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The Escherichia coli secA gene, whose translation is responsive to the proficiency of protein export within the
cell, is the second gene in a three-gene operon and is flanked by gene X and mutT. By using gene fusion and
oligonucleotide-directed mutagenesis techniques, we have localized this translationally regulated site to a region
at the end of gene X and the beginning of secA. This region has been shown to bind SecA protein in vitro. These
studies open the way for a direct investigation of the mechanism of secA regulation and its coupling to the
protein secretion capability of the cell.

Genetic approaches have been used in Escherichia coli to
identify a set of genes whose products are required to
promote the export of proteins to the cell envelope. Six sec
genes are now known: secA (29), secB (18), secD (13), secE
(34, 36), secF (14), and secYlprIA (11, 39). Biochemical
analysis of these sec gene products in in vitro protein
translocation systems is now being used to determine the
function of this complex system. The cytoplasmic SecB
protein possesses an antifolding activity that maintains the
precursor protein in a conformation that allows functional
binding to the membrane-associated SecA protein, which
has been shown to possess essential protein translocation
and ATPase activities (6, 8, 9, 19, 21, 44, 45). Of the four
integral membrane proteins composing this system, no spe-
cific function has been assigned to SecD or SecF proteins
(13, 14), while SecE and SecY/PrIA proteins in concert with
SecA protein have been shown to be sufficient to catalyze
protein translocation into reconstituted proteoliposomes (4,
42). Biochemical studies have revealed the presence of
additional soluble components that facilitate in vitro protein
export (46), as well as two distinct signal peptidases for
processing secretory precursor proteins (43, 47).

Little is known about the regulation of this complex
protein secretion machinery. It has been observed previ-
ously that secA expression is coordinated with the protein
secretion capability of the cell, since the level of SecA
protein synthesis increases approximately 10-fold when pro-
tein export is blocked genetically by using sec mutants or
physiologically by treatment with sodium azide, a specific
inhibitor of SecA ATPase activity (31, 32, 35). This form of
regulation is exquisitely sensitive to the protein export status
within the cell, since even mild protein export defects
markedly derepress secA expression (30, 31, 34, 35). More
recent studies have revealed that this regulation operates at
the translational level and that SecA protein represses its
own translation during conditions of normal protein export
but not during a block in protein export (37). The secretion-
responsive element (SRE), which is the site(s) of regulation
of secA translation, has not been defined yet. To further
elucidate the regulation of this operon and to determine the
location of the SRE site, we used gene fusion and oligonu-
cleotide-directed, deletion mutagenesis techniques. This ap-
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proach indicated that the SRE site is located in the region at
the end of gene X and the beginning of secA.

MATERIALS AND METHODS

Media and reagents. M63 minimal medium and L broth,
used for growth of bacteria, and TYE plates and H top agar,
used for plating M13 bacteriophage, have been described
previously (26). Restriction and modifying enzymes were
obtained from New England Biolabs, Bethesda Research
Laboratories, Inc., and International Biotechnologies Inc.
T7 DNA polymerase (Sequenase) was obtained from United
States Biochemical Corp. All enzymes were used as recom-
mended by the manufacturer. Isopropyl-p-D-thiogalactopy-
ranoside (IPTG) and 5-bromo-4-chloro-3-indolyl-3-D-galac-
topyranoside (X-Gal) were obtained from Sigma Chemical
Co. and Boehringer Mannheim Biochemicals, respectively.
Radiochemicals, chemicals, and their manufacturers were as
follows: [t_-32P]dATP (600 to 800 Ci/mmol) and [y-32P]ATP
(6,000 Ci/mmol), ICN Radiochemicals or Dupont, NEN
Research Products; [35S]methionine (-1,000 Ci/mmol) and
Tran-35S-label (-1,100 Ci/mmol), Amersham Corp.; ATP,
deoxynucleotide triphosphates, and dideoxynucleotide tri-
phosphates, Pharmacia Fine Chemicals; IgSorb, the New
England Enzyme Center; M13 lac universal primer no. 1211,
New England Biolabs; Gene Clean, Bio 101, Inc.

Bacterial and bacteriophage strains. The parental E. coli
strain MC4100 (F- AlacU169 araD136 relA rpsL thi) and its
derivative MM18 containing the 't(malE-lacZ)7247(Hyb)
fusion have been described previously (17). MGS68 (recAl
srl::TnJO secA22) is an MM18 derivative containing a muta-
tion inferred by genetic mapping methods to be in the secA
gene. This alteration changes the electrophoretic mobility of
the SecA protein but not its protein translocation activity.
MC4100.2 (recAl srl::TnlO) is a derivative of MC4100.
MC1000 [F- A(ara-leu)7697 araD139 lacAX74 galU galK]
(13) was used for plasmid constructions. MC1000.4 [secA51
(Ts) recAl srl::TnJO] is a derivative of MC1000 which was
used to select for plasmid-encoded secA function. MM294
(F- hsdR endA thi supE44) is a Lac' strain obtained from
Mark Ptashne. BW313 (relAl ung-J dut-J spoTl thi-J) (20)
and JM101 [A(lac-pro) supE thi F' traD36 proA+B+ lacIq
lacZ zAM15] were used as hosts for the oligonucleotide-
directed mutagenesis studies. Bacteriophage M13-MS300
(M13mpl8 containing a 460-bp PvuII-HinIII fragment span-
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ning the gene X-secA intergenic region) was used as a source
of DNA for the SRE mutagenesis studies and has been
described previously (38).

Plasmids. pMF8 (containing the gene X-secA operon) and
pMF11 [a pMF8 derivative containing the 'P(secA-lacZ)f181
(Hyb) fusion] have been described previously (37). Plasmid
pMF9 is a derivative of pMF8 with the deletion of a 420-bp
HpaI fragment spanning the end of gene X and the beginning
of secA. Plasmids pAX1 and pBAl are pMF8 derivatives
containing gene X-lacZ(Hyb) and mutT-lacZ(Hyb) fusions,
respectively. Plasmid pAX1 was constructed by ligating the
largest restriction fragment derived from an HpaI and Sall
digest of pMF8 to the lacZ fragment derived from a SmaI
and Sail digest of pMC1871 (7). In order to construct pBA1,
pMF8 was digested partially with MluI, and the incompletely
digested, linear plasmid DNA was ligated with a MluI-
BamHI oligonucleotide adapter. One of the resulting plas-
mids, pAW13, contained the adapter located within the mutT
gene. Plasmid pAW13 was digested with BamHI, and the
large restriction fragment was isolated and ligated to the lacZ
fragment derived from a BamHI digest of pMC1871 (7),
resulting in plasmid pBA1. Both pAXi and pBAl were
isolated as transformants of MC1000 that gave blue colonies
on media containing X-Gal. Plasmid pBCI is a derivative of
pBAl containing a 4-bp frameshift mutation in the plasmid-
encoded secA gene due to repair of BglII-digested pBAl
DNA with Klenow fragment. Plasmid pBD1 is a Sacl-Bglll
deletion derivative of pBAl missing the promoter region,
gene X, and the proximal portion of the secA gene. It was
constructed by digesting pBAl completely with BglII and
partially with Sacl and then treating the DNA ends with T4
DNA polymerase in the presence of 20 ,M (each) deoxynu-
cleoside triphosphates. The 7,615-bp DNA fragment was
isolated, ligated, and used for transformation. Plasmid pCB9
is a derivative of pMF8 containing a TnphoA insertion after
nucleotide 719 of the published gene X-secA DNA sequence
(38) and produces a hybrid protein containing the first 134
amino acid residues of gene X fused to alkaline phosphatase
lacking its signal peptide. This TnphoA fusion was made by
the method of Manoil and Beckwith (23). The approximate
position of the fusion joint was determined first by restriction
enzyme analysis. A 3,732-bp HpaI-BglII fragment contain-
ing the fusion joint was isolated from pCB9, cloned into
M13mpl9 cleaved with HinclI and BamHI, and subjected to
DNA sequence analysis by using an oligonucleotide comple-
mentary to the early region of the phoA gene. All plasmid
constructions were done from DNA fragments that were
purified from agarose gels by using Gene Clean according to
the manufacturer's instructions and were verified by restric-
tion enzyme and DNA sequence analysis.

I-Galactosidase assays. Strains were subcultured in dupli-
cate into L broth supplemented with 20 ,g of ampicillin per
ml and grown at 30°C to the mid-logarithmic phase of
growth. Dilutions of the cultures were plated on TYE and
TYE-ampicillin plates to score for plasmid loss, which was
less than 5% in all cases. Cells were sedimented at 8,000 x
g for 10 min and resuspended in an equal volume of Z buffer
(26), and P-galactosidase assays were performed in triplicate
by the method of Miller (26).

Oligonucleotide-directed mutagenesis of the gene X-secA
intergenic region. M13-MS300 phage were used to infect
BW313, and uracil-containing, single-stranded DNA was
isolated as described by Schmidt et al. (38). In vitro muta-
genesis was performed by annealing 10 to 20 ng of phosphor-
ylated oligonucleotide containing the desired mutation to 100
ng of M13-MS300 template, and then second-strand synthe-

sis in the presence of 25 ,uM (each) deoxynucleoside triphos-
phates and 13 U of Sequenase in a total reaction volume of
20 ,ul was carried out. The DNA was ligated overnight with
T4 DNA ligase and used to transfect JM101, and this mixture
was plated in H top agar overlaid on TYE plates. Plaques
appearing after an overnight incubation at 37°C were picked
onto master plates and subjected to plaque hybridization
with the ac-32P-labeled oligonucleotide containing the desired
mutation, as described by Maniatis et al. (22). M13 single-
stranded DNA was prepared and subjected to DNA se-
quence analysis from plaques, giving a positive hybridization
response. The SRE mutations were transferred to pMF8 by
reconstruction techniques as follows. M13 MS300 replica-
tive-form DNA containing a given mutation was digested
with HpaI, and the 420-bp DNA fragment was isolated and
mixed with HpaI-digested pMF9 DNA. This mixture was
incubated overnight at 16°C with T4 DNA ligase and used to
transform MC1000.4, and plasmid-encoded secA function
was selected for by colony formation at 42°C on TYE-
ampicillin plates. All plasmids were verified further by
restriction enzyme analysis.

Protein analysis. Radiolabeling of proteins, immunoprecip-
itation, sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, and autoradiography techniques have been
described previously (30, 38). For the quantitation of radio-
labeled protein, autoradiography was carried out on Kodak
X-Omat AR film that was preflashed according to the
manufacturer's specifications. Autoradiograms were quanti-
tated with an LKB Ultroscan XL laser densitometer and
LKB 2400 Gel Scan software.

RESULTS

Analysis of gene expression in the secA operon. We have
noted previously that secA is the second gene in an operon;
secA begins 64 nucleotides downstream of a gene predicted
to encode a 147-amino-acid-residue polypeptide of unknown
function termed gene X (38). We also noted that, 62 nucle-
otides past the end of the secA gene, there was the beginning
of an open reading frame which continued beyond our
sequence and which we now know corresponds to the
proximal portion of the mutT gene (1). Previously, we have
analyzed secA expression by lacZ gene fusion techniques
using plasmid pMF8, which contains a 3,811-bp E. coli
chromosomal fragment encoding gene X, secA, and the
proximal portion ofmutT (37). In order to continue our study
of the regulation of this operon, we have made lacZ trans-
lational fusions to gene X, secA, and mutT, resulting in
plasmids pAX1, pMF11, and pBA1, respectively. Figure 1
depicts these plasmids as well as two derivatives of pBA1
which were constructed to test whether mutT is part of the
gene X-secA operon or is an independent transcriptional
unit, as suggested by Akiyama et al. (1). Plasmid pBC1
contains a 4-bp frameshift mutation in the secA gene which
should be polar during mutT-lacZ expression if these genes
are in a single transcriptional unit. Plasmid pBD1 contains a
2,085-bp deletion removing a promoter, gene X, and the
proximal portion of the secA gene. P-Galactosidase assays
were performed on MC1000 carrying each of these plasmids,
and the results are given in Table 1. First, the expression of
these three genes appeared to differ dramatically, since the
3-galactosidase activities found in the strains containing the

gene X-lacZ and mutT-lacZ fusions were only approximately
1 and 10%, respectively, of that found in the strain contain-
ing the secA-lacZ fusion. These observations were consis-
tent with the lack of a consensus ribosome-binding site for
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FIG. 1. Plasmids constructed for the study of gene X, secA, and mutT expression. Plasmid pMF8, containing a promoter (P), gene X,

secA, and the proximal portion of mutT, is shown in the upper portion of the figure. The arrows containing lacZ indicate the sites of various
lacZ gene fusions for the plasmids indicated on the left. +4 indicates the site of a 4-bp frameshift mutation. The bar containing the triangle
indicates the extent of a large deletion mutation.

gene X and the presence of a predicted rho independent
transcriptional terminator between secA and mutT (38).
Furthermore, the level of P-galactosidase activity for the
strain containing the gene X-lacZ fusion was artificially low,
since gene X encodes an exported protein (see below) and
lacZ fusions to such genes give rise to hybrid proteins with
low P-galactosidase activity (3). Second, it appeared that
mutT is part of the gene X-secA operon, since either a
frameshift mutation in secA or a large deletion in the
beginning of the operon reduced or largely eliminated mutT-
lacZ expression.
Gene X expression is not responsive to a protein export

defect. We have demonstrated previously that gene X-secA
mRNA levels do not rise when SecA protein synthesis
increases approximately 10-fold during a block in protein
export (37). In order to determine whether Gene X protein
synthesis increases similarly to SecA protein synthesis, we
measured the level of Gene X-LacZ protein synthesis during
export-proficient or export-defective conditions by using
isogenic wild-type or secASl(Ts) mutant strains containing
pAX1. These results are shown in Fig. 2. It can be seen that
the level of Gene X-LacZ protein synthesis did not change
appreciably under these two conditions, while SecA protein
synthesis increased fivefold when protein export was
blocked and proOmpA protein accumulated (Fig. 2, compare

TABLE 1. Expression of lacZ fusions to gene X, secA, and mutT

Plasmid Genotype 1-Galactosidaseactivity'

pAXl gene X-lacZ 36 ± 4.6
pMF11 secA-lacZ 3,096 ± 681
pBA1 mutT-lacZ 289 ± 61
pBC1 secA-fsb mutT-lacZ 148 ± 30
pBD1 A(gene X-secA)c mutT-lacZ 2.6 ± 0.9

a ,-Galactosidase activity is given in Miller units (26).
b Indicates a 4-bp frameshift mutation in the secA gene.
c A deletion of gene X and the proximal portion of secA, as well as their

upstream promoter.

lanes 2 and 3; see right panel for quantitation). Significant
derepression of SecA-LacZ protein synthesis was noted
under export-defective conditions in a strain containing
pMF11 (data not shown), as reported previously (37). Since
in these and subsequent experiments we have compared the
ratios of synthesis of a given protein (e.g., Gene X-LacZ and
SecA-LacZ, etc.) under export-defective and export-profi-
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FIG. 2. Gene X-LacZ synthesis is not responsive to a protein
export defect. Strains were grown in M63 minimal medium contain-
ing, when appropriate, glycerol (0.4%) and ampicillin (20 gg/ml) at
30°C until they reached an A6w of 0.3, at which time they were
shifted to 42°C for 2 h. MM294 was grown at 37°C and induced with
IPTG (1 mM). Aliquots (1 ml) of the cultures were pulse-labeled with
[35S]methionine for 1 min, and Gene X-LacZ, LacZ, SecA, and
OmpA were analyzed by coimmunoprecipatation, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and autoradiography.
The positions of Gene X-LacZ, LacZ, SecA, and OmpA precursor
(pOmpA) and mature form (OmpA) proteins are indicated by
arrows. Quantitation of the autoradiogram by densitometric analysis
is given at the right. The level of SecA or LacZ synthesis found in
each strain was defined as the ratio of SecA or LacZ to OmpA in a
given strain divided by the comparable ratio for MC4100(pAX1).
Similar values were obtained if the data were normalized to RNA
polymerase subunits RpoB and RpoC instead of OmpA.
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FIG. 3. Gene X-PhoA synthesis is not responsive to a protein
export defect. MGS68(pCB9) was grown in M63 minimal medium
containing glycerol (0.4%) and ampicillin (20 ,ug/ml) until an A6. of
0.3 was reached, at which time the culture was divided into two
equal portions; one was supplemented with glucose (G) (0.4%) and
the other was supplemented with maltose (M) (0.4%). Growth was
continued for an additional 1.5 or 3 h, at which time the cultures
were pulse-labeled for 1 min with Tran-35S-label. Gene X-PhoA,
SecA, MalE, and OmpA protein synthesis was analyzed as indicated
in the Fig. 2 legend. The positions of the precursor and mature forms
of the Gene X-PhoA fusion protein (pGeneX-PhoA and GeneX-
PhoA, respectively), wild-type SecA (SecA), an electrophoretic
variant form of SecA (SecA*), and precursor and mature forms of
maltose-binding protein (pMalE and MalE, respectively) and OmpA
(pOmpA and OmpA, respectively) are indicated. OmpA displays
different electrophoretic forms here, as described previously (16).

cient conditions, our data should be normalized for any
effects gene fusions or deletions (see below) have on the
general stability of the resulting mRNA. Therefore, these
results indicate that the SRE site is located somewhere
between the gene fusion joints contained on pAX1 and
pMF11 and, most likely, around the translational initiation
region of secA.
The gene X product appears to be a secreted protein, since

TnphoA fusions within this gene synthesize hybrid proteins
possessing normal alkaline phosphatase activity which is
released from cells by cold osmotic shock (33). Therefore,
MC4100(pAX1) may not have been completely export pro-
ficient as assumed in the previous experiment, since fusions
between genes encoding secretory proteins and lacZ can
give rise to export defects when the hybrid protein is
produced in sufficient quantity to interfere with protein
secretion (3). To address this concern, we measured the

level of Gene X-PhoA protein synthesis in MGS68(pCB9)
during export-proficient or export-defective conditions.
MGS68 carries the 4F(malE-1acZ)7247(Hyb) gene fusion
capable of blocking protein export after induction with
maltose (17). MGS68 also contains the secA22 allele, which
does not affect SecA protein translocation activity but re-
sults in a more rapid electrophoretic mobility of SecA
protein during electrophoresis on sodium dodecyl sulfate-
polyacrylamide gels, thus allowing discrimination between
SecA produced from the plasmid-encoded secA gene and
that produced from the chromosomally encoded secA gene
(5). Plasmid pCB9 is a pMF8 derivative containing a gene
X-phoA fusion which encodes a hybrid protein containing
the first 134 amino acid residues of Gene X fused to alkaline
phosphatase lacking its signal peptide. The results of this
analysis are shown in Fig. 3. The addition of maltose to
MGS68(pCB9) resulted in a substantial block in the export of
MBP and OmpA and a derepression of chromosomally
encoded SecA protein synthesis (SecA*), while the level of
synthesis of the plasmid-encoded Gene X-PhoA protein was
relatively unaffected by this treatment. In addition, during
the export block a precursor form of this fusion protein
accumulated, indicating that the gene X product contains a
cleaved signal peptide. These results argue that sequences
required for SRE function are distal to the gene X-phoA
fusion joint, which is 261 nucleotides before the gene X
termination codon.

Oligonucleotide-directed mutagenesis of the gene X-secA
intergenic region. In order to determine whether the SRE site
is located in the gene X-secA intergenic region, we created
deletions in this region by oligonucleotide-directed mutagen-
esis techniques. The deletions generated and introduced into
pMF8 are shown in Fig. 4. In order to determine the effect of
these mutations on SRE function in a rapid and controlled
fashion, we relied on our recent finding that sodium azide is
a rapid and potent inhibitor of SecA ATPase function and
protein export, derepressing secA expression similarly to
other protein export defects that have been characterized
previously (31, 35). Accordingly, the level of SecA protein
synthesis was measured in MC4100.2 containing the relevant
plasmid under export-proficient (without sodium azide
addition) or export-defective (2 mM sodium azide treatment)
conditions. These results are shown in Fig. 5. Under these
conditions, the presence of high SecA levels in the strains
containing the secA gene on a multicopy plasmid resulted in
less severe protein export defects when either sodium azide
or the maIE-lacZ fusion (data not shown) was used to create

g.X .eASD

¢CAACCCUCA_ C UAAACCUUUACUUCAUUUUAMUMOCCGCAACGCGGGGC6UU AUUUUAU
GC & CACCUAACAACAAUAAACCUUUACUUCAUUUUAUUAACUCCGCAACGCGGGCGUUUGAGAUUUUAUUAUG

GCCCUCAACGCCUCACCUAACAACAAUAAACCUUUACUUCAUUUUAUUAAF7JACGCGGGGCGUUUGAGAUUUUAUUAUG
GCCCUCAACOCCUCACCUAACAACAAUAAACCUUACUCAUUUUAUUAACUCCC CAC¢UUGAGAUUUUAUUAUG

GCCCUCAACGCCUCACCU *IA6AUUUUAUUAUG

GCCCUCAACGCCUCACCUAACAACAAUAAACCUUUACUUCAUUUUAUU &n l¢GGC¢UUUGA¢AUUUUAUUAU¢
GCCCUCAACGCCUCACCUAACAAC UUACUUCAUUUUAUUAACUCC¢CAACGCGGGGCGUUU¢A6AUUUUAUUAUG
GCCCUCAACOCCUCACCUAACAACAAUAAA *" UUAUUAACUCC6CAAC6C¢GGGCGUUUGA¢AUUUUAUUAUG

GCCCUCAACCCUCACCUACAACAUAAACCUWACUUCALC 3AACUccGCAAGCGC.r.cUUUAAUUUUAUUAt
FIG. 4. Oligonucleotide-directed mutagenesis of the gene X-secA intergenic region. The wild-type sequence of the gene X-secA intergenic

region is shown on the top line, where the gene X termination codon, secA SD sequence, and initiation codon are boxed. A consensus
translational enhancer element, UUAACU, is underlined. The locations of the deletion mutations used in this study are indicated on
subsequent lines by boxes containing the assigned number of the deletion interval.
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FIG. 5. Analysis of deletion mutants in the gene X-secA inter-
genic region. MC4100.2 containing the indicated plasmid was grown
in M63 minimal medium containing glucose (0.4%) at 37°C until it
reached an Awo of 0.6, at which time the culture was divided into
two equal aliquots and sodium azide was added to one portion to a
final concentration of 2 mM. Five minutes later, the cultures were

pulse-labeled for 1 min with [35S]methionine. SecA and OmpA
proteins were analyzed as indicated in the Fig. 2 legend. The
absence (-) or presence (+) of sodium azide is indicated. The
positions of SecA protein and of OmpA precursor and mature form
(pOmpA and OmpA, respectively) are also indicated.

a protein export block (e.g., compare the strains containing
pMF8 or pBR322 in Fig. 5). However, since even mild
protein export defects result in nearly maximal secA dere-
pression (30, 31, 34, 35), the level of SecA protein synthesis
during normal and export-defective conditions could be
compared. Three of the deletions (A403, A406, and A665)
resulted in altered patterns of secA regulation, while five
others (A404, A977, A978, A979, and A980) resulted in a more
wild-type pattern [similar to MC4100.2(pMF8)]. Both
MC4100.2(pMF8A403) and MC4100.2(pMF8A665) displayed
somewhat higher levels of SecA protein synthesis than
MC4100.2(pMF8) under export-proficient conditions, but
they differed in their responses to the protein export block.
While SecA protein synthesis was derepressed in MC4100.2
(pMF8,A403), SecA protein synthesis was reduced in
MC4100.2(pMF8A665) by treatment with sodium azide. How-
ever, since both mutations affect the SecA induction ratio
(the SecA synthetic rate during export-defective conditions
divided by the rate during export-proficient conditions), both
of these mutations somehow affect SRE function. In con-
trast, although the levels of SecA synthesis were reduced
substantially in MC4100.2(pMF8lA406) under both condi-
tions of protein export, the SecA induction ratio was similar
to that of the wild type, indicating that this mutation may
affect secA translation but not SRE function. It was of
interest that three deletions, A404, A977, and A980, which
did not affect secA regulation removed portions of the
sequence UUAACU, which has been shown to act as a

general translational enhancer element for several systems
tested (24, 25, 28). However, there is an additional
UUAACU sequence beginning 13 nucleotides downstream
of the secA initiation codon (38) which could have promoted
a high level of SecA protein synthesis in these mutants.
Previous observations indicate that such translational en-
hancer elements are equally effective when placed upstream
or downstream of the translational initiation site (28).

DISCUSSION

Previous studies have indicated that the secA gene is in an
operon with gene X, since the gene X promoter is required
for normal secA expression (34) and gene X nonsense or
insertion mutations are strongly polar during secA expres-
sion (12, 38). In this study, we have sought to define further
the structure and regulation of the gene X-secA operon and
to locate the site which is responsible for regulating SecA
translation in response to the protein export proficiency of

the E. coli cell. Our results indicate that this operon consists
of three genes, gene X, secA, and mutT, whose products are
synthesized in the ratio 0.01:1:0.1, respectively, as indicated
by gene fusion techniques. This method, however, underes-
timates the amount of Gene X protein produced, since the
Gene X-LacZ fusion protein had an artifically low ,-galac-
tosidase activity, analogous to other such chimeras that have
been characterized (3). This reservation is consistent with
the higher level of Gene X-LacZ protein synthesis observed
in Fig. 2, even bearing in mind that such synthesis was
derived from the gene fusion located on a multicopy plasmid.
On the other hand, on the basis of our previous quantitation
of the cellular level of SecA protein (30), our estimate of the
relative amount of MutT protein in the cell agrees with that
of Bhatnagar and Bessman (2). We also note that the mutT
gene may be the last gene in this operon, since it is followed
by several repetitive extragenic palindromic sequences,
which have been found at the end of several other bacterial
operons (1).
We have used gene fusion studies to help locate the SRE

site, which somehow coordinates secA translation with the
protein export-proficient state of the cell. Our present stud-
ies, combined with previous ones (37), showed that transla-
tional fusions to gene X were not subject to this regulation,
whereas comparable fusions to secA were regulated cor-
rectly, indicating that the regulatory site is probably located
somewhere distal in gene X, early in secA, or in the region
between these two genes. Since our results indicate that
Gene X is a secretory protein, it will be of interest to
determine whether it plays any direct role in the protein
export process or in secA regulation.
We have made a series of small deletion mutations in the

gene X-secA intergenic region to specifically address the role
of these sequences in secA regulation. Although certain of
our deletion mutants (e.g., A403 and A665) clearly reveal the
importance of this region in SRE function, the eight muta-
tions that we made and analyzed using programs predictive
of RNA secondary structure (48) have not allowed us to
discern yet whether elements of mRNA secondary structure,
a protein binding site, or both are required for the biological
function of this region. For example, deletion mutations
A403, A406, and A665 were designed to disrupt a favored,
predicted RNA secondary structure which could have con-
stituted the SRE element (see Fig. 5 of reference 37).
However, the fact that one of these mutations (A665) was
strongly defective in secA regulation, another (A403) was
only moderately so, and the third (A406) displayed reduced
SecA synthesis under both conditions but a normal induction
ratio tended to rule out this particular structure. In addition,
the fact that only the largest deletion displayed a marked
defect in secA regulation may indicate the existence of
multiple or redundant elements composing the SecA protein
binding site. Additional mutagenesis was used to show that
the UUAACU translational enhancer sequence upstream of
the secA Shine-Dalgarno (SD) sequence was not needed for
SRE function, but it left open the possibility that a second
UUAACU sequence located 13 nucleotides downstream of
the secA initiation codon contained the redundancy needed
for SRE function. Previous studies by Olins and Rangwala
(28) indicated that this hexanucleotide sequence can elevate
translational initiation rates approximately 10-fold and that
such elements can contribute to mRNA translational initia-
tion when located either upstream of the SD sequence or
downstream of the initiation codon, presumably by enhanc-
ing mRNA binding to a complementary region present on
16S rRNA. In this regard, it is somewhat curious that the
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secA ribosome-binding site-initiation region has two such
enhancer elements, since this region possesses good trans-
lational initiation signals which include a reasonably good
SD sequence positioned optimally from the AUG initiation
codon, as well as a U-rich sequence between these two
elements with an A residue at the -3 position prior to the
initiation codon (40, 41). Clearly, additional mutagenesis will
be required to definitively locate the relevant SRE sequences
and determine how they operate.
Recent studies indicate that purified SecA protein binds to

gene X-secA RNA, as indicated by photo-cross-linking,
filter-binding, or gel shift assays (10). In addition, a nested
series of RNAs lacking either 5' or 3' portions of gene
X-secA sequences were used to localize the SecA protein
binding site to sequences around the gene X-secA intergenic
region. The coincidence of the SRE region as determined
here with the SecA protein binding site as determined by
Dolan and Oliver (10) supports a simple model in which
SecA protein serves as an autogenous translational repressor
during normal protein export conditions by binding to the
SRE site and, either directly or by stabilizing an mRNA
secondary structure, blocking ribosomal binding and/or ini-
tiation. This model would be analogous to other well-studied
examples of procaryotic translational regulation (for re-
views, see references 15 and 27). When a protein export
defect is present, SecA protein repressor activity must be
somehow reduced, either directly by protein modification or
indirectly by sequestering this activity through -a protein-
protein or protein-lipid interaction. In this regard, SecA
protein's ATP-binding and ATPase activities, which are
regulated by precursor protein and membrane binding (21),
may provide a mechanism to modulate such an activity in
keeping with the protein secretion status of the cell. Either of
these mechanisms for inactivating SecA repressor activity
would be rapid enough to explain the fact that SecA synthe-
sis is derepressed within a couple of minutes after imposing
a block in protein export (31). Further studies will be needed
to verify this model, to define how the protein export
proficient or defective state is sensed, to determine how this
informiation is relayed to SecA protein, and to determine
why this regulation is beneficial to the cell.

ACKNOWLEDGMENTS
We thank Peter Olins for identification of the translational en-

haneer element sequences within the gene X-secA operon, Maurice
Bessman and Satish Bhatnagar for recent information relating to
mutT, and Peter Kissel for synthesis of the oligonucleotides used in
this study.

This work was supported by grants NP-573 and GM42033 from
the American Cancer Society and National Institutes of Health,
respectively. M.S. was supported in part by training grant 5T32
CA09176 from the National Cancer Institute and research funds
from the Medical University of South Carolina. D.O. is a recipient
of American Heart Association Established Investigator Award
870162.

REFEItENCES
1. Akiyama, M., T. Horiuchi, and M. Sekiguchi. 1987. Molecular

cloning and nucleotide sequence of the mutT mutator of Esch-
erichia coli that causes A:T to C:G transversion. Mol. Gen.
Genet. 206:9-16.

2. Bhatnagar, S. K., and M. J. Bessman. 1988. Studies of the
mUtator gene, mutT of Escherichia coli. J. Biol. Chem. 263:
8953-8957.

3. Bieker, K. L., G. J. Phillips, and T. J. Silhavy. 1990. The sec and
pri genes of Escherichia coli. J. Bioenerg. Biomembr. 22:291-
310.

4. Brundage, L., J. P. Hendrick, E. Schiebel, A. J. M. Driessen, and

W. Wickner. 1990. The purified E. coli integral membrane
protein SecY/E is sufficient for reconstitution of SecA-depen-
dent precursor protein translocation. Cell 62:649-657.

5. Cabelli, R. J. 1991. Ph.D. thesis. State University of New York
at Stony Brook, Stony Brook.

6. Cabelli, R. J., L. Chen, P. C. Tai, and D. B. Oliver. 1988. SecA
protein is required for secretory protein translocation into E.
coli membrane vesicles. Cell 55:683-692.

7. Casadaban, M. J., A. Martinez-Arias, S. K. Shapira, and J.
Chou. 1983. ,B-Galactosidase gene fusion for analyzing gene
expression in Escherichia coli and yeast. Methods Enzymol.
100:293-308.

8. Cunningham, K., R. Lill, E. Crooke, M. Rice, K. Moore, W.
Wickner, and D. Oliver. 1989. SecA protein, a peripheral protein
of the Escherichia coli plasma membrane, is essential for the
functional binding and translocation of proOmpA. EMBO J.
8:955-959.

9. Cunningham, K., and W. Wickner. 1989. Specific recognition of
the leader region of precursor proteins is required for the
activation of translocation ATPase of Escherichia coli. Proc.
Natl. Acad. Sci. USA 86:8630-8634.

10. Dolan, K., and D. Oliver. Characterization of Escherichia coli
SecA protein binding to a site on its mRNA involved in
autoregulation. J. Biol. Chem., in press.

11. Emr, S. D., S. Hanley-Way, and T. J. Silhavy. 1981. Suppressor
mutations that restore export of a protein with a defective signal
sequence. Cell 23:79-88.

12. Fikes, J. D., and P. J. Bassford, Jr. 1989. Novel secA alleles
improve export of maltose-binding protein with a defective
signal peptide. J. Bacteriol. 171:402-409.

13. Gardel, C., S. Benson, J. Hunt, S. Mlchaelis, and J. Beckwith.
1987. secD, a new gene involved in protein export in Esche-
richia coli. J. Bacteriol. 169:1286-1290.

14. Gardel, C., K. Johnson, A. Jacq, and J. Beckwith. 1990. The
secD locus of E. coli codes for two membrane proteins required
for protein export. EMBO J. 9:3209-3216.

15. Gold, L. 1990. Posttranscriptional regulatory mechanism in
Escherichia coli. Annu. Rev. Biochem. 57:199-233.

16. Hindennach, I., and U. Henning. 1975. The major proteins of the
Escherichia coli outer cell envelope membrane. Eur. J. Bio-
chem. 59:207-213.

17. Ito, K., P. Bassford, Jr., and J. Beckwith. 1981. Protein local-
ization in E. coli: is there a common step in the secretion of
periplasmic and outer membrane proteins? Cell 24:707-714.

18. Kumamoto, C. A., and j. Beckwith. 1983. Mutations in a new
gene, secB, cause defective protein localization in Escherichia
coli. J. Bacteriol. 154:253-260.

19. Kumamoto, C. A., L. Chen, J. Fandl, and P. C. Tai. 1989.
Purification of the Escherichia coli secB gene product and
demonstration of its activity in an in vitro protein translocation
system. J. Biol. Chem. 264:2242-2249.

20. Kunkel, T. A. 1985. Rapid and efficient site-specific mutagenesis
without phenotypic selection. Proc. Natl. Acad. Sci. USA
82:488-492.

21. LiW, R., K. Cunningham, L. A. Brundage, K. Ito, D. Oliver, and
W. Wickner. 1989. SecA protein hydrolyzes ATP and is an
essential component of the protein translocation ATPase of
Escherichia coli. EMBO J. 8:%1-966.

22. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular
cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

23. Manoil, C., and J. Beckwith. 1985. TnphoA: a transposon probe
for protein export signals. Proc. Natl. Acad. Sci. USA 82:8129-
8133.

24. McCarthy, J. E. G., H. U. Schairer, and W. Sebald. 1985.
Translational initiation frequency of atp genes from Escherichia
coli: identification of an intercistronic sequence that enhances
translation. EMBO J. 4:519-526.

25. McCarthy, J. E. G., W. Sebald, G. Gross, and R. Lammers.
1986. Enhancement of translation efficiency by the Escherichia
coli atpE translation initiation region: its fusion with two human
genes. Gene 41:201-206.

26. Miller, J. H. 1972. Experiments in molecular genetics. Cold



VOL. 173, 1991 E. COLI secA TRANSLATIONAL REGULATION 6611

Spring Harbor.Laboratory, Cold Spring Harbor, N.Y.
27. Nomura, M. 1986. Regulation of the synthesis of ribosomes and

ribosomal components in Escherichia coli: translational regula-
tion and feedback loops, p. 199-220. In I. Booth and C. Higgins
(ed.), Symposium of the Society for General Microbiology:
regulation of gene expression. Cambridge University Press,
Cambridge.

28. Olins, P. 0., and S. H. Rangwala. 1989. A novel sequence
element derived from bacteriophage T7 mRNA acts as an
enhancer of translation of the lacZ gene in Escherichia coli. J.
Biol. Chem. 264:16973-16976.

29. Oliver, D. B., and J. Beckwith. 1981. E. coli mutant pleiotropi-
cally defective in the export of secreted proteins. Cell 25:765-
772.

30. Oliver, D. B., and J. Beckwith. 1982. Regulation of a membrane
component required for protein secretion in Escherichia coli.
Cell 30:311-319.

31. Oliver, D. B., R. J. Cabelli, K. M. Dolan, and G. P. Jarosik.
1990. Azide-resistant mutants of E. coli alter the SecA protein,
an azide-sensitive component of the protein export machinery.
Proc. Natl. Acad. Sci. USA 87:8227-8231.

32. Oliver, D. B., R. J. Cabelli, and G. P. Jarosik. 1990. SecA
protein: autoregulated initiator of secretory precursor protein
translocation across the E. coli plasma membrane. J. Bioenerg.
Biomemb. 22:311-336.

33. Rajapandi, T., K. Dolan, and D. Oliver. Submitted for publica-
tion.

34. Riggs, P. D., A. I. Derman, and J. Beckwith. 1988. A mutation
affecting the regulation of a secA-lacZ fusion defines a new sec
gene. Genetics 118:571-579.

35. Rollo, E. E., and D. B. Oliver. 1988. Regulation of the Esche-
richia coli secA gene by protein secretion defects: analysis of
secA, secB, secD, and secY mutants. J. Bacteriol. 170:3281-
3282.

36. Schatz, P. J., P. D. Riggs, A. Jacq, M. J. Fath, and J. Beckwith.
1989. The secE gene encodes an integral membrane protein
required for protein export in E. coli. Genes Dev. 3:1035-1044.

37. Schmidt, M. G., and D. B. Oliver. 1989. SecA protein autoge-
nously represses its own translation during normal protein
secretion in Escherichia coli. J. Bacteriol. 171:643-649.

38. Schmidt, M. G., E. E. Rollo, J. Grodberg, and D. B. Oliver.

1988. Nucleotide sequence of the secA gene and secA(Ts)
mutations preventing protein export in Escherichia coli. J.
Bacteriol. 170:3404-3414.

39. Shiba, K., K. Ito, T. Yura, and D. Cerretti. 1984. A defined
mutation in the protein export gene within the spc ribosomal
protein operon of Escherichia coli: isolation and characteriza-
tion of a new temperature-sensitive secY mutant. EMBO J.
3:631-635.

40. Shine, J., and L. Dalgarno. 1974. The 3' terminal sequence of
Escherichia coli 16S ribosomal RNA: complementarity to non-
sense triplets and ribosome binding sites. Proc. Natl. Acad. Sci.
USA 71:1342-1346.

41. Stormo, G. D. 1986. Translation initiation, p. 195-224. In W.
Reznikoff and L. Gold (ed.), Maximizing gene expression.
Butterworth, Stoneham, Mass.

42. Tokuda, H., K. Shiozuka, and S. Mizushima. 1990. Reconstitu-
tion of translocation activity for secretory proteins from solubi-
lized components of Escherichia coli. Eur. J. Biochem. 192:
583-589.

43. Tokunaga, M., J. Loranger, and H. Wu. 1984. Prolipoprotein
modification and processing enzymes in Escherichia coli. J.
Biol. Chem. 259:3825-3830.

44. Watanabe, M., and G. B3lobel. 1989. Cytosolic factor purified
from Escherichia coli is necessary and sufficient for the export
of a preprotein and is a homotetramer of SecB. Proc. Natl.
Acad. Sci. USA 86:2728-2732.

45. Weiss, J. B., P. H. Ray, and P. J. Bassford, Jr. 1988. Purified
SecB protein of Escherichia coli retards folding and promotes
membrane translocation of maltose-binding protein in vitro.
Proc. Nati. Acad. Sci. USA 85:8978-8982.

46. Weng, Q., L. Chen, and P. C. Tai. 1988. Requirement of
heat-labile cytoplasmic protein factors for posttranslational
translocation of OmpA protein precursors into Escherichia coli
membrane vesicles. J. Bacteriol. 170:126-131.

47. Wolfe, P., W. Wickner, and J. Goodman. 1983. Sequence of the
leader peptidase gene of Escherichia coli and the orientation of
leader peptidase in the bacterial envelope. J. Biol. Chem.
258:12073-12080.

48. Zucker, M., and P. Stiegler. 1981. Optimal computer folding of
large RNA sequences using thermodynamic and auxiliary infor-
mation. Nucleic Acids Res. 9:133-148.


