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l. Introduction: Bacterial Signal Peptidase, Signal Peptides
and Protein Targeting

In the bacterial secretory pathway, proteins that are exported across the
plasma membrane are synthesized as higher molecular weight precursors
with an N-terminal extension peptide. This extension peptide, called a sig-
nal or leader peptide, is proteolytically removed by type I signal peptidase
(SPase I or leader peptidase, Lep). Unrelated to type I signal peptidases are
the lipoprotein-specific signal peptidases (type II), which recognize lipid-
modified eubacterial preproteins, and the (type IV) prepilin signal pepti-
dases (Z, 2). In the secretory pathway in bacteria, the apparent natural func-
tion of signal peptide processing by SPase I is the release of export-targeted
and translocated proteins from the cytosolic membrane. Genetic studies in
a number of bacteria have shown that SPase 1 is essential for cell viability
(3-7). Mechanistic and structural analyses have helped explain how this en-
zyme binds substrate and how catalysis occurs by a unique mechanism. In
this chapter the type I signal peptidase enzymes found in eubacteria with
particular emphasis on the most thoroughly studied enzymes in this field,
E. coli and B. subtilis SPase I, will be discussed. The focus will be on the bio-
logical and functional enzymology of SPase I. Finally, the three-dimensional
X-ray crystal structure of E. coli SPase I will also be presented.

A. BACTERIAL SIGNAL PEPTIDES ARE ESSENTIAL FOR PREPROTEIN EXPORT

Proteins that are exported across the plasma membrane of bacteria typ-
ically use cleavable signal peptides. In bacteria, two preprotein translo-
cation machineries are currently known, the Sec translocase and the Tat
translocase systems (see Fig. 1). The Sec machinery in E. coli is comprised
of the membrane-embedded protein components SecYEGDF and YajC (8),
a peripheral membrane component SecA (9-11), and the cytoplasmic molec-
ular chaperone SecB (12). SecB helps target some preproteins to the mem-
brane by interaction the mature regions of the preprotein, as well as with
membrane-bound SecA (13). The Tat pathway components consist of the
integral membrane components TatA, TatB, TatC, and TatE (14, 15). TatA,
TatB, and TatE have been found to be homologous to the Hef106 protein
(14, 16, 17) that is involved in the ApH-dependent protein export path-
way of plant thylakoids. Resident bacterial inner membrane proteins typi-
cally lack cleavable signal peptides (18), whereas transient inner membrane
proteins encoded by some phage genomes contain signal peptides that are
removed during the membrane insertion process. A membrane-embedded
protein, YidC, has been found to be essential for the proper insertion of
the M13 procoat protein [Fig. 1, (19)]. M13 procoat was previously thought
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Fic. 1. Schematic representation of the known bacterial protein translocation systems.

to insert into the membrane by a spontaneous and Sec machinery-inde-
pendent mechanism.

Although signal peptides do not maintain any overall sequence homol-
ogy, they do contain some regions that have conserved features (20, 21)
(Fig. 2). At the N-terminus of preproteins involved in the secretory pathway
(destined for the outer membrane or cellular export) signal peptides typically
contain a basic amino-terminal 1- to 5-residue N-region, a 7- to 15-residue
central core hydrophobic H-region, and a polar carboxyl-terminal C-region
of 3-7 amino acids (Fig. 2). These regions have been shown to be impor-
tant elements for cleavage in vivo by signal peptidase (22). In particular, the
C-region has been shown to harbor important elements of substrate speci-
ficity such as the “Ala-X-Ala” motif that is prevalent at the —1 to —3 position
with respect to the cleavage site (20, 21, 23). As shown in Fig, 2, statistical
analyses indicate that signal peptides of gram-positive bacteria are on aver-
age longer than those found in gram-negative bacteria (24-26). These differ-
ences are manifested mainly in longer H- and C-regions for gram-positive
bacteria.

Signal peptides caninteract directly with the peripheral translocation com-
ponent SecA (27) and the SecY/E complex (28). Signal peptides also interact
with membrane phospholipids. The positively charged N-region of the signal
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Bacterial Signal Peptides
SPase [ Cleavage
e Al T 3 -1 L )
H;N h-region ; COO
n-region c-region Mature
Gram-positive Gram-negative
Total signal ; :
asoig 32.0 aa 25.1 aa
peptide length
- positive charge, positive charge,
n-region e # L
& Lys/Arg rich Lys/Arg rich
B hydrophobic, a-helical, hydrophobic, « -helical,
h-region ) :
® longer shorter
polar/neutral, polar/neutral,
c-region extended B-conformation, extended B-conformation,
longer, & Pro/Thr rich shorter, & Ser/Ala rich
-1 & -3 residues mainly Ala, mainly Ala,
“Ala-X-Ala” less frequent Ser/Gly less frequent Ser/Gly

Fic. 2. A summary of the characteristics of bacterial signal peptides.

peptide is believed to function at an early step in the protein export process
by interacting with the acidic phospholipid headgroups in the membrane
(29). On the other hand, the signal peptide H-region likely interacts with
the hydrophobic acyl groups of membrane phospholipids. Functional signal
peptides have been shown to adopt «-helical conformations in detergent and
model membrane systems (30, 37).

Early work by the Beckwith and Silhavy laboratories (32, 33) demon-
strated that signal peptides in bacteria are essential for export of proteins
across the inner membrane. Interruption of the H-region with either a
charged residue or a deletion led to an export-defective signal peptide. The
positively charged N-terminal region also can be important for the efficiency
of translocation. Though the positively charged N-region is not as critical for
export as the H-region, proteins with signal peptides that contain an acidic
N-terminal region are typically exported more slowly. Interestingly, the
positive charge(s) in the N-terminal region play a more decisive role when
the hydrophobic core is less than optimal (34). Defects in the N-region
can be compensated for by increased length and/or increased overall
hydrophobicity of the corresponding H-region. The C-region contains the
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sequence elements important for processing, as determined by site-directed
mutagenesis experiments (35, 36). The sequence elements are small,
uncharged amino acids at the —1 and —3 positions relative to the cleavage
site.

In the case of signal peptides involved in the TAT translocation pathway
(Fig. 1), the twin arginine motif is a critical determinant for export. In addi-
tion to a two-arginine consensus (37), the export of proteins by this pathway
requires a highly hydrophobic residue at the +2 or +3 position (relative to
the two arginines) (38).

B. SioNAL PEPTIDASES IN GRAM-NEGATIVE AND GRAM-POSITIVE BACTERIA

The enzyme now commonly referred to as signal peptidase SPase cleaves
signal peptides from preproteins in a wide variety of organisms. The type 1
SPase from gram-negative Escherichia coli, first detected more than two
decades ago by Chang et al. (39), was first purified by Zwizinski and Wickner
(40). The protease was assayed by its ability to cleave the signal peptide
by using M13 procoat protein as a substrate. The gene encoding E. coli
type I signal peptidase (lepB) was eventually cloned (47) and sequenced
(42). Escherichia coli SPase I has been found to be essential for cell growth
(3) and its amino acid sequence reveals three apolar stretches: H1 (residues
1-22), H2 (residues 62-77), and H3 (residues 83-91).

The membrane topology of E. coli SPase I was determined through several
studies. Wolfe et al. (42) found that treatment of inside-out inner membrane
vesicles with trypsin yields a protected E. coli SPase I fragment of approx-
imately 32 kDa. The likely cleavage at Lys-57 in the cytoplasmic domain
suggests that SPase [ spans the membrane in vivo from the cytoplasm to
the periplasm after this residue. Moreover, Moore and Miura (43) found
that treatment of right-side-out inner membrane vesicles and spheroplasts
with proteinase K or trypsin yields two protected fragments of approxi-
mately 80 and 105 amino acids, respectively. Both protected fragments are
derived from the amino terminus of the protein and the shorter one is de-
rived from the larger one. Additionally, the same treatment of an amino acid
82-98 deletion mutant (lacking the H3 domain) does not change the size of
the smaller protected peptide, but does decrease the size of the larger pep-
tide (43). These combined data suggest that the second (H2) apolar domain
(residues 62-76) is a membrane-spanning region, whereas the third apolar
domain, H3 (residues 82-98) is exposed to the periplasm. Apolar domain
1 also spans the membrane and interacts with the second transmembrane
segment. The helix-helix interface was determined by analyzing disulfides
formed between pairs of cysteines engineered at the periplasmic ends of the
transmembrane regions (44). The resulting membrane topology model of
E. coli SPase I (H3 domain not shown) is shown in Fig. 3.
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Fic. 3. The membrane topology of E. coli type I SPase.

After E. coli, the next type I signal peptidase to be cloned was from
the gram-negative organism Salmonella typhimurium (45). Salmonella ty-
phimurium type 1 SPase was found to be homologous to the E. coli signal
peptidase. As with the E. coli enzyme, hydropathy and sequence analyses
indicated that the enzyme spans the membrane twice with the catalytic do-
main in the extracellular medium. From whole genome sequencing projects,
homologous type I signal peptidase open reading frames have now been
and continue to be identified in a wide variety of gram-negative and gram-
positive organisms.

Alignment of the known (archeal, eubacterial, and eukaryal) type 1 SPase
sequences revealed that there were five conserved domains in the signal pep-
tidase family. These domains were designated as A-E (46). However, our
current alignment of sequences retrieved from the results of an E. coli SPase
I BLAST homology search (http://www.ncbi.nlm.nih.gov/BLAST/) (47, 48)
reveals that there is a second C-like homology domain. Similar alignments
by Tjalsma and co-workers also reveal this sixth domain and they have desig-
nated it as C' (49, 50). Additionally, based on differing conservation patterns
and the putative general base residue (Lys or His) found in the D domain,
the alignments of all currently known type I SPases have resulted in their
sub-classification of either P-type (Lys) or ER-type (His) (49, 50). The align-
ment patterns of the sequences found in our BLAST search are shown in
Fig. 4. The A domain (not shown), preceding the B domain, corresponds
to a region that is within the transmembrane region of the SPase I enzyme.
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The P-type B domain contains the putative catalytic Ser in an SM_PTL motif
(Fig.4A). This catalytic Ser (Ser 90 in the E. coli signal peptidase) is invariant
in the entire family. The C, C’, and D domains contain the residues reported
to be important in substrate binding and catalysis (51-53).

The putative general base (K145 of domain D in E. coli) found in mi-
tochondrial and chloroplast signal peptidases is invariant in all the gram-
positive and gram-negative bacteria surveyed. It is replaced by a His residue
in the ER-type SPases. Finally, the E domain contains the strictly conserved
GDN motif. Domain E has been reported to be important in active site ar-
chitecture (54). The functions of specific residues in the conserved domains
will be further discussed below. It is intriguing that SipW, a characterized
B. subtilis type 1 SPase (49), and Spc21 of Clostridium perfringens are gram-
positive SPases classified as ER-type signal peptidases (Fig. 4B).

While most bacteria have only one signal peptidase gene, there are excep-
tions. B. subtilis, for example, has five chromosomally encoded type I signal
peptidase genes—Sip§, SipT, SipU, SipV, and SipW (55)—and two plasmid-
encoded signal peptidases (56). These chromosomal signal peptidases have
overlapping substrate specificities. SipS through SipV resemble bacterial,
P-type, signal peptidases. But, as we have mentioned earlier, SipW is more
like the eukaryotic, ER-type, signal peptidase; it lacks the conserved Lys gen-
eral base and, instead, has a His at the homologous position. Similarly, mul-
tiple signal peptidase genes are found in Streptomyces lividans (57). These
include SipW, SipX, SipY, and SipZ. Three of these genes are in a single
operon. Finally, Staphylococcus aureus has two signal peptidase genes, one
of which is thought to be inactive as it lacks homologous catalytic Ser and
Lys residues (5).

C. SiGNAL PerTIDE PROCESSING Is REQUIRED FOR CELL GROWTH

Signal peptidase is critical for cell viability. In the Date experiments (3),
integration of an ampicillin-resistant plasmid bearing a promoter and sig-
nal peptidase—deficient sequence into the chromosome of a polA mutant
(plasmid replication deficient) E. coli strain was attempted. However, this
technique did not result in the isolation of any signal peptidase—deficient and
ampicillin-resistant strains. This suggested that signal peptidase is essential
for E. coli viability. In another study, construction of an E. coli strain with
signal peptidase expression under the control of the araB promoter led to
arabinose-dependent cell growth (4). Signal peptidase I has also been shown
to be essential in human pathogens such as Staphylococcus aureus (5) and
Streptococcus pneumoniae (7). Finally, though the genes encoding SipS or
SipT by themselves are not essential for cell viability, deletion of both SipS
and SipT genes prevents cell growth in B. subtilis (49).
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Fic. 4. Amino acid sequence alignment of bacterial SPase I enzymes. This alignment is generated from ClustalX v.1.8 (103) amino
acid alignments of all P-type (A.) and ER-type (B.) SPases (from a GenBank BLAST search) and are grouped as described by
Tjalsma et al. (49) and Dalbey et al. (46). The catalytic Ser 90 and Lys 145 residues (E. coli) are indicated by a ‘x’. In the consensus
sequence, uppercase indicates strictly conserved residues and lowercase indicates conserved residues appearing in greater than 50%
of the aligned sequences. (A) Alignment of conserved residues in P-type SPase enzymes. 1. Eco, Escherichia coli; Sty, Salmonella
typhimurium; Hin, Haemophilus influenzae; Pfl, Pseudomonas fluorescens; Bja, Bradyrhizobium japonicum; Rca, Rhodobacter cap-
sulatus; Mle, Mycobacterium leprae; Mtu, Mycobacterium tuberculosis; Shi, Streptomyces lividans; Sco, Streptomyces coelicolor; Pla,
cyanobacterium Phormidium laminosum; Ssp, Synechocystis sp. strain PCC6803 11; Aae, Aquifex aeolicus; Tpa, Treponema pallidum;
Hpy, Helicobacter pylori J99; Bbu, Borrelia burgdorferi; Spn, Streptococcus pneumoniae; Smi, Streptococcus mitis; Bea, Bacillus cal-
dolyticus; Sau, Staphylococcus aureus; Sca, Staphylococcus carnosus; Bsu, Bacillus subtilis; Bam, Bacillus amyloliquefaciens; Bli,
Bacillus licheniformis; Tma, Thermotoga maritima; Cpn, Chlamydophila pneumoniae; Ctr, Chlamydia trachomatis; Sip, SPase; Spi,
Streptococcus pneumoniae SPase 1; Sps, SPase Staphylococcus aureus. (B) Alignment of conserved residues in Eubacterial ER-type
SPase 1. Bsu, Bacillus subtilis; Cpe, Clostridium perfringens; Sip, signal peptidase; Spc, signal peptidase complex.
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In bacteria, the apparent function of the signal peptidase enzyme is to
release translocated preproteins from their membrane attached signal se-
quences. This allows periplasmic or outer membrane destined proteins to
enter the periplasmic space. Using an E. coli strain in which synthesis of
signal peptidase is under the control of the arabinose operon, it was shown
that precursor proteins of M13 procoat, maltose binding protein (MBP),
and outer membrane protein A (OmpA), accumulate in the cell when the
synthesis of signal peptidase is repressed (4). Protease accessibility assays
demonstrated that, with attenuated signal peptidase production, procoat,
pre-MBP and pro-OmpA proteins were still found translocated across the
plasma membrane. This result is in line with studies showing that noncleav-
able signal sequence mutants of B-lactamase (58) and M3 procoat (59)
were also translocated. Interestingly, pre-MBP and pro-OmpA were found
remaining on the outer surface of the plasma membrane, suggesting that
the proteins were tethered to the membrane by the membrane embedded
uncleaved signal sequences (4).

It is fascinating that Mycoplasma genitalium, a bacteria with the smallest
genome known, does not appear to have a gene with any significant homol-
ogy to type I signal peptidase (60). This is the only bacterium known to lack
a signal peptidase.

D. Type I SiGNAL PEPTIDASE IS AN ANTIBACTERIAL TARGET

Signal peptidase is a potential target for antibacterial compounds and
is currently being actively investigated by pharmaceutical companies (61).
What makes type I signal peptidase an attractive drug target is that it is
essential for cell viability for all bacteria. Also, the SPase I enzyme should
be readily accessible by small molecules since the protease active site is
located in the periplasmic space of gram-negative and in the outside surface
of the plasma membrane in gram-positive bacteria. The recently solved 3D
crystal structure of the catalytic domain of E. coli signal peptidase should
provide a useful model for the rational design of potential inhibitors (52).

The practicality of using signal peptidase as a drug target has been ques-
tioned because SPase 1 is also an enzyme found in eukaryotic cells. However,
there are notable differences between the bacterial versus the eukaryotic
paralogs. The prokaryotic signal peptidases are single polypeptide chains,
whereas the endoplasmic reticulum signal peptidases are multimeric com-
plexes and contain some nonhomologous polypeptides (46). Also, the signal
peptidase complex in Saccharomyces cerevisiae most likely carries out catal-
ysis using a Ser-His dyad, rather than the Ser-Lys dyad found in prokary-
otic signal peptidases (53). In mitochondria, signal peptidase is postulated
to use a Ser-Lys mechanism, but it is a dimer consisting of the Imp1/Imp2
polypeptides. These differences suggest that it may be possible to design
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inhibitors that specifically inhibit the bacterial signal peptidases only and
not the ER or mitochondrial enzymes.

ll. Type I Signal Peptidase Enzymology

A. ENzYME PURIFICATION AND SUBSTRATE ASSAYS

The early isolation work on E. coli type I signal peptidase resulted in the
characterization of some of its physical properties. Cell extracts overproduc-
ing signal peptidase indicate that signal peptidase activity is sensitive to high
salt, Mg”" concentration, and pH (62). Using purified substrate and purified
E. coli signal peptidase, a pH optimum of about 9.0 has the greatest level of
activity (63, 64). Also, a profile of activity versus temperature indicates that
the enzyme is stable up to 40°C (63).

Overexpression and purification of E. coli type 1 SPase has been accom-
plished by recombinant techniques. Typically E. coli strains bearing plasmids
engineered to overexpress the E. coli lepB gene are used. One such strain
takes advantage of a plasmid (pPS9) bearing the signal peptidase gene under
transcriptional control of the lambda promoter (65). This plasmid also codes
for a temperature-sensitive lambda repressor causing reduced expression at
30°C and rapid expression at 42°C. Another plasmid, pRDS, expresses the
lep B gene under the control of the araB promoter (4). In this system, expres-
sion is induced by the addition of arabinose. With both these plasmids the
protein is purified by a protocol involving membrane isolation, Triton X-100
detergent extraction, DEAE ion-exchange chromatography (Pharmacia),
and final isolation to homogeneity by a polybuffer chromatofocusing tech-
nique (Pharmacia) (65, 66).

A difficulty with E. coli SPase I purification results from an apparent auto-
proteolysis of the enzyme. Talarico et al. (67) demonstrated that the purified
SPase gets cleaved after an Ala-Gln-Ala sequence (residues 38-40), which
is consistent with the “—3, —1” or “Ala-X-Ala” motif of SPase I signal pep-
tide substrate specificity (see Section 1I,B). With this information, a more
efficient scheme for E. coli SPase 1 purification was devised (using pRD8)
by inserting a 6-His tag after amino acid residue 35 (cytosotic domain) in the
protein sequence. This eliminates yield losses from self-cleavage and enables
the use of a nickel-chelate affinity chromatography purification system (64).
The most productive system, however, utilizes the plasmid pET23Lep (54).
This method also uses a 6-His/nickel-chelate approach, but also takes advan-
tage of the very high expression levels of the pET vector system (Novagen).
With this system, milligram quantities of purified E. coli SPase I protein are
generated from a few liters of culture in a relatively short amount of time.

The enzymatic activity of the E. coli SPase has been assayed with a num-
ber of different substrates. These include peptides (68-71) and preprotein
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substrates (40, 64, 72, 73). One of the peptide substrates, Phe-Ser-Ala-Ser-
Ala-Leu-Ala-Lys-Ile, is based on the cleavage site region of pre-MBP. It is
cleaved by SPase to generate the Phe-Ser-Ala-Ser-Ala-Leu-Ala and Lys-lle
fragments. HPLC is used to separate and quantitate the two products. The
resulting kc, and Ky, values with this substrate are 114 hr™! and 0.8 mM,
respectively (71). On the other hand, using the preprotein pro-OmpA nu-
clease A as a substrate for SPase results in much better kinetic constants. In
this assay, cleavage of pro-OmpA nuclease A is analyzed by resolving the
preprotein from the mature protein with SDS-PAGE. This substrate results
in a ke of 44 57", a Kiy 0f 19.2 uM, and ket /Km of 2.3 x 10°s™ M~! at pH
8.0. This catalytic efficiency is comparable to that of other Ser proteases such
as trypsin and chymotrypsin (74). The reason for the dramatic increase in
kcat/Km for the preprotein substrate compared to the peptide substrate is that
the preprotein/SPase interactions not available with synthetic peptides may
lead to optimal substrate positioning and increased processing efficiency.

Fluorogenic substrates have also been developed as continuous assays of
SPase activity (68, 69). One example is the internally quenched fluorescent
substrate Tyr(NO2)-Phe-Ser-Ala-Ser-Ala-Leu-Ala-Lys-Ile-Lys(Abz) (68).
This conjugate peptide is also based on the cleavage site region of the
preprotein pre-MBP, and E. coli SPase cleavage is able to generate the
expected products Tyr(NO2)-Phe-Ser-Ala-Ser-Ala-Leu-Ala and Lys-Ile-
Lys(Abz). This results in a fluorescence increase that is monitored during
the course of the reaction. Unfortunately, like the Dev peptide (71), the re-
sulting kco/ Ky for this substrate is also very low (71.1 M s_l), indicating
it is also a poor substrate. A hydrophobic H-region is a common motif in
signal peptides (Fig. 2). The poor catalytic efficiency for this substrate is most
likely due to the lack of a hydrophobic core in the primary sequence of the
peptide substrate itself (68).

With the development of a new fluorogenic substrate, Stein and co-
workers (75) have addressed some aspects of the function of the H-region in
the signal peptide. In this work, the insertion of 10 Leu residues into the N ter-
minus of the peptide used by Zhong and Benkovic (68) results in a substrate
displaying a dramatic 10* increase in kcy(/ K. Stein and co-workers suggest
that this increase most likely results not only from the proximity effects
gained from anchoring the substrate to micelles (also containing micelle-
anchored SPase), but also from specific interactions achieved between the
SPase enzyme and the new “H-region-like” domain of the substrate signal
peptide itself.

B. SUBSTRATE SPECIFICITY

Statistical analyses of preprotein sequences from gram-negative and
gram-positive bacteria have been very useful in the determination of the
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conservation patterns found in the C-region of the signal peptide. The data
indicates patterns that are obligatory for signal peptide processing (24) and
has led to the so called “-3, —1” or “Ala-X-Ala” rule (20, 21, 23), which
states that mainly small uncharged residues are found at the —3 and —1 po-
sitions relative to the cleavage site. In both gram-negative and gram-positive
bacteria, Ala is almost exclusively located at the —1 residue (Gly and Ser are
the next most frequent). Ala is also the most common residue found at the
-3 position followed by Val and Ser (less frequent). Also, Ala is common at
+1 position, while Asp and Glu residues are found in the first few positions
of the mature region of prokaryotic secretory proteins.

Using in vivo assays, the determinants of substrate specificity have been
examined extensively for several preprotein substrates. The results of the
studies on M13 procoat, pre-phoA (pre-phosphatase A), and pre-MBP sub-
strates are summarized in Fig. 5. Site-directed mutagenesis was used to
substitute various residues at the +1, —1, —2, =3, —4, —5, and —6 posi-
tions of the M13 procoat protein (35). The critical positions in the signal
peptide for substrate processing are at the —1, —3, and —6 positions. Pro-
cessing of procoat only occurs with small residues at the —1 position (Ala,
Gly, Ser, and Pro). Some small, uncharged (Ser, Gly, Thr), or aliphatic (Leu
and Val) residues at the —3 position result in processing, but others such as
Pro, Gin, Lys, or Arg result in no processing. The results also indicate no
distinct requirements for in vivo processing for residues at the +1, —2, —4,
and —5 positions. Almost any residue is tolerated except for a Pro at the +1
position.

As shown in Fig. 5, similar findings were observed in studying the in vivo
processing of pre-phoA (36) and pre-MBP (76). As suggested by statistical
analyses, the critical positions for processing of these substrates is at the
—1 and -3 positions. In vivo processing is maintained (36) with almost any
residue at the +1, —2, —4, —5 positions of pre-phoA.

In addition to the —1 and —3 residue requirements, the presence of a helix
breaker or a beta turn residue in the —4 to —6 region has been shown to be
important for SPase processing. A Pro and Gly residue is frequently present
in this region of bacterial signal peptides (26). It is intriguing that almost
any residue besides a Pro at the —6 position of the M13 procoat blocks
in vivo processing (35). Perhaps a helix breaker prevents the C-region from
forming a long helix with the hydrophobic core region of the signal peptide
and allows the signal peptide C-region to bind to SPase in an extended
conformation.

Jain et al. (77) analyzed the SPase cleavage of a number of phoA signal se-
quence mutants differing only in the length of the C-region. C-region lengths
varied from 3 to 13 residues, and it was found that lengths ranging from 3 to
9 residues are completely and efficiently cleaved whereas those of 11 to 13
residues are not. One interpretation of this data is that since the active site
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of E. coli SPase is close to the periplasmic surface of the inner membrane,
when the C-region of the signal peptide exceeds nine residues, the cleavage
site of the preprotein is presented too far away from the active site of the
enzyme. This results in the sudden drop-off in activity seen with the insertion
of nine or more residues [77].

After von Heijne and co-workers identified the —3, —1 (“Ala-X-Ala”)
substrate specificity requirement for type I signal peptidases, a compu-
tational method was developed to predict whether signal peptides are
located within biological sequences using a weight matrix method (26).
This method has been improved using the neural network and hidden
Markov model-based prediction model of Nielsen et al. (24, 25, 78). Bio-
sequence analysis using this program is now available on the SignalP server
(http://www.cbs.dtu.dk/services/SignalP/) to identify signal peptide cleavage
sites. The algorithm even discriminates between cleaved signal peptides and
uncleaved signal anchors in both prokaryotic and eukaryotic models. Also,
the effectiveness of prediction programs such as these have enabled the
de novo design of artificial signal peptides with demonstrated biological ac-
tivity. In both the studies of Nilsson and von Heijne (79) and Wrede et al. (80),
computer engineered signal peptides, located N-terminal to fusion protein
constructs, were shown to be translocated and processed effectivelyin E. coli.

C. Tde Active SITE AND CATALYTIC MECHANISM: SITE-DIRECTED
MUTAGENESIS STUDIES

Type I SPase has the unusual property of being resistant to inhibitors of
the classical Ser, Cys, Asp, and metallo-protease classes (62, 69, 81). Thus,
there is great interest in the protease community to pinpoint its catalytic
mechanism. To date, most of the work in this area has been on the FE. coli
enzyme but there has also been some work on the B. subtilis type I signal
peptidase (SipS). Initial clues to the proteolytic mechanism of SPase were
determined using site-directed mutagenesis of the E. coli enzyme. SPase
maintains activity if each of the Cys and His residues are mutated (81, 82),
demonstrating that neither of these residues is catalytically important. Sub-
stitution of Ser-90 with an Ala completely inactivates the enzyme (82) and
Lys-145 is also important for activity (83, 84). Mutation of Lys-145 to His,
Asn, or Ala results in an inactive protease. These data show that E. coli
SPase has a critical Ser-90 and Lys-145 residue, and support the notion that
these are the catalytic residues. Consistent with this is that these residues are
conserved in all bacterial type I signal peptidases.

Complementing the loss of function mutagenesis studies, the catalyticroles
of Ser-90 and Lys-145 in E. coli type I SPase were further substantiated by
chemical modification studies. Replacement of Ser-90 with a Cys residue
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produces an active enzyme that can then be inactivated by the addition of
a Cys-specific reagent {84). In addition, an inactive Cys-145 E. coli SPase
mutant can regain activity by modification with bromoethylamine to gener-
ate an enzyme with a y-thia-Lys (64). Enzyme activity is also restored, to a
lesser extent, by modification of the thio-145 SPase with either bromopropy-
lamine or 2-mercaptoethylamine to generate other Lys analogs. There is no
recovery of activity when the Cys-145 mutant derivative is reacted with (2-
bromoethyl)trimethylammonium-Br. This finding supports the role of Lys
as a general base rather than a positive charge donor in the mechanism.
Guided by amino acid conservation patterns among bacterial, ER, and
mitochondrial type I signal peptidases, site-directed mutagenesis studies of
the Bacillus subtilis type 1 SPase enzyme (SipS) indicated similar critical
roles for some of the homologous residues found to be critical for function
in E. coli (85). B. subtilis Ser-43 and Lys-83, homologous to the E. coli Ser-90
and Lys-145 residues, are critical for in vivo enzymatic activity. In addition,
the amino acid homologous to E. coli Asp-280, Asp-153, is also essential. Two
other residues, Asp-146 and Arg-84 (E. coli Asp-273 and Arg-146, respec-
tively), appear to be structural determinants for the B. subtilis SPase (85).
The crystal structure of the inhibitor-bound, truncated, soluble form of
E. coli type 1 SPase (A2-75) (52) has contributed much to the SPase field.
Using this structure as a guide, the work of Klenotic ef al. (54) has shed light
onto the roles of most of the conserved residues in the homology domain
E-region (see Fig. 4A) of E. coli SPase. Most of these residues are in the
active site region, as shown in Fig. 6 (see color plate). In contrast to the
B. subtilis experiments, mutagenesis of E. coli Arg-146 does not result in a
dramatic loss of function. The crystal structure shows an ionic interaction
between Asp-273 and Arg-146, but the mutation of Arg-146 to Alain E. coli
results in no reduction in enzymatic activity (54). However, like the B. subtilis
counterpart, there is a marked reduction in activity for Asp-273 mutations.
The salt bridge interaction of Asp-280 with Arg-282, also evident in Fig. 6,
supports the loss of function resulting from mutagenesis of these residues.
Other conserved E. coli Box E residues are Gly-272 and Ser-278 (Fig. 4A).
The active site structure (Fig. 6) of the E. coli SPase reveals that both Gly-272
and Ser-278 are in close proximity to the catalytic Lys-145. In fact, Ser-278 is
within H-bonding distance to Lys-145 (54). Mutagenesis studies demonstrate
that indeed the Ser-278 is important for activity, as changing this residue to
an Ala causes a reduction in activity of approximately 300-fold in processing
the substrate pro-OmpA nuclease A (54). This suggests that Ser-278 may
actually help orient the proposed general base Lys-145. Changing the Gly-
272 to Ala reduces the activity of SPase 750-fold relative to the wild-type
enzyme (54). Consistent with a Gly-272 to Ala mutant with reduced activity,
modeling studies suggest that changing the side chain at amino acid 272
from a hydrogen to a methyl, or any other group, causes steric crowding and
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perturbs the positioning of the Lys-145 side chain. In total, the conserved Box
E residues may help stabilize the enzyme and are responsible for maintaining
the overall architecture of the active site.

In other recent work, the Ser-88 residue has also been shown to be impor-
tant in the catalytic mechanism of E. coli SPase (86). The crystal structure
of A2-75 SPase I reported by Paetzel ez al. (52) indicates that the catalytic
Ser-90 amide backbone nitrogen and the Ser-88 hydroxyl may be involved
in forming an oxyanion hole, stabilizing a tetrahedral oxyanion transition
state intermediate that forms during the course of catalysis. Mutagenesis of
Ser-88 to Ala leads to a greater than 2000-fold reduction in the kg, with
very little effect on K, (86). Interestingly, sequence alignment studies show
that only Ser, Thr, and Gly residues occur at this position in other signal
peptidases (Box B of Fig. 4). In signal peptidases surveyed, the Gly residues
were present at this homologous position only in gram-positive bacteria (Box
B of Fig. 4). It is possible that with this subset of gram-positive bacterial sig-
nal peptidases, oxyanion stabilization is mediated by a more conventional
backbone amide rather than a side-chain interaction.

From an evolutionary perspective, it is very intriguing that ER- and
Archaea-like signal peptidases have been identified in gram-positive bac-
teria such as Bacillus subtilis and Clostridium perfringens (Fig. 4B). SipW of
B. subtilis has been characterized as one of seven signal peptidases found
in B. subtilis (49) while Spc-21 of C. perfringens is a putative SPase iden-
tified from genome sequencing (accession CAA60213). The overall amino
acid conservation patterns and a putative His general base in place of the
Lys general base (Lys-145 of E. coli) differentiates signal peptidases into the
P-type (eubacterial and mitochondria/chloroplast) and ER-type [eukaryal
(ER) and archeal] signal peptidases (49). Mutagenesis studies show that the
conserved Ser and His residues (at the same positions as Ser-90 and Lys-
145 in E. coli) are critical for the functioning of SipW (50). In contrast to
similar studies done with the Secl1 homologous subunit in the ER SPase
of S. cerevisiae where the His cannot be substituted with a lysine residue
(53), this work on SipW showed that the putative His general base can be
substituted by a Lys and still maintain enzyme function.

D. INuiBITORS OF TyPE I SIGNAL PEPTIDASE

It has been very challenging for chemists to synthesize effective inhibitors
against bacterial type I signal peptidases because of their unusual mecha-
nism. As mentioned previously, protease inhibitors against the Ser-, Cys-,
Asp-, and metalloenzyme classes were ineffective against SPase. Though
SPase is a Ser protease, very high concentrations of [3H]diisopropyl fluo-
rophosphate do not inhibit the enzyme (63). The first report of an inhibitor
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was by Kuo and co-workers (69), where they showed that certain f-lactams
could inhibit the enzyme. f-Lactams had been shown previously to inhibit
other Ser proteases and S-lactamases (87-91).

The observation that the catalytic mechanism of SPase occurs by a Ser-
Lys dyad (83, 84) is a significant breakthrough. This mechanism is similar to
B-lactamase enzymes, which use Lys as a general base in the acylation step
(92). With this information, researchers at Smithkline Beecham Pharma-
ceuticals focused on g-lactam type compounds. Several types of effective
compounds were identified with an ICs in the 0.260 to 50 uM region (61).
As shown in Fig. 7, the best inhibitors found include clavams, thioclavams,
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FiG.7. Inhibitors of E. coli SPase 1. A listing of some of the types of inhibitors that have been
designed to inhibit E. coli SPase I (61). The most effective inhibitor, synthesized by researchers
at SmithKline Beecham (61), is the C6 substituted penem carboxylate ester, allyl (55, 65)-6-
[(R)-acetoxyethyl|penem-3-carboxylate as shown.
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and penem carboxylates. The 5S-penem derivatives are the most potent
(61). The compound allyl(55,65)-6-[(R)-acetoxyethyl]penem-3-carboxylate
(Fig. 7) is the most potent inhibitor developed to date and has been shown
to inhibit E. coli and S. aureus as well as chloroplast signal peptidases. From
a mechanistic point of view, it is interesting that the penem inhibitors of sig-
nal peptidases are of the 5§ stereochemistry. This is the opposite to that of
the SR B-lactams that are recognized by B-lactamases and penicillin binding
proteins (61).

Besides small molecule inhibitors, E. coli type 1 SPase is also inhibited by
the signal peptide of the M13 procoat protein (72). Also, the substitution
of a Pro residue into the +1 position of pre-MBP prevents its processing
by E. coli SPase (93). Expression of this pre-MBP mutant in vivo leads to
the accumulation of preproteins normally processed by type I SPase but not
proteins processed by lipoprotein (type 1T) SPase (93). This suggests that the
pre-MBP +1 Pro mutant acts as a competitive inhibitor of type I SPase.

lll. Three-Dimensional Structure

A. A NoveL Prot1eIN FoLD

The SPase crystal structure of the soluble, catalytic domain fragment of
E. coli SPase 1, A2-75 (52), reveals a unique protein fold (see Fig. 8). It
consists mainly of two large antiparallel 8-sheet domains (I and IT), two small
310 helices (residues 246-250 and 315-319), and one small a-helical region
(residues 280-285). There is one disulfide bond between Cys-170 and Cys-176
located immediately before a beta turn between the outer strands of S-sheet
domain II. An extended g ribbon protrudes from domain I. In conjunction
with the N-terminal strand, this ribbon gives the overall molecule a conical
shape with dimensions of 60 A x 40 A x 70 A.

Another protease that has been proposed to use a Ser-Lys dyad is UmuD,
a member of the LexA family of proteases (94). UmuD maintains 23.4%
sequence identity (residues 40-139) with E. coli type [ SPase (75-202). The
crystal structure of the fragment of UmuD, UmuD)’, reveals a fold similar
to SPase and is mostly 8 sheet (94, 95). In UmuD’, however, there are no
structural counterparts to the g-sheet domain II and the extended hairpin
(between residues 108 and 124) found in SPase. In fact, sequence homology
and modeling studies of other signal peptidases in gram-positive bacteria,
mitochondria, and endoplasmic reticulum indicate that the extended hairpin
is also missing and that most of S-sheet domain 1I is missing. Whether these
differences manifest themselves through variations in substrate binding or
specificity is yet to be determined.
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Fic. 8. General fold of E. coli A2-75 type I SPase. A MOLSCRIPT ribbon diagram of E. coli
A2-75 type I SPase. The domain that appears [from sequence alignments (05)] to be conserved
across all type I SPases is shown in black.

B. View oF A UNIQUE ACTIVE SITE AND CATALYTIC MECHANISM

A GRASP molecular surface representation of the A2-75 crystal structure
is shown in Fig. 9. The substrate binding pockets S1 and S3 are labeled.
The dark gray areas in Fig. 9 represent the exposed hydrophobic surfaces.
The large exposed surface is formed by antiparallel 8 strands consisting of
residues 8185, 99-105, 292-307, and 321-314, and includes the hydrophobic
residues Tyr-81, Phe-100, Leu-102, Trp-300, Met-301, Trp-310, and Leu-314
within the 8 strand, and the nearby residues Phe-79, lle-80, Leu-316, and Ile-
319. Studies have shown that A2-75 can bind to the inner membrane vesicles
of E. coli and insert into membrane monolayers (96). The insertion of the
catalytic domain into the lipid phase suggests that the active site may be
partially buried in the membrane. Thus the extended hydrophobic patch of
A2-75 seen in the crystal structure may constitute the membrane association
surface (52).

The crystal structure also revealed a covalent bond from the active site
Ser-90 Oy to the carbonyl carbon, C7 of the 5,6S-penem inhibitor (Fig. 10).
This is the first direct evidence of the nucleophilic nature of the catalytic
Ser-90. In addition, the Ser-90 Oy oxygen is within 2.9 A of the Ne of Lys-145.
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Fic. 9. A representation of the molecular surface of E. coli A2-75 type 1 SPase made with
the program GRASP. The dark gray areas indicate hydrophobic surfaces. The location of the
S1 and S3 substrate binding sites are indicated.

R282

F133

Fic. 10. AMOLSCRIPT (104) ball-and-stick representation of the active site of E. coli A2-75
type I SPase that is bound to inhibitor.
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Lys-145 is the only titratable amino acid residue within H-bonding distance
of Ser-90 (Fig. 10). This is further evidence that it may act as a general base
during catalysis. Also, the main chain nitrogen of Ser-90 forms a hydrogen
bond (2.9 A) to the carbonyl oxygen of the cleaved g-lactam ring within the
penem inhibitor. This suggests that the Ser-90 N stabilizes the tetrahedral
transition state oxyanion intermediate. The Ser-88 side-chain hydroxyl is
also a likely candidate for oxyanion stabilization provided it is able to ro-
tate about its x; angle. Because of steric conflicts, the covalently bound
inhibitor prevents the Ser-88 hydroxyl from being in position to contribute
to the oxyanion stabilization. As described previously, the mutational stud-
ies of Carlos et al. (86) suggest that, as with the classical serine proteases, an
oxyanion hole is operational in E. coli SPase.

The crystal structure shows that E. coli SPase I Lys-145 is buried and makes
van der Waals contacts with the side chains of Phe-133, Tyr-143, and Met-
270, as well as the main-chain atoms of Met-270, Met-271, Ala-279, and
Gly-272. This hydrophobic environment may altogether be responsible for
lowering of the Lys-145 pK,. The results of studies on temperature-sensitive
mutants of B. subtilis SPase I (SipS) are consistent with these observations
of the E. coli SPase I structure. The mutations of B. subtilis SPase I (SipS)
Tyr-81 (E. coli Tyr-143) to an Ala or Leu-74 to Ala (E. coli Phe-133) result
in reduced SipS SPase 1 activity at 37°C and almost no activity at 42°C (51).
These results are consistent with the hypothesis that the side chains of these
residues reduce the pK, of the general base Lys that is important for catalysis.

Also with B. subtilis SipS, the homologs of E. coli Arg-146 and Asp-273
(B. subtilis Arg-84 and Asp-146) are important for activity (51). SipS R84A
and SipS D146A mutants display little activity at 37°C but sufficient to re-
place the chromosomally encoded enzyme (49). However, these SPase I
mutants are temperature-sensitive for growth with evidence that they are
prone to proteolytic degradation in vivo. In the crystal structure of E. coli
SPase I, Arg-146 and Asp-273 form an ionic salt bridge interaction and the
results from B. subtilis SipS indicate an analogous interaction is essential for
optimal activity. In contrast, mutation of the Arg-146in the E. coli full-length
SPase I does not impair activity at all, suggestive of a much less catalytically
important interaction in the E. coli enzyme (54).

The active site geometry from the crystal structure also reveals that Lys-
145 is hydrogen bonded to Ser-278 which in turn is also hydrogen bonded
to Asp-280 (see Fig. 6). Ser-278 is also held firmly in place by an interaction
with the main chain amide of Gly-272. Ser-278 may help orient the Lys-
145 residue similar to the manner in which the Asp residue functions to
orient the His residue in the classical Ser/His/Asp catalytic triads of serine
proteases. Asp-280 may also help orient Ser-278 in addition to playing a
structural role by forming a salt bridge with Arg-282. Asp-273 maintains a
bifurcated interaction by forming a salt bridge with Arg-146 and a hydrogen
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bond with Thr-94 (Fig. 6). In total, these residues may help stabilize the
enzyme and are perhaps responsible for maintaining the overall architecture
of the active site (54).

Finally, it is noteworthy that Ser-278 is invariant in not just bacterial but all
P-type SPase I enzymes [bacterial (see Fig. 4), mitochondrial (Imp1/Imp2),
and chloroplast type I signal peptidases (thylakoid processing peptidases)]
that are proposed to utilize a Ser-Lys dyad catalytic mechanism. The ER-type
(endoplasmic reticulum and archaeal) SPase 1 enzymes, proposed to use a
Ser-His dyad, instead do not have a homologous E. coli Ser-278 residue at
this position. This implies that the Ser-278-Lys-145 interaction mentioned
earlier is critical for the functioning of the Ser-90-Lys-145 dyad mechanism.

C. A BINDING SITE CONSISTENT WITH GENERAL SUBSTRATE SPECIFICITY

The structure of the A2-75 SPase-penem inhibitor complex suggests an
S1 pocket [Schechter and Berger notation (97)] that binds the P1 residue
of a preprotein substrate (52). This hypothesis is based on the observation
that the methyl group (C16) on the 6-[acetoxethyl] side chain of the penem
inhibitor is critical for the effectiveness of the inhibitor and presumably
mimics the P1 (—1 relative to the cleavage site) Ala side chain of a preprotein
substrate (61). The residues making direct van der Waals contact with the
P1 methyl group of the inhibitor in the crystal structure are Met-91, Ile-144,
Leu-95, and Ile-86, which are all conserved residues (Fig. 10).

b E ol i Peptidase |

Fic. 11. E. coli SPase I substrate binding. A schematic representation of the S1 and S3 subsite
interactions of E. coli SPase I with the —1 (P1) and —3 (P3) residues of a modeled tetraalanine
peptide substrate. The substrate is shown in an extended (8) conformation.
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An S3 subsite is also extrapolated by modeling an extended tetra-Ala
peptide into the active site of SPase. This model uses the methyl group
of the inhibitor and the carbonyl group of the cleaved inhibitor as a tem-
plate. Hydrogen-bonding interactions between the peptide and the SPase I 8
strand containing the Lys145 are obtained with this model. The residues that
form the S3 site are Phe-84, Ile-144, Val-132, and Ile-86. A schematic diagram
of the S1 and S3 interactions with the modeled tetra-Ala peptide is shown
in Fig. 11. As was revealed from surface analysis (Fig. 9), S3 is shallower
and broader than the S1 hydrophobic depression. This result is consistent
with computational analyses of naturally occurring bacterial signal peptide
substrates indicating that, although Ala is most frequently found at both —1
(P1) and -3 (P3) positions, larger aliphatic residues are sometimes observed
at the —3 position (24, 25).

IV. Other Ser-lys Dyad Proteases and Amidases

LexA, a protein involved in the SOS response in DNA repair (95), was
the first protease suggested to carry out catalysis using a Ser-Lys dyad (99).
UmuD is another member of the Lex A family and also utilizes a Ser-Lys dyad
catalytic mechanism. In the crystal structure of the UmuD’ fragment, the ho-
mologous critical Ser and Lys SPase I residues are within hydrogen bonding
distance of each other (94). Interestingly, members of the LexA family of
proteases undergo proteolysis at sites that follow the “—3, —1” rule (85).

Sauer and colleagues (700), using site-directed mutagenesis techniques,
showed that Tsp protease also has Ser and Lys residues critical for catalysis.
Similarly, mutagenesis studies suggest that a noncanonical (viral) Lon pro-
tease as well as the bacterial and organeller Lon proteases most likely utilize
a Ser-Lys dyad catalytic mechanism (101).

Although they are not proteases, some amidases are also reported as utiliz-
ing a Ser-Lys dyad mechanism. An example is E. coli RTEM-1 S-lactamase.
The crystal structure of a complex with penicillin G shows a Lys residue
found within H-bonding distance of a Ser Oy group of the cleaved peni-
cillin complex (92). Mutagenesis studies of another amidase, mammalian
fatty acid amide hydrolase (FAAH), strongly suggest a catalytic Ser residue
and a Lys acid/base catalyst are present (102). FAAH is a hydrolase that is
widespread in many different organisms, including mammals.

V. Conclusions and Perspective

Type I SPase belongs to a family of membrane-bound proteases that re-
move signal sequences from exported proteins after they are translocated
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across the membrane. These proteases are found in all domains of life: eu-
bacteria, archaea, and eukarya. Because they appear to be essential for bac-
terial viability, there is a great deal of interest in studying SPase as a drug
target. To date, efforts to obtain effective inhibitors have been mixed, but
researchers at SmithKline Beecham have isolated an inhibitor with an IC50
of 260 nM. SPase is a very challenging target for medicinal chemists focusing
on drug design, especially given the fact that SPase I homologs are found in
mitochondria and in the endoplasmic reticulum.

It is striking that the proteolytic mechanism used by type I bacterial sig-
nal peptidases is not the Ser/His/Asp triad of prototypical serine proteases,
but rather, a Ser-Lys dyad. In this paradigm, the general base Lys, in a
reduced pK, environment, deprotonates the catalytic Ser hydroxyl group
creating a strong nucleophile for subsequent catalysis. Evidence for this
Ser-Lys mechanism has also been reported in other proteases such as LexA,
Tsp, Lon, as well as amidases such as S-lactamase and fatty acid amide
hydrolase.

Though this field has advanced considerably in recent years, other ques-
tions regarding the mechanism and substrate specificity of type I signal
peptidases remain unanswered. For example, the pK, of the putative gen-
eral base Lys residue has never been directly measured and more pre-
cise studies to pinpoint microenvironmental factors responsible for its pK,
shift are necessary. How can SPase I accurately cleave its substrate when
other potential sites are available nearby within the signal peptide and
mature region of the substrate? Additional interactions likely occur dur-
ing catalysis such as interactions between the H- or C-region of the sub-
strate signal peptide and SPase enzyme. Also, studies have shown that there
is a detergent or phospholipid requirement for the optimal catalytic ac-
tivity of SPase I, but it is not known precisely which regions of the cat-
alytic domain of the E. coli SPase physically interact with detergents or
the actual membrane bilayer. Continuing efforts to address these and other
issues will undoubtedly enlighten our understanding of this novel class of
enzyme.
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