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Revised Translation Start Site for secM Defines an Atypical Signal
Peptide That Regulates Escherichia coli secA Expression
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The secretion-responsive regulation of Escherichia coli secA occurs by coupling its translation to the trans-
lation and secretion of an upstream regulator, secM (formerly geneX). We revise the translational start site for
secM, defining a new signal peptide sequence with an extended amino-terminal region. Mutational studies in-
dicate that certain atypical amino acyl residues within this extended region are critical for proper secA regulation.

The eubacterial protein secretion machinery consists of a
number of soluble and membrane-associated components (5).
One critical element is SecA ATPase, which acts as a molec-
ular motor to promote protein secretion at translocation sites
that consist of SecYE, the SecA receptor, and SecG and Sec-
DFyajC proteins, which regulate SecA membrane cycling (6, 7,
9, 15, 24). SecA appears to directly recognize the preprotein
and guide its entry into the translocon by utilizing its mem-
brane insertion and retraction activity (1, 8, 10, 12). Since SecA
appears to initiate the first committed step in the protein
translocation cycle, its level and activity are likely to be care-
fully regulated.

secA has been shown previously to be regulated at the trans-
lational level by the protein secretion-proficient state of the
Escherichia coli cell, with derepression occurring when protein
secretion becomes rate limiting (17, 20). Repression occurs by
an autogenous mechanism whereby SecA binds to its transla-
tional operator site on geneX secA mRNA to block or dislodge
ribosomes that initiate at the secA ribosome-binding site (21,
22). secA translation initiation requires a translational coupling
mechanism that employs the upstream gene, geneX (11). Re-
cently we have shown that the basis for the observed secretion-
responsive regulation of secA relies on the secretability of
geneX preprotein, since signal sequence mutations in geneX
rendered secA expression constitutive and prlA signal sequence
suppressor alleles restored secA regulation in this context (16).
These results demonstrated that geneX is an important regu-
lator of secA, and accordingly we suggest that it should be
renamed secM (for “secretion monitor”).

In the original sequencing of the envA secM secA region, it
was suggested that secM begins with an AUG codon to encode
a 147-amino-acid-residue protein (2). Although it was subse-
quently pointed out that there are also two potential upstream
GUG start sites for secM (23), the AUG initiator has been
generally accepted as the secM start site. However, we show
here that this is not the case.

No homologs of secM were found in GenBank, but two
homologs were identified in the unfinished Salmonella enterica
serovar typhi and Yersina pestis genome sequences kindly made
available by the Sanger Centre (the S. typhi and Y. pestis secM
sequence data were produced by the S. typhi and Y. pestis

Sequencing Groups at the Sanger Centre and can be obtained
from ftp://ftp.sanger.ac.uk/pub/pathogens), and one homolog
was found in the Klebsiella pneumoniae genome sequence pro-
duced by the Genome Sequencing Center at Washington Uni-
versity, St. Louis, Mo. (personal communication). Examination
of the homologous sequences strongly suggested that the GUG
codon 69 nucleotides upstream of the presumed AUG initiator
is the correct translation start for several reasons. First, the
protein sequence similarity extends upstream of the current
AUG start and stops at the proposed GUG start, which is
present in all four organisms (Fig. 1A). Second, the proposed
GUG start sites are preceded by Shine-Dalgarno sequences
that are able to promote translation initiation, whereas the
downstream AUG codons are not (Fig. 1B and data not
shown). Third, although it was demonstrated previously that
E. coli secM possesses a signal sequence (18), the AUG-based
signal peptide lacks a basic amino-terminal region (N region)
and contains a charged residue (Glu) within its hydrophobic
core region (H region); such features impair signal peptide
function. In addition, the previously proposed cleavage site,
Ala-Lys-Ala, is not conserved in the homologs. By contrast, the
newly proposed secM signal peptides contain several basic
amino acyl residues within their atypically long N region as well
as a more typical H region. Furthermore, a new cleavage site
nine residues before the old site is predicted by the SignalP
program for all four secM sequences (14). Since the newly
proposed secM signal peptide appeared to be more plausible,
we performed a genetic test to verify this prediction.

Since we have been previously unsuccessful in raising anti-
body to SecM for its detection and quantification, we con-
structed a secM-phoA fusion for measurement of SecM expres-
sion levels. PCR methods were utilized to amplify a 1.89-kb
secM-phoA fragment from pCB9 (18) by using a forward prim-
er upstream of secM and a reverse primer at the end of phoA
that also contained a BamHI recognition sequence. This frag-
ment was cut with BstBI and BamHI to generate a 1.6-kb frag-
ment that was cloned into the analogous sites of pPhIF (16),
thereby replacing the secM secA-lacZ region of pPhIF with the
secM-phoA fusion to generate pSS1. Two mutations, GTG to
GTA (Val) (secM1) and ATG to TGC (Cys) (secM2), were
constructed to test the importance of the potential GUG and
AUG initiation codons, respectively (Fig. 2). These mutations
were chosen to abolish the potential of the respective start
codons to initiate translation while preserving a chemically
similar amino acid residue if the codon was noninitiating. The
mutations were made in pPhIF using the Quik Change proce-

* Corresponding author. Mailing address: Department of Molecular
Biology and Biochemistry, Wesleyan University, Middletown, CT 06459.
Phone: (860) 685-3556. Fax: (860) 685-2141. E-mail: doliver@wesleyan
.edu.

5592



dure as described by the manufacturer (Stratagene) and con-
firmed by DNA sequence analysis. This resulted in pPhIF de-
rivatives pSS2 and pSS3 that contained secM1 and secM2,
respectively. In order to generate secM-phoA fusions contain-
ing the secM1 and secM2 alleles, pSS2 and pSS3 were cut with
BstBI and BamHI and the vector fragment was isolated and
ligated to the 1.6-kb BstBI-BamHI DNA fragment containing
the secM-phoA fusion to generate pSS4 and pSS5, respectively.
These latter two plasmids are allelic with pSS1. CC118 con-
taining each of these plasmids was assayed for alkaline phos-
phatase activity (Fig. 3). The results suggest strongly that the
GUG codon and not the downstream AUG codon is the cor-
rect translation start site of secM, since the secM1 mutant es-
sentially lacked alkaline phosphatase activity, while the secM2

mutant had alkaline phosphatase activity that was similar to
that of the wild-type strain containing the secM-phoA fusion.

We next examined the effects of the secM1 and secM2 mu-
tations on secA regulation using pPhIF that contains secM and
a secA-lacZ translational fusion (11) or derivatives containing
the secM1 and secM2 alleles. Secretion-proficient and secre-
tion-defective conditions for examining secA regulation were
created by utilizing a wild-type strain (CG155) or its isogenic
secD1(Cs) derivative (CG29) as hosts. The secM1 alteration
essentially abolished secA expression under both secretion-
proficient and secretion-defective conditions, while secA ex-
pression and its regulation were normal with the secM2 muta-
tion (Fig. 4A). These results are also consistent with the GUG
start of secM as well as the documented translational coupling
between secM and secA (11).

The newly proposed secM signal peptide (Fig. 1) is unusually
long for a gram-negative organism due to its extended N re-
gion. Interestingly, this region can be modeled as an amphi-
pathic helix (Fig. 5). Since the magnitude of the positive charge
in the N region has been shown to be important for the affinity
of SecA for signal peptides (1), the secM signal peptide may
have a unique interaction with SecA that is related to its reg-
ulatory function. The Sec-independent twin arginine (TAT)
signal peptides also possess a long N region, accounting for
their larger size (4). Although the proposed secM signal pep-
tides do not contain a twin arginine motif per se, we note that
they do possess Arg-Arg or Lys-Arg pairs (Fig. 1). Further-
more, a comparison of the positional preferences of TAT- and
Sec-dependent signal peptides from gram-negative bacteria for
particular amino acid residues identified a striking preference
for proline in the 26 position relative to the cleavage site for
the former but not latter system (4). E. coli and Salmonella
serovar typhi secM signal peptides do contain a proline at this
position. As noted previously, a Pro-to-Arg substitution at this
position causes derepression of secA expression (16).

In light of these intriguing observations and the fact that the
TAT and Sec pathways may be in competition with one an-
other (4), we investigated the effect of tat gene deletions on

FIG. 1. (A) Predicted amino acid sequence of the 59 portion of secM of E.
coli (ec), S. typhi (st), K. pneumoniae (kp), and Y. pestis (yp) utilizing the pro-
posed GUG initiator. The translation start site from the previously proposed
AUG initiator is in bold. The predicted new and old signal peptide processing
sites are indicated by the slash and double slash, respectively. (B) DNA se-
quences upstream of the proposed GTG initiator (in bold) of secM. The most
conserved portion of the Shine-Dalgarno sequence is aligned above the corre-
sponding region upstream of secM.

FIG. 2. secM signal sequence alleles constructed in this study. The codon and amino acid substitutions for each allele are depicted. Empty brackets denote deletions.
The presumed signal peptide processing site is indicated by an arrow.
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secA regulation by utilizing DtatA, DtatE, DtatAE, and DtatC
mutants (4) containing pPhIF. secA expression was normal in
all of these strains as indicated by b-galactosidase activities
that were similar to wild type (data not shown). We next
examined the importance of the positively charged and aro-
matic amino acid residues within the N region of the E. coli
secM signal peptide on secA regulation. For this purpose the
secM3 and secM4 alleles were made employing the Quik
Change procedure on pPhIF to generate pSS6 and pSS7, re-
spectively (Fig. 2). Examination of secA regulation showed that
the secM3 alteration caused a modest decrease in secA expres-
sion during a protein secretion block (Fig. 4B), suggesting that
the highly positively charged N region and the Lys Arg motif
were not essential for some level of secA regulation. By con-
trast, the secM4 alteration resulted in an increased basal level
of secA expression and an inability to derepress secA expres-
sion further. Collectively these results suggest that the secM
signal peptide is recognized by the Sec pathway and that cer-
tain aromatic amino acyl residues within its N region may be
important for proper secA regulation.

Reassignment of the translation start site of secM is consis-
tent with and illuminates a number of previous observations.
First, the mutations that we assigned previously to the secM
signal sequence are still within this structure (DLGLPA and
DLPAL) (Fig. 2), although they are located in the distal rather
than the proximal end of the H region (16). Second, in an effort
to overexpress secM, we previously engineered a better Shine-
Dalgarno sequence immediately preceding the presumed
AUG start site of secM (secM5) (Fig. 2). Based on our results
here, this mutation causes polar and charged amino acid res-
idues (Gln and Glu) to be substituted into the H region of the
secM signal peptide, and it should lead to derepression of secA
expression similarly to other secM signal sequence defects
(16). Indeed, this prediction is precisely what was observed
(Fig. 4B). Third, Cook and Kumamoto (3) reported recently
that secA overexpression can compensate for certain types of
secB defects. The secM4250 allele (referred to as secA4250)
that overproduces SecA protein 12-fold was suggested to affect
secM translation, since it mapped three nucleotides upstream
of the previously proposed secM translation start site (Fig. 2).
However, consistent with its phenotype, this mutation is pre-
dicted to cause a severe disruption in the function of the
reassigned secM signal peptide, resulting in a Gly-to-Arg sub-
stitution within the middle of the H region. Of note, all of the

secM signal sequence mutations weaken the SignalP prediction
relative to the wild type, but in most cases the various scored
parameters do not drop below threshold values. This may
indicate that secM-mediated regulation of secA is particularly
sensitive to signal sequence variations. Finally, Riggs et al. (19)
utilized a genetic selection based on up-regulation of a secA-
lacZ fusion to select for sec mutants. Surprisingly, the vast

FIG. 3. CC118 [MC1000 phoA20 rpsE rpoB argE(Am) recA1] containing
pSS1 (wild type) or the indicated allelic derivative was grown in Luria broth
containing 100 mg of ampicillin per ml at 37°C to mid-logarithmic phase. Alkaline
phosphatase assays were performed in duplicate for each of two duplicate cul-
tures as described previously (18). The average result is given, with the error bar
indicating the standard deviation.

FIG. 4. CG155 (MC1000 recA) (h) and CG29 [MC1000 recA1 secD1(Cs)
phoR srl::Tn10] (■) containing pPhIF (wild type) or the indicated allelic deriv-
ative was grown in Luria broth containing 100 mg of ampicillin per ml at 39°C to
mid-logarithmic phase when the culture was shifted to 23°C for 4 h. b-Galacto-
sidase assays were performed in duplicate for each of two duplicate cultures as
described previously (13). The average result is given with the error bar indicat-
ing the standard deviation.

FIG. 5. Helical wheel diagram of the first 18 amino acyl residues of the E. coli
secM signal peptide. A plus sign indicates the positively charged amino acid
residues, and the dashed line depicts the boundary between the hydrophilic and
hydrophobic faces of the a helix.
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majority of Lac1 mutants mapped to the secA-lacZ fusion. This
result is readily understood since loss-of-function mutations
can be obtained within the secM signal sequence as well as
within novel sec genes that would have this phenotype. Addi-
tional studies will be required to investigate the unique fea-
tures of the secM signal sequence and their relevance to pro-
moting proper secA regulation.
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