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Type I signal peptidases are integral membrane pro-
teins that function to remove signal peptides from se-
creted and membrane proteins. These enzymes carry
out catalysis using a serine/lysine dyad instead of the
prototypical serine/histidine/aspartic acid triad found
in most serine proteases. Site-directed scanning mu-
tagenesis was used to obtain a qualitative assessment of
which residues in the fifth conserved region, Box E, of
the Escherichia coli signal peptidase I are critical for
maintaining a functional enzyme. First, we find that
there is no requirement for activity for a salt bridge
between the invariant Asp-273 and the Arg-146 residues.
In addition, we show that the conserved Ser-278 is re-
quired for optimal activity as well as conserved salt
bridge partners Asp-280 and Arg-282. Finally, Gly-272 is
essential for signal peptidase I activity, consistent with
it being located within van der Waals proximity to Ser-
278 and general base Lys-145 side-chain atoms. We pro-
pose that replacement of the hydrogen side chain of
Gly-272 with a methyl group results in steric crowding,
perturbation of the active site conformation, and specif-
ically, disruption of the Ser-90/Lys-145 hydrogen bond. A
refined model is proposed for the catalytic dyad mech-
anism of signal peptidase I in which the general base
Lys-145 is positioned by Ser-278, which in turn is held in
place by Asp-280.

The majority of proteins exported from a cell are made with
a signal or leader peptide. These peptides are responsible for
targeting proteins to the cytoplasmic membrane in prokaryotes
and the endoplasmic reticulum membrane in eukaryotes (1-3).
The protein is then translocated across the membrane, and the
N-terminal peptide is removed from the pre-protein by a type I
signal peptidase.

SPase I' has been isolated from Gram-negative (4—6) and
Gram-positive (7, 8) bacteria as well as from several eukaryotic
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organisms (9-12). These endopeptidases are membrane-bound
and specific for the region within the signal peptide immedi-
ately preceding the cleavage site. The substrate protein is
cleaved during or after the protein is transported across the
membrane bilayer. Cleavage occurs by way of nucleophilic at-
tack by a catalytic serine Oy on the peptide bond between the
presequence and the mature region of the pre-protein.

The best-studied enzyme of this family is SPase I, or leader
peptidase, of Escherichia coli. It has been cloned (13), se-
quenced (14), and purified (15, 16). Its substrate specificity has
been characterized; small-uncharged residues at the P1 (—1)
and P3 (—3) positions of the substrate are required for cleavage
(17-19). SPase I utilizes a serine/lysine dyad mechanism to
perform its enzymatic function rather than the canonical cat-
alytic triad found in most serine proteases (20-23). To date,
only a few other enzymes, such as LexA (24), UmuD (25), and
the Tsp protease (26) have been identified with this unusual
active site mechanism. Additional analysis is required to pro-
vide insight into other residues near this dyad in the SPase
family and the roles they play, if any, in the structure and
function of these enzymes.

The recent crystal structure (27) of the catalytic domain of
SPase I (28—-29) has revealed that most of the amino acids that
are strictly conserved in Boxes B, C, D, and E of the signal
peptidase family (30) are found to be located near the active
site (see Fig. 1A). In E. coli, the Box B conserved region con-
tains the catalytic serine (Ser-90), and Box D contains the
catalytic lysine (Lys-145). Box E contains the conserved GDN
(Gly-272, Asp-273, and Asn-274 in E. coli), Ser-278, Asp-280,
and Arg-282 (Fig. 1B). In this work, we have employed a scan-
ning mutagenesis approach to obtain a qualitative assessment
of which residues in the conserved Box E are critical for main-
taining a functional SPase I. We find that Ser-278, which
contributes a hydrogen bond to Lys-145 and therefore helps
position this residue, is critical for activity. In addition, substi-
tution of Gly-272 with an alanine leads to a marked effect on
activity. Gly-272 most likely plays a structural role, because it
is located adjacent to the catalytic Ser-90 and Lys-145 dyad.
Any side chain other than hydrogen at 272 results in steric
crowding and perturbation of the active site. Asp-280 and Arg-
282 are also important for SPase I activity. Asp-280, which
forms a hydrogen bond to Ser-278, may help to position the
general base Lys-145. Finally, the salt bridge between Asp-273
and Arg-146 is not required for activity.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Plasmids—E. coli BLR(DE3) [F ompT
hsdSy(rg mB™) gal dem (srlrecA) 306:Tni0 (DE3)], BL21(DE3)
[F-ompT hsdSy(rg mB™) gal dem (DE3)], and the pET21a and pET23b

isopropyl-1-thio-B-p-galactopyranoside; PAGE, polyacrylamide gel
electrophoresis.

This paper is available on line at http://www.jbc.org
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vectors were obtained from Novagen. E. coli IT41, a temperature-
sensitive SPase I strain, was obtained from Dr. Yoshikazu Nakamura
(31). The pING plasmid (32), which contains SPase I under the araB
promoter (33), was from Dr. Gary Wilcox (Ingene, Inc.)

DNA Methods—The SPase I gene, lepB, was cloned into the pET23b
vector by excising the lepB gene from the pING plasmid (33) by diges-
tion with Sall and Smal. The lepB gene fragment was then ligated into
a modified pET23b vector containing an Smal site that was created
upstream of the T7 termination region and containing a 72-base dele-
tion of the T7 tag sequence. The final construct, pET23lep, contains the
wild-type lepB gene modified with a six-histidine sequence at codons
35-40 (22). Oligonucleotide mutagenesis was performed using the
Quikchange mutagenesis kit (Stratagene). Mutations were verified by
plasmid isolation and sequencing (Sequenase Version 2.0). The calcium
chloride method was used for DNA transformations into E. coli host
strain BLR(DE3) (34).

Purification of 6-His-tagged Signal Peptidase Proteins—SPase I mu-
tants containing a 6-His tag were purified using ion exchange and
nickel affinity chromatography (35). Since SPase I, with a pI of 6.9, has
only a weak affinity for Q-Sepharose ion exchange resin, a semi-pure
dilute sample was obtained after the first chromatographic step. The
nickel column served to further purify as well as concentrate the SPase
I enzyme. Three liters of culture was sufficient to obtain approximately
3 mg of >95% pure protein for a majority of the mutants made.

Overnight cultures of E. coli BLR(DE3) cells harboring the pET23lep
vector encoding the SPase I proteins were back-diluted 1:40 in 3 liters
of LB media with 100 ug/ml ampicillin and 12.5 ug/ml tetracycline and
grown at 37 °C to an absorbance of 0.6 at 600 nm. Expression was then
induced by the addition of IPTG to a final concentration of 0.5 mm.
Growth of the culture was continued for an additional 4 h, after which
the cells were harvested by centrifugation and resuspended in 25 ml of
lysis buffer (50 mMm Tris, pH 8.0, 20% sucrose). Lysozyme (6 mg) and
RNase-free DNase (Promega) (60 ul at 10 mg/ml) were added, and the
solution was stirred for 10 min followed by freezing at —80 °C over-
night. The lysed cells were thawed, and 200 ul of 1 M magnesium
acetate was added and mixed by stirring for 10 min at room tempera-
ture. The solution was then centrifuged at 20,000 rpm for 30 min at
4 °C, and the pellet was resuspended in 25 ml of 10 mM triethanola-
mine, 10% glycerol, pH 7.9. After centrifugation, the pellet was resus-
pended by douncing in solubilization buffer (10 mM triethanolamine,
10% glycerol, 1% Triton X-100, pH 7.9) and re-centrifuged a third time.
The SPase I-rich supernatant was loaded onto a 15-ml Q-Sepharose
column (Amersham Pharmacia Biotech) previously equilibrated in sol-
ubilization buffer. The column was washed with 20 ml of solubilization
buffer plus 5 mM magnesium sulfate, pH 7.9, and SPase I was eluted
with a continuous gradient of 0—0.1 M KCI in column buffer. Two-ml
fractions were collected and assayed for SPase I protein by SDS-PAGE.
Fractions containing the enzyme were pooled and loaded onto a 1-ml
nickel nitrilotriacetic acid-agarose column (Qiagen) equilibrated with
6-His buffer (10 mm Tris, pH 8.5, 100 mm KCl, 20 mM imidazole, 10 mm
B-mercaptoethanol, 1% detergent (either Triton X-100 or B-pD-octylglu-
copyranoside). The column was then washed with 7 ml of 6-His buffer
and 1 ml of wash buffer (6-His buffer plus 900 mm KC1). SPase I was
then eluted using a 100 to 300 mM imidazole step gradient. Eluted
fractions were assayed for SPase I protein by SDS-PAGE followed by
GelCode Blue staining (Pierce). To remove the imidazole, pooled pro-
teins were dialyzed against 20 mMm Tris, pH 8.0, 0.5% Triton X-100 or
buffer exchanged with a Centricon-10 membrane (Amicon) using 20 mMm
phosphate, 1% B-pD-octylglucopyranoside, pH 8.0.

Purification of the pro-OmpA Nuclease A Substrate—E. coli strain
BL21(DE3) containing pro-OmpA nuclease A encoded in the pET-21a
plasmid was used for overexpression of the pre-protein substrate. The
pro-OmpA nuclease A was expressed and purified as described by
Chatterjee et al. (36).

In Vitro Activity Assay Using pro-OmpA Nuclease A—To determine
the enzymatic activity of wild-type and mutant SPase I, we used pro-
OmpA nuclease A as a substrate. Cleavage of this substrate was per-
formed at different SPase I dilutions. The Pierce BCA protein assay was
used to determine the concentrations of purified SPase I constructs, and
an E,, at 280 nm of 8.3 was used to determine the concentration
pro-OmpA nuclease A (36). The starting concentration of each SPase I
mutant for the dilution study was 0.1 mg/ml. Aliquots (1 ul) of enzyme
(0.1, 0.01, 0.001, 0.0001, and 0.00001 mg/ml) were added to 15 ul of
substrate at a final concentration of 15 uM in 50 mm Tris, pH 8.0, 1%
Triton X-100. The reaction was incubated at 37 °C for 1 h then stopped
by the addition of 4 ul of 5-fold sample buffer followed by quenching in
a dry ice-ethanol bath. Processing of the pre-protein substrate to its
mature nuclease A form was monitored by 17.2% SDS-PAGE.
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In Vivo SPase I Activity Assay—The activity of SPase I in vivo was
determined using the temperature-sensitive E. coli signal peptidase
strain, IT41 (31). The procedure is the same as described by Sung and
Dalbey (37) with the following modifications. IT41 was grown at 30 °C
in M9 minimal medium (38) at pH 7.0 with 0.5% fructose and 50 pg/ml
each amino acid except methionine with either wild-type SPase I or a
mutated version of this enzyme in the IPTG-inducible plasmid,
pET23lep. At mid-log phase, cells were grown at 42 °C for 1 h to
inactivate the intrinsic temperature-sensitive SPase I. IPTG was added
to a final concentration of 1 mM to induce synthesis of the mutant SPase
I and incubated at 42 °C for an additional 30 min. Cell cultures (1 ml)
were labeled with 200 uCi of [**S]methionine for 15 s and chased with
nonradioactive methionine at a final concentration of 500 pg/ml. At
indicated times, aliquots (100 ul) were removed and quenched with an
equal volume of ice-cold 20% trichloroacetic acid. Processing of the
precursor to the outer membrane protein A (pro-OmpA) was used to
determine the in vivo activity of the SPase I mutants. Proteins were
immunoprecipitated with antibody to outer membrane protein A (15)
and analyzed by SDS-PAGE and fluorography (39).

Circular Dichroism (CD) Spectroscopy—Circular dichroism measure-
ments were conducted on a Jasco spectrapolarimeter J-500C instru-
ment using a temperature-controlled cell at 4 °C. Protein concentra-
tions of each SPase I construct were determined by using a molar
extinction coefficient of 44,000 cm ™ * M~ ! at 280 nm (21).

Western Blot Analysis—BLR (DE3) (2 ml) harboring the pET23lep
plasmid was grown in LB media to an absorbance at 600 nm of 0.7, then
induced with IPTG (final concentration of 1 mm). After an additional 3-h
incubation at 37 °C, cell cultures (100 ul) were normalized by dilution to
the indicated final cell densities at A4y, and were pelleted and resus-
pended in 2-fold sample buffer. Aliquots (10 ul) of dissolved cell extracts
were then analyzed by 17.2% SDS-PAGE. The expression levels of the
SPase I mutants were compared with the expression levels of wild-type
SPase I. To do this, 10 ul of 1.1, 0.22, and 0.11 Agy, units of cells
containing overexpressed wild-type protein were assayed by 17.2%
SDS-PAGE. The protein samples were electroblotted onto nitrocellulose
membranes and visualized following the ECL Western blot protocol
(Amersham Pharmacia Biotech).

Pulse-chase Assays—BLR(DE3) cultures (2 ml) were grown and in-
duced the same manner as the Western blot protocol, except M9 media
was used containing 0.5% fructose and all amino acids (50 pg/ml each)
except methionine. After a 1-h induction, cells were labeled with 100
wCi of [®**S]methionine for 1 min and chased with an excess of nonra-
dioactive methionine (500 wg/ml final concentration). Portions (100 ul)
were removed at the indicated time points and added to ice-cold 20%
trichloroacetic acid. Samples were then immunoprecipitated (15) and
analyzed by SDS-PAGE and fluorography (39).

Structural Analysis—Hydrogen bonding contacts within the x-ray
crystal structure of the E. coli SPase I soluble fragment (PDB 1b12)
were analyzed with the program CONTACT (CCP4, 1994).

RESULTS

The x-ray crystal structure of the catalytic fragment of SPase
I (27) has revealed potentially important amino acid residues
located near the active site (Fig. 1A). This information coupled
with knowledge of residues conserved in both prokaryotic
SPase I and eukaryotic SPase I homologs enabled the rational
design of mutants. In this work, we have focused on the con-
served Box E region of the signal peptidase family (Fig. 1B).
Box E contains the conserved tripeptide, GDN (Gly-272, Asp-
273, and Asn-274 in E. coli), as well as the conserved Ser-278,
Asp-280, and Arg-282 residues (in E. coli). Glycine and aspar-
tate in the GDN consensus are strictly conserved, and the
asparagine is highly conserved in all type I SPases. Ser-278 is
only conserved in prokaryotic, mitochondrial SPase I (Impl/
Imp2) and the chloroplast thylakoid processing peptidase (chlo-
roplast SPase I). We have constructed a number of mutants to
test the importance of these residues and measured activity in
vitro using the substrate pro-OmpA nuclease A. Mutants with
a significant reduction in substrate processing were further
analyzed in vivo, and their contribution to the structure and
protein stability of the enzyme were also examined.

To increase protein expression over the original pING con-
struct (33) the SPase I gene was cloned into the pET23b vector.
The increased expression was needed for the two-part purifi-
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Fic. 1. Active site region of E. coli
SPase I with the conserved Box E res-
idues. A, ball and stick representation of
the active site residues of E. coli SPase 1.
This figure was made with the program
PREPI. B, sequence alignment of Box E T94
domain conserved in the type I SPase
family. Within the consensus motif, up-
percase indicates strictly conserved resi-
dues; lowercase indicates conservative
substitutions; Lep, leader peptidase (or

signal peptidase); Eco, E. coli; Sty, Salmo- B

nella typhimurium; Pfl, Pseudomonas
fluorescens; Hin, Haemophilus influen-
zae; Pla, Phormidium laminosum; Syn6a,
Synechocystis sp. PCC6803; Bja, Bacillus
Japonicum; Bsu, B. subtilis; Bam, Bacil-
lus amyloliquefaciens; Bli, Bacillus li-
cheniformis; Bca, Bacillus caldolyticus;
Sau, Staphylococcus aureus; Spn, Strep-
tococcus pneumoniae; Mtu, Mycobacte-
rium tuberculosis; Rca, Rhodobacter cap-
sulatus; Imp, inner membrane protease;
Tpp, thylakoidal processing peptidase;
Ath, Arabidopsis thaliana; Sip, signal
peptidase; Mja, Methanococcus jann-
aschii; Mth, M. thermoautotrophicum;
Pho, Pyrococcus horikoshii; Spc, signal
peptidase complex.

cation procedure employing ion exchange and nickel affinity
chromatography (see “Experimental Procedures”) (35) in order
to obtain higher yields of pure mutant SPase I. With this new
protocol the purity of each mutant (Fig. 2, lanes 1-11 and
13-14) is comparable with that of the wild-type enzyme (lane
12). For purposes of CD spectroscopic analysis, the nickel af-
finity column was also used to exchange the detergent Triton
X-100 for the non-UV-absorbing B-octylglucopyranoside. Lanes
10,11, and 12 in Fig. 2 are preparations in which this detergent

Probing the Active Site Environment of Signal Peptidase I

k)

Lep (Eco) 272 GDNRDNSADSR
Lep (Sty) 273 GDNRDNSADSR
Lep (Pfl) 225 GDNRDNSADSE
Lep (Hin) 297 GDHRDHSDDSR
Lep (Pla) 160 GDNRNNSYDSH
Lep (Syneéa) 145 GDNRNNSNDSH
sip (Bja) 195 GDNRDNSADSR
SipS (Bsu) 145 GDNRRNSMDSR
SipP (pTA1l015) 147 GDNRQESMDSR
SipP (pTA1040) 146 GDNRQNSMDSR
Sips (Bam) 146 GDNRRNSMDSR
SipT (Bam) 154 GDNRLNSMDSR
SipU (Bsu) 148 GDNRLNSLDSR
SipV (Bsu) 140 GDNRIYSFDSR
sip (Bli) 147 GDNRQRSMDSR
Sip (Bca) 144 GDNRLSSWDSR
SpsB (Sau) 146 GDNREVSEKDSR
lep (Spn) 167 GDDRLVSSDSR
lep (Mtu) 237 GDNRTHSADSR
lep (Rca) 207 GDNRDNSEDSR
Implp 130 GDNLSHSLDSR
Imp2p 123 GDNYFHSIDSN
Tpp (Ath) 288 GDNRNKSFDSH
sip (Mja) 138 GDNNPI-HDPE
Sip (Mth) 101 GDNNQD-FDFPA
Sip (Pho) 88 GDNNVA-TDQQ
spc (Pho) 104 GDHNPV-PDIY
Secll 102 GDNNAG-NDIS
Spcls 115 GDNN--AVDDR
Spc21 126 GDNN--EVDDR

GDn--ns-Dsr

exchange method was applied.

Many Conserved Residues in the Vicinity of the Active Site
Are Not Important for Enzymatic Activity or Stability—Wild-
type 6-His SPase I processes pro-OmpA nuclease A to mature
nuclease A even at a 10,000-fold dilution of a 0.1 mg/ml stock
solution (Fig. 3, bottom right panel). SPase I enzymes with the
single mutations T94V, R146A, R146M, G285A, N277A, and
N277D all maintained activity out to 10%-fold dilution, indicat-
ing these residues were not critical for catalysis. Since amino
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KDa MW 1 2 3 4 5
66.2- K
45.0- s

6 7 8 9
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10 11 12 13 14

— —— - - —-— ——-——— — G w— —

21.5- w

Fic. 2. SDS-PAGE analysis of purified 6-His SPase I proteins. Proteins were resolved on a 17.2% polyacrylamide gel followed by GelCode
Blue staining (Pierce). Lane 1, N274A; lane 2, N274D; lane 3, T94V; lane 4, R146A; lane 5, R146M,; lane 6, S281A; lane 7, G285A; lane 8, N277A,;
lane 9, N277D; lane 10, S278A; lane 11, G272A; lane 12, wild-type; lane 13, D273E; lane 14, T94V/R146A. Proteins in lanes 1-9, 13, and 14 were
solubilized with the detergent Triton X-100. Proteins in lanes 10-12 were solubilized with the detergent B-pD-octylglucopyranoside. MW, molecular

mass.

Pro-OmpA nuclease A-

NUCICASE A- em— — — — —

T94V R146A R146M

—_—

— —  —

——— —

Dilution 1 10" 10 10° 10 1 10 107 10° 10° L 10 10° 10t
Fic. 3. Mutations of some con- a . LTI
served residues near the active site
do not affect in vitro processing. Proc-
essing of pro-OmpA nuclease A (described
under “Experimental Procedures”) is ini- S281A G285A N2T7TA
tiated by the addition of 1 ul of serially -
diluted SPase I enzyme and incubation Pro-OmpA nuclease A- L —— - —
for 1 h at 37 °C. Wild-type versus mutant nuclease A- m— a— - - —
SPase I activities are compared by noting Diltion 1 10' 10? 10° 10¢ 110' 100 10° 10° 1 10' 10° 10° 10°
the differences in cleavage of pro-OmpA
nuclease A into mature nuclease A. The —
lane indicates no enzyme was added to
the reaction mixture. N277D Wild-Type
Pro-OmpA nuclease A- “_ — TR S e v
nuclease A- —a—g- .‘h* ! —
Dilution 1 10" 10* 10° 10 1 10" 10* 10° 10

acid substitutions at these positions had little, if any, catalytic
effect, further studies were not performed. Although the S281A
enzyme showed a 100-fold decrease in activity, we also did not
investigate this residue further because it is not conserved in
all type I SPases and because mutation of the homologous
serine residue in the Bacillus subtilis SipS enzyme had very
little affect on activity (40).

The Serine at Position 278 Is Essential for Optimal Activity
—In vitro and in vivo activity data for the S278A SPase I
mutant is shown in Fig. 4. The mutation of Ser-278 to an Ala
would remove the hydrogen bond from Ser-278 to the catalytic
Lys-145 (Fig. 1A; See Table I for H-bond distances). This alter-
ation leads to a significant loss of catalytic activity in vitro.
Processing of the pro-OmpA nuclease A substrate by this mu-
tant exhibited a 300-fold decrease as compared with the wild-
type enzyme (Fig. 4A). The activity of the Ser-278 mutant was
also assayed using the more sensitive in vivo assay, where
SPase I activity was measured in its native membrane envi-
ronment. This assay examines whether the plasmid-encoded
S278A SPase I can restore processing of pro-OmpA at the
nonpermissive temperature of 42 °C in the temperature-sensi-
tive SPase I strain, IT41 (31). Fig. 4B demonstrates that the
processing of pro-OmpA by E. coli SPase I is slowed at the
nonpermissive temperature of 42 °C in IT41 bearing no plas-
mid, with an approximate ¢, of 60 s. In contrast, processing of
pro-OmpA is rapid (¢, < 10 s) at 42 °C when it contains the
pET23lep vector encoding wild-type 6-His SPase 1. IT41 con-
taining a plasmid-encoding signal peptidase S278A exhibited
slow processing of pro-OmpA when compared with wild-type.
The t1, for the S278A enzyme is between 20 and 30 s. Immu-
noblot analysis indicates that the signal peptidase S278A mu-

tant is expressed within the cell in comparable amounts as
wild-type (data not shown). These in vitro and in vivo results
demonstrate that the Ser-278 residue is required for rapid
SPase I processing.

To rule out global structural changes in SPase I due to the
S278A mutation, we employed CD spectroscopy. Both S278A
SPase I and the wild-type enzyme retain identical spectra
between 200 and 250 nm (Fig. 5), providing evidence that the
S278A protein is not grossly misfolded. Thus, the decrease in
activity is consistent with and attributable to the loss of the
hydrogen bonding capability of Ser-278 to Lys-145.

Glycine 272 in the Conserved GDN Is Critical for Activity—
Since Gly-272, Asp-273, and Asn-274 are conserved and in the
vicinity of the active site near the catalytic Lys-145 (27), we
investigated their impact on catalysis. In vitro studies of
G272A and N274A signal peptidases are shown in Fig. 6. The
exchange of an alanine for an asparagine at position 274 had
little effect on substrate processing (Fig. 6A, bottom panel). In
contrast, substitution of the glycine at position 272 to alanine
led to a marked effect on in vitro processing (Fig. 6A, top panel).
Quantitation of the pro-OmpA nuclease A processing by gel
band densitometry for the G272A mutant indicated that proc-
essing was impaired roughly 750-fold relative to wild-type en-
zyme (data not shown).

We also analyzed SPase I G272A protein for activity in intact
cells. As can be seen in Fig. 6B, SPase I G272A has impaired in
vivo processing of pro-OmpA in IT41 at 42 °C (¢, ~ 50 s),
consistent with the in vitro results. Again, the global structural
integrity of this SPase I protein appeared unperturbed as dem-
onstrated by the CD spectrum (Fig. 5).

The Salt Bridge between Aspartic Acid 273 and Arginine 146
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A
S278A

EE

Pro-OmpA nuclease A- e — — —
nuclease A- e— ——

Dilution 1 10" 10* 10° 10
B
S278A
Pro-OmpA
OmpA I S = e e — — —
Time (s) 10 20 30 40 50 60 90 120
Wild Type
OmpA - e e e SR SR
Time (s) 10 20 30 40 50 60 90 120
No Plasmid
Pro-OmpA

OmpA = " —— e e = =N SR S

Time (s) 10 20 30 40 50 60 90 120

FiG. 4. Ser-278 is required for SPase I activity both in vitro and
in vivo. A, in vitro processing of pro-OmpA nuclease A (analysis as in
Fig. 3). B, examination of in vivo processing in the E. coli temperature-
sensitive SPase I strain, IT41. Mid-log phase IT41 bearing no plasmid
or pET23lep encoding wild-type or mutant SPase I constructs grown at
30 °C were induced with 1 mm IPTG and incubated an additional 1 h at
42 °C. Pro-OmpA processing was then determined as described under
“Experimental Procedures”.

TABLE I
Hydrogen bonding distances within Box E
Atoms Distance

A
Asp-273 081 Arg-146 Ne 2.9
Asp-273 0562 Thr-94 Oy 2.6
Arg-146 Nn2 2.7
Ser-278 Oy Gly-272 N 3.1
Asp-280 0481 3.0
Lys-145 N¢ 2.6
Asp-280 081 Arg-282 N 3.3
Arg-282 Ne 2.9
Asp-280 082 Ser-278 Oy 3.0
Arg-282 Nn2 2.6
Gly-272 N 3.2
Arg-282 Ne Asp-280 081 2.9
Arg-282 Nnl Asp-245 062 2.9
Arg-275 O 3.1
Arg-282 Nn2 Arg-275 O 2.9
Asp-280 062 2.6
Arg-146 Ne Asp-273 0681 2.9
Arg-146 Nnl1 Gly-128 O 2.9
Asp-273 062 2.7

Is Not Required for Activity of the E. coli SPase [—The x-ray
structure has revealed that aspartic acid 273 forms a salt
bridge with arginine 146 and a hydrogen bond with threonine
94 (Fig. 1A). To assess the significance of these interactions, we
first mutated Asp-273 to alanine or asparagine. Since sufficient

Probing the Active Site Environment of Signal Peptidase I

amounts of the Asp-273 mutants could not be purified because
of the lowered expression levels and the failure to solubilize the
SPase I mutant from the membrane with detergent,? we meas-
ured the activity of the Asp-273 mutants in vivo. In Fig. 6B it
is evident that the D273A (middle panel) and D273N (bottom
panel) SPase I mutants have impaired processing in vivo. The
processing activity at 42 °C is only slightly better with these
mutants than when no plasmid is present (Fig. 4B). The proc-
essing 1, of the D273A and D273N enzymes are close to 30 s.
This demonstrates that the aspartic acid residue at position
273 is required for efficient SPase I activity when its interact-
ing salt bridge partner, Arg-146, is also present.

As a control, we tested whether the decreased in vivo activity
results from lower expression levels within the cell. The
amount of signal peptidase expressed was determined by West-
ern blotting using SPase I antiserum. As can be seen in Fig. 7,
both SPase I D273A and D273N are expressed at approxi-
mately one-fifth the level as pET23lep-encoded wild-type
SPase I. Decreased expression levels of Asp-273 mutants may
contribute slightly to the lower processing of pro-OmpA to
mature OmpA in IT41 at the nonpermissive temperature.

The residues Arg-146 and Thr-94, which interact with Asp-
273, were mutated to amino acids with nonpolar side chains. To
our surprise, the double mutant T94V/R146A maintained al-
most full activity (Fig. 84), demonstrating that neither the salt
bridge between Asp-273 and Arg-146 nor the Thr-94/Asp-273
hydrogen bond is required (Fig. 1A, Table I). Moreover, SPase
I is still functional when the Asp-273 residue is conservatively
replaced with a glutamic acid side chain (Fig. 8A).

To test the requirement for an acidic side chain at position
273 even in the absence of its salt bridge partner, we mutated
both the Asp-273 and Arg-146 residues simultaneously. In Fig.
8B, in vivo processing is more rapid in the mutants that contain
substitutions both at Arg-146 and Asp-273 (D273A/R146A and
D273A/R146A/T94V) versus only the single (D273A) mutant
(Fig. 6B). Taken together, the results indicate that the Asp-273
and Arg-146 salt bridge is not required for activity, and the
acidic Asp-273 is only required when the basic Arg-146 is
present as well.

Aspartic Acid 280 and Arginine 282 Mutations Affect Opti-
mal Activity—The E. coli SPase I crystal structure (27) indi-
cates the carboxylate oxygen of Asp-280 is about 5.0A from the
catalytically important N¢ of Lys-145 (Fig. 1A). The homolo-
gous residue to Asp-280 was found to be critical for activity in
B. subtilis (40) as well as eukaryotic yeast Secll (41) SPase I.
The functional role of Asp-280 was examined in our E. coli
system. D280A and D280E mutants of E. coli SPase I were
constructed and expressed, but purification of these proteins
proved rather difficult. Purification trials of the Asp-280 vari-
ants resulted in proteins exhibiting lower concentration with
evidence of proteolytic degradation (Fig. 9A). Compared with
wild-type enzyme at similar concentrations, the D280A and
D280E mutants maintained more than a 1000-fold reduction in
activity in vitro (Fig. 9B). With the in vivo assay, however, the
D280A and D280E mutants of E. coli SPase I demonstrated
much higher activity levels (Fig. 9C). The D280A and D280E
mutants displayed slightly less in vivo activity than wild-type
(Fig. 4B) but greater activity than the S278A and G272A mu-
tants (Figs. 4B and 6B). Pulse-chase analysis indicates that the
Asp-280 mutants are stable in vivo (Fig. 9D), and immunoblot
analysis (data not shown) was used to verify that the lower
molecular bands of purified D280A and D280E (Fig. 9A) were
fragments of the Asp-280 mutants.

2P. A. Klenotic, J. L. Carlos, J. C. Samuelson, T. A. Schuenemann,
W. R. Tschantz, M. Paetzel, N. C. J. Strynadka, and R. E. Dalbey,
unpublished data.
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Fic. 5. CD spectra of the wild-type (WT), S278A, and G272A SPase I mutants. SPase I proteins (4 uM) were analyzed on a Jasco
Spectrapolarimeter J-500C instrument in a 1-mm path-length cell at 4 °C. Spectra shown are an average of 5 scans/sample. The units of [)] MRW

are mdeg cm? dmol %,

To further study the role of Asp-280 in maintaining a func-
tional SPase, its ionic interacting partner, Arg-282, was also
examined via an R282M mutant. Purification of this Arg-282
variant resulted in a protein of lower concentration than wild-
type enzyme but with less degradation than the Asp-280 mu-
tants (Fig. 9A). Like the Asp-280 mutants, the R282M mutant
displayed significantly less activity in vitro compared with
wild-type (Fig. 9, B and C). Also, the R282M mutant displayed
greater in vivo than in vitro activity but not as dramatic as the
Asp-280 mutants.

DISCUSSION

Previous studies have established that the catalytic mecha-
nism of E. coli SPase I requires an essential Ser-90 (37) and
Lys-145 (20, 21). The Paetzel et al. (27) crystal structure of the
inhibitor-bound soluble fragment of E. coli SPase I has pro-
vided the first direct evidence of the nucleophilic nature of
Ser-90 and a glimpse of the neighboring residues in the active
site. In the consensus sequence of the SPase I family, Ser-90 of
the E. coli enzyme is found in the second conserved domain
(Box B), whereas the catalytic Lys-145 is in the fourth con-
served domain (Box D). One of the most prominent aspects of
the crystal structure was the fact that the entire fifth conserved
domain (Box E) of E. coli SPase I was found in the active site
area. This Box E consensus sequence contains a cluster of three
residues, GDN (beginning with Gly-272), the conserved Ser-
278, the strictly conserved Asp-280, and the conserved Arg-282.

In the present study, we show that Asn-277, Gly-285, and
Thr-94, are not important for in vitro substrate processing.
This suggests that these residues are not important for enzy-
matic function. Although mostly conserved in the bacterial
SPases, the homologous subunits (i.e. Sec11, Spc18, and Spc21)
in the eukaryotic endoplasmic reticulum signal peptidase do
not share the same conservation at these positions. The toler-

ation of these changes with respect to activity is therefore not
unexpected.

In contrast, Ser-278 is necessary for efficient enzymatic ac-
tion, as demonstrated by the in vitro and in vivo processing
studies (Fig. 4). Serine 278 is conserved only in the bacterial,
mitochondrial (Imp1/Imp2), and chloroplast type I signal pep-
tidases (thylakoid-processing peptidases) that utilize the Ser/
Lys dyad (20, 21). The Ser-278 homolog is not present in archae
SPases or the endoplasmic reticulum subunit (Fig. 1B), which
most likely uses a Ser/His dyad (41). The crystal structure of
the E. coli SPase I-soluble fragment (27) has revealed that
S2780y contributes a key hydrogen bond to the Lys-145 N¢
atom (Fig. 1, A and B; Table I) and is most likely essential for
directing the N into its proper orientation. This would explain
why this Ser is conserved in type I SPases proposed to act by a
Ser/Lys mechanism and its absence in Ser/His type I SPases.

Our evidence of an in vivo and in vitro stable S278A enzyme
coupled with an apparently correct conformation as evidenced
by similar solubility, purification, and CD spectral properties
compared with wild-type enzyme points to the loss of activity of
S278A as being attributable to the loss of the critical hydrogen
bonding interaction that facilitates the proper orientation of
the catalytic Lys-145. Sequence alignment of SPase I with SipS
of B. subtilis shows Ser-151 aligned with the E. coli Ser-278.
Mutation of Ser-151 to an alanine strongly reduced the in vivo
activity of SipS, although it still had demonstrable activity
compared with mutations of the catalytic Ser and Lys residues
(40).

In addition to Ser-278, the Box E domain of E. coli SPase I
contains Gly-272, Asp-273, and Asn-274, which are conserved
in both prokaryotic and eukaryotic organisms. Gly-272 and
Asp-273 are strictly conserved, whereas Asn-274 is a less con-
served residue. Mutation of Asn-274 to an Ala had no effect on
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Pro-OmpA nuclease A- — — — —
nuclease A- w—v—

Diluton 1 10' 10° 10° 10*
N274A
Pro-OmpA nuclease A- —_—
NUCIEASE A- e — ——
Dilution 1 10' 10* 10° 10*
B
G272A
Pro-OmpA
Time (s) 10 20 30 40 50 60 90 120
D273A
Pro-OmpA
OrnpAl —
Time (s) 10 20 30 40 50 60 90 120
Pro-OmpA
OmpA —
Time (s) 10 20 30 40 50 60 90 120

Fic. 6. The role of Gly-272 and Asp-273 for the activity of the E.
coli SPase 1. A, in vitro processing by serially diluted purified SPase I
enzyme constructs as measured by the cleavage of pro-OmpA nuclease
A (described in Fig. 3). B, in vivo processing by plasmid-encoded E. coli
SPase I constructs (G272A, D273A, or D273N) as measured by cleavage
of pro-OmpA within the IT41 E. coli strain. The in vivo assay was
performed at the nonpermissive temperature of 42 °C.

SPase I activity (Fig. 6A). This result is consistent with the
studies of B. subtilis Type I SPase (40). The in vitro and in vivo
data presented here is consistent with Gly-272 being critical for
SPase I activity. Analysis of the SPase I crystal structure (Fig.
1A; Table I) shows that Gly-272 is located within van der Waals
distance to the catalytic Lys-145 side chain. These two residues
are packed such that the introduction of a side chain other than
Gly at position 272 would force the Lys to shift from its optimal
position and potentially cause local perturbations in the active
site. Again the lack of evidence for gross structural changes
based on stability, solubility, CD measurements, and ease of
isolation of the G272A mutant leads us to conclude that the
effects seen with G272A are solely due to the local perturba-
tions mentioned. The mutation of the homologous Gly residue
in the B. subtilis SipS signal peptidase, Gly-145, to an alanine
residue significantly decreases in vivo processing of pre-B-lac-
tamase to its mature form (40). As with the E. coli enzyme, the

Probing the Active Site Environment of Signal Peptidase I

SPaseI-h,_—. p——

+ 51 Z 1/10 1/5 1
a E g
A A WT

Fic. 7. Expression levels of Asp-273 SPase I mutants in vivo.
Western blot analysis to compare expression levels of the SPase I
Asp-273 mutants within intact cells. Lane 1, signal peptidase control,
lane 2, D273A; lane 3, D273N; lane 4, wild-type (WT) 1/10 dilution; lane
5, wild-type 1/5 dilution; lane 6, wild-type undiluted.

Gly in the GDN consensus of B. subtilis SipS is more critical for
activity than the Ser-151, (corresponding to E. coli Ser-278).

It is noteworthy that the decrease in E. coli SPase I activity
due to mutation of the Ser-278 and Gly-272 residues was not as
severe as with the substitutions of the catalytic Ser-90 and
Lys-145 (37, 21, 22). No detectable in vivo activity was observed
when Ser-90 and Lys-145 were mutated. Additionally there
was no activity detected over background with the in vitro
assay, which has a sensitivity of at least 100,000-fold. Thus
mutations of the catalytic Ser-90 and Lys-145 residues cause a
decrease in activity of greater than 100,000-fold.

We also show here there is no absolute requirement for
activity for either the salt bridge between the invariant Asp-
273 and Arg-146 residues or the hydrogen bond interaction
between Asp-273 and Thr-94. First, substitution of Arg-146
with alanine or methionine has no effect on in vitro activity.
Second, SPase I lacking both Arg-146 and Thr-94 was fully
active in vitro. Third, SPase I lacking the Asp-273/Arg-146 salt
bridge (D273A/R146A or D273A/R146A/T94V SPase I mutants)
was active in vivo.

It is interesting that SPase I with the single Asp-273 muta-
tion (either alanine or asparagine) was impaired in processing
using the highly sensitive in vivo assay. This is in contrast to
the double or triple mutant with the mutated Asp-273 residue
above. It is not clear why the D273A or D273N mutants are
inactive in vivo. It may be that these mutants are poorly ex-
pressed (Fig. 8) or may not fold or assemble into the membrane
properly. Our data do not address this latter possibility. Un-
fortunately, the D273A and D273N mutants could not be puri-
fied and studied in vitro due to the poor expression as well as
the difficulty in extracting these proteins from the membrane
fraction with detergent. Nevertheless, the fact that the double
and triple mutants (Fig. 8B), which remove Asp-273, are active
demonstrates that there is not an absolute requirement for the
Asp-273 residue.

Our results with the Arg-146 and Asp-273 substitutions in E.
coli SPase I are in sharp contrast to those in B. subtilis or in
yeast. Mutation of the homologous Asp-273 or Arg-146 residue
in the B. subtilis SPase I or in the Secll subunit of the endo-
plasmic reticulum SPase I resulted in proteolytic degradation
of these enzymes in vivo (40, 41), indicating that these residues
are required for maintaining a stable, protease-resistant con-
formation. In our experiments the E. coli enzyme proved to be
more stable in vivo, which was perhaps attributable to as yet
unidentified compensating factors. Last, Bolhuis et al. (42)
demonstrate thermal inactivation of the corresponding Arg-
146/Asp-273 mutant of B. subtilis SipS (R84/D146), but the E.
coli mutants (R146A or R146A/T94V) maintained identical ac-
tivity as the wild-type protein at 37 °C and 42 °C in our in vivo
experiments.?

Along with its salt bridge partner, Arg-282, the invariant
Asp-280 residue of E. coli SPase I has been found to be impor-
tant for enzymatic activity. The Asp-280 mutants are found to

800Z ‘TT aune uo eiquinjo) yshiig Jo Alsiaaiun 1e Bio-ogl-mmm woly papeojumoq


http://www.jbc.org

The Journal of Biological Chemis

e

Probing the Active Site Environment of Signal Peptidase I

A

Fic. 8. The Salt bridge between
Asp-273 and Arg-146 is not required
for activity of the E. coli SPase 1. A, in
vitro processing. Processing of pro-OmpA
nuclease A using purified SPase I (at in-
dicated dilutions) T94V/R146A or D273E.
Pro-OmpA nuclease A cleavage is ana-
lyzed as in Fig. 3. B, in vivo processing.
Processing of pro-OmpA in IT41 cells har-
boring the pET23lep vector expressing
D273A/R146A or D273A/R146A/T94V
mutants. The assay is as described in Fig.
4B and under “Experimental Procedures”.

Pro-OmpA nuclease A- ~ —

NUCICASE A e o ——

Pro-OmpA nuclease A-

Dilution 1

6497
B

T94V/R146A D273A/R146A
— — Pro-OmpA— - M L
TUCIEASE A- " ——— OmpA— ]
9 - " Al

' 10 10° 10¢ Time(s) 10 20 30 40 50 60 90 120

D273E D273A/R146A/T94V

Pro-OmpA—
OmpA—

Dilutien 1 10' 10° 10* 10¢ Time(s) 10 20 30 40 50 60 90 120

B C

Fic. 9. Asp-280/Arg-282 mutations
affect E. coli SPase I activity. A, purity
as analyzed by SDS-PAGE of 6-His SPase
wild-type (WT, lane 1), D280A (lane 2),
D280E (lane 3), and R282M (lane 4). B, in
vitro processing by serially diluted D280A
(top panel), D280E (middle panel), and

D280A D280A R282M (bottom panel) SPase I mutants as

Pro-OmpA nuclease A- -.m Pro-l:lmp,t\u.__'. & measured by pro-OmpA nuclease A sub-
nuclease A- 5 g ; OmpA— .‘.‘.w strate cleavage (described in Fig. 3 and

T ! 5 . under “Experimental Procedures”). C, in

Dilution 1 10" 10° 10° 10* Time(s) 10 20 30 40 50 60 90 120 vivo processing of SPase I D2S0A (top

panel), D280E (middle panel), and R282M

D280E D280E (bottom panel) (described in Fig. 4B and

Pro-OmpA nuclease A- m
nuclease A- ~== "

Pro-OmpA— : .
- e S—————

under “Experimental Procedures”). D, in
vivo stability of D280A and D280E mu-
tants as analyzed by pulse chase. Two-ml

Dilution 1 10" 10* 10° 10° Time(s) 10 20 30 40 50 60 90 120 cultures of BLR (DE3) cells harboring the
indicated SPase I constructs were labeled
with 100 uCi of [**S]methionine for 15 s
R282M R282M and then chased with 10 ul of 20 mg/ml
. cold methionine. Aliquots were removed
mw:ﬁ:ﬁt g e pm'g::;’:: —_—————a = — at the indicated times followed by
immunoprecipitation.
Dilution 1 10" 10* 10° 10 Time(s) 10 20 30 40 50 60 90 120
D
D280A D280E

<
— i e A s . i

Chase time(min) .25 1 5 30 25 1 5 30

be stable in vivo (Fig. 9D) and display slightly lower processing
than wild-type in vivo. R282M is also stable (not shown) but
exhibits less in vivo activity than the Asp-280 mutants. Al-
though mutations of Asp-280 affect activity, the E. coli SPase I
is nevertheless quite active. Our in vivo Asp-280 results are in
contrast to those results of van Dijl et al. (40) for the homolo-
gous residue in the B. subtilis SipS enzyme that is found to be
absolutely critical for processing.

These studies are consistent with Asp-280 and Arg-282 being
important for maintaining a fully functional E. coli SPase I

enzyme. Unfortunately, we were not able to determine whether
these residues are important for maintaining the structural
integrity of the enzyme or play a direct catalytic role, since we
were not able to purify the protein in sufficient amounts for
structural and catalytic characterization. However, we favor
the idea that it plays a structural role, because the x-ray crystal
structure revealed that not only is Asp-280 held firmly in place
by a strong salt bridge to Arg-282, but that it hydrogen bonds
to Ser-278 and interacts with the main chain of Gly-272 and
Arg-282 as well (Fig. 14, Table I). The hydrogen bonding of
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Asp-280 to Ser-278 also likely aids the Ser-278 H-bonding
interaction with the catalytic Lys-145.

The results of these studies have allowed us to refine our
model of the catalytic details of the Ser/Lys mechanism of
SPase I as well as explain the conserved nature of many of the
Box E residues. Residues Ser-278 and Asp-280 help position
the general base Lys-145 residue. Ser-278 contributes a hydro-
gen bond directly to the epsilon amino group of the catalytic
Lys-145 and, therefore, helps orient it with respect to the
catalytic Ser-90. The Gly-272 residue is located very near the
catalytic dyad and has been maintained through evolution. The
studies of Gly-272 presented here are consistent with the crys-
tal structure of SPase I, which reveals that any residue with a
CpB atom at the 272 position would sterically interfere with the
Lys-145 side chain.

Acknowledgment—Special thanks goes to Don Ordaz at the Ohio
State University Department of Microbiology Bio-fermentation Facility
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