Vol. 217, No. 1, 1995 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
December 5, 1995 Pages 217-223

PREFERENTIAL INTERACTION OF SEC-G WITH SEC-E
STABILIZES AN UNSTABLE SEC-E DERIVATIVE IN THE
ESCHERICHIA COLICYTOPLASMIC MEMBRANE

Ken-ichi Nishiyama', Shoji Mizushima? and Hajime Tokuda*
Tinstitute of Molecular and Cellular Biosciences, the University of Tokyo,1-1-1 Yayoi,
Bunkyo-ku, Tokyo 113, Japan

23chool of Life Science, Tokyo University of Pharmacy and Life Science, 1432-1
Horinouchi, Hachioji, Tokyo 192-03, Japan

Received October 27, 1995

SUMMARY: SecY, SecE and SecG form a membrane part of the protein
translocation machinery. A SecG-overproducing plasmid was constructed by placing
the secG gene under the control of the tac promoter. From the extent of SecG
overproduction, the number of SecG molecules in one normal cell was estimated to
be about 1,000, which is similar to those of SecY and SecE. Overproduction of SecG
stabilized the overproduction of SecE-C, an unstable truncated derivative of SecE, as
effectively as SecY does. SecG overproduction also stabilized the overproduction of
SecY. However, the SecG-dependent stabilization of SecY was less potent than the
SecE-dependent stabilization. These results indicate that SecG preferentially
interacts with SecE, which associates with SecY, the SecG-SecE-SecY complex thus
being formed in the cytoplasmic membrane. e 1035 academic press, 1nc.

Protein translocation across the Escherichia coli cytoplasmic membrane involves
seven Sec factors (1-3). A central part of the translocation machinery is composed of
SecA, a peripheral membrane ATPase, and three integral membrane factors, SecY,
SecE and SecG (4-9). In addition, SecB functions as a molecuiar chaperone for a
subset of precursor proteins (10), and SecD and SecF function at a late stage of the
translocation (11-13).

SecY, Seck and SecG form a complex in the membrane (6, 14-16), to which
SecA delivers a precursor in an ATP-dependent manner (17). The subunit
stoichiometry of the complex remains to be clarified, although the complex has been

suggested to contain one molecule each of SecY and SeckE (18). The mode of

* To whom correspondence should be addressed. (Fax) +81-3-3818-9435.

0006-291X/95  $12.00
Copyright © 1995 by Academic Press, Inc.
217 All rights of reproduction in any form reserved.



Vol. 217, No. 1, 1995 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

subunit interaction in the complex also remains unknown. However, various indirect
data indicating subunit interaction have been reported (14, 19-23). The most striking
observation is the stabilization of overproduction of SecY on simultaneous
overproduction of SecE (19, 23) or SecF (22). It has been shown that SecY is a
substrate for proteases such as FtsH (24), and is immediately digested unless it
associates with Seck or SecF. As a result, the stoichiometry between SecY and SecE
remains constant. The numbers of SecY and SecE molecules were found to be
similar in one normal cell (25, 26). In contrast, neither the number of molecules of
SecG in one normal cell nor a Sec factor interacting with SecG in the complex has

been determined.

MATERIALS AND METHODS

Plasmids. pTG1, that carries the tac-secG gene, was constructed as follows.
pPGE1 (3) carrying secG was cleaved with Kpnl, followed by partial digestion with Alul.
A 430 bp Aul-Kpnl fragment that contains codons 5-110 of SecG was isolated, mixed
with synthetic oligonucleotides (5'-GATCCTAGGAGGTTTAAATTTATGTATGAAG-3' and
3-GATCCTCCAAATTTAAATACATACTTC-5'; the initiation codon is italicized), that
contain the ideal SD sequence followed by codons 1-4 of SecG, and then cloned into
the BamHI-Kpn! site of pUSI2 (27), a high copy vector carrying the tac promoter -lac
operator and /acl. pTG1, thus constructed, carries secG under the control of the tac
promoter . To construct pE6 that carries tac-secE-C (secEA8-75), a 280 bp Miul-Kpnl
fragment of pE2 (21) containing codons 76-127 of SecE was treated with Klenow
enzyme, mixed with synthetic oligonucleotides (5'-GATCCTAGGAGGTTTAAATTTATG
AGTGCGAATACCGAAG-3' and 3'-GATCCTCCAAATTTAAATACTCACGCTTATGGCTT
C-3'; the initiation codon is italicized), that contain the ideal SD sequence foliowed by
codons 1-7 of SecE, and then cloned into the BamHI-Kpnl site of pUSI2. This SecE-C
was shorter than SecEA7-66 constructed previously (21) but suppressed the secE null
mutation (28) (data not shown). To construct pTEG61 that carries tac-secE-C-tac-
secG, an 800 bp EcoRI-BgAl fragment of pTG1 was cloned into the Smal-BgAl site of
pES, that lies just downstream of the Kpnl site. The EcoRl digestion was followed by
treatment with Kienow enzyme. pMANB809 and pMAN510 carry tac-seck and tac-
secY, respectively (19). The latter also carries a runaway replicon (19). pMAN480
(22) is a control vector for pMAN510. These plasmids were used to transform E. coli
W3110 M25 (ompT) (29).

Materials. SecG was purified from cells harboring pTG1 as described (6).
Restriction endonucleases and DNA modifying enzymes were obtained from Takara
Shuzo Co., Ltd. IPTG was from Nacalai Tesque. A Plotoblot system for visualization
of immunoblots was purchased from Promega Biotec. Oligonucleotides were
synthesized using a Beckman Oligo 1000 DNA synthesizer.

Other methods. SDS-PAGE and quantitative immunoblotting were performed
as described (21). The bands on the immunoblots were quantitated by densitometric
scanning with a Shimadzu Chromatoscanner CS-930. Anti-SecE (13), anti-SecG (6),
and anti-SecY (30) antisera were used to detect the respective proteins.
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RESULTS

The number of SecG molecules in one normal cell. A SecG-
overproducing plasmid, pTG1, was constructed by placing the secG gene under the
control of the tac promoter -lac operator. E. coli W3110 M25 cells harboring pTG1
overproduced SecG in an IPTG-dependent manner (Fig. 1). The level of SecG in the
absence of IPTG was similar to that in the cells harboring a control vector, pUSI2. The
extent of overproduction was estimated to be 200- to 400-fold by means of
densitometric scanning of immunoblots obtained with appropriately diluted samples.
A total membrane fraction was prepared from the SecG-overproducing cells and
analysed by SDS-PAGE, followed by Coomassie Briliant Blue-staining. The SecG
content of the membrane fraction was found to be 15.7%, indicating that the SecG
content of the membranes of normal cells should be 200- to 400-fold lower than this
value. Using these values for the equation reported by Matsuyama et al. (25), the
number of SecG molecules in one nommal cell was estimated to be 650 to 1300. The
number of SecG molecules was also determined by means of quantitative
immunoblotting using purified SecG as a standard. From four independent
determinations, the number of SecG molecules was estimated to be 1200 to 1400.
Taken together , we concluded that about 1000 molecules of SecG are present in one
nomal £. coli cell.

SecG-overproduction supports the overproduction of SecE-C. SecE-
C, a truncated derivative of SecE, lacks the N-terminal portion (8-75) of SecE, which
comprises 127 amino acid residues, but is still functional and able to complement the
secE null mutant (28). On the other hand, uniike the intact SecE, stable

overproduction of SecE-C was dependent on the simultaneous overproduction of

pusS2  pTG1
PTG — + — +

Fig. 1. Overproduction of SecG. E. coli W3110 M25 cells harboring pUSI2 (control
vector, lanes 1 and 2) or pTG1 (tac-secG, lanes 3 and 4) were cultivated in
LB/ampicillin at 37 "C. At the mid-log phase (4 x 108 cells/ml), IPTG (final 1.5 mM) was
added (lanes 2 and 4) or not added (lanes 1 and 3). After 2-h cultivation at 37 °C, the
cells were treated with TCA (final 5 %), and the precipitate containing 5 pg protein
was analysed by SDS-PAGE and immunablotting using the anti-SecG antibody. The
asterisk indicates a 9-kDa proteolytic product of SecG.
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SecY (21), suggesting that overproduced SecE-C is unstable unless it interacts with
SecY. Since our previous observation suggested the interaction between SecE and
SecG (6, 16), we examined whether or not SecG-overproduction supports that of
SecE-C. When SecE-C was expressed together with SecG, the amount of Seck-C
was more than 10-fold higher compared to that expressed in the absence of SecG
expression (Fig. 2A). Furthermore, irrespective of whether SecY (Fig. 2B) or SecG is
co-overproduced, a similar amount of Seck-C was overproduced, indicating that
SecG stabilizes SecE-C as effectively as SecY does.

Effect of SecG-overproduction on the overproduction of SecY.
Overproduction of SecY is stabilized when SeckE (19, 23) or SecF (22) is
simultaneously overproduced. To determine whether or not SecG overproduction is
able to stabilize the SecY-overproduction, the expression of SecY was induced with
or without the co-expression of SecG (Fig. 3). Induction of SecY alone caused an
about 4-fold increase in the amount of SecY comgared to the wild type. When SecG
was co-expressed, the amount of SecY was about 20-fold higher than that in the case
of the wild type cells. Since the overproduction of SecG affected the level of neither
SecE nor SecF (data not shown), the increase in the amount of SecY upon SecG-

expression is most likely caused by SecG-SecY interaction. However, SecG-

A 1 SecY —
SecE-C = tac-secy — + + +
tac-secE - — + -
SecG i tac-seecG — — — +
* 3 - E § vg
tac-secE-C — + + tac-secE-C+ + @ =
tac-secG — — + tac-secY — + rel. amounts of SecY

Fig. 2. SecG stabilizes SecE-C. W3110 M25 cells were transformed with pUSI2 (A,
lane 1), pE6 (A, lane 2), pTEG61 (A, lane 3), pMAN480 and pE6 (B, lane 1) or
pMANS510 and pE6 (B, lane 2). These cells were grown on LB/ampicillin (A) or
LB/ampicillin plus kanamycin {B) to the mid-log phase (4 x 10® cells/mi), and then
induced with 1.5 mM IPTG for 2 h at 37 'C. The cells were then precipitated with TCA
and analysed by SDS-PAGE, followed by immunoblotting with anti-SecE (A and B),
anti-SecG (A) or anti-SecY (B) antiserum. The genes controlled by the tac promoter
are indicated at the bottom. The bands corresponding to SecY, Seck-C, SecG and
the 9 kDa proteolytic product of SecG (asterisk) are also indicated.

Fig. 3. Effect of overproduction of SecG on SecY-overproduction. W3110 M25 celis
harboring pMAN480 and pUSI2 (lane 1), pMAN510 (tac-secY) and pUSI2 (lane 2),
pMANS10 and pMANBOS (tac-secE) (lane 3), or pMAN510 and pTG1 (tac-secG) (lane
4) were cultivated and induced as in Fig. 2. The cells were then processed as Fig. 1,
and then SecY was visualized by immunoblotting. The relative amounts of SecY
were determined in four independent experiments and are indicated at the bottom.
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dependent overproduction of SecY was lower than the SecE-dependent
overproduction, suggesting that the SecG-SecY interaction is less potent than the

SecE-SecY interaction.

DISCUSSION

It has been established that the protein translocation machinery of E. coli
comprises SecA and the SecY-SecE-SecG complex. To clarify the molecular
mechanism underlying the translocation, it is essential to understand the mode of
interaction among the four Sec factors and the subunit stoichiometry.

In this study, we established an SecG-overproducing system and found that the
number of SecG molecules in one normal cell is similar to those of SecY and SecE
(25, 26). The complex has been suggested to contain one molecule each of SecY
and SecE (18). Taking these results together, we assume that the complex comprises
one molecule each of the three subunits. SecA has been shown to function as a
dimer (31, 32).

SecY and SecE have been shown to interact with each other in the complex (14,
18-21, 23). We examined the overproduction of an unstable SecE derivative and
found that SecG stabilizes the derivative, most likely by interacting with it. SecG was
also found to stabilize the overproduction of SecY. However, the SecY stabilization by
SecG was less significant than that by SecE. Taken together, these results indicate
that SecG preferentially interacts with SecE in the complex. SecE therefore should be
placed at the center of the complex, and is thereby capable of interacting with both
SecY and SecG. This is consistent with our previous observation that reduction of the
SecE level causes a decrease in the level of not only SecY but also SecG (6). On the
other hand, the function of SecE in protein translocation remains unknown. Only a
portion of the second cytoplasmic region comprising less than 20 amino acid residues
has been found to be essential for the SecE function as long as this region retains the
proper topological arrangement on the membrane (33). SecE presumably plays a
limited, but essential, role in protein translocation. Remarkable stimulation of protein
translocation by SecG may be achieved through interaction of SecG with the second
cytoplasmic region of SecE. The importance of the transmembrane region, which
immediately follows the essential cytoplasmic region of SecE, for the SecE-SecG

interaction has not been completely excluded, however.
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