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1. Introduction

Every living cell, either being part of a complex
cellular network or just a unicellular organism,
produces proteins inside the cell that are destined
for extracellular locations. Consequently, these
proteins are transported across one or more
membrane(s) that subdivide, or surround the cell.
One of the components necessary during the late
stages of this transport is a membrane-bound
enzyme: the signal peptidase (SPase). The type I
SPases are membrane-bound endopeptidases which
remove the signal peptide from exported pre-
proteins, during or after their translocation across
the membrane. Enzymes of this type have been
identified in archaea, Gram-positive, and Gram-
negative eubacteria, the inner membrane of yeast
mitochondria, the thylakoid membrane of
chloroplasts, and the endoplasmic reticular (ER)
membranes of yeast and higher eukaryotes. In
general, the signal peptide is recognized by
receptors located in the cells of bacteria and in
organelles of eukaryotes. Once recognized, the pre-
protein is handed over to a translocation machinery
that facilitates the transfer of the protein across one
or more membrane(s). After cleavage of the signal
peptide by SPase, the mature protein can be
released from the membrane, and usually folds into
a functional protein.

2. Signal peptides

Most proteins that are produced in the cell and are
destined for transport to extracytoplasmic
compartments or the growth medium have an
amino-terminal "signal peptide" or "signal
sequence" (Fig. 1.1). A review of signal peptide-
dependent protein transport in Bacillus subtilis was
published by Tjalsma et al. (1). The signal peptide
has at least three functions. First, it is recognized
by receptors of the secretion machinery and handed
over to a translocation machinery that catalyzes the
transfer over one or more membrane(s) (2-5).
Second, the signal peptide serves as a topological
determinant for the pre-protein in the membrane.
Signal peptides initiate translocation of the
carboxyl-terminal hydrophylic regions of pre-
proteins while the amino-terminal side of the signal

Fig. 1.1 A typical bacterial signal peptide consists of a
positively charged amino-terminus (N-region), a central
hydrophobic region (H-region), and a polar carboxyl-terminal
region (C-region). Helix-breaking proline or glycine residues
are often found in the middle of the H-region and between the
H- and C-regions at the -6 (P6) position relative to the
cleavage site. The SPase recognition sequence consists of
small aliphatic residues at positions -1 (P1) and -3 (P3),
relative to the cleavage site. The most common residue at
these positions is Ala.

peptide remains located at the cis side of the
membrane (6;7). Third, the signal peptide may
inhibit the folding of nascent chains, thus avoiding
the unwanted activation of potentially harmful
enzymes inside the cells and at the same time
retaining translocation competence (8-10).
Strikingly, signal peptides show no conservation of
sequence. The signal peptides from Gram-positive
bacteria are significantly longer then those from
other organisms, and they have a much longer
hydrophobic region (11). The average length of
eukaryotic signal peptides is 23 amino acids; this
average for Gram-negative signal peptides is 25
amino acids, and that of Gram-positive signal
peptides is 32 amino acids (12;13). The signal
peptide consists of three distinct regions: the N-,
H-, and C-regions (Fig. 1.1). The hydrophobic
core, also called the H-region, forms the largest
part of the signal peptide: 10 to 15 (but no less than
6) amino acid residues. It is formed by a stretch of
hydrophobic residues that seems to adopt an �-
helical conformation in the membrane (14). The
prokaryotic H-regions are are predominantly
composed of leucines and alanines in
approximately equal proportions, while eukaryotic
H-regions are predominantly composed of leucines
and, to a more limited degree valine, alanine,
phenylalanine and isoleucine residues (12). Helix-
breaking glycine or proline residues are frequently
present in the middle part of the hydrophobic core.
These residues may allow the signal peptide to
form a hairpin-like structure that can insert into the
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membrane. In one model for signal peptide
function, it was proposed that unlooping of this
hairpin results in insertion of the complete signal
peptide into the membrane (15).
On the amino-terminal side, the H-region is
flanked by a positively charged stretch of polar
residues: the N-region. Due to its relatively high
positive charge, the N-region controls the
orientation of the signal peptide in the membrane,
obeying the 'positive inside rule' that was first
postulated by von Heijne for membrane proteins
(7;16-21). This positive-inside rule was based on
the observation that flanking regions of
hydrophobic transmembrane domains that remain
at the inside of the cell contain significantly more
positive residues than those that are translocated.
Membrane proteins from all organisms studied,
with a possible exception for the archaeon
Methanococcus jannaschii, seem to follow the
positive-inside rule, suggesting that it is general in
nature (22;23). The positive-inside rule can be
explained by the charge differences between the
membrane and the pre-protein (Fig. 1.2). First, the

Fig. 1.2 Charge differences occurring around the membrane
can explain the 'positive-inside rule' for signal peptide
translocation and topology. The cytoplasmic half of the
phospholipids bilayer contains negatively charged
phospholipids that may interact with the positively charged
N-region of a signal peptide. The proton gradient across the
bilayer creates a positively charged, acidic environment at the
outside and a negatively charged, basic environment at the
cytoplasmic side of the membrane. The charge gradient is
unfavourable for the translocation of charged residues in the
N-region.

basic residues flanking transmembrane segments
may bind electrostatically to acidic phospholipid
head groups, thus being retained at the cytoplasmic
side of the membrane (24). A second determinant
for the positive inside rule is the transmembrane
proton gradient in prokaryotes, where the outer
face of the membrane is positively charged and the
cytosolic face is negatively charged. The resulting
proton-motive force (PMF) seems to hinder
translocation of basic residues and is, therefore, a
likely determinant for the positive-inside rule, even
though the effects on the translocation of positively
charged residues were not directly demonstrated
(25;26). Thirdly, the transmembrane dipole
potential might play a role in membrane protein
topology by impeding positively charged residues
from entering into the membrane (27). The
extremophilic archaeon Sulfolobus acidocaldarius,
which has a positive-inside electrical potential,
unexpectedly, shows a positive-inside charge bias
in the hydrophylic loops of SecY and cytochrome c
oxidase (28). This suggests that electrostatic
interactions with phospholipids may be more
important in determining the positive-inside rule
than the PMF (28).

After translocation of the signal peptide across the
membrane, its carboxyl-terminal side will be
located at the extracytoplasmic side of the
membrane (Fig. 1.3). This is where the C-region of
the signal peptide is located, which contains the
cleavage site for SPase. The C-region is located
adjacent to the H-region, usually with a helix-
breaking proline or a glycine residue at position -4
to -6 relative to the cleavage site, and ends with the
-1, -3 or 'Ala-X-Ala' SPase recognition sequence
(Fig. 1.1). While the H-region is believed to adopt
an �-helical conformation in the membrane, the C-
region must have a �-stranded conformation in
order to be recognized by the SPase (29). Upon
signal peptide cleavage by SPase, the mature
protein is released from the membrane, at least if it
does not contain membrane anchors. The 'Ala-X-
Ala' SPase substrate recognition sequence has been
named after the preference for a small aliphatic
residue, often alanine, at positions -1 and -3
relative to the cleavage site in pre-proteins. For the
-1 position, alanine, glycine and serine residues are
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Fig. 1.3 Model for signal peptide insertion into the cytoplasmic membrane and cleavage by type I SPase. First, the positively
charged N-domain of the signal peptide interacts with negatively charged phospholipids in the membrane, after which the H-
domain integrates loopwise into the membrane. Next, the H-domain unloops, whereby the first part of the mature protein is
pulled through the membrane. During or shortly after translocation by a translocation machinery (not shown), the signal
peptide is cleaved by type I SPase. After its translocation across the membrane, the mature protein folds into its native
conformation.

preferred, while the -3 position can also
accommodate larger residues: alanine, serine,
valine, threonine, leucine, isoleucine and even
glutamate (Fig. 1.1) (12). Eukaryotic Ala-X-Ala
sequences show a less pronounced preference for
alanines at the -1 and -3 positions. Furthermore, a
proline at the +1 position relative to the cleavage
site prevents cleavage of the signal peptide (30;31).
Signal peptide function and the Ala-X-Ala SPase
cleavage site seem to be conserved in evolution.
For example, a bacterial pre-protein can be
translocated into and cleaved by dog pancreas
microsomes, and an ER pre-protein can be
processed by the Escherichia coli SPase (32;33).
Programs for the prediction of signal peptide
cleavage sites were developed on the basis of this
substrate preference. Nowadays, the most accurate
prediction programs, like SignalP, incorporate a
prediction of cleavage sites and a signal
peptide/non-signal peptide prediction based on a

combination of several artificial neural networks
(www.cbs.dtu.dk/services/SignalP/) (12;34).
Notably, many proteins contain Ala-X-Ala SPase
cleavage sites which are never cleaved by SPases.
Whether or not signal peptide cleavage occurs,
depends, among others, on the moment during pre-
protein translocation when a signal peptide
becomes available for SPase, and on its location,
namely the extracytoplasmic side of the membrane
surface.

3. Protein transport pathways

3.1. Secretion pathways
From what we know today, newly synthesized pre-
proteins can be targeted to the membrane via a
variety of possible routes, of which the Sec-
dependent pathway, the SRP-dependent pathway
and the Tat pathway are conserved in the majority
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of Gram-positive and Gram-negative eubacteria
(1;35-41).

3.2. The Sec-dependent pathway
The large majority of exported eubacterial proteins
is translocated across the membrane by the Sec
machinery. SecB, so far only found in Gram-
negative bacteria, binds to the precursor protein
and transfers it to the SecA protein which can
reversibly associate with both the membrane (42-
44) and the translocation channel (45;46), which, at
least in E. coli, consists of SecY (47), SecE (48),
SecG (49), SecD and SecF (50;51), YajC (52) and
the recently discovered YidC (53). In some
eubacteria, such as Bacillus subtilis, SecD and
SecF form a single protein in the Gram-positive
bacteria studied so far: SecDF (54). By undergoing
cycles of ATP-dependent membrane insertion and
de-insertion, SecA drives pre-proteins across the
membrane (39;55;56). The SecYE core compo-
nents of the protein-conducting channel are
essential for this process (4).

3.3. The SRP-dependent pathway
The SRP-dependent pathway also makes use of the
Sec translocon. The eubacterial Signal Recognition
Particle (SRP) is an RNA-protein complex which
is capable of identifying and binding signal
peptides, and facilitating the formation of a
complex between the ribosome and the trans-
location machinery. In the cytoplasm, pre-proteins
are bound by the Ffh-protein in the SRP (57). Next,
the ribosome-nascent-chain-SRP complexes are
transferred to the membrane-associated SRP
receptor FtsY (58), after which the SRP-dependent
pathway converges with the Sec-dependent
pathway (35;41;52;59). Most integral membrane
proteins with multiple possible membrane
spanning domains appear to use the SRP-
dependent pathway for their membrane insertion.

3.4. The twin-arginine translocation pathway
The twin-arginine translocation (Tat), or the �pH-
dependent pathway, operates in the cytoplasmic
membrane of most bacteria and the chloroplast
thylakoidal membrane. Proteins synthesized with
signal peptides that contain a so-called "twin-
arginine" motif with the RRX�� (where � is a
hydrophobic residue) consensus sequence (60-62)

are transported via the Tat pathway, which was
first discovered in chloroplasts (63-65). The
bacterial equivalent of this novel Sec-independent
pathway is presently best characterized for E. coli
(36;37;66;67) and B. subtilis (68). This system
appears to be used for two types of proteins: those
that must fold on the cis side of the membrane (e.g.
the cytoplasm of a bacterial cell) and those that
simply fold too rapidly to be handled by the Sec
system. Interestingly, this appears to be true also
for heterologous proteins. For example, active
green fluorescent protein (GFP) was exported to
the E. coli periplasm when fused with a Tat-
specific targeting signal (69;70). In contrast, GFP
exported via the Sec pathway in E. coli was found
to be inactive, indicating that this protein is unable
to fold correctly in the periplasm (71).

The question whether proteins can insert directly
into the membrane is presently a matter of debate.
Initially, experiments indicated that "direct
membrane" insertion can be driven by two forces:
hydrophobicity and the PMF. For example, the
M13 procoat protein was thought to use this route,
because it does not require components of the Sec
machinery, such as SecA or SecY (72), and
because it inserts in vitro into protein-free
liposomes (73;74). Electrostatic binding of the
basic residues surrounding the hydrophobic signal
peptide to the acidic phospholipid head groups of
the membrane would represent the first step in
translocation. In the following membrane
integration step, the hydrophobic force would play
a primary role (75;76). The proton motive force
only aids in the translocation when the region to be
translocated contains acidic residues (76;77). It
was shown for mutants of the E. coli signal
peptidase (Lep) (78) and the M13 procoat (79) that
the length of the hydrophylic portion translocated
across the membrane is a determinant for Sec-
independent or Sec-dependent translocation.
Proteins with longer hydrophylic regions failed to
insert Sec-independently. Notably, a new
membrane insertion pathway was recently
identified in bacteria, that has homologs in
mitochondria and chloroplasts (3). Emerging
evidence suggests that the bacterial membrane
protein YidC promotes the membrane insertion of
proteins including M13 procoat, which was
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originally thought to insert without the aid of a
protein machinery (80). YidC shows homology to
Oxa1 from mitochondria and Albino3 from
chloroplasts. These are involved in insertion of a
subset of proteins into the mitochondrial and
chloroplast membrane (81-83). Therefore, it is
currently uncertain whether, and if so, to what
extent proteins can insert into the membrane
spontaneously.

4. Signal peptidases from Gram-negative
bacteria

The best characterized type I SPase is the E. coli
signal peptidase, also called leader peptidase (Lep).
The gene for the E. coli SPase, lepB, was cloned
and sequenced (84;85). It encodes a single 35.9
kDa protein of 323 amino acids with two predicted
transmembrane segments (residues 4-28 and 58-
76) which enclose a small cytoplasmic domain
(residues 29-57) and precede a large carboxyl-
terminal catalytic domain (residues 77-323); (Fig.
1.4). LepB is the only type I SPase-encoding gene
found in E. coli and it is essential for cell growth
(86). The presence of only one chromosomal type I
SPase seems to be typical for many Gram-negative
bacteria, such as E. coli, Pseudomonas fluorescens,
Salmonella typhimurium, Rhodobacter capsulatus
and Haemophilus influenzae. Gram-negative
bacteria with two type I SPases, such as
Bradyrhizobium japonicum (87;88), seem to be
exceptional (see Dalbey et al. (89)).
Studies on the membrane topology of the E. coli
SPase showed that the amino-terminus of the first
transmembrane domain and the carboxyl-terminal
side of the second transmembrane domain are
located in the periplasm (Nout-Cout) (85;90;91). An
E. coli cell contains approximately 1000 SPase I
molecules during exponential growth (92), which
are believed to act as monomers during cleavage of
the precursor protein. Further biochemical
characterization involving purification of the E.
coli SPase (93-96) was hampered because the
enzyme suffers from autocatalytic degradation.
Amino-terminal sequencing revealed that the
purified enzyme cleaves itself in the small
cytoplasmic domain, between residues 40 and 41

Fig. 1.4 The E. coli type I SPase contains two transmembrane
domains. Between these membrane anchors lies a small
cytoplasmic domain. Boxes B-E, which contain the
conserved type I SPase residues, are found in the large
catalytic domain at the periplasmic side of the membrane.
Box A is located in the second transmembrane domain.

(97;98). When the first 40 amino acid residues
were replaced with a hexa-histidine tag, this
truncated version of the E. coli SPase was
efficiently overproduced and still active (99;100).
This showed that the first transmembrane segment
and the cytoplasmic domain are not directly
involved in catalysis. A truncated mutant lacking
both transmembrane segments was also
constructed (98). This mutant, denoted �2-75,
could be purified in an active, soluble form, but
still required detergent or phospholipid for optimal
activity (101). This suggests that phospholipids
play an important physiological role in the catalytic
mechanism of the E. coli SPase. Indeed, it has been
shown that the �2-75 SPase binds to the inner and
outer membranes of E. coli, as well as to vesicles
composed of purified inner membrane lipids, and
that it penetrates into the lipid in a phosphatidyl-
ethanolamine-dependent fashion (102).
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5. Signal peptidases from Gram-positive
bacteria

5.1. Type I SPases from Bacillus species

5.1.1. Bacillus subtilis contains multiple type I
SPases
In Gram-positive bacteria, bacilli in particular, the
occurrence of multiple type I SPases within a
single species is commonly observed (Fig. 1.5 and
Fig. 1.6). The largest number of type I SPases has,
thus far, been found in B. subtilis, which contains
five paralogous chromosomally-encoded enzymes of
this type (SipS, SipT, SipU, SipV and SipW) (103-
106). In addition, certain strains of B. subtilis (natto)
contain plasmid-encoded type I SPases, denoted
SipP (Fig. 1.6) (107;108). The expression patterns
of some of the sip genes coincide with those of
many secretory proteins, which probably reflects
an adaptation to high demands on the secretion
machinery. Although the various B. subtilis type I
SPases have at least partially overlapping substrate
specificities, clear differences in substrate
preferences are also evident. Notably, these
observations have potential implications for the
engineering of the precursor processing apparatus
for improved secretion of native and heterologous
proteins by Bacillus (109).

5.1.2. P- and ER-type SPases
The best characterized Gram-positive type I SPases
are those from B. subtilis. SipS, SipT, SipU, SipV
and the two known SipP SPases of B. subtilis are
highly similar. In fact, they are typical prokaryotic
(P-) type SPases. In contrast, SipW differs
considerably from the P-type SPases and is more
similar to SPases from archaea and the ER
membrane of eukaryotes, which collectively are
referred to as ER-type SPases (see Chapter 4)
(106). Notably, SipW and other ER-type SPases
also show some amino acid sequence similarity
with P-type SPases, but this similarity is mainly
limited to the conserved domains B–E, which are
in fact present in all known SPases (Fig. 1.5).
Initially, the presence of both P- and ER-type
SPases in one organism was only evident for
eukaryotes, which contain P-type SPases in their
organelles and ER-type SPases in the ER (89). B.
subtilis was the first organism known to contain

SPases of the P- and ER-type in one and the same
membrane. The presence of ER-type SPases
appears to be limited to sporulating Gram-positive
eubacteria like B. subtilis, Bacillus amylo-
liquefaciens, Bacillus anthracis, and Clostridium
perfringens (see Chapter 4) (110). Upon close
examination, P- and ER-type SPases differ in a
number of features. Most P-type SPases contain
conserved Ser and Lys residues that are essential
for enzymatic activity, most likely by forming a
catalytic dyad (111-113). The active site Ser resi-
due of the P-type SPases is also conserved in the
ER-type SPases. In contrast, the active site Lys
residue of the P-type SPases is replaced by a His
residue in the ER-type SPases (103;110;114;115).
A striking difference with the P-type SPases is that
the domains B and C of ER-type SPases are
separated by only one residue, and the domains D
and E are separated by only 2–11 residues (see
Chapter 4). The corresponding domains of the P-
type SPases are separated by 19–42, and 23–118
residues, respectively (see Dalbey et al. (89)).
Finally, the number of putative membrane-
spanning domains seems to vary in the P-type and
ER-type SPases. While all known type I SPases
have at least one amino-terminal membrane
anchor, P-type SPases may have up to two
additional N-terminal membrane anchors or, in a
few cases, a C-terminal anchor. In contrast, ER-
type SPases may have up to three additional C-
terminal anchors. Notably, SipW of B. subtilis, B.
amyloliquefaciens and B. anthracis have one N-
terminal and one C-terminal membrane anchor
(Fig. 1.7).

5.1.3. Major and minor SPases
In B. subtilis, the sipU and sipV genes are
constitutively transcribed at a low level, suggesting
that they are required for processing of pre-proteins
secreted during all growth phases. In contrast, the
transcription of sipS, sipT and sipP is temporally
controlled (104;105;108), in concert with the
expression of the genes for most secretory proteins
in Bacillus. This suggests that SipS, SipT and SipP
serve to increase the secretory capacity of B.
subtilis under certain conditions. Interestingly,
strains lacking as many as four SPases could be
obtained (�SUVW and �TUVW) and these strains
were only mildly affected in pre-protein processing
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Fig. 1.5 Conserved sequences of SPases from Gram-positive bacteria, of Lep from the Gram-negative bacterium E. coli and of
Spc18 from the human endoplasmic reticulum. When conserved domains B-E are compared, different consensus sequences
can be determined for P- and ER-type SPases (see Tjalsma et al. 1998; (106)). Strictly conserved residues in these consensus
sequences are indicated by uppercase letters, conserved substitutions by lowercase letters, and conserved hydrophobic residues
by a number sign (#). The conserved Ser and Lys (P-type) or His (ER-type) residues that are critical for the activity of SPases
are indicated (*). Note that SpsA from Staphylococcus aureus and SipA from Staphylococcus carnosus lack the conserved Ser
and Lys residues, indicating that these typical SPases are catalytically inactive.
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and secretion. Only cells lacking both SipS and
SipT were not viable, which may be caused by
jamming of the secretion machinery with secretory
pre-proteins or the malfunctioning of one or more
essential exported pre-proteins (see Chapter
4)(106). Notably, the depletion of SipS and SipT
resulted in a severe defect in pre-protein processing
and secretion. Only strains containing the plasmid-
borne SipP SPase were able to grow in the absence
of SipS and SipT (108). Thus, SipS, SipT and SipP
are of major importance for secretion and viability,
while SipU, SipV and SipW are of minor
importance. Interestingly, the functional difference
between major and minor SPases is not clearly
reflected in sequence alignments. Nevertheless, the
use of molecular phylogeny makes the prediction
of major and minor SPases possible, as shown in
Chapter 5 of this thesis, where SPases from a
variety of bacilli were correctly predicted as major
and minor SPases, respectively. Surprisingly,
molecular modeling indicated that the active site
geometry is not a critical parameter for this
classification into major and minor Bacillus
SPases. Even though the substrate binding site of
the minor SPase SipV from B. subtilis is smaller
than that of other known SPases, SipV could be
converted into a major SPase without changing this
site. Instead, replacement of amino-terminal
residues of SipV with corresponding residues of
the major SPase SipS was sufficient for the

Fig. 1.6 Type I and II SPases of B. subtilis. The type I
SPases, responsible for the processing of the 180 predicted
secretory pre-proteins, can be divided into two groups: the
major SPases SipS (S), SipT (T), and SipP (P), which are
important for cell viability, and the minor SPases SipU (U),
SipV (V), and SipW (W), which are not important for cell
viability under laboratory conditions (106;108). SipP is
encoded by plasmid-borne genes on the plasmids pTA1015
and pTA1040, which are present in certain natto-producing
B. subtilis strains. All other SPases are chromosomally
encoded. The transcription of the genes for the major SPases
increases during the postexponential growth phase in concert
with the genes for most secretory proteins, whereas the minor
SPases are transcribed at a low level during all growth
phases. SipW is the only ER-type SPase, showing a high
degree of similarity to eukaryotic and archaeal SPases. In
contrast to the prokaryotic (P-)type SPases of B. subtilis,
which have one amino-terminal membrane anchor, SipW
appears to have an additional carboxyl-terminal membrane
anchor. Finally, B. subtilis contains only one gene (lsp) for a
type II SPase (L) with four membrane anchors, which is
required for the processing of the 114 predicted lipoproteins
(291) (this figure was reproduced from Tjalsma et al. 2000
(1) with the authors permission).

Fig. 1.7 Overview of known type I SPases with different numbers of amino- and carboxyl-terminal membrane anchors. From 1
to 3 amino-terminal membrane anchors (N) and 1 to 3 carboxyl-terminal membrane anchors (C) have been found in type I
SPases so far. The combinations of amino- and carboxyl-terminal membrane anchors present in P- and/or ER-type SPases are
indicated.
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conversion of SipV into a major SPase (Chapter 5).
This suggests that the differences between major
and minor SPases are mainly based on properties
that do not relate to substrate cleavage site
selection.

5.2. Substrate specificity of Bacillus type
I signal peptidases

The six Bacillus signal peptidases SipS, SipT,
SipU, SipV, SipP1015 and SipP1040 have
overlapping substrate specificities, as they are all
capable of processing the same �-lactamase
precursor in B. subtilis, albeit with different
efficiencies and under different conditions (see
Chapter 4) (103;105;107). Although similar, the
substrate specificities of the four chromosomally-
encoded P-type SPases of B. subtilis are not
identical. Some of these enzymes have, at least in
vivo, a different preference for the precursor of the
�-amylase AmyQ of B. amyloliquefaciens. Pre-
AmyQ processing was significantly reduced in
strains lacking SipT, indicating that this precursor
is a preferred substrate for SipT. Furthermore,
experiments with sip mutant strains indicate that
SipS and SipU compete with SipT for binding of
pre-AmyQ which, somehow, results in reduced
rates of processing of this precursor (105).
The B. subtilis ER-type SPase SipW is required for
the processing of YqxM and the spore-associated
protein TasA (110;116;117). Furthermore, this
SPase is actively involved in the processing of pre-
AmyQ (see Chapter 4). When the catalytic activity
of SipW is blocked by mutating the conserved Ser
or His residues, not only is pre-TasA processing
initially blocked, but also the incorporation of
mature TasA into spores of B. subtilis is prevented.
Interestingly, SipW seems to be unable to process
the hybrid A13i-�-lactamase precursor, which is
efficiently processed by all other SPases of B.
subtilis (H. Tjalsma, personal communication).
Thus, it seems that the substrate specificity of
SipW is significantly different from that of the
other B. subtilis SPases.
It remains unclear why so many different SPases
are present in B. subtilis, in particular in view of
the partially overlapping specificities of the P-type
SPases. It is, however, conceivable that the SPase

redundancy may be an advantage for organisms
with a high secretory potential like Bacillus.
Furthermore, since sipS, sipT and sipP are
temporally controlled in concert with the genes for
secreted degradative enzymes (105;108), it seems
that these SPases serve to increase the capacity for
protein secretion in the post-exponential growth
phase under conditions of increased synthesis of
secretory proteins. Notably, due to the redundancy
in SPases, B. subtilis can always benefit of a
“backup SPase”, even in the case that a complete
SPase-encoding gene would be lost.

5.2.1. In vitro characterization of Bacillus SPases
Considering the fact that at least some type I
SPases of B. subtilis display different substrate
preferences in vivo, these enzymes appear to be
attractive models for the identification of novel
determinants for SPase activity. As with the E. coli
SPase, soluble forms of Bacillus SPases have been
made to aid in the in vitro characterization of these
enzymes (see Chapter 2). Similar to the results
with the E. coli SPase (98;101), it was shown that
the unique membrane anchor of the Bacillus
SPases is not required for activity. However, unlike
the E. coli SPase I (101), a truncated version of the
B. amyloliquefaciens SipS was active without the
need for detergents or phospholipids (see Chapter
2) (118). On the basis of the crystal structure of the
soluble derivative of the E. coli SPase, Paetzel et
al. (29) postulated that the stimulation of SPase
activity by Triton X-100 was due to the presence of
a large highly hydrophobic surface domain of this
enzyme. A significant part of this exposed
hydrophobic surface is provided by a �-hairpin
between residues 106 and 124 of the E. coli SPase,
that is not conserved in Bacillus SPases (Fig. 1.8).
Thus, the lack of a stimulating effect of detergents
on activity of the truncated SipS of B.
amyloliquefaciens supports the view (29) that this
hydrophobic �-hairpin is responsible for the
detergent requirement of the E. coli SPase. Both
the soluble and the intact forms of B.
amyloliquefaciens SipS display optimum
enzymatic activity at pH 10 and 37 �C, as shown
by in vitro processing experiments with a hybrid
pre-AmyL precursor protein (see Chapter 3; J.
Jongbloed, personal communication). Similarly,
the lipoprotein-specific (type II) SPase of E. coli,
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Fig. 1.8 A stereo view on the overall protein fold of the E. coli type I SPase catalytic domain (�2-75), derived from the crystal
structure (PDB: 1b12) (29). The areas presented in dark shading correspond to the conserved domains (B-E) that are present in
all known type I SPases (see Fig 1.5). The figure was prepared using Swiss-PdbViewer v3.7b2 (www.expasy.ch/
spdbv/mainpage.html) and subsequent ray tracing with the raytrace program Pov-ray version 3.1g (www.povray.org).

which appears to belong to a novel family of
aspartic proteases (119), was shown to have
optimal activity at alkaline pH (120). The E. coli
SPase has a slightly lower pH optimum at 8.5 (84).
Even though the high pH optima of these SPases
are consistent with their proposed catalytic
mechanisms, they are in apparent conflict with the
fact that the catalytic sites of type I and type II
SPases are probably located at the outer surface of
the cytoplasmic membrane (89;119), which has an
acidic pH. In fact, the local pH at the outer surface
of the membrane is likely to be lower than 6, due to
the transmembrane H+ gradient that is present in
living cells. At such low pH values, the type I
SPases are barely active, suggesting that their
activity could be regulated by the pH. Thus, the
potentially deleterious proteolysis of membrane
proteins by SPases would be minimized in the
acidic environment at the outer membrane surface,
until such enzymes are activated to perform their
specific task by interactions with pre-proteins or
other, as yet unidentified, components of the
protein export machinery. Alternatively, the pKa of
the active-site lysine residue of type I SPases could
be lowered by the hydrophobic interactions with
membrane components, such as phospholipids.
Consistent with the latter hypothesis, the crystal
structure of the E. coli SPase indicates that
hydrophobic interactions between the side-chain of

the active-site lysine residue and various other
residues, such as Phe133 and Tyr143, are
important for catalysis (29). Whether the
hydrophobic environment of the membrane
contributes to the lowering of the pKa of the active
site lysine residue of type I SPases, is presently
unknown.
Overexpression of truncated Bacillus SPases in E.
coli results in the degradation of these enzymes,
which precludes their high-level overproduction
(see Chapter 3)(121). It was shown that a truncated
mutant form of SipS from B. amyloliquefaciens is
prone to autocatalytic degradation in vitro.
Unfortunately, self-cleavage occurs just after the
active-site Ser residue. The observation that SPases
from bacilli and E. coli are prone to autocatalytic
degradation is important, as it most likely explains
why various, so far unpublished, attempts to
overproduce truncated soluble signal peptidases
from bacilli and other eubacterial and eukaryotic
species have met with little or no success.
Autocatalytic breakdown of soluble Bacillus
SPases could be prevented by mutation of the
catalytic Ser or Lys residues, which resulted in
their abundant production in E. coli, where the
protein was found in inclusion bodies (See Chapter
3).
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6. The catalytic mechanism of type I
SPase

6.1. Evidence for a serine-lysine catalytic dyad
mechanism
Since the beginning of the analysis of bacterial
SPases it was clear that these enzymes employ an
unconventional mechanism to process their
substrates. Classical serine peptidases use a Ser-
His-Asp triad for catalysis and are often vulnerable
to serine peptidase inhibitors like phenylmethane-
sulphonyl fluoride (PMSF), 4-[amidinophenyl]-
methane-sulphonylfluoride (APMSF) and 3,4-di-
chloroisocoumarin (DCI). Surprisingly, the E. coli,
B. subtilis and eukaryotic type I SPases were
insensitive to these inhibitors or the inhibitors of
the other standard groups of proteases (the
cysteine, aspartic acid and metallo-peptidases)
(112;114;122;123). After the discovery of strictly
conserved Ser, Lys and Asp residues (103), which
later turned out to be essential for enzymatic
activity, it was concluded that type I SPases
apparently belong to a novel group of serine
peptidases (103;111;113;114;124;125).

6.2. Effects of mutations
Several in depth studies investigated the catalytic
mechanism of the E. coli SPase. At first, no
histidines were found to be critical for activity,
which excluded the possibility that SPases are
standard serine proteases or zinc-metalloproteases.
Second, no effect on catalysis was observed when
cysteine residues at positions 12, 170 and 176 were
mutated into alanine, which also excludes the
possibility that SPases belong to the group of
cysteine proteases. Then, Ser90 was shown to be
critical for catalysis (124), and later also Lys145
was found to be essential (111;112), suggesting the
possibility of a Ser-Lys catalytic dyad. To
investigate the contribution of Ser90 in catalysis,
this residue was mutated into Cys. In contrast to
the wild-type enzyme, the mutated SPase was
inhibited by N-ethylmaleimide (NEM), a cysteine
protease-specific inhibitor (112). This suggested
that the Ser90 side-chain most likely forms the
nucleophile that attacks the scissile peptide bond of
the substrate in the first step of catalysis.
Lys145 is strictly conserved in all known type I
SPases, except for the ER-type SPases, in which

Lys is replaced by a His residue. Paetzel et al.(99)
tried to elucidate the role of the essential Lys145 in
the activity of E. coli SPase, by combining site-
directed mutagenesis and chemical modification
methods to introduce unnatural amino acid side
chains at the 145-position. Strikingly, chemical
modification could partly restore the activity of the
mutated SPase. This result, along with the fact that
a Lys145Arg mutant was inactive, supports the
idea that the lysine side chain is essential for
catalysis. Possibly, this is due to its ability to form
one or more hydrogen bonds, or to act as a general
base rather than forming a critical salt bridge.
If a Ser-Lys catalytic dyad mechanism is operative,
the lysine must (directly or indirectly) be able to
receive a proton from the serine hydroxyl side
chain during catalysis. Since the pKa of lysine in
solution is 10.8 (126), the pKa of the lysine side
chain has to be lowered significantly. It has been
shown for T4 lysozyme that the microenvironment
surrounding a lysine residue plays an important
role in lowering its pKa by either including either a
local positive charge or a hydrophobic moiety
(127).
In parallel to the studies on the E. coli SPase,
extensive site-directed mutagenesis studies of the
Gram-positive SPase SipS from B. subtilis were
performed by van Dijl and coworkers (113). These
studies revealed that the residues Ser43, Lys83 and
Asp153 (the equivalent residues of E. coli Ser90,
Lys145 and Asp280) were essential for SipS
activity.
Furthermore, for the ER-type SPases Sec11p of
yeast and SipW of B. subtilis, it was shown that the
conserved His residue which replaces the active-
site Lys residue of P-type SPases, was also critical
for activity (110;115). In fact, conserved serine,
histidine and aspartic acid residues were critical for
SipW activity, suggesting that the ER-type SPases
employ a Ser-His-Asp catalytic triad or,
alternatively, a Ser-His catalytic dyad (110).

6.3. Inhibitors and enzyme kinetics
Type I SPases are not inhibited by the standard
protease inhibitors (see above). However, several
inhibitors of type I SPases have been found. The E.
coli SPase, for example, can be inhibited in vivo by
signal peptides with a Pro at the +1 position
relative to the cleavage site (30). Also, the 23
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amino acid residue signal peptide from M13
procoat protein (MKKSLVLKASVAVATL-
VPMLSFA) was found to inhibit the in vitro
processing of the procoat protein and pre-MBP by
E. coli SPase (128). Interestingly, Kuo and
coworkers reported that certain �-lactam
derivatives could be used as SPase inhibitors (129).
In recent years, a wide range of such �-lactam
inhibitors have been studied, also referred to as
PENEM-type inhibitors (130;131). These inhibi-
tors were used to determine which side of the
peptide backbone of their substrate is attacked by
the serine hydroxyl side chain. The most effective
inhibiting PENEM compounds are the 5S
stereoisomers, which are capable of inhibiting both
the "Gram-negative SPase" of E. coli as well as the
"Gram-positive SPases" of Staphylococcus aureus
(132) and B. amyloliquefaciens (van Roosmalen,
unpublished results). The 5S stereoisomer is the
stereochemical opposite of the 5R �-lactams that
are required for the inhibition of �-lactamases and
penicillin-binding proteins. This provided a first
clue that the SPase attacks the peptide backbone of
the substrate with the serine hydroxyl side chain
from the si-face (131). This si-faced attack is from
the opposite side compared to classical serine
proteases (133). Later, a 5S,6S PENEM inhibitor
was used to crystallize the soluble fragment of the
E. coli SPase for the determination of its three-
dimensional structure. Indeed, the structure of the
enzyme-inhibitor complex confirmed the si-faced
attack of the nucleophile (29).

For the determination of the catalytic parameters of
SPases, two kinds of substrates have been used
with different results: full-length proteins and
synthetic peptides. The best full-length pre-protein
substrate is a pro-OmpA nuclease A hybrid
precursor, constructed from the Staphylococcus
aureus nuclease A attached to the signal peptide of
the E. coli outer membrane protein A (OmpA)
(134). Using this substrate, Suciu et al. (135) have
estimated the activation energy of E. coli SPase to
be 10.4 � 0.6 kcal/mol, which indicates that this
SPase is catalytically as efficient as typical serine
proteases with a Ser/His/Asp catalytic triad. With
this substrate, the pH-dependency of the E. coli
SPase was measured, which revealed a maximum
efficiency at pH 9.0 and apparent pKa values for

titratable groups at ~8.7 and 9.3 (99). In the
presence of the detergent Triton X-100, the
purified wild-type E. coli SPase displayed the
following catalytic constants at pH 9.0: kcat = 120.0
� 10.7 sec-1, Km=10.9 � 2.8 �M, kcat/Km = 1.1
(�0.2) x 107 sec-1M-1 (99). Another full-length
hybrid precursor protein, pre(A13i)-�-lactamase,
was used by van Dijl et al. (113) to study the effect
of mutations in the B. subtilis SPase SipS on the
level of precursor processing in vivo. It was shown
that pre(A2)-�-amylase, a hybrid precursor that is
efficiently processed in vivo (136), could also be
used in vitro to measure optimal conditions for
processing by purified soluble SipS from B.
amyloliquefaciens (118); see Chapter 3. The in
vitro transcription/translation technique used to
obtain this substrate was essentially the same as
that used by Vehmaanperä and coworkers to study
the activity of B. subtilis SPases in isolated
membranes (122). It was determined that SipS of
B. amyloliquefaciens has a pH optimum of 10,
which is the highest known pH optimum for type I
SPases, and a temperature optimum of 37 �C.

In comparison with the full-length pre-protein
substrates, the relatively few synthetic peptides
which have been used are relatively poor substrates
for SPase (137-139). Kuo and coworkers (129)
were the first to use peptide substrates derived
from the cleavage site of the maltose binding
protein precursor in a SPase assay. In fact, these
peptides were mainly used for studies on the
effects of inhibitors (130). Furthermore, an
internally quenched fluorescent peptide was
employed to develop a continuous assay for the
rapid screening of inhibitors (140). Using this
substrate, a kcat/Km of 71.1 M-1sec-1 was determined
for the E. coli SPase, which was much lower than
the kcat/Km determined with full-length pre-protein
substrates. However, the cleavage of the quenched
fluorescent peptide can be assayed more efficiently
than the cleavage of full-length substrates (i.e. pre-
proteins), which requires SDS-PAGE assays.

6.4. Other enzymes with a Ser-Lys catalytic dyad
The number of known proteins with a potential
serine nucleophile and a lysine general base is
rapidly growing (See Table 1.I). This includes the
E. coli LexA repressor (141), the E. coli UmuD
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protease (142), the E. coli Tsp protease (143), the
class A, C and D �-lactamases (144;145), the
Streptomyces D-Ala-D-Ala peptidases (146), the
Pseudomonas aeruginosa TraF (147), the rat fatty
acid hydrolase (148), the viral protease VP4 of the
infectious bursal disease virus (149;150) and
spinach CtpA (151). It is anticipated that more
enzymes will be added to this list in the coming
years.

6.5. Three-dimensional structure of type I signal
peptidase
Based on their three-dimensional structures, serine
proteases can be grouped into six evolutionary
clans SA, SB, SC, SE, SF, and SH (153). The clans
SA, SB, SC, and SH, although having very
different protein folds, all utilize a histidine general
base in their mechanism of catalysis. The unique
serine proteases in clans SE and SF, however,
utilize a lysine general base. The evolutionary
clans can be further subcategorized into families.
E. coli type I SPase, a member of the serine
protease family S26, and the E. coli UmuD
protease, a member of the serine protease family

S24, are the proteases within the clan SF that have
been most thoroughly characterized at the
structural level (29;142). In an effort to obtain
structural information for type I SPases, a soluble
form (�2-75) of the E. coli SPase was crystallized
(154). The structure of this soluble SPase in
complex with a �-lactam type inhibitor(allyl
(5S,6S)-6-[(R)-acetoxyethyl]- penem-3-car-
boxylate) was resolved to high resolution (1.95 Å)
(29). Thus, it became clear that this type I SPase
has primarily a �-sheet protein fold consisting of
two anti-parallel �-sheet domains (Fig. 1.8).
Domain I, which contains the “catalytic core,”
contains the conserved regions of amino acid
sequences (Boxes B–E), all of which reside near,
or are part of the active site. Box B contains the
nucleophilic Ser90 residue. Boxes C and D form
two antiparallel hydrogen bonded �-strands. Box D
contains the general base Lys145 and is positioned
such that its side-chains can form �-strand type
hydrogen bonds with the signal peptide substrate.
Box E contains the conserved Gly272 residue. This
strict conservation can be explained by the fact that
it is located directly adjacent to the N� of
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Lys145. Lys145 forms a hydrogen bond to Ser278,
which probably contributes to its role as a general
base for Ser90, by fixing the position of the Lys145
N�. Notably, Lys145 is the only titratable group in
the vicinity of the Ser90 nucleophile. The PENEM
inhibitor, used during crystallization, was found to
be covalently bound to the Ser90 O	. This proves
that Ser90 is indeed the acylating nucleophile in
the SPase hydrolysis reaction. Also, the assumption
that SPases attack the scissile bond of the substrate
from the si-face of the amide bond was proven by
this crystal structure. Lys145 is completely
surrounded by a hydrophobic environment,
consisting of side-chains of Tyr143, Phe133,
Met270 and the main chain atoms of Met270,
Met271, Gly272 and Ala279. As discussed earlier
this, most likely, contributes to the lowering of the
pKa of the Lys145 residue and to maintaining its
deprotonated state to act as a general base in
catalysis.

The oxyanion hole, present in classical serine
proteases to stabilize the transition state, is
probably formed by the main chain amide of Ser90
and the hydroxyl side-chain of Ser88 (155). In
most SPases of Gram-positive origin, the E. coli
Ser88 is replaced by a Gly residue. Here, the main
chain CH of Gly may contribute to the stabilization
of the oxyanion transition state.

The crystal structure reveals two small
hydrophobic clefts, forming the S1 and S3 binding
pockets of the E. coli SPase. The residues
contributing to the S1 pocket are primarily
hydrophobic and include Ile86, Pro87, Ser88,
Ser90, Met91, Leu95, Ile144, Tyr143, and Lys145.
The S3 pocket is also predominantly hydrophobic
in nature and is formed by Phe84, Ile86, Ile101,
Val132, Ile144 and the C� of Asp142. A peptide
modeled into the active-site cleft supports earlier
work suggesting that the carboxyl-terminal 5-6
residues of the signal peptide would adopt a �-
strand type conformation (156). A �-stranded
conformation would allow for favorable hydrogen
bonding and a proper fit of the -1 and -3 residues
of the substrate in the binding pockets of the
enzyme. The hydrophobic depression of the S3
pocket is more shallow and broad as compared to
that of the S1 pocket, explaining the observation

that larger residues can occur at the P3 site (-3)
rather than at the P1 site (-1) of the substrate
(12;13). The substrate P2 residue (-2) points to the
solvent and is most likely aligned with the Tyr143
aromatic side chain. This explains why variants of
the E. coli alkaline phosphatase signal peptide with
large residues at the P2 position are processed
more efficiently (157). Conversely, this could also
explain why a Tyr81Ala mutant of the B. subtilis
SPase SipS (the equivalent of Tyr143 in E. coli)
has a significantly reduced activity (113;158).
However, the latter effect may also relate to the
fact that Tyr81 contributes to the hydrophobic
environment of the active site of Lys83 of SipS.

Interestingly, the smaller size of SPases from
Gram-positives is the result of a smaller Domain II
and the lack of the extended hydrophobic �-ribbon
that is thought to penetrate the membrane (residues
107-122 in E. coli). The physiological role of
Domain II is presently unknown but, in view of its
absence from many SPases, it is probably of minor
importance for catalysis.

6.6. A proposed catalytic mechanism for bacterial
type I signal peptidase
Paetzel and coworkers proposed a mechanism of
catalysis for pre-protein cleavage by the E. coli
SPase, based on the crystal structure of this
enzyme, the modeling of peptide substrates and
available biochemical data (Fig. 1.9) (132). First,
the signal peptide binds to the SPase with the P1 to
P4 residues in an extended �-conformation,
forming hydrogen bonds with the �-strand
containing Lys145. The P1 and P3 residues reside
in the hydrophobic S1 and S3 substrate-binding
pockets. Lys145 N� now acts as a general base to
strip a proton from the Ser 90 O	 that performs a
nucleophilic attack on the si-face of the scissile
peptide bond (i.e. the SPase cleavage site, Fig.
1.9a). The oxyanion hole, formed by the Ser90
main-chain amide and the Ser88 side-chain
hydroxyl groups, would then stabilize the newly
formed tetrahedal intermediate I (Fig. 1.9b). Next,
the leaving group amide (i.e. the amino-terminus of
the mature protein) would receive a proton from
the now protonated Lys145 N�. This releases the
mature protein from the SPase and an acyl-enzyme
intermediate is formed (Fig. 1.9c). Again, Lys145
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would act as a general base, this time activating the
deacylating water that forms the tetrahedral
intermediate II (Fig. 1.9d). The Lys145 side-chain

 ammonium group then donates a proton to the
Ser90 O	, and the cleaved signal peptide
dissociates, regenerating the SPase active site.

Fig. 1.9 The proposed catalytic mechanism of E. coli type I SPase, adapted from van Dijl et al. (113) and Paetzel et al. (132).
(a) The N� of the lysine general base (Lys145) abstracts the proton from the O	 of the nucleophile Ser90. The activated Ser90
O	 attacks the si-face of the scissile peptide bond of the pre-protein forming the oxyanion tetrahedal intermediate I. See text for
details. (b) The oxyanion tetrahedal intermediate I is stabilized by the oxyanion hole formed by the main-chain amide of Ser90
and the side-chain hydroxyl group of Ser88. (c) The acyl-enzyme intermediate is attacked by a deacylating water molecule that
has become nucleophylic due to its association with the Lys145 N� general base. (d) The tetrahedral intermediate II fanally
collapses, releasing the cleaved signal peptide.
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7. Conclusions

With the aid of the E. coli SPase I crystal structure,
the extensive biochemical data from analyses with
the E. coli and Bacillus type I SPases, and the
many new primary sequences available from
different bacterial genome sequencing projects, we
are beginning to understand the biochemical
properties and physiological role of this unique
class of serine proteases. One feature in particular
underscores the importance of these enzymes: they
are essential for life. Thus, a thorough
understanding of the enzymatic reactions carried
out by the type I SPases makes it feasible to
develop new antibacterial drugs which specifically
target the SPases of clinical pathogens that are
becoming increasingly resistant against antibiotic
treatments. Since Gram-positive bacteria have only

one membrane that can be a barrier to antibacterial
drugs, the catalytic domain of SPases at the
extracytoplasmic membrane surface represents an
interesting target.

Although a considerable amount of experimental
data on SPases has become available during recent
years, a number of important questions remains to
be answered. These include the nature of the
environment in which the cleavage of signal
peptides occurs. Is this the periplasm or cell wall,
the phospholipid bilayer, or the proteinaceous pore
of the translocase? Furthermore, why do some
bacterial species have multiple type I SPases? Why
do some SPases lack a Domain II? Do interactions
of the SPase with other components of the
secretion machinery occur? And if so, what is their
significance?
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Scope of this thesis

The major aim of this thesis was to analyze
relationships between the structure and function of
the type I SPases of Bacillus species. To obtain
information about their enzymatic properties, a
method was developed to overproduce and purify
various SPases from bacilli in a soluble form,
lacking their unique membrane anchor (Chapter 2).
Only a hexa-histidine tagged soluble form of SipS
from B. amyloliquefaciens (sf-SipS) could be
obtained in significant quantities. Like other
soluble Bacillus SPases, this protein was prone to
degradation. Optimal enzymatic activity of sf-SipS
was demonstrated at pH 10, even in the absence of
added detergents. The cause of degradation of the
soluble forms of Bacillus SPases was investigated
in Chapter 3, where it was demonstrated that this is
largely due to self-cleavage. The identification of a
fifth chromosomally-encoded type I SPase of B.
subtilis (SipW) is described in Chapter 4.
Surprisingly, this SPase belongs to the sub-family
of ER-type SPases, which is normally found in the
endoplasmic reticular membrane of eukaryotes and
the plasma membrane of archaea. Furthermore, it
was demonstrated that SipS and SipT are of

major importance for protein secretion and cell
viability, whereas the other three chromosomally-
encoded type I SPases of B. subtilis (SipU, SipV
and SipW) are of minor importance for secretion
and viability. Interestingly, simple sequence
comparisons did not allow the distinction between
major and minor SPases. Instead, molecular
phylogeny was used successfully to predict the
classification of these major and minor SPases
(Chapter 5). As shown by molecular modeling, the
active site geometry is not a critical parameter for
the functional difference between major and minor
SPases. In contrast, the membrane anchor domain
turned out to be an important determinant for this
difference and it is, therefore, suggested that the
differences between major and minor SPases of B.
subtilis are based on activities other than substrate
cleavage site selection. Finally, the SPase SipS of
B. subtilis was used in Chapter 6 to make an
inventory of residues in the membrane anchor
domain that are important for activity. A possible
explanation for the fact that only few mutations in
the membrane anchor domain affect the in vivo
activity of SipS is that various residues in this
domain have redundant functions.


