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Escherichia coli SecG Is Required for Residual Export Mediated by
Mutant Signal Sequences and for SecY-SecE Complex Stability

Dominique Belin, Giuseppe Plaia, Yasmine Boulfekhar, Filo Silva

Department of Pathology and Immunology, Faculty of Medicine, University of Geneva, Geneva, Switzerland

Protein export to the bacterial periplasm is achieved by SecYEG, an inner membrane heterotrimer. SecY and SecE are encoded by
essential genes, while SecG is not essential for growth under standard laboratory conditions. Using a quantitative and sensitive
export assay, we show that SecG plays a critical role for the residual export mediated by mutant signal sequences; the magnitude
of this effect is not proportional to the strength of the export defect. In contrast, export mediated by wild-type signal sequences is
only barely retarded in the absence of SecG. When probed with mutant signal sequences, secG loss of function mutations display
a phenotype opposite to that of prlA mutations in secY. The analysis of secG and prlA single and double mutant strains shows
that the increased export conferred by several priA alleles is enhanced in the absence of SecG. Several combinations of prlA al-
leles with a secG deletion cannot be easily constructed. This synthetic phenotype is conditional, indicating that cells can adapt to
the presence of both alleles. The biochemical basis of this phenomenon is linked to the stability of the SecYE dimer in solubilized
membranes. With priA alleles that can be normally introduced in a secG deletion strain, SecG has only a limited effect on the sta-
bility of the SecYE dimer. With the other prlA alleles, the SecYE dimer can often be detected only in the presence of SecG. A pos-

sible role for the maintenance of SecG during evolution is proposed.

Acomplex protein machine, the preprotein translocase, pro-
motes protein export across the Escherichia coli inner mem-
brane (1, 2). The core of the translocase consists of three inner
membrane proteins, SecY, SecE, and SecG. The largest protein,
SecY, has 10 transmembrane helices that surround a central pore
through which the preprotein is transported (3, 4). The SecYEG
complex has been largely conserved across evolution (5, 6), al-
though differences in the length and number of transmembrane
segments are observed with SecE and SecG (3). SecY and SecE
form a tight complex, whereas SecG appears to be less tightly
bound (7).

Alarge number of signal sequence mutations have been shown
to interfere with export (8, 9). Mutations exerting the strongest
effects usually introduce charged residues in the central hydro-
phobic core of signal sequences. Suppressor mutations, called prl
mutations, restore the export of mutant signal sequences to vari-
ous extents; they have been isolated in most genes encoding com-
ponents of the translocase, including prlA mutations in secY, priG
mutations in secE, and prlH mutations in secG (10-15). The stron-
gest suppressors are prlA alleles that can even promote the export
of periplasmic proteins whose signal sequences are completely
deleted (16). These prl mutations are believed to exert their effect
by facilitating the opening of the central pore of the translocase
(17, 18). This effect is normally triggered by wild-type signal se-
quences. In addition, several prl mutations have been shown to
destabilize the interactions between SecY and SecE (19).

In E. coli, the SecY and SecE proteins are encoded by essential
genes (20, 21). In contrast, a deletion of secG had little if any effect
on growth under standard laboratory conditions (22-24). Indeed,
the export kinetics of proteins encoded by wild-type genes was
only slightly slower in the absence of SecG, as documented by
pulse-chase experiments (22-24). The contribution of SecG was
much stronger with in vitro translocation assays, in which SecG
had a pronounced stimulatory effect on export (25, 26). A signif-
icant effect of SecG on protein export was also observed in vivo
with mutant signal sequences. For instance, mutant MalE signal
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sequences decrease maltose fermentation, as monitored on Mac-
Conkey-maltose indicator plates, and the absence of secG resulted
in a strongly enhanced Mal ™~ phenotype (23). Furthermore, sev-
eral secG mutations, including null alleles, were isolated as sup-
pressors of toxic chimeric proteins containing a mammalian sig-
nal sequence fused to the mature portion of alkaline phosphatase.
In these cases, suppression was associated with a marked reduc-
tion in the kinetics of export of the chimeric protein (23, 27).
The in vivo assays described above were performed in vastly
different time scales, from seconds in the case of pulse-chase ex-
periments to hours in the case of colony growth and fermentation
on indicator plates. We compare here the kinetics of protein ex-
port in the presence and in the absence of SecG using an experi-
mental system that allowed us to examine under the same condi-
tions wild-type efficient signal sequences as well as mutant
inefficient ones (28). Our results confirm that export mediated by
wild-type signal sequences shows a very limited dependence on
SecG. In contrast, the residual export mediated by mutant signal
sequences can be dramatically decreased in the absence of SecG.
There was, however, no correlation between the strength of the
export defects and their enhancement in the absence of SecG.
Several pseudorevertants of mutant signal sequences were identi-
fied in the course of this study. Two of these were almost as effi-
cient as their wild-type counterparts, but one was essentially SecG
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TABLE 1 E. coli strains

SecG Role in Protein Export and Translocase Stability

Strain Relevant genotype/description Reference(s) or source
MC1000 F~ araD139 A(ara-leu)7697 A(lac)X74 rpsL150 galE galK relAl thi 50

MC4100 F~ araD139 A(argF-lac)U169 flhD5301 fruA25 relAl rpsL150 rbsR22 A(fimB-fimE)632 deoCl1 thi 51

CAG12072 MG1655 zgj-203::Tn10 52

CAGI12131 MG1655 leuO::Tnl0kan 52

DB504 MC4100 malE18-1 Aara714 Lab collection

KN370 C600 recD1009 AsecG::Kn 22

DHB3 MC1000 malFA3 phoAA(Pvull) phoR 36

DB617 DHB3 zgj-203::Tn10 This work

DB618 DHB3 2gj-203::Tn10 AsecG:Kn This work

DB619 DHB3 2gj-203::Tn10 secG1 23

DB620 DHB3 zgj-203::Tn10 secG15 27

MM1 MC4100 malE10-1 31

MM2 MC4100 malE14-1 31

MM3 MC4100 malE16-1 31

MM4 MC4100 malE18-1 31

MM5 MC4100 malE19-1 31

Mph42 MC1000 phoR 53

Mph53 Mph42 phoA82 54

Mph55 Mph42 phoA93 54

Mph56 Mph42 phoA73 54

OF734 MG1655 recD::Tnl0 rbsBI16R 32

OF735 MG1655 recD::Tnl0 rbsB17D 32

DB686 Mph42 phoA68 Aara714 AompA zgj-203:Tn10 A. Rietsch

DB685 DB686 AsecG::Kn This work

DB638 DB504 AsecG:Kn This work

DB687 DB504 AsecG::Kn pDB613 (malE14::TnphoA) This work

KJ195 MC4100 gspA::Tni0 Lab collection

prlA3 MC4100 secY F67C 12

prlA6 MC4100 secY 408N 12

prlA7 MC4100 secY L407R 12

prlA207 MC4100 secY 1278S 12

prlA304 MC410 0 secY 190N 12

prlA502 DB504 secY G69D, identical to prlA9 Reference 23 and this work
prlA517 DB504 secY G81E Reference 23 and this work
prlA535 DB504 secY V411D Reference 23 and this work
prlA538 DB504 secY A75P Reference 23 and this work
prlA543 DB504 secY A88E Reference 23 and this work
prlA545 DB504 secY A71V Reference 23 and this work
DB559 B ompT gal hsdS AsecG:Kn 27

independent while export mediated by the other one remained
strongly SecG dependent.

Since several secG alleles confer a phenotype opposite to that
conferred by prl mutations (29), we attempted to determine
whether epistatic effects could be detected with secG and prlA al-
leles. Surprisingly, several prlA alleles showed a synthetic pheno-
type with a secG deletion. The binding of these mutant SecY pro-
teins to SecE was much reduced, particularly in the absence of
SecG. In conclusion, SecG contributes both to signal sequence
interaction with the translocase and to the intrinsic stability of the
translocase in the E. coli inner membrane.

MATERIALS AND METHODS

Reagents. Liquid and solid media were prepared as described previously
(23). Antibiotics were used at the following concentrations: ampicillin
(Ap), 200 pg/ml; chloramphenicol (Cm), 30 pg/ml; kanamycin (Kn), 40
pg/ml; and tetracycline (Tc), 7.5 pg/ml. The anti-OmpA rabbit antiserum
(Covalab) was raised against SDS-PAGE-purified OmpA. Anti-PhoA an-
tibodies were from Millipore (AB1204) or from Biodesign/Meridian Life
Science (K59134R). Anti-MalE antiserum was from New England Bio-
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Labs (E8030S). Mouse monoclonal antibody 10C1, raised against the last
cytoplasmic loop of SecY, was a gift from I. Collinson. E. coli polar lipids
were purchased from Avanti polar lipids and used as described previously
(27).

Bacterial strains and plasmids. The E. coli strains used in this study
are described in Table 1 and were constructed by transduction with bac-
teriophage P1 or by transformation. The pACYC184-derived plasmids
carrying the different secG alleles have been described (27). Two sets of
prlA alleles have been used, those isolated as suppressors of several differ-
entsignal sequence mutations (12, 14) and those isolated as suppressors of
malE18 in a secG1 strain (23). These mutants were characterized by se-
quencing the secY gene of the suppressor strains (Table 1).

The coding regions of the PhoA signal sequences from strains Mph42
and Mph53 to Mph56 were cloned as described for pPBADPHOA (30). The
coding regions of the MalE signal sequences (amino acids 1 to 29; cleavage
after 26th residue) were amplified from strains MC4100 and MMI to
MM5 (31) with primers MbpUP, 5'CCTAGCTAGCAGGAGGAATTCA
TTATGAAAATAAAAACAG, and MbpDON, 5'GGGGTACCTCGATTT
TGGCG. The coding regions of the RbsB signal sequences (amino acids 1
to 31; cleavage after 25th residue) were amplified from strains MC4100,
OF734, and OF735 (32) with primers RbpUP, 5'CCTAGCTAGCAGGA
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FIG 1 Effects of secG mutations on PhoA export. The indicated wild-type and mutant signal sequences were fused to the mature portion of PhoA and expressed
from the arabinose Py, promoter. The kinetics of PhoA export after induction with 0.2% arabinose was measured in isogenic strains carrying the indicated secG
alleles (DB617 to DB620). Each curve represents the average results from three independent cultures; error bars indicate the standard deviations (SD).

GGAATTCACCATGAACATGAAGAAACTGGC, and RbpDON, 5'AAA
GGTACCAGCGCGATGGTGTC. The PCR fragments were digested with
Nhel and Kpnl and cloned in the cognate sites of pBADsIAP (30). The
coding region of OmpA was amplified with primers pOAUP, 5'GAGGT
CATGAAGAAGACAGCTATCGCG, and OADON, 5'CTAGTCTAGAC
CTGCGGCTGAGTTACAACG. The PCR fragment was digested with
BspHI and Xbal and cloned between the Ncol and Xbal sites of pPBAD24.
The mature portion of OmpA was amplified with primer slOA, 5'GAGG
TACCATGGTACACTGGTGC, and OADON. The PCR fragment was di-
gested with KpnI and Xbal and cloned in pBAD24 (33). Nhel-Kpnl frag-
ments were used to fuse the signal sequences in frame with the mature
portion of OmpA.

The appropriate portions of secY from the chromosomal prIA alleles
were PCR amplified and used to replace the wild-type sequence in pBAD-
HisEYG, a pBAD24 vector with a hexahistidine tag at the N terminus of
SecE (34); all inserts were sequenced. Vectors that express only SecE and
SecY were prepared by deletion of the HindIIT or Xbal-Kpnl fragments
that encode SecG.

PhoA assay. PhoA activity was determined by determining the rate of
p-nitro-phenyl-phosphate hydrolysis (28).

Pulse-labeling and immunoprecipitation. Labeling and immuno-
precipitation were performed as described previously (28). Cells from
saturated cultures in LB medium were diluted 1:50 and grown overnight
in M63 medium containing 0.2% (vol/vol) glycerol as a carbon source and
all amino acids except methionine and cysteine at a final concentration of
50 mg/liter, diluted 1:40, and grown at 37°C to an A, of 0.2. Cells were
induced with 0.2% arabinose, and 1-ml samples were labeled with 50
nCi/ml of [**S]methionine plus cysteine (IS-103; Hartmann, Braun-
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schweig, Germany) for 1 min. Labeling was stopped by transferring the
samples to chilled tubes containing 0.1 ml of 0.2% (wt/vol) methionine.
Cells were centrifuged for 2 min at 13,000 X gat 4°C, resuspended in 50 .l
of SDS buffer (1% [wt/vol] SDS, 10 mM Tris [pH 8], 1 mM EDTA), and
heated for 2 min at 90°C. After 5 min at room temperature, 800 pl of KI
buffer (50 mM Tris [pH 8], 150 mM NacCl, 2% [vol/vol] Triton X-100)
was added. After 10 min on ice, the lysates were centrifuged for 10 min at
13,000 X g. Antiserum was added to 300 .l of lysates. After 12 h on ice,
immune complexes were bound to an excess of fixed Staphylococcus au-
reus cells (IgGsorb) for 1 h onice. The cells were washed twice with 1 ml of
HB (50 mM Tris [pH 8], 1 M NaCl, 1% Triton X-100, 1 mM EDTA) and
once with 1 ml of 10 mM Tris, pH 8. Pellets were resuspended in 50 pl of
SB™ (50 mM Tris [pH 6.8], 5% [vol/vol] B-mercaptoethanol, 1% SDS,
0.0025% [wt/vol] bromophenol blue, and 8.5% [vol/vol] glycerol) and
boiled for 2 min, and eluates were loaded onto 10% SDS-polyacrylamide
gels. Gels were fixed, dried, and autoradiographed. Quantification was
performed with a Cyclone MS storage phosphor screen and image analysis
with the Optiquant v. 4.00 software (Packard, Meriden, CT).
Pulse-labeling and detection of hexahistidine-tagged membrane
protein complexes. Cells were grown, induced for 1 min with 0.2% ara-
binose, labeled for 5 min, and lysed as described previously (27). Mem-
branes were solubilized in the presence of E. coli polar lipids, 2 mM MgCl,
and 1% dodecylmaltoside. After incubation at 4°C for 30 min with 20 wl of
nickel-nitrilotriacetic acid (Ni-NTA)—agarose matrix (Qiagen), the sam-
ples were washed three times with the solubilization buffer. The first and
third washes were performed at 4°C. The second wash was performed
either at 4°C or at 37°C for 5 min. The proteins were eluted twice for 20
min at 37°C in 20 pl of SBX (80 mM Tris [pH 6.8], 1% [vol/vol] B-mer-

February 2015 Volume 197 Number 3


http://jb.asm.org

captoethanol, 2% SDS, 0.01% [wt/vol] bromophenol blue, 10% [vol/vol]
glycerol, and 10 mM EDTA). Eluates were loaded onto 0.5 M NaCl “high-
Tris” SDS-19.6% polyacrylamide gels (35) and electrophoresed overnight
at 30 mA. Gels were analyzed as described above or with Fujifilm Multi-
Gauge v3.0 software.

RESULTS

Enzymatic assay of protein export in vivo. The E. coli alkaline
phosphatase encoded by the phoA gene is a powerful tool to study
protein export as well as the topology of inner membrane integral
proteins. Indeed, folding of the enzyme into an active conforma-
tion requires the formation of two intramolecular disulfide bonds
(36, 37). This oxidation normally occurs only in the bacterial
periplasm, although cytoplasmic oxidation can be achieved, for
instance, in frxB mutant strains (38). Assay of PhoA activity offers
an extremely large dynamic range, which is critical to measure the
residual activity of signal sequence mutations causing a strong
secretion defect. In addition, the kinetics of enzyme accumulation
upon induction of chimeric proteins expression provided a useful
tool to explain the selective effects of secG suppressor mutations
on the export mediated by toxic mammalian signal sequences (23,
27). We have fused several wild-type and mutant signal sequences
to the mature portion of PhoA and expressed the chimeric pro-
teins from the arabinose Py, , promoter (33). Transcriptional in-
duction upon addition of arabinose occurs within minutes, and
the accumulation of enzyme activity reaches its steady-state level
within 60 to 80 min.

The signal sequences of MalE, PhoA, and RbsB all promote a
rapid and efficient export of PhoA in secG" cells, as judged by the
accumulation of enzymatic activity upon induction (Fig. 1A, D,
and G). We have analyzed three different secG alleles, a null allele
(22), and the secGI (F43S) and secG15 (L59R) mutants, which can
both confer a detectable Sec phenotype (23, 27). There was essen-
tially no effect of the secG mutations on export mediated by the
three wild-type signal sequences. In striking contrast, the residual
export mediated by the malE10 (L10P) mutant signal sequence
was drastically reduced in the secG mutant strains; a slightly higher
export was observed in strains expressing secG1 or secG15 com-
pared to the null allele, confirming that these mutations do not
entirely abolish secG function. Similar results were obtained with
malE14 (A14E), phoA73 (L14Q), and rbsB16 (S16R) (Fig. 1 B, C, E,
and H), as well as with several other mutant signal sequences (data
not shown).

During the cloning of the chimeric genes, we isolated several
revertants that formed dark blue colonies on 5-bromo-4-chloro-
3-indolylphosphate (XP)-arabinose indicator plates. The phoA82
mutation deletes two residues in the hydrophobic core of the
PhoA signal sequence and was not expected to revert. This pseu-
doreversion generated a Lys-to-Glu substitution near the end of
the signal sequence and probably exerts its effect by improving the
charge distribution around the residual hydrophobic core. In a
secG™ strain, this revertant was almost as effective in promoting
export as the phoA™ signal sequence, although the kinetics of ex-
port was slower. In contrast, export was severely decreased in
strains carrying either one of the secG mutant alleles (Fig. 1F).
Another pseudorevertant was isolated during the cloning of
rbsB16 (S16R), in which the mutant Arg residue was replaced by a
His one, a residue that would not have been predicted to be active
in the hydrophobic core of a signal sequence. Surprisingly, this
substitution generated a signal sequence that was nearly as effec-
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FIG 2 The additional export defect in AsecG strains does not correlate with the
intrinsic defect of individual signal sequence mutations. PhoA export was
measured in cultures induced for 60 min. For each signal sequence, the activ-
ities in the secG" and AsecG strains (DB617 and DB618) are connected by a
line. With the three wild-type signal sequences (*), as well as with the RbsB16
pseudorevertant (S16H, W), the horizontal lines reflect an equivalent export in
the presence and in the absence of SecG.

tive as the wild-type one, and its export activity was the same in
secG" and secG mutant strains (Fig. 11). Similar results were ob-
tained with a pseudorevertant of malE16 (T16K) that contains
both the original mutation and an S13F substitution (data not
shown).

We have compared the residual export activity of several mu-
tant signal sequences derived from the phoA, malE, and rbsB ones
in secG" and secG null strains. In all cases, export was reduced in
the absence of SecG. The magnitude of this effect varied, ranging
from a 2-fold to a >20-fold decrease (Fig. 2). There was no corre-
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FIG 3 Kinetics of export measured by pulse-chase and immunoprecipitation. (A) Kinetics of MalE and PhoA export in secG" and AsecG strains. The proteins,
expressed from the chromosomal genes, contained either the wild-type alleles or the indicated signal sequence mutations. Cells were pulse-labeled at 37°C for 30
s and chased for 3 and 10 min. Lysates were immunoprecipitated with anti-MalE or anti-PhoA antibodies. The percentages of mature proteins were calculated
from the intensities of the mature and precursor bands. The values represent the averages from two independent cultures; the error bars indicate ranges. (B)
Hybrid proteins containing the indicated signal sequences fused to the mature portion of OmpA were expressed from the Py, promoter in strain DB686 (secG™")
or DB685 (AsecG), in which the chromosomal ompA gene is deleted. After 5 min of induction with 0.2% arabinose, the cultures were pulse-labeled for 20 s and
chased for 10 min. Lysates were immunoprecipitated with anti-OmpA antibodies. The values represent the percentages of mature OmpA and are the averages

from three independent cultures; error bars indicate the SD.

lation between the strength of a given signal sequence defect and
its dependence on SecG for residual export. For instance, phoA73
(286 U) has a weaker effect on export than phoA82 (83 U), but its
residual export is much more strongly reduced in the absence of
SecG (36-fold versus 2-fold).

Pulse-chase labeling assay of protein export in vivo. Signal
sequence activity is commonly assessed by short pulse-labeling
followed by the determination of the relative amounts of un-
cleaved precursor and mature protein. To verify that our kinetic
assay faithfully measures signal sequence activity, we have also
measured signal sequence processing in secG* and secG null
strains by pulse-chase labeling and immunoprecipitation (Fig. 3).
With wild-type MalE and PhoA, the amount of precursor was
approximately 3 times higher at the end of the 20-s pulse in the
secG null strain than in the secG™ strain. After a 3-min chase, there
was no longer any detectable difference between the two strains
and essentially all the precursors were processed (Fig. 3A, top pan-
els). Considering the difference in time scale of the two assays, the
slight delay in export kinetics observed in the secG null strain by
pulse-labeling would not be detected in the PhoA enzymatic assay.
Pulse-chase experiments were also performed with two signal se-
quence mutations that confer weak export defects, allowing suffi-
cient signal sequence cleavage to measure both the mature and
precursor forms of the mutant proteins (Fig. 3A, bottom panels).
With malE16 (T16K), the levels of the mature MalE were barely
detectable at the end of the pulse-labeling in secG™ and secG null
strains. Export readily occurred during the chase in secG™" cells but
not in secG null cells. Similar results were obtained with phoA73
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(L14Q). With most of the other signal sequence mutations, export
was too low to accurately determine the amount of cleaved mature
proteins, even in secG™" cells.

Our observations are not limited to export substrates contain-
ing the mature portion of PhoA. Several signal sequences were
fused to the mature portion of OmpA. Their export was also an-
alyzed by pulse-chase and immunoprecipitation (Fig. 3B). OmpA
export during a 20-s pulse was slightly reduced in secG null cells,
but there was no significant difference after a 10-min chase. Sim-
ilar results were obtained with the PhoA-OmpA chimera, al-
though export efficiency was reduced, indicating that the mature
portion can influence signal sequence activity (data not shown).
The export of the PhoA82rev-OmpA chimera was efficient in
secG™" cells, particularly after a 10-min chase. In contrast, this pro-
tein was very poorly exported in secG null cells. The RbsB™ and
RbsBlé6rev (S16H) signal sequences had similar high export activ-
ity when fused to OmpA, and their export efficiency was only
slightly decreased in secG null cells.

The PhoA enzyme accumulation assay is less efficient than a
pulse-chase to measure slight secretion defects since kinetic differ-
ences of fewer than a few minutes are not easily detected. In con-
trast, export of chimera with low signal sequence residual activity
is readily determined enzymatically because of the large dynamic
range of the PhoA assay (0.5 to 2,000 units). In conclusion, our
results indicate that the presence of SecG has only a slight effect on
export mediated by wild-type signal sequences but plays a major
role in the residual activity of mutant signal sequences.
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In vivo interactions between prlA and secG mutant alleles.
prlA mutations increase the export efficiency of mutant signal
sequences. Since secG mutations exert an opposite effect, it
seemed interesting to determine whether epistasis could be de-
tected in cells containing both prlA and secG mutations. Members
of two sets of partially overlapping prlA mutations have been an-
alyzed (12, 23). The amino acid substitutions introduced in the
second set were determined by sequencing the secY gene. Muta-
tions like prlA3 and prlA545 can be introduced by P1-mediated
transduction in strains carrying a secG null or secG point mutation
alleles at the expected frequency, indicating that both mutant al-
leles can be present in the same cells. When export mediated by the

0.1

0.01-

nommalized number of >

secG::Kn transductants

0.001-

MalE14 signal sequence was measured in these double mutant
strains, the values obtained were intermediate between those ob-
served in prlA secG™ and in prlA™ secG single mutant strains (Fig.
4, top panels). This suggests that SecY and SecG act together dur-
ing the signal sequence interaction(s) with the translocase. How-
ever, the magnitude of the export increase mediated by these prlA
mutations was significantly higher in secG mutant strains (Fig. 4,
bottom panels).

Several priA alleles could not be introduced normally by
cotransduction with a linked gspA:TnI0 marker in secG null
strains. With a P1 lysate grown on a prlA502, gspA::Tn10 strain, for
instance, 24/24 Tc" transductants retained the wild-type secY™" al-

w

normalized number of
secG::Kn transductants

FIG 5 Transduction frequencies of the AsecG allele in prA strains. Representative members of two sets of prlA alleles (12, 23) were analyzed in each panel. All strains are
derivatives of DB504 that contain the gspA:Tn10 marker and the indicated prlA alleles. Transductions were carried out with P1 lysates grown on strain DB638, to
introduce the secG null allele, and on strain CAG12131, to determine the transduction efficiency of each culture. The numbers of Kn" secG null transductants were
normalized to those of Kn" lex1O transductants. Different lysates grown on CAG12131 were used in each panel. Each value represents the average of results from three
independent cultures; error bars indicate the range.
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assayed 60 min after induction with 0.2% arabinose. Each value represents the average result for three independent transductants assayed twice; error bars
indicate the SD. In the bottom panels, the ratios of mean PhoA export in the prlA mutant and prlA™ strains are indicated.

lele, even though secY alleles are normally cotransduced with this
marker at a frequency of 90 to 95%. This suggested that the simul-
taneous presence of some prlA and secG null or nearly null alleles
confers a synthetic phenotype. To test this hypothesis, we at-
tempted to introduce the secG::Kn null allele in the prIA strains by
selecting for Kn" transductants. Although secG null transductants
can be recovered under these conditions, their frequency was
drastically reduced (Fig. 5). This reduction depended on the indi-
vidual priA alleles. A 200-fold decrease was observed with prlA517,
prlIA543, prlA207, and prlA304, whereas a small but reproducible
2- to 4-fold decrease was observed with prlA6. Although they are
unexpectedly low, the frequencies observed are significantly
higher than those of reversion or of spontaneous mutations, un-
less the target size is more than 100 genes. These frequencies sug-
gest that cells expressing these prlA alleles can somehow adapt to
the absence of SecG.

We have isolated strains carrying both the secG::Kn null allele
and each of the four prlA alleles that cannot be easily transduced in
secG::Kn strains. When export mediated by the MalE14 signal se-
quence was measured in these double mutant strains, the values
obtained were high and intermediate between those observed in
the prlIA* secG™ parent strain and in prlA secG* single mutant
strains (Fig. 6, top panels). Strikingly, the magnitude of the export
increase mediated by these prl[A mutations was more than 40-fold
higher in secG mutant strains (Fig. 6, bottom panels). Thus, the
wild-type SecG protein somehow counteracts the permissive ef-
fect of the prlA mutations. This effect is modest with prlA alleles
than can be freely introduced in secG mutant strains but very high
with those that cannot be easily transduced.
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In vitro interactions between SecY and SecE in the presence
or in the absence of SecG. prl mutations in prlA or prlG have been
shown to destabilize the interaction of SecY with SecE in solubi-
lized membranes (19). It seemed therefore possible that secG mu-
tations also affect the stability of SecYE heterodimers, thus ac-
counting for the difficulty of introducing a secG null allele in
several of the prlA mutant strains. To test this hypothesis, induc-
ible plasmids that contain selected priIA alleles with or without
secG were constructed. All plasmids expressed a His-tagged SecE,
to allow the affinity purification of SecE from solubilized mem-
branes. The amount of SecY bound to SecE, in the presence or in
the absence of SecG, could then be quantified. This method
seemed particularly suitable to assess the affinity of different SecY
proteins for SecE, since different temperatures and/or different
detergents can be used to solubilize the membranes.

Membranes of induced cells expressing either SecY" or
PrlA545 were solubilized on ice and kept at 4°C during the puri-
fication procedure. Under these conditions, stoichiometric
amounts of both SecY proteins remained bound to SecE, both in
the presence and in the absence of SecG (Fig. 7A, left panel). When
the complexes were incubated at 37°C, the amount of SecY that
remained bound to SecE was reduced approximately 2-fold in the
presence of SecG. The absence of SecG had only a modest effect on
SecY™ binding, whereas binding of the PrlA545 protein was re-
duced approximately 3-fold. In contrast, binding of the PrlA517
protein to SecE was strongly dependent on the presence of SecG,
even at 4°C. We have determined by pulse-labeling and immuno-
precipitation that equivalent amounts of SecY accumulated with
the prlA™ and prlA517 plasmids either in the presence or in the
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FIG 7 Stability of the different SecYE dimers in solubilized membranes. DB559 cells carrying derivatives of pBAD-HisEYG were induced and labeled with
[**SImethionine as described previously (27). Isolated membranes were solubilized by dodecylmaltoside in the presence of E. coli polar lipids. His-tagged SecE
was purified on Ni*" -agarose. The complexes were either kept all the time at 4°C or washed once at 37°C for 5 min. (A) Left panel, comparison of SecY *, PrlA517
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immunoprecipitated with an anti-SecY antibody; the amounts of accumulated SecY were normalized to that detected at the end of the labeling period with the
SecY "-SecG " encoding plasmid. (B) Comparison of SecY ", PrlA7 (L407R), and PrlA207 (1278S). While experiments performed at 4°C were highly reproducible,
binding of SecY " at 37°C in the absence of SecG was more variable, as can be seen by comparison with results shown in panel A. (C) Autoradiogram of part of

the experiments quantified in panel B.

absence of SecG (Fig. 7A, right panel). The labeling period was the
same as that used to prepare the membranes. The binding of PrlA7
to SecE was not affected by the absence of SecG at 4°C and was
reduced approximately 3-fold at 37°C. Binding of PrlA207 to SecE
was also not affected by the absence of SecG at 4°C but was
barely detectable at 37°C (Fig. 7B and C). Since the cells express
the prlA™ allele from the chromosomal gene, it is likely that
these very low levels reflect mainly the presence of the SecY™
protein bound to SecE. These results confirm the observation
that priA alleles affect the stability of the SecYE dimer (19).
Furthermore, they indicate that SecG can contribute to the
stability of the SecYE dimer and that this contribution is de-
pendent on the nature of individual pr/A alleles. Finally, the
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correlation between the efficiency of introduction of the secG
null allele in a given prlA strain (Fig. 5) and the stability of the
different SecYE dimers (Fig. 7) provides a biochemical expla-
nation for this genetic phenomenon.

DISCUSSION

This work was prompted by the discrepancy between the effects
observed in vivo and in vitro upon removal of SecG (23, 24, 39).
SecG function in vitro is particularly evident in the absence of a
proton motive force (40). In addition, the effect of SecG can be
produced by substitution of the SecDF complex (26). Our results
confirm that SecG has only a minimal effect in vivo on the export
of all wild-type E. coli proteins tested so far; this effect can be
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cytoplasm

FIG 8 Localization of the prIA alleles on the crystal structure of the M. jann-
aschii SecYEG complex. Top, lateral view from the membrane plane; bottom,
from the cytoplasm. Each subunit is color coded and shown as a ribbon. The
side chains of residues modified by prlA mutations are indicated by their vol-
ume. Residues that interfere with the introduction of a AsecG allele by P1
transduction are shown in red. Residues that do not affect the introduction of
aAsecG allele are shown in green. The structure (PDBID 1RHZ [3]) was drawn
with DeepViewSwiss-Pdbviewer v4.0.4.

detected only with short pulse-labeling. The conservation of this
nonessential gene during evolution is therefore puzzling. In the
Gram-positive bacterium S. aureus, SecG is also nonessential for
growth and for mouse infection, but it is critical for the normal
accumulation of several exoproteins (41). Distant SecG homo-
logues are also present in Archaea and eukaryotes. In yeast, dele-
tion of the two SecG homologues (Sbh1 and Sbh2) is viable but
confers a temperature-sensitive phenotype (42). In Drosophila
melanogaster, a mutation in the Sec61p/secG promoter that essen-
tially abolishes its expression is compatible with basal cell func-
tions, including protein translocation. However, a developmental
arrest was proposed to result from the defective secretion of Gur-
ken and cuticle proteins (43); a recent study showed that Gurken
is normally translocated in the endoplasmic reticulum (ER) lu-
men of the mutant flies (44). This suggests that a later step of the
secretion pathway, possibly common to Gurken and cuticle pro-
teins, is defective in Sec61f mutant embryos. Sec61p may there-
fore be required for the translocation or for the membrane inte-
gration of a secretory cofactor(s). In any event, the sequence
conservation among these SecG homologues is much lower than
that observed with the SecY and SecE homologues. This agrees
with the notion that the SecG homologues play an accessory role
in protein export.
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Nevertheless, even a very slight growth advantage, hardly de-
tectable under standard laboratory conditions, would ensure the
maintenance of a “nonessential gene” over millions of years of
evolution (45). We showed here that the residual export mediated
by mutant signal sequences, as well as the efficient export of one
pseudorevertant, can strongly depend on SecG. This suggests an
additional possibility for the conservation of SecG function dur-
ing evolution. About one-third of the E. coli genes encode enve-
lope proteins that are targeted to the inner membrane, the
periplasm, or the outer membrane. Thus, many different proteins
are translocase substrates. Since horizontal gene transfer plays a
major role in the evolution of bacterial genomes, newly imported
foreign envelope genes harbor signal sequences that evolved with
the translocase of their original host and may not be efficient sub-
strates for the E. coli translocase. Upon transfer to the new host,
the integration or export of the new envelope proteins could be
much more dependent on SecG than those of the endogenous
envelope genes.

Pr]l mutations have been isolated in all major components of
the translocase, in the ATPase motor SecA as well as in SecYEG,
the core inner membrane constituents of the translocation chan-
nel (15, 46). The current biochemical model of the Prl phenotype
suggests that prl mutations, in a direct or indirect way, contribute
to the opening of the translocation channel by displacement of
the pore formed by the TM2a helix of SecY or by stabilization of
the open complex (17, 18). Several prl mutations in secY and secE
have been shown to have an additional effect on the SecYEG com-
plex, because they weaken the interaction of SecY with SecE (19).
Our results show that the stability of this complex can also be
influenced by SecG, as suggested previously (26). This result ap-
peared surprising since SecG is bound to a side of SecY opposite to
that involved in SecE binding (Fig. 8). The prlA alleles that tolerate
normally the absence of SecG can be grouped on a side of the
SecYEG complex (Fig. 8, top panel). A top view of the complex
shows that they are distributed more or less evenly around the
plug domain (bottom panel). The priA alleles that prevent the
introduction of a secG deletion appear to be more widely distrib-
uted, even though most of them also surround the plug domain;
the two alleles that map to the TM2 domain are located toward the
membrane, on the outside of the complex and far away from both
SecE and SecG. The Methanocaldococcus jannaschii SecG and SecE
have only a single transmembrane domain. SecG makes only lim-
ited contacts with SecY but is close to the C-terminal end of SecE
(3). It seems difficult to envision how single amino acid substitu-
tions in SecY could make its binding to SecE so dependent on the
presence of SecG. It is also possible that additional interactions of
SecY involve the second transmembrane domain of the E. coli
SecG and/or the N-terminal portion of SecE. In addition, the crys-
tal structures show SecYEG only in a closed form. Taken together,
our results are compatible with the notion that the SecYEG com-
plex is very dynamic and that all three Sec proteins contribute to
its stability. This was first suggested by the observation that SecG
undergoes a topological inversion during translocation, an event
that requires the MPIase glycolipid (47, 48).

We had isolated a set of prI/A mutations that increase MalE18
export sufficiently to allow growth on minimal maltose plates in a
secG1 (F43S) strain (23). While there was a definite overlap with
previously isolated prIA mutations (for instance, the G69D substi-
tution is present in both sets [prlA502 and prlA9]), our set was
significantly different in two aspects. First, only 1 of the 11 muta-
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tions mapped to TM7 or TM10, whereas 10/24 previously known
mutations mapped to these domains. Second, our set appeared to
be slightly enriched for mutations in the hinge and TM2 domains
(3/11), a region of SecY where only one prl mutation had been
previously isolated. With approximately one-half the prIA alleles,
the introduction of a secG deletion was more difficult than antic-
ipated. These alleles are not restricted to a domain of SecY. For
instance, the prlA3, prlA502, and prIA545 mutations all affect res-
idues located in or near the TM2a plug domain (residues 67, 69,
and 71). While the G69D substitution severely interferes with in-
troduction of a secG deletion, the F67C and A71V substitutions
behave like SecY™ in this assay. There is also no strict correlation
with a classification of priA alleles (10). The biochemical basis for
this synthetic phenotype is not known. It may be related to the
interaction of phospholipids metabolism and SecG function (49).
Although cells containing certain pairs of secY and secG alleles
appear at a frequency that can be as low as 10, they grow nor-
mally once isolated.

Our current model is that SecG helps the opening step of trans-
location (plug displacement). The transition from a closed ground
state to an activated open state is catalyzed by a signal sequence
and SecG. Wild-type signal sequences are probably sufficiently
efficient in this initial step to allow normal export in the absence of
SecG. With weak or mutant signal sequences, the contribution of
SecG becomes critical. When toxic signal sequences are fused to an
export reporter, the specific reduction in export kinetics provided
by the SecG suppressor mutations is then sufficient to allow
growth (24, 27). The properties of pseudorevertants of mutant
signal sequences are compatible with this model. It is possible that
SecG also contributes to later stages of protein translocation, such
as elongation and/or lateral opening, to allow the integration of
transmembrane domains in the lipid bilayer.
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