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Signal peptidase functions to cleave signal peptides from pre-
proteins at the cell membrane. It has a substrate specificity for
small uncharged residues at �1 (P1) and aliphatic residues at the
�3 (P3) position. Previously, we have reported that certain alter-
ations of the Ile-144 and Ile-86 residues in Escherichia coli signal
peptidase I (SPase) can change the specificity such that signal pep-
tidase is able to cleave pro-OmpA nuclease A in vitro after pheny-
lalanineorasparagine residuesat the�1position (Karla,A., Lively,
M. O., Paetzel, M. and Dalbey, R. (2005) J. Biol. Chem. 280, 6731–
6741). In this study, screening of a fluorescence resonance energy
transfer-based peptide library revealed that the I144A, I144C, and
I144C/I86TSPasemutants have amore relaxed substrate specific-
ity at the �3 position, in comparison to the wild-type SPase. The
doublemutant toleratedarginine,glutamine, andtyrosineresidues
at the �3 position of the substrate. The altered specificity of the
I144C/I86Tmutant was confirmed by in vivo processing of pre-�-
lactamase containing non-canonical arginine and glutamine resi-
dues at the�3position.Thiswork establishes Ile-144 and Ile-86 as
keyP3 substrate specificity determinants for signal peptidase I and
demonstrates the power of the fluorescence resonance energy
transfer-based peptide library approach in defining the substrate
specificity of proteases.

Proteins destined for secretion are synthesized in a precursor
formwith an amino-terminal extension peptide that targets the
exported protein to the Secmachinery (1) or the Tatmachinery
(2) in bacteria. During the export process, the signal peptide is
cleaved from the precursor protein by a signal peptidase that is
embedded in the plasma membrane.

In Escherichia coli, signal peptidase (SPase I)2 consists of a
single polypeptide chain of 37 kDa (3). This enzyme spans the

membrane twice with a small cytoplasmic segment (residues
29–58) and a large carboxyl-terminal catalytic domain located
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able to locate the site of cleavage at the cell membrane surface.
Recognition of the substrate by SPase at the correct site is chal-
lenging because the substrate specificity determinant Ala-X-
Ala is a common motif in proteins. In addition to the impor-
tance of the SPase S1 and S3 subsites in recognition of the
correct cleavage site, it is likely that the interaction of the SPase
catalytic domain with the membrane is important for high
fidelity of the enzyme (10, 20).

In this paper we have systematically determined the sub-
strate specificity of various signal peptidase Ile-144 single
mutants and Ile-144/Ile-86 doublemutants by using a powerful
fluorescence resonance energy transfer (FRET)-based peptide
library approach. These mutants exhibited a more relaxed sub-
strate specificity at the �3 position, with the double mutant
tolerating glutamine and arginine as P3 residues. In a cellular
assay, the SPase I144C/I86Tmutant efficiently cleaved a pre-�-
lactamase mutant with a glutamine or arginine at the �3 posi-
tion. These results show that Ile-144 and Ile-86 play critical
roles in controlling the substrate specificity at the �3 position
and demonstrate the power of this new combinatorial library
method for determining the substrate specificity of proteases.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Plasmids—The E. coli strainDH5�was
obtained from our laboratory collection although the E. coli
temperature-sensitive SPase I strain, IT41, was obtained from
Dr. YoshikazuNakamura (21). The plasmids pRD8, which con-
tains the SPase I gene in the pING vector, and pUC19 were
obtained fromour collection. The plasmid pGZ119HEwas gen-
erously provided by Dr. Andreas Kuhn.
Construction of Plasmids—To examine the ability of various

SPase binding pocketmutants to process �-lactamasemutants,
a two-plasmid system was employed requiring the preparation
of two constructs. The construction of the two plasmids was
accomplished as follows. First, the SPase mutants were sub-
cloned from the pET23b vector (19) to avoid the concomitant
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solution of �-cyano-4-hydroxycinnamic acid (10 mg dissolved
in 500 �l of 0.1% trifluoroacetic acid and 500 �l of CH3CN).
The aluminumMALDI-TOF target plate was spotted with 1 �l
of each reaction sample containingmatrix and analyzed using a
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sion of the enzyme. This screening resulted in no fluorescent
beads.
Peptide Sequencing—Positive beads from above were se-

quenced by the method of partial Edman degradation/mass
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bound peptide is converted into a series of sequence-related
truncation products by treating the peptide with a 5:1 mixture
of phenylisothiocyanate andN-hydroxysuccinimidyl nicotinate
(Fig. 2B). The resulting peptide ladder was analyzed by
MALDI-MS and the sequence of the original peptide is
identified.

In this study, the PED/MSprocedurewas slightlymodified to
reveal the site of enzymatic cleavage. The NH2 termini of the

resin-bound peptides were protected with Fmoc groups during
incubation with the enzyme (Fig. 1B). After treatment with
SPase, the isolated fluorescent beads were treated with N-hy-
droxysuccinimidyl benzoate to cap the new amino termini pro-
duced by SPase. Thus attachment of the benzoyl group (Bz)
marked the sites of cleavage (a, Fig. 1B). The remaining Fmoc
groups on the uncleaved peptides were then removed and “par-
tial” Edman degradation were performed to create the peptide
ladder (Fig. 1B, see legend for details). The amino termini of the
ladderwere cappedwith the nicotinoyl groupby treatmentwith
N-hydroxysuccinimidyl nicotinate. In the resulting MALDI-
TOF spectrum, the NH2-terminal benzoylated peptides pro-
duced by enzymatic cleavage of the resin-bound peptide have a
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(theoretical � 28,908 Da). The difference in the observed
masses (232.4 Da) is consistent with the loss of His-Pro (234.3
Da), suggesting cleavage occurred after the NH2-terminal His-
Pro sequence in �-lactamase. At this new processing site, the
�3 residue is an alanine and the�1 residue is a proline. Proline
is an acceptable �1 residue using the M13 procoat protein as a
substrate (39).
The SPase I144C/I86T Mutant Can Cleave Pre-�-lactamase

Mutants with Non-canonical �3 Residues—Because our data
are consistent with cleavage at the alternative site after the �2
proline, we substituted�-lactamase Pro-2 with a phenylalanine
to prevent cleavage at that position. As shown in Fig. 3A, the
wild-type SPase could not process the�3Arg P2F�-lactamase.
Interestingly, the I144C/I86T SPase cleaves the �3 Arg P2F
�-lactamase substrate, reproducing the substrate specificity
determined by the library method. Similarly, the I144C/I86T
SPase could process the �3 Gln �-lactamase mutant (Fig. 3B),
but not the�3Tyr�-lactamasemutant (Fig. 3C). Thewild-type
SPase could not process the �3 Gln �-lactamase (Fig. 3B). In a

control experiment, we confirmed
that wild-type SPase could cleave
the P2F �-lactamase (see Fig. 3D).

Whereas the I144C mutant failed
to process the �3 Gln �-lactamase
substrate (Fig. 3E), a small amount
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than the mutational differences only the side chains of Ile-101
and Val-132 showed any significant adjustment from the start-
ing wild-type structure. The modeling shows that the binding
site pocket of the double mutant can accommodate an arginine
at the �3 position. The introduction of a thiol and hydroxyl
group on opposing sides of the binding pocket could also func-
tion to make the binding of the guanidinium group of the argi-
nine more energetically favorable.

DISCUSSION

In this study, we have identified residues Ile-86 and Ile-144 of
the E. coli SPase as important determinants of its substrate
specificity at the�3 position. Using the FRET library approach,
we found that the single Ile-144 mutants could cleave peptide

substrates with valine, serine,
leucine, glutamic acid, and aspartic
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throughput and inexpensive because PED/MS can sequence
up to 20–30 peptides in 1 h at a cost of less than $1/peptide
(cost in reagents and instrument time). In addition, our
method can unambiguously identify the protease cleavage
site. Hence, it should be generally applicable to any
endoproteases.
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