600
(pGDL41», this resulted in approximately equal amounts of
precursor and mature forms oflabeled (A13i)-/3-lactamase (Fig.
3, lane + ). From a total of 30 SipS mutants in which a con-
served residue had been changed to alanine, 11 showed approx-
imately wild-type activity (Fig. 3; T47A, R68A, V72A, V79A,
G87 A, L88A, P89A, G90A, D91A, Y141A, and N150A). Six SipS
mutants showed a slightly reduced activity, ranging between
57 and 90% ofthe wild-type activity (Fig. 3; P46A, G69A, D70A,
I71A, I86A, and S154A). Six other mutants (L48A, L 7 4A, Y81A,
N147A, S151A, and R155A) had a more strongly reduced ac-
tivity ranging between 5 and 39% ofthe wild-type activity (Fig.
3; L74A and R155A; for other mutants, see Fig. 4). Finally, six
mutants (S43A, K83A, R84A, G145A, D146A, and D153A) ap-
peared to be inactive (not shown in Fig. 3; see Fig. 4). To verify
the (in-)activity of SipS mutants of the latter two categories
(strongly reduced or no activity), pulse-chase labeling experi-
ments were performed in which the chase period was extended
to 3 h (Fig. 4). Also in these experiments, the SipS mutants
S43A, K83A, and R84A were completely inactive. The mutants
D146A and D153A had almost completely lost activity; at the
most 3-3.5% of the total (A13i)-/3-lactamase synthesized was
mature. In contrast, the activities ofthe mutants L48A, Y81A,
G145, N147A, and S151A were clearly manifest after 3 h of
chase (Fig. 4). These data indicated that serine 43, lysine 83,
arginine 84, aspartic acid 146, and aspartic acid 153 were the
most important (conserved) residues for the functionality of
SipS.

Interestingly, one SipS mutant (M44A) showed a 1.4-fold
increased activity as compared with the wild type (Fig. 3). To
analyze the role of methionine 44 in more detail, pulse-chase
experiI:tlents were performed. In the presence ofmutant M44A,
the half-life ofpre(A13i)-/3-lactamase was approximately 3 min,
as compared with 10 min in the presence ofwild-type SipS (not
shown). This observation indicated that methionine 44 is im-
portant for the levelof SipS activity.

Serine 43, Lysine 83, and Aspartic Acid 153 Are Critical for
the Activity of SipS, and Arginine 84 and Aspartic Acid 146 Are
Important Conformational Determinants of SipS-To evaluate
the ilpportance of the residues of SipS that could not be re-
placed by alanine without a severe loss of activity, these resi-
dues were also replaced by other, if possible, more related
residues. Thus, serine 43 was replaced by cysteine, threonine,
and valine. Interestingly, serine 43 could be replaced by cys-
teine and threonine without complete loss of activity. Never-

theless, the activity ofthe mutants S43C and S43T was highly
reduced compared with that of the wild type (Fig. 4); only 15
and 34%, respectively, of all (A13i)-{3-lactamase synthesized
was processed af ter 3 h of chase. The mutant S43V showed no
activity at all (Fig. 4). Thus, serine 43 appeared to be essential
for optimal activity of SipS.

To assess the possible role of lysine 83 and arginine 84, these
residues were replaced by histidine. In addition, lysine 83 was
replaced by arginine and arginine 84 by lysine. Also, a double
mutant K83R,R84K was constructed. Lysine 83 appeared to be
critical for activity of SipS because it could not be replaced by
histidine or arginine without complete loss of activity (Fig. 4).
In contrast, the replacement of arginine 84 by lysine (Fig. 3) did
not affect the activity of SipS. When arginine 84 was replaced
by histidine, the activity of SipS was strongly reduced (Fig. 4);
only 10% of all (A13i)-{3-lactamase was processed af ter 3 h of
chase. These data indicated that arginine 84 is less important
for SipS activity than lysine 83. Finally, the double mutant
K83R,R84K was inactive (Fig. 4), which is in line with the
observation that lysine 83 could not be replaced by arginine.

To investigate the importance ofthe aspartic acid residues at
positions 146 and 153, these residues were also replaced by
glutamic acid or asparagine. Aspartic acid 146 could be re-
placed by glutamic acid without loss of activity (Fig. 3). In
contrast, the activity of the mutant D146N was severely re-
duced (Fig. 4); af ter 3 h of chase only 8% of all (A13i)-{3-
lactamase was mature. Changes of aspartic acid 153 to glu-
tamic acid or asparagine resulted in a nearly complete loss of
SipS activity (Fig. 4); after 3 h of chase only 1-2% of all
(A13i)-{3-lactamase was processed in the presenceofthese mu-
tants, indicating that aspartic acid 153 is very important for
SipS to function.

Since an increased protease sensitivity might cause the re-
duced activity of SipS mutants, the presence of several mutant
proteins in E. coli C600 was tested by Western blotting (Fig.
5A). To probe further the protease sensitivity of the SipS mu-
tants, they were introduced in B. subtilis, an organism which is
known for its high-level production of extracellular proteases
(35). Subsequently, the presence of the mutant proteins in B.
subtilis was verified by Western blotting (Fig. 5B). For this
purpose, we used the B. subtilis strain 8G5 sipS, which lacks
the chromosomal sipS gene. None ofthe mutations at position
43 (S43A, S43C, S43T, and S43V) affected the stability of SipS
in E. coli or in B. subtilis. The same was true for SipS mutants
in which lysine 83 or aspartic acid 153 was replaced by other



Position in BipS"

TABLE II

Oligonucleotides

Nucleotide sequence (5'--3')
-

CCGTATGTCGTtcctaGTGGATCCATGTATCCTAC 344-378

TATGTCGTCGACGaTGcCTCTATGTATCCT 347-376

TATGTCGTCGACaGTGgCTCTATGTATCCT 347-376

TATGTCGTCGACGGTgcCTCTATGTATCCT 347-376

TATGTCGTCGACGGTGACgCTATGTATCCT 347-376

TATGTCGTCGACGGTGACaCTATGTATCCT 347-376

TATGTCGTCGACGGTGACTgTATGTATCCT 347-376

TATGTCGTCGACGGTGACgtTATGTATCCT 347-376

CGGTGACTCTgcGTATCCTAC 358-378

CTCTATGTATgCTACACTTC 364-383

CTCTATGTATCCTgCACTTCACAACCG 364-390

GTATCCTACAGCTCACAACCGTG 370-392

GGCGAGTTTGATgcAGGAGACATCG 428-452
GTTTGATAGAGcAGACATCGTCG 433-455

GATAGAGGAGcCATCGTCGTG 437-457

GAGGAGACgcCGTCGTGTTAAACGG 441-465

GGAGACATCGcCGTGTTAAACGG 443-465

CATCGTCGTGgcAAACGGAGATG 448-470

GGAGATGATGcTCACTATGTC 464-484

GATGTTCACgcTGTCAAACG 470-489
GATGTTCACTtTGTCAAACG 470-489

GTTCACTATGTCgcACGTATTATCGG 473-498
CACTATGTCcAtCGTATTATCGGC 476-499

CACTATGTCAgACGTATTATCGG 476-498

GTTCACTATGTCAgAaagATTATCGGCCTTCC 473-504

CACTATGTCAAAgcTATTATCGGCC 476-500
CTATGTCAAACaTATTATCGGCC 478-500

CACTATGTCAAAaagATTATCGGCCTTCC 476-504

GTCAAACGTATTgcCGGCCTTC 482-503
CGTATTATCGcCCTTCCCGG 488-507

CGTATTATCGGCgcTCCCGGCGATAC 488-513

TATCGGCCTTgCCGGCGATAC 493-513
GGCCTTCCCGcCGATACGGTTG 497-518

CTTCCCGGCGcTACGGTTG 500-518

CTTCCCGGCGAgACGGTTGAG 500-520

CTTCCCGGCaATACGGTTG 500-518

CCTGATAACAAGgcTTTTGTGATGGG 647-672

GTATTTTGTGATGGcTGACAATCG 658-681

GATGGGTGcCAATCGTCGC 667-685

GATGGGTGAgAATCGTCGC 667-685

GTGATGGGTaACAATCGTCGC 665-685

GATGGGTGACgcTCGTCGCAATTCC 667-691

CAATCGTCGCgcTTCCATGG 676-695

CGTCGCAATgCCATGGAC 680-697

CGCAATTCCATGGcCAGCCGTAACGG 683-708

CAATTCCATGGAgAGCCGTAACG 685-707

CAATTCCATGaACAGCCGTAACG 685-707

CGCAATTCCATGGACgcCCGTAACGG 683-708

TGGACAGCgcTAACGGCCTTGG 693-714

GCGCCGTATGTCGTcGAcGGTGACTCTATG 341-370

AATTATCGGaATtCTAATTTGTTTTGCGC 796-778

TAGATGATCACTAATTTGTTTTGCGC 796-778
-

a The position of oligonucleotides is numbered according to the sipS sequence in Ref. 15 (EMBUGenBank/DDBJ accession number Zl1847).

Mismatches with the original sequence of sipS are indicated in lower case.

Mutation primer (M)

D40P ,G41S,D42G

G41D,D42G

G41S,D42G

D42S

S43A

S43T

S43C

S43V

M44A

P46A

T47A

L48A

R68A

G69A

D70A

I71A

V72A

L74A

V79A

Y81A

Y81F

K83A

K83H

K83R

K83R,R84K

R84A

R84H

R84K

I86A

G87A

L88A

P89A

G90A

D91A

D91E

D91N

Y141A

G145A

D146A

D146E

D146N

N147A

N150A

S151A

D153A

D153E

D153N

S154A

R155A

Primer A (Sall)

Primer B (EcoRI)

Primer B (Bcll)

residues (Fig. 5, A and B). Together with the finding that
replacement of serine 43, lysine 83, and aspartic acid 153 by
other residues (almost) completely abolished the activity of
SipS, these data indicated that serine 43, lysine 83, and aspar-
tic acid 153 are critical for SipS to function.

Two SipS mutants (D146A and D146N) were unstable in E.
coli and B. subtilis (Fig. 5, A and B). In contrast, the SipS
mutant D146E was stable in E. coli (Fig. 5A) but not in B.
subtilis (Fig. 5B). Similarly, the SipS mutants R84A and R84H
were stable in E. coli (Fig. 5A) and unstable in B. subtilis (Fig.
5B). The only mutant that was unstable in E. coli and stable in
B.subtilis was the double mutant K83R,R84K (Fig. 5, A and B).
These data suggest that the inactivity of the SipS mutants
R84A, R84H, and K83R,R84K and the low activity of the SipS
mutants D146A and D146N relate to an altered conformation,
rendering these mutant proteins sensitive to protease. Thus,
arginine 84 and aspartic acid 146 seem to be important confor-

mational determinants of SipS.
Aspartic Acid 91 Is Not Important for the Activity of SipS-

Although aspartic acid 91 of SipS could be replaced by alanine
without loss of activity (Fig. 3), the importance of this residue
was further investigated because the corresponding aspartic
acid residue ofLep (EC) (aspartic acid 153; Fig. 1) could not be
replaced by alanine without loss of activity (36). Aspartic acid
91 ofSipS was replaced with glutamic acid or asparagine. Both
mutants D91E and D91N showed wild-type activity (Fig. 3).
These observations indicate that aspartic acid 91 is not impor-
tant for the activity of SipS.

Nonconserved Residues at Positions 40, 41, and 42 Are Im-
portant for Activity of SipS-Although the residues between
the conserved regions A and B of SipS and Lep (EC) are rela-
tively well conserved (15), the three residues immediately pre-
ceding serine 43 of SipS and serine 90 of Lep (EC) are not
conserved. Since serine 43 appears to be critical for SiDS activ-
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FIG. 3. Pre(AI3i).tI.lactamase processing by SipS mutants.
Processing of pre(AI3i)-/3-lactamase in E. coli C600 was analyzed by
pulse-chase labeling at 37 °C and subsequent immunoprecipitation,
SDS-PAGE, and fluorography. Cells were labeled with [35S]methionine
for 60 s prior to chase with excess nonradioactive methionine. Samples
were withdrawn 10 min after the chase. The SipS mutants analyzed are
indicated. Variations in the amounts of label in different lanes relate
only to variability in the incorporation of label into cells of different
cultures and not to specific effects of certain SipS mutants. p, precursor;
m, mature; R, molecular mass marke, (30 kDa); + or -, pre(AI3i)-/3-
lactamase processing, respectively, in the presence (E. coli (pGDL41»
or absence of wild-type SipS (E. coli (pGDL42».
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FIG. 2. Schematic presentation of pMO. Only restriction sites
relevant for the construction and properties ofthe plasmids are shown.
pMO contains the 5' end of sipS (nucleotides 1-352). The 3' end of sipS
(nucleotides 353-796) was replaced by the sequence (5'-3') GTC-
GACGGGAATTCCCTGATCA, specifying a multiple cloning site (Sall-
EcoRI-Bcm. Thus, pMO encodes the first 40 residues of SipS. Mutant
sipS genes (*) with site-specific alterations in the sequences that specify
the conserved regions B, C, D, or E (indicated with b, c, d, or e) were
obtained by introducing PCR-derived Sall-EcoRI or Sall-Bcll frag-
ments (encoding residues 41-184 of SipS) in pMO. bla, 5'-truncated
TEM-/3-lactamase gene; the wild-type signal sequence was replaced by
signal sequence A13i (15); Km, kanamycin resistance marker; Em',
disrupted erythromycin resistance marker.
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FIG. 4. Pulse-chase analysis of pre(A13i)-/3-lactamase process-
ing by SipS mutants with severely reduced activity. Processing of
pre(A13i)-/3-lactamase was analyzed as in Fig. 3, but samples were
withdrawn 3 h after the chase. The SipS mutants analyzed are indi-
cated. p, precursor; m, mature; R, molecular mass reference (30 kDa);
+ , processing of pre(A13i)-/3-lactamase in the presence of wild-type
SipS (E. coli C600 (pGDL41»; -, processing ofpre(A13i)-/3-lactamase in
the absence of SipS (E. coli C600 (pGDL42».

sine residues in catalysis has been demonstrated only for two
homologous proteolytic enzymes of E. coli, which perform self-
cleavage reactions. These are LexA and UmuD (37). The active
site residues of these enzymes (serine 119 and lysine 156 of
LexA; serine 60 and lysine 97 of UmuD) are conserved in a
large group of LexA-Iike proteases (Fig. 6A). To determine
whether these proteases are structurally related to SipS, their
amino acid sequences were compared with that of SipS. Inter-
estingly, the region which is most conserved in all LexA-Iike
proteases showed a high degree of sequence similarity with the
region of SipS between valine 39 and isoleucine 86 (Fig. 6A).
SipS showed the highest degree of similarity with SamA and
ImpA of S. typhimurium. Furthermore, SipS showed a high

ity, we investigated whether these three nonconserved residues
are important for the functionality of SipS. The role of glycine 41
of SipS was of particwar interest since this residue is only con-
served in Implp and Imp2p. In all other type I SPases a glycine
residue resides immediately amino-terminally of the serine res-
idue, corresponding to serine 43 of SipS (Fig. 1). First, aspartic
acid 42 of SipS was changed to serine. This had no serious effect
on the SipS activity (Fig. 3), indicating that aspartic acid 42 is not
critica! for function. Subsequently, two double mutants of SipS
were constructed in which glycine was placed amino-terminally
ofserine 43. First, glycine 41 and aspartic acid 42 were swapped.
The reslliting SipS mutant G41D-D42G was not active (Fig. 4).
This was not due to degradation ofthe protein, because its pres-
ence collid be demonstrated by Western blotting(Fig. 5,A andB).
A second double mutant was constructed in which glycine 41 and
aspartic acid 42 were replaced by serine and glycine, respectively
(like in Lep (EG». This SipS mutant (G41S,D42G) was still
active. However, its activity was low (Fig. 4); only 15% of all
(AI3i)-/3-lactamase was mature after 3 h of chase. Finally, to
determine whether the activity of the SipS mutant G41S,D42G
might improve upon the introduction of a proline residue at
position 40 (like in Lep (EG); Ref. 15), the triple mutant
D40P,G41S,D42G was constructed. This mutant was, however,
completely inactive (Fig. 4), which may be due to an altered
protein conformation; although the SipS mutant D40P ,
G41S,D,42G was stabIe in E. coli (Fig. 5A), it was unstable in
B. subtilis (Fig. 5B). These data indicated that the order of the
three residues at positions 40, 41, and 42 is important for SipS to
function.

SipS Is Structurally and Functionally Related to LexA and
LexA-Iike Proteases-So far, the involvement of serine and ly-
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LexA (ER) 75 GIPLVGRVAAGE 86 3.5
DinR 85 VIGKVTAGS 93 U
MucA 19 FYLQRISAGF 28 2J
UmuD 12 IVTFPLFSDLVQCGF 26 4.7
SamA 18 LFTERCPAGF 27 0.9
lmpA 21 LFADRCQAGF 30 51
cl-Lambda 105 VFSHVQAGM 113 3.8
P22 R 85 SYPLISWVSAGQ 96 3.5

FIG. 6. Similarities between LexA-Iike proteases and SipS. A, patterns of conserved amino acids in LexA-Iike proteases and SipS. The
comparison includes, with the EMBUGenBank/DDBJ accession numbers in parentheses: LexA (EC) of E. coli (PO3033); LexA (ST) of S.
typhimurium (P29831); LexA (ER) of E. carotovora (X63189); DinR of B. subtilis (P31080); MucA of S. typhimurium (PO7376); UmuD of E. coli
(PO4153); SamA of S. typhimurium (P23831); ImpA of S. typhimurium (P18641); and SipS (Zl1847). The percentages of identical and similar
residues in each LexA-like protease and SipS are shown. z values indicate the significance of alignments with SipS (28) (see "Materials and
Methods"). The conserved regions B, C, and D of SipS are indicated. Residues critical for the activity of LexA (EC) and SipS are shown (*). B,
self-cleavage sites of LexA-like proteases. Putative type I SPase cleavage sites were identified in LexA (EC/ST/ER), DinR, MucA, UmuD, SamA,
ImpA, À Cl, and the phage 22 repressor (P22 R) using a program based on algorithms ofvon Heijne (34). The program allows the search for putative
SPase cleavage sites with windows of variabIe length. The amino acid sequences shown correspond with the largest sequence giving a positive
score, preferably higher than 3.5. Scores for self-cleavage sites that have been determined experimentally (46-48) are shown in boldface. Putative
SPase cleavage sites coinciding with (putative) sites for self-cleavage in LexA-like proteases are marked ('Y).

achieve signal peptide cleavage; the latter enzymes appear to
have a conserved histidine residue instead of the putative
catalytic lysine residue of the prokaryotic and mitochondrial
type I SPases (Fig. 1) (15).

At present, we can only speculate about the function of
aspartic acid 153 of SipS. A critical role of this residue in
catalysis seems unlikely. First, the corresponding aspartic acid
residue 280 of Lep (EC) is not critical for activity (36). Second,
unlike the classical serine proteases, LexA does not seem to
require a negatively charged residue, such as aspartic acid, for
catalysis (37). Therefore, it seems unlikely that aspartic acid
153 would perform such a function in SipS. It is, however ,
conceivable that this residue is required for a specific feature of
SPases. Possibly, aspartic acid 153 is part of an important
structural element, which might also include other residues of
the conserved region E of SipS. The latter hypothesis is sup-
ported by several observations. First, aspartic acid 146 ap-
peared to be an important conformational determinant of SipS.
Second, replacement of glycine 145 by alanine caused a drastic
reduction of SipS activity. Glycine residues often play an im-
portant role in protein architecture. Finally, asparagine 147,
serine 151, and arginine 155 appeared to be important for
optimal activity of SipS.

In conclusion, the present data provide strong evidence that
prokaryotic type I SPases use a serine-Iysine catalytic dyad for
signal peptide cleavage. This model is particularly attractive
because serine 43 of SipS and its equivalents in other type I
SPases are located at the outside ofthe cytoplasmic membrane,
in close proximity to the membrane surface (14, 15), where
c-regions of exported precursors are likely to emerge from the
translocation apparatus.
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