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ABSTRACT: Type | signal peptidase (SPase I) catalyzes the hydrolytic cleavage of the N-terminal signal
peptide from translocated preproteins. SPase | belongs to a novel class of Ser proteases that utilize a
Ser/Lys dyad catalytic mechanism instead of the classical Ser/His/Asp triad found in most Ser proteases.
Recent X-ray crystallographic studies indicate that the backbone amide nitrogen of the catalytic Ser 90
and the hydroxyl side chain of Ser 88 might participate as H-bond donors in the transition-state oxyanion
hole. In this work, contribution of the side-chain Ser 8&ischerichia coliSPase | to the stabilization of

the transition state was investigated through in vivo and in vitro characterizations of Ala-, Cys-, and
Thr-substituted mutants. The S88T mutant maintains near-wild-type activity with the substrate pro-OmpA
nuclease A. In contrast, substitution with Cys at position 88 results in more than a 740-fold reduction in
activity (kca) Whereas S88A retains much less activi?@40-fold decrease). Measurements of the kinetic
constants of the individual mutant enzymes indicate that these decreases in activity are attributed mainly
to decreases ks While effects orK,, are minimal. Thermal inactivation and CD spectroscopic analyses
indicate no global conformational perturbations of the Ser 88 mutants relative to the wildtyqudi

SPase | enzyme. These results provide strong evidence for the stabilization by Ser 88 of the oxyanion
intermediate during catalysis Wy. coli SPase I.

Proteins that are exported across the bacterial cell mem-mechanism of SPase | enzymes found in archea and the
brane generally contain amino-terminal signal peptides that endoplasmic reticulum. No conserved Lys residue has been
are cleaved during translocation of the exported protein found to be necessary for catalysis in these enzymges (

across the lipid bilayer. Cleavage of these signal peptides is  The most direct evidence to date of the catalytic mecha-
accomplished by type | signal peptidases (SPadeSliice  nism of type | signal peptidases has been provided by the
these enzymes are essential for the viability of most bacteriacrystal structure of the inhibitor-bound soluble fragment of
(1-3), they are currently of interest as possible targets for Escherichia coliSPase | §). The structure reveals the
the design of novel antibioticst). B-lactam type inhibitor [allyl (5,69)-6-[(R)-acetoxyethyl]-
Type | SPases identified in eubacteria and the mitochondriapenem_3_carboxy|ate] carbonyl (C7) covalently bonded to
and chloroplasts of higher eukaryotes appear to be unconthe Ser 90 @. The structure also shows that the only
ventional Ser proteases. They are classified into a novel classitratable residue in the vicinity of the nucleophilic Ser 90
distinguished by a conserved Ser/Lys dyad catalytic mech- sige chain is Lys 145. The Lys 145 Nat 2.9 A away from
anism 6) Included in this classification (Clan SF) are the the Ser 90 Q, is prope”y positioned to function as the
LexA repressor proteirBacillus subtilisSPase | (SipS), Tsp  general base during catalysis. An additional feature of the
protease, and tricorn proteas®.(The catalytic system em-  catalytic mechanism d&. coli SPase | revealed by the crystal
ployed by these endopeptidases is hypothesized to occur Viastructure is the likely formation of a transition-state oxyanion
the use of a Lys side chain as a general base in the depronole. Though the Ser 90 backbone amide group was shown
tonation of a nucleophilic Ser residue. In contrast, the Lys to be a strong candidate to provide electrophilic assistance
general base is replaced by a His in the proposed catalyticin the stabilization of the tetrahedral oxyanion intermediate,
no other main-chain or side-chain groups were correctly
T This work was supported partially by National Institutes of Health positioned. However, the Ser 88 residue was a likely
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catalytic activity are shown to be mainly due to decreases Table 1: Kinetic Parameters for the Hydrolysis of Pro-OmpA
in k.o, While effects orKp,, were found to be negligible. All  Nuclease A

three mutants displayed similar thermal stability and CD Keaf Ko AAGHD
spectra compared to wild-type enzyme. Finally, the calcu- enzyme ko2 (s Ko (M) (M-1s1) (kcal/mol)
lated differential free energy of transition-state stabilization 2419 102+ 46 (2.2+0.5)x 10°

provided by Ser 88 was calculated to be 5.2 kcal/mol. This sgga  0.018+0.003 35.7+ 9.9 (5.2+ 0.5) x 1(? 5.2

is consistent with the loss of an oxyaniehydroxyl interac- S88C  0.05% 0.016 25.4-9.7 (2.9+ 1.4)x 10° 4.1

tion (9). S88T 11.8£2.0 153+ 3.0 (8.4+3.2)x10° 0.6
aKinetic constants were determined as outlined under Experimental

EXPERIMENTAL PROCEDURES Procedures? AAG* values were determined from the valueskef/

Bacterial Strains and Plasmid3heE. coli strains BLR- Km by use of eq 1 in the text.

(DE3) and BL21(DE3) were purchased from Novagen. The
E. coliIT41 temperature-sensitive SPase | strain was obtainedof purified SPase | constructs, and &g, at 280 nm of 8.3
from Dr. Yoshikazu Nakamural(). The pETlep vector,  Was used to determine the concentration pro-OmpA nuclease
expressing wild-type 6-His-taggel coli SPase | enzyme A (14). The in vitro activity of wild type and Ser 88 mutant
under IPTG-inducible T7 control was constructed as de- E. coli SPase | was measured by the addition gfllof
scribed in Klenotic et al.1(1). The modified pET-23a vector  serially diluted enzyme (0.1, 0.01, 0.001, 0.0001, and 0.00001
expressing the pro-OmpA nuclease A fusion protein was a mg/mL) to 10ul aliquots of substrate pro-OmpA nuclease
gift from Dr. Mark O. Lively. A at a final concentration of 4M in 50 mM Tris-HCI, 10

Site-Directed Mutagenesis and DNA Manipulatiofi- mM CaCl, and 1% Triton X-100, pH 8.0. Each reaction
gonucleotide PCR-directed mutagenesis was performed orwas incubated at 37C for 20 min and then stopped by the
the pETlep vector using the Quikchange system (Stratagene)addition of 10uL of 2x SDS sample buffer followed by
Plasmid isolations were carried out with the Qiagen midiprep quenching in a dry iceethanol bath. Processing of the
kit and plasmid DNA sequencing was accomplished by the preprotein substrate into its mature nuclease A form was
dideoxy chain-terminator method 2) with the Sequenase determined by resolution the preprotein and mature forms
2.0 derivative of T7 DNA polymerase (U.S. Biochemical by SDS-17.2% PAGE and then visualization by Gelcode
Corp.) or by the fluorescent dye termination method (ABI Blue staining (Pierce). Measurement of in vivo processing
Prism AmpliTag FS dye terminator cycle sequencing kit) of pro-OmpA substrate utilizing the IT41 system was
on a Perkin-Elmer/Applied Biosystems model 373A auto- performed as described in Klenotic et ally.
mated DNA sequencer at The Ohio State University Biopoly-  Kinetic AssaysThe determination of kinetic constants was
mer Facility. Sequencing primers were purchased from performed as outlined by Tschantz et alS{ with modifica-
Integrated DNA Technologie&. colihost strain BLR(DE3) tions. Each cleavage reaction was initiated by the addition
was transformed with the pETlep vector, bearing the wild- of each Ser 88 mutant SPase | enzyme to a sample containing
type or mutant SPase | gene, by the calcium chloride methodpro-OmpA nuclease A substrate in 50 mM Tris-HCI, 10 mM
(13) and selected in 10@g/mL ampicillin and 12.5:g/mL CaCb, and 1% Triton X-100, pH 8.0. The reactions were
tetracycline. carried out at 37C with at least four different initial substrate

Purification of 6-His-Tagged SPase | Ser 88 Mutants and concentrations. Typically 51.7, 25.9, 15.5, and @8l
Pro-OmpA Nuclease A Substraté/ild type and S88A, reaction concentrations of substrate pro-OmpA nuclease A
S88C, and S88T SPase | mutants containing a 6-His tag wergvere used. The initial enzyme concentrations for S88A,
purified on an anion-exchange nickel affinity chromatography S88C, and S88T were 0.0673, 0.00376, and 0.000043
system as described by Klenotic et dll), For pro-OmpA respectively. During the course of the reaction, aliquots were
nuclease A, large-scale expression cultures (20 I5.afoli removed at various times. Less than 8% processing of the
(BLR DE3) transformed with the modified pET-23a vector Substrate occurred at the longest incubation times. Reaction
expressing the pro-OmpA nuclease A fusion protein were aliquots were stopped by the addition ok ZDS sample
grown in LB in two 14 L fermentors (New Brunswick buffer followed by quenching in a dry ieeethanol bath. The
Scientific) with a 1:40 back dilution of an overnight seed Pro-OmpA nuclease A and nuclease A proteins were resolved
culture. The cells were grown at 3T at 10 L of air/min of on SDS-17.2% polyacrylamide gels and stained with
aeration and 400 rpm agitation with 0.5 mL/L of medium Gelcode Blue (Pierce). Stained precursor and cleaved
chemical antifoam Mazu DF-60P (PPG Chemical). The substrate bands were scanned (Umax Astra 1200S) and
culture was induced with a final IPTG concentration of 0.6 quantified by U.S. National Institutes of Health’s NIH Image
mM at a cell density oPsoonm= 0.5 and, after an additional ~ software program (Macintosh v1.61, public domain at http://
4 h of growth at 37°C, concentrated to 1.5 L on a Pellicon  rsb.info.nih.gov/nih-image). Percent processing was deter-
system (Millipore) with a 5.0 sq ft 0.2m Durapore cassette. mined by dividing the area of the mature protein band by
Cells were harvested by centrifugation at 5§@6r 10 min the sum of the mature and precursor band aréag, Km,
at 4°C. The pro-OmpA nuclease A was then isolated from andk.a values were obtained by use of KaleidaGraph for
the cell pellet as described by Chatterjee etla) with slight ~ Windows (version 3.09) with a MichaetisVienten curve fit
modifications. The denaturing size-exclusion column was of the plot ofz; versus §| via
omitted and the final chromatographic step for purifying pro-
OmpA nuclease A protein was an SP-Sepharose (Pharmacia) Ui = (Vinad ([SH/(Kpy, + [])
ion-exchange procedure.

In Vitro and in Vivo Activity Assays.The Pierce BCA All kinetic data gathered in Table 1 result from the average
protein assay kit was used to determine the concentrationsof a minimum of three separate sets of experimental data.
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Ficure 1: Oxyanion hole oE. coli signal peptidase. A signal peptidasggnal peptide acyl-enzyme complex is modeled on the basis of

the crystal structure of thE. coli signal peptidaseinhibitor complex 8). The main-chain amide of Ser 90 and the side-chain hydroxyl of

Ser 88 are the only potential hydrogen-bond donors in the environment of the substrate’s scissile carbonyl oxygen. The side chain of Ser
88 is shown in black. The dashed lines indicate H-bond distances (in angstroms). The P1 through P3 residues of the substrate are shown
in gray. This stereo figure was prepared with the program MOLSCR&2J. (

CD SpectroscopyThe far-ultraviolet circular dichroism | Ser 88 mutants. With the wild type as a control, the in
spectra for wild-type and Ser 88 mutant SPase | enzymesvitro effects of enzyme serial dilutions on pro-OmpA
were obtained on a Jasco spectrapolarimeter J-500C instrunuclease A processing were assessed for the S88A, S88C,
ment at a constant cuvette temperature of°@. As and S88T mutants. As shown in Figure 2A, the S88A and
determined by use of a molar extinction coefficient of 44 000 S88C mutants displayed slight processing of the substrate
cm* M~1 at 280 nm 16), all protein samples were at a at the stock 0.1 mg/mL (“1” dilution) enzyme concentration
concentration of 1&M in 5 mM potassium phosphate, pH and no visible processing at 0.01 mg/mL (*1@ilution).

8.0, and 1%n-octyl S-glucopyranoside detergent. S88C maintains slightly greater enzymatic processing of the

Thermostability Wild-type and mutant enzymes in 20 mM  pro-OmpA—nuclease A substrate than the S88A mutant.
potassium phosphate, pH 8.0, and 1% Triton X-100 were Contrary to S88A and S88C, the S88T mutant exhibited
preincubated at the indicated temperatures for 1 h. Residualprocessing down to a $@tock enzyme dilution. The S88T

activities were then measured by the addition of of heat- in vitro activity was comparable to that of the wild-type
treated enzyme to 14L of substrate pro-OmpA nuclease A enzyme.
at a final concentration of 4M. Each reaction was then | the temperature-sensitive SPase I-deficient IT41 strain

incubated at 37C for 30 min, stopped by the addition of (1) the processing of radiolabeled pro-OmpA by plasmid-
2.5uL 5x SDS sample buffer, and quenched in a dry-ice  gncodeck. coli SPase | constructs can be examined in vivo.
ethanol bath. After resolution of subgtr_ate and cleavage |, this system, the enzymatic activities of wild-type, S88A,
product by SDS-17.2% PAGE and staining, percent pro-  gggc, and S88T proteins in their native intracellular mem-

cessing was quantitated as in the kinetic assays. brane environments were compared. Figure 2B shows that
Molecular Modeling.The program O 17) was used to  wild type is slightly more active than the S88T enzyme.
perform the molecular modeling studies. Approximately 50% cleavage of the pro-OmpA substrate has

RESULTS occurred after 10 s with the S88T enzyme, whereas at the
same time point greater than 50% pro-OmpA processing has

The inhibitor-bound crystal structure of the soluble already occurred with the wild-type enzyme. Also, similar
catalytic fragment of. coli SPase |§) showed that the Ser o the in vitro assay results, the S88A and S88C mutants
90 backbone amide and the rotated Ser 88 hydroxyl sidedisplayed very little activity in vivo. The S88A mutant
chain could participate as H-bond donors in the stabilization Showed 50% processing occurring at slightly over 40 s chase
of a tetrahedral oxyanion intermediate during the course of Whereas the S88C mutant displayed 50% processing at
catalysis. A model of these interactions with a peptide slightly under 40 s (Figure 2B). The S88A and S88C SPase
substrate is shown in Figure 1. It is clear from this model 1 activities were only slightly greater than that of the negative

that Ser 88 may play an important catalytic role. control cell line, which carried no plasmid encoded SPase |
To confirm the role of Ser 88 in the proposed interactions, (Figure 2B, “no plasmid”).
site-directed mutagenesis of full-length wild-tyjge coli Decrease in Actiity of Ser 88 SPase | Mutants Is Mainly

SPase | (pETlep vector) was performed to introduce Ala, Due to a Reduction indg To determine more precisely the
Cys, and Thr at the Ser 88 position. Each mutant protein effects on catalysis of the Ser 88 mutations, the kinetic
was isolated to homogeneity as previously descritlel) ( constants for each mutant were measured by the pro-GmpA
and the expression vector DNA was sequenced to confirm nuclease A in vitro assay. At constant enzyme with various
the presence of each mutation. substrate concentrations, initial velocities were determined
S88T Maintains Near-Wild-Type Adfiy but S88A and  from plots of pro-OmpA nuclease A processed versus time.
S88C Exhibit Substantially Reduced Aitti in Vivo and in Thek.a:andKy, constants were then determined from initial
Vitro. Purified pro-OmpA-nuclease A fusion proteirL{) velocity versus substrate concentration plots. The data are
was used as an in vitro substrate to studyEheoli SPase summarized in Table 1. Substitution of the hydroxyl side
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A made at position 88 was calculated from
Wild-Type sssA AAG' = —RTIN [(keafKe) ™M (keaf K™ (1)
Pro-OmpA nuclease A~—— [ — — e o
muclease A— e l ‘ The losses of transition-state binding energy for the site-

Dition 0 1 10! 10 10° 10* 1ot 1 10® 10t directed mutants S88A, S88C, and S88T were 5.2, 4.1, and
0.62 kcal/mol, respectively.
S88A, S88C, and S88T Mutants Maintain Similar Far-

S88C S88T UV CD Spectra and in Vitro Thermal Inaetition Profiles
Pro-OmpA nudese A —— [ o o o | | — = The far-ultraviolet CD spectra of wild-type and the S88A,
mdease A ™ — = = S88C, and S88T mutant enzymes were measured and
Dilution Lot e 1o ot 1ot e 1 e compared. In Figure 3A, it is evident that all of the mutants
exhibit similar CD spectra to that of wild-type enzyme. These
data suggest no gross misfolding or changes in secondary
B . structure of the enzymes resulting from the introduction of
No Plasmid .
Pro-Omph — the mutations.
OmpA ~— |‘“"‘.ﬂ..."l‘ In vitro thermal inactivation profiles were also used to
Time(s) 10 20 30 40 50 60 90 120 demonstrate that the Ser 88 mutations did not cause global
conformational changes. As shown previously by Kitval.
, (18), purifiedE. coli SPase | enzyme is stable at temperatures
P10 Omgh — Wild-Type at or below 37°C but can be irreversibly inactivated above
OmpA — l-... ‘ﬂﬂﬂﬂﬂﬂi 37 °C. To test for thermostability, the wild type and Ser 88
Time (5) 10 20 30 40 50 60 90 120 mutants were incubgtedrfa h atvarious temperatures fand
then assayed for residual pro-OmpAuclease A processing.
The wild type and S88A, S88C, and S88T mutants all
proOmp —_ S88A , displayed comparable thermostability profiles as shown in
Omph — [Mﬁm 5 Figure 3B.
Time (s) 10 20 30 40 50 60 90 120 DISCUSSION
S88C In the studies presented here, we have shown for the first
ProOmpA — time that Ser 88 has an important catalytic role in the

Ompt = | T e s s -

mechanism of. coli SPase I. Amino acid substitutions of

Ala or Cys at position 88 resulted in enzymes with severely
impaired in vitro and in vivo catalytic activity. We propose
that this is attributed to the loss of a key hydrogen-bonding
interaction of the Ser hydroxyl to the tetrahedral oxyanion
intermediate during the course of catalysis.

. ) o . . In sharp contrast to S88A and S88C, the S88T mutant
ZdeFé%fz'T Ig;:/;srg ?gﬂz';%gg ?ﬁt)“f';yvﬁ:gv g?ogyepsiifgggﬁb%?g%p a displayed near-wild-type in vitro and in vivo activity (Figure

nuclease A substrate by wild-type, S88A, S88C, or S88T mutant 2)- It is important to also point out that S88C exhibited

E. coli SPase I. Serially diluted stock enzyme, at 0.1 mg/mL (“1" slightly greater activity than the S88A mutant. The S88C
dilution), of wild type or Ser 88 mutants were incubated with mutantk.,,was approximately 3 times greater than the S88A
purified pro-OmpA-nuclease A substrate, and processing was \tantk,, In addition to the S88A, S88C, and S88T mutants
visualized by Coomassie staining of SB$7.2% PAGE as a T

described under Experimental Procedures. The “0” dilution lane presented here, we have also purified 588Q f"md SSSV
in the wild-type experiment indicates the control with no enzyme Mmutants. The S88V and S88G mutants exhibit activity
added. (B) In vivo processing of pro-OmpA by wild type, or S88A, profiles similar to that of S88A (unpublished results).

S88C, or S88T mutants. Mid-log phase IT41 bearing no plasmid \Molecular modeling of all mutants supports these results.

or pET23lep encoding wild-type or mutant Ser 88 SPase | constructs : : ; ;
grown at 30°C were induced with 1 mM IPTG and incubated an The r_nod.el of a signal peptidassignal peptide cc.)mplex.
additiond 1 h at 42°C. After a 15 s J55]Met pulse label, chase ~ Shown in Figure 1 allows for the Ser 88 hydroxyl side chain

aliquots were removed at the indicated times and assayed for pro-and the Ser 90 backbone amide to participate in the oxyanion
OmpA processing as described under Experimental Procedures. stabilization. The distances/angles for these interactions are
2.7 A/105 and 2.8 A/132 for Ser 88Q and Ser 90N,
chain by a sulfhydryl in the S88C mutant resulted in a drastic respectively. For Ser 880, the angle isGer 88Q+--Ser
740-fold decrease ik The decrease is much more severe 88CB. For Ser 90N, since the hydrogen position is unam-
in the S88A mutant, displaying a 2440-fold reductiorkin biguous, the angle is that subtended at the calculated
compared to wild type. The S88T mutant, withaof 11.8  hydrogen position. There is a strong possibility of hydrogen
s'!, maintains approximately a quarter the activity of the bonds occurring at these contact distances and angles. On
native enzyme. There were only very slight effectskon the basis of the crystal structure of tBe coli type | signal
for the S88A and S88C mutants, while the data indicate no peptidase inhibitor comple»8), we have also modeled the
perturbation ofy, for the S88T construct (Table 1). active site of a signal peptidassignal peptide complex with
For each mutant, the change in free energy of transition- the various mutations at the 88 position (not shown). The
state stabilization resulting from the amino acid substitutions modeling studies are consistent with the activity profiles. The

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

S88T

Pro-OmpA ~— [ e
OmpA — | =% e —— —— — |

Time (s) 10 20 30 40 50 60 90 120
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Ficure 3: Far-UV CD spectra and thermal inactivation profiles of wild type and S88A, S88C, S88T mutants. (A) Far-UV CD spectra of
wild type and S88A, S88C, S88T mutants. Each purified proteirnu#l) was analyzed on a Jasco spectropolarimeter J-500C instrument

in a 1 mmpath-length cell at £C. Spectra shown are an average of 5 scans/sample. (B) Thermal inactivation profiles of wild type and
S88A, S88C, and S88T mutants. Each enzyme was preincubated at the indicated temperatutefsarid then assayed for residual
processing of pro-OmpA nuclease A as outlined under Experimental Procedures. For each enzyme at the indicated temperature, the relative
activity is calculated as the percent activity relative to activity af@5(a) Wild type; @) S88A; @) S88C; (x) S88T.

modeled side-chain hydroxyl group of the S88T mutant 8.0) the thiol would be approximately 50% ionized. Modeling
superimposes on the modeled Ser 88 hydroxyl. The side-of the S88A mutant reveals that there would not be enough
chain methyl group on the S88T mutant points into the room to introduce a mediating water as a hydrogen-bond
solvent and lies adjacent to, but does not clash with, the donor.

modeled substrate P2 side chain. In the S88C mutant, the An updated model of the proposed catalytic mechanism
longer @—Sy bond distance and the larger van der Waals of E. coli SPase | Z0), which includes the transient
radius of the $ results in a potential clash with the signal H-bonding interactions of the transition state, is shown in
peptide main chain. Main-chain or side-chain adjustments Figure 4. In this scheme the amide backbone of the catalytic
may allow for the Cys 88 thiol to contribute some oxyanion Ser 90 and the hydroxyl side chain of Ser 88 provide
stabilization and thus explain its higher activity than the electrophilic assistance to the transition-state oxyanion. Also,
S88A mutant. It should be noted that sulfur atoms are capablethe K145N;—scissile carbonyl oxygen distance in Figure 1
of forming only weak hydrogen bond4 %) and that we is 4.5 A. Thus the protonated K145 residue possibly also
cannot be sure of the ionization state of the cysteine thiol stabilizes the oxyanion transition state through a weak
group. Theoretically, at the assay reaction conditions€pH Coulombic interaction (not shown in Figure 4).
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Ficure 4: Updated proposed mechanismEfcoli SPase I. The proposed mechanism of Paetzel eR@l.ig updated in this scheme to
include the oxyanion stabilization of the tetrahedral intermediates by the amide of Ser 90 and the hydroxyl side chain of Ser 88.

Quantitation of the kinetic constants of the coli SPase  sequences containing Gly at this position are Gram-positive
| Ser 88 mutants compared to those of wild-type enzyme bacteria (Figure 5A). Also, phylogenetic analysis [ClustalX
shows mainly &4 rather than &, effect (Table 1). The = N—J method 28—30)], unpublished results] of the aligned
rate-limiting step in the mechanism &. coli SPase | is sequences indicates that the Gly-containing enzymes are
unknown, which precludes a straightforward interpreta- evolutionarily distinct from those containing Ser or Thr at
tion of the lack ofK, effects with the mutants studied. If  position 88. The Ser/Thr-containing enzymes are on separate
the initial acylation step is rate-limiting (Figure 4), then the evolutionary branches than the Gly-containing enzymes at
data suggest that the enzysmubstrate interaction main-  position 88. This suggests that those enzymes with Gly at
tained by Ser 88 may not be present in the Michaelis position 88 may provide backbone amide-mediated oxyanion
complex. Similar results have been reported for proteasesstabilization.
with residue-mediated oxyanion hole mechanisms such as In the cases of the other enzymes with a Ser or Thr at
papain 21), subtilisin 2—24), and cutinase2b). In these position 88, we hypothesize it is the Ser or Thr side-chain
cases, mutation of Gln 19 of papain, Asn 155 of subtilisin, hydroxyl providing the critical transition-state interaction
or Ser 42 in cutinase to an Ala resulted in transition-state with the oxyanion intermediate. In support of this, site-
free energy changedAAG*, k.o/K,) ranging from 2.4to0 4.2  directed mutagenesis of the analogous Ser residue (Ser 42)
kcal/mol, attributable mainly to a reduction gy (25, 26). in the Secl1 subunit @accharomyces cansiaeER SPase
These previously reported data and those presented in Tablé inhibited cell growth by 20-fold for an Ala substitution [as
1 for E. coli SPase | are consistent with the concept of judged by colony size on agar platé)](suggesting signal
transition-state interactions in the oxyanion hole that are not peptide processing was affected. A Thr substitution at the
present in the enzymesubstrate complex. same position did not exhibit wild-type growth as expected.

Type | signal peptidases can be heterogeneously subclasinstead, the S42T mutation resulted in decreased cell growth
sified as either P-type (Lys) or ER-type (His), differing by approximately 10-fold%). It would be interesting to see
according to overall amino acid conservation patterns and if more direct enzyme activity experiments for these mutants
the conserved general base residue found in conserved regioin Secll SPase | would produce results similar to ours.

D (27). We have aligned all the currently available SPase |  Substrate hydrolysis by classical Ser proteases, lipases,
protein sequences from GenBank, and the results forand esterases occurs through an acyl-enzyme intermediate
conserved region B, containirigy coli S88, are presented in  oxyanion typically stabilized by two to three main-chain
Figure 5. The alignment reveals that Ser, Thr, or Gly is the amide groups or side-chain amide or hydroxyl groups.
only residue present at the analogdtiscoli position 88. There are examples of Ser or Thr side-chain-mediated
An interesting trend is that in the P-type SPases all of the oxyanion interactions reported for the lipase class of enzymes
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A * "
Sip_Eco_ PFQIPSGSMMPTLL 96 B Sip Mth_ HMNVVVSGSMEPVF 39
Sip_Sty_ PFQIPSGSMMPTLL 97 Secll_Mja  HVNVVVSDSMYPIM 23
Sip Hin PFQIPSGSMESTLR 121 Spc_Pho_ PLVVVVSGSMEPVF 47
Sip_Pf1_ PFQIPSGSMKPTLD 96 Sip_Pho_ FVSYAYSDSMVPTI 43
SipF_Bja  PFNIPSGSMRATLL 50 Archea Sip_Pab PLVVVASGSMRPVF 47
Sip_Rca PFWIPSGSMKDTLL 46 Secll_Afu_  FMVAVESGSMEPHL 50
Sip Bja_ PFYVPSGSMEPTLL 55 Sipl_Afu  RILVVLSSSMEPLM 41
Sip Mle PYLIPSESMEPTLH 90 Sip2 Afu_ LLSYVTSDSMTPTL 45
Sip_Mtu PYLIPSESMEPTLH 102 Spc2l Afu_ RVLNTYGTSMLPEL 37
Sip S81i AFVIPSGSMEQTIR 91 Sip_Ape GFAVVQGRSMEPIL 48
Sip Sco PFQIPSGSMERGLR 83 -7
Sip Pla_ ARYIPSESMLPTLE 65
Sip_Ssp_ ARYIPSSSMEPTLQ 58 Eubacteria SipW Bsu_  TLKSVLSGSMEPEF 52
Sip_Aae_ AYTIPSASMEPTLL 38 Spc2l1_Cpe_  RTYSILSGSMEPEI 27
Sip Tpa LYVIPSESMVPSFM 93
Sip Hpy AFIIPSRSMVGTLY 44

Eubacteria Sip Bbu_ AYKIPSGSMENTLQ 78
Spi_Spn_ NVRVEGHSMDPTLA 43 Spcl8_Ath_ PVVVVLSGSMEPGF 61
Sip_Smi_ NVRVEGHSMDPTLA 18 Secll Sce_ PIVVVLSGSMEPAF 49
Sip_Bca_ NYVVEGKSMMPTLE 44 Secll_Spo_ PVVVVLSESMEPSF 52
SpsB_Sau_  PYTIKGESMDPTLK 42 Spcl8_Rno_ PIVVVLSGSMEPAF 61
SipB_Sca_  SYTVRGDSMYPTLK 42 Eucarya Sip Mmu_ PIVVVLSGSMEPAF 61
SipS_Bsu_  PYVVDGDSMYPTLH 49 Spcl8_Cfa_ PIVVVLSGSMEPAF 61
SipT_Bsu_ PYLVEGSSMYPTLH 57 Spc21 Cfa  PIVVVLSGSMEPAF 73
Sip_Bam_ PYLVEGSSMYPTLH 57 Spcl8 Hsa  PIVVVLSGSMEPAF 61
Sip Bli PYLVEGTSMDPTLH 50 -7
SipP_pTAl0 PYVVEGKSMDPTLV 50
SipP_pTAl0 PYIVQGESMKPTLF 49 Consensus p vvvlsgSMer f
SipU Bsu  PFLIEGSSMAPTLK 52
Sip_Bsu DYKVEGVSMNPTFQ 40

- Sip_Tma_ TMLVPTGSMIPTIQ 54
Sip Cpn_ LYEVPTGSMRPTIL 114
Sip Ctr_ LYEVPTGSMRPTIL 119
Impl_Sce  FTETRGESMLPTLS 46

Eucarya Imp2 Spo_ VQMTSGPSMMPTLN 41
Tpp_Ath_ PKSIPSTSMYPTLD 190

Consensus p 1ip SM ptl

Ficure 5: Conserved box B residues in P-type and ER-type SPases from archea, eubacteria, and eucarya. These series are generated fron
ClustalX version 1.829) amino acid alignments of all P-type (A) and ER-type (B) SPases (currently deposited in GenBank) as described

by Tjalsma et al.27) and Dalbey et al.5). The Ser 88 residudg( coli) is indicated by an asterisk. In the consensus sequence, upper case
indicates strictly conserved residues and lower case indicates conserved residues appearing in greater than 50% of the aligned sequences
(A) Alignment of conserved box B residues in P-type SPakes, Escherichia coli Sty, Salmonella typhimurium; Hin, Haemophilus
influenzae Pfl, Pseudomonas fluorescerBja, Bradyrhizobium japonicum; Rca, Rhodobacter capsulaMie, Mycobacterium leprae

Mtu, Mycobacterium tuberculosi$li, Streptomyces:idans Sco, Streptomyces coelicolor; PleyanobacteriunPhormidium laminosugn
Ssp,Synechocystisp. strain PCC6803 Ilhag Aquifex aeolicusTpa, Treponema pallidum; Hpy, Helicobacter pyld69;Bbu, Borrelia

burgdorferi; Spn, Streptococcus pneumoni&mi Streptococcus mitis; B¢aBacillus caldolyticus Say Staphylococcus aureus; Sca,
Staphylococcus carnosus; B&acillus subtilis Bam Bacillus amyloliquefaciensli, Bacillus licheniformis Tma, Thermotoga maritima

Cpn, Chlamydophila pneumoniae; Ctr, Chlamydia trachoma®ice Saccharomyces cersiae Ath, Arabidopsis thaliana;Sip, signal
peptidaseSpi Streptococcus pneumonia@nal peptidase |; Sps, signal peptidase fr®maureusImp; inner membrane protease; Tpp,
thylakoidal processing peptidase. (B) Alignment of conserved box B residues in ER-type SRtseblethanobacterium thermoau-
totrophicum; Mja, Methanococcus jannaschii; Pho, Pyrococcus horikoshii; Pab, Pyrococcus abyssi; Afu, Archaeoglobus fulgidus; Ape,
Aeropyrum pernix; Bsu, Bacillus subtilisCpe Clostridium perfringens Ath, thale cressA. thaliana; Sce, S. cersiag Spq
Schizosaccharomyces pomB&q Rattus noregicus Mmu Mus musculusCfa, Canis familiaris Hsa Homo sapiensSip, signal peptidase;

Sec, secretory protein; Spc, signal peptidase complex.

(25) and of a distal Thr-stabilized interaction in subtilisin results presented here are consistent with crystallographic
BPN (31) that could be replaced with a Ser residue while data of the recently solved native structure (Paetzel, Dalbey,
maintaining efficient enzymatic activity. This work with. Strynadka, unpublished results). In the native structure the
coli SPase |, however, is the first report of a Ser residue Ser 88 residue is in the correct position to participate in the
involved in the oxyanion hole of the Ser/Lys dyad class and oxyanion hole.

in the serine protease class in general. To our knowledge,

no Ser residue has been reported as being involved inACKNOWLEDGMENT
oxyanion stabilization in any of the serine or cysteine  Special thanks go to Don Ordaz at The Ohio State
proteases. Finally, though in the inhibitor-bound crystal University Department of Microbiology biofermentation
structure 8) of truncatecE. coli SPase | the Ser 88 residue facilities and to Roger Granet at CAS for critical reading of
is not in an optimal position for oxyanion stabilization, the the manuscript.
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