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The Carboxyl-Terminal Region Is Essential for Sec-A Dimerization

Masayuki Hirano, Shin-ichi Matsuyama, and Hajime Tokuda1

Institute of Molecular and Cellular Biosciences, the University of Tokyo,
1-1-1 Yayoi, Bunkyo-ku, Tokyo 113, Japan

Received October 18, 1996

SecA, comprising 901 amino acid residues, exists as a dimer. By means of size exclusion chromatography
and chemical cross-linking analysis, five truncated SecA derivatives were examined to identify the region
of SecA essential for dimer formation. Among them, only N95 (D832-901) retained SecA activity. N95
existed as a dimer, indicating that the carboxyl-terminal three cysteine residues are dispensable for physiolog-
ical dimerization. Both N76 (D675-901) and N66 (D583-901) existed as monomers. Monomeric N76 was
able to bind to ATP, indicating that the dimerization of SecA is not a prerequisite for ATP binding.
However, the rate of ATP hydrolysis by N76 was 25% of that by SecA. C53 (D1-437) and C28 (D1-661)
formed dimers irrespective of the presence or absence of 2-mercaptoethanol. C28, but not C53, also existed
as an oligomer in the absence of 2-mercaptoethanol, suggesting that the 438-661 region present in C53
prevents intermolecular disulfide bond formation at the carboxyl-terminal cysteine residue. From these
results, the region essential for the physiological dimer formation was concluded to be located in the 662-
831 region of SecA. q 1996 Academic Press, Inc.

SecA plays a critical role in protein translocation across the cytoplasmic membrane of E.
coli by undergoing the cycle of membrane-insertion and deinsertion (1). The SecA cycle seems
to be facilitated by the topology inversion cycle of SecG, a membrane component of the
protein translocation apparatus (2).

It is thought that SecA functions as a dimer (3, 4), although the dimerization of SecA has
not been proved to be essential for its function. The functional regions of SecA have been
revealed with various truncated derivatives. The amino-terminal region of SecA has been
shown to be involved in ATP binding (5, 6), precursor binding (7), and membrane interaction
(8). Deletion of the carboxyl-terminal 70 amino acid residues does not abolish the SecA
function in vitro (5), although this region has been reported to be important for both SecB
binding and lipid binding (9). Substitution of the cysteine residues in the carboxyl-terminal
region with serine residues has also been reported to reduce the SecA activity in a precursor-
specific manner (10). These observations, however, did not reveal the region which is essential
for the SecA dimer formation.

MATERIALS AND METHODS
Materials. Restriction endonucleases, exonuclease III and T4 DNA polymerase were obtained from Takara Shuzo

Co., Ltd. IPTG was from Nacalai Tesque. Oligonucleotides were synthesized using a Beckman Oligo 1000 DNA
synthesizer. 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDAC) was from Sigma. [a-32P] ATP (111 GBq/mmol)
was from ICN Radiochemicals.

Construction of SecA derivatives. The truncated SecA derivatives examined are depicted in Fig. 1. Plasmids encoding
N95, N66, C53 and C28 were constructed from pMAN400, which carried the entire secA gene under the control of

1 Corresponding author. Fax: /81-3-3818-9435.
Abbreviations: CBB, Coomassie Brilliant Blue; EDAC, 1-ethyl-3-(3-dimethyl-aminopropyl)carbodiimide; IPTG,

isopropyl-b-D-thiogalactopyranoside; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; TCA,
trichloroacetic acid.
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the tac promoter and lac operator, as described (5). To construct pMAN765-N76, the SnaBI-SacI fragment of
pMAN400 was replaced with synthetic termination linkers (5*-GTAGCATGCATAACTAACTAACTAAGAGCT-3*

and 3*-CATCGTACGTATTGATTGATTGATTC-5*). The SnaBI and SacI sites are located about 210 bp upstream
and 300 bp downstream of the secA termination codon, respectively. For pMAN789-N76 encoding N76, pMAN765-
N76 was digested with EcoT22I, for which the site is located within the termination linker, and SnaB1. The digested
plasmid was deleted with exonuclease III and mung bean nuclease from the SnaBI site, and then treated with T4
DNA polymerase, followed by self ligation. To confirm the truncation, the region covering the deletion end point
was cloned into pUC19 and sequenced.

Purification of SecA and its derivatives. Overproduction of SecA and its derivatives was induced by IPTG as
described (5). Intact SecA, N95 and C28 were purified from the cytosolic fraction by means of ammonium sulfate
fractionation and hydroxylapatite chromatography as described (5). The other SecA derivatives, N76, N66 and C53,
were isolated as aggregates, solubilized with 6 M guanidine-HCl, and renatured as described (5).

Chemical cross-linking of SecA derivatives. The purified SecA derivatives (10 mg) were incubated with a specified
concentration of EDAC in 50 mM potassium acetate (pH 7.5) at 257C for 50 min as described (11). Cross-linking of
C28 was carried out with 50 mM EDAC using an aliquot (40 ml) of each fraction obtained on size exclusion
chromatography. The cross-linking reaction was terminated by the addition of 50 mM Tris-HCl (pH 7.5). After TCA
precipitation, samples were analysed by SDS-PAGE and then stained with CBB.

Size exclusion chromatography. TSK-gel G3000SW (Tosoh) or Superose 12 (Pharmacia) was used to analyze 80
mg of each of the purified SecA derivatives. The column had been equilibrated with 50 mM potassium acetate (pH
7.5) and was developed at the flow rate of 0.8 ml/min with the same buffer. Where specified, the buffer contained
5% 2-mercaptoethanol. Fractions of 0.2 ml were collected. Ferritin (440 kDa), aldolase (158 kDa), bovine serum
albumin (67 kDa), ovalbumin (43 kDa), and chymotrypsinogen A (25 kDa) were used as molecular mass markers.

Photoaffinity cross-linking. The intact SecA and truncated SecA derivatives were cross-linked with 0.1 mM [a-32P]
ATP as described (5). Where specified, the truncated SecA derivatives mixed in different combinations in 6M
guanidine-HCl were renatured through dilution and dialysis, and then subjected to photoaffinity cross-linking as
described (5). After the reaction, the samples were analysed by SDS-PAGE, followed by autoradiography.

RESULTS AND DISCUSSION

Deletion of the carboxyl-terminus prevents the dimer formation of SecA. N95 lacks the
carboxyl-terminal 70 amino acid residues (832-901) but is active in protein translocation in
vitro (5). Moreover, the secAts(Am) mutation of E. coli BA13 was complemented by the
expression of N95 (data not shown). In contrast, all the other derivatives examined in this
study did not complement the mutation. These results indicate that the carboxyl-terminal 70
amino acids including three cysteine residues are not essential for the SecA function, although
the deletion of this region or replacement of these cysteine residues with serine residues has
been reported to reduce the efficiency of SecB-dependent protein translocation (9, 10).

The purified N95 was eluted in the fraction corresponding to a molecular mass of about
180 kDa on size exclusion chromatography (Fig. 2A), suggesting that N95 possessing a molecu-
lar mass of 95 kDa exists as a dimer. When N95 was subjected to cross-linking with EDAC,
the major cross-linked product was found to be a dimer (Fig. 2B). In marked contrast, both
N76 (Fig. 2C) and N66 (data not shown), which lack the 675-901 and 583-901 regions (Fig.
1), respectively, were recovered in fractions corresponding to monomers. Furthermore, the
two derivatives migrated to the respective monomer positions on SDS-PAGE even after the
cross-linking reaction (Fig. 2D). These results indicate that deletion of the carboxyl-terminal
region from residue at 675 prevents the dimerization.

Deletion of a large amino-terminal region does not prevent the dimer formation. When size
exclusion chromatography was carried out in the absence of 2-mercaptoethanol, the purified
C28, lacking a large amino-terminal region (1-661), was eluted as two broad peaks. The faster
eluting peak corresponding to a molecular mass of about 410 kDa disappeared when the
chromatography was carried out in the presence of 2-mercaptoethanol (Fig. 3A), indicating
that C28 forms an oligomer through disulfide bonding at the carboxyl-terminal cysteine residue.
Aliquots of fractions 11 to 21 obtained in the absence of 2-mercaptoethanol were subjected
to cross-linking with EDAC, followed by SDS-PAGE analysis (Fig. 3B). A cross-linked product
having a molecular mass of about 55 kDa was observed for all the fractions examined. Since
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FIG. 1. SecA and its truncated derivatives. The construction of N95, N66, C53 and C28 has already been reported
(5). N76 was constructed as described under Materials and Methods. The open boxes represent regions derived from
SecA. Letters adjacent to the open boxes indicate amino acid residues derived from the vector sequence. N76 has no
extra amino acid residue at its carboxyl-terminus. Regions of SecA involved in the binding of ATP (6), the precursor
(7), and SecB (9) are indicated at the top.

FIG. 2. Deletion of the carboxyl-terminal region prevents dimer formation. Purified N95 (A and B) and N76 (C
and D) were analysed by size exclusion chromatography (A and C), or cross-linked with various concentrations of
EDAC, followed by SDS-PAGE (B and D) as described under Materials and Methods. Except for the sample (5 mg)
at 0 mM EDAC, 10 mg each of the derivatives was analysed by SDS-PAGE. The gel contained acrylamide at 5.5%
(B) or 8% (D).
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FIG. 3. The carboxyl-terminal region is involved in the dimerization of SecA. Purified C28 (A) and C53 (C) were
analysed by size exclusion chromatography in the presence (l) and absence (s) of 2-mercaptoethanol. Aliquots (40
ml) of the specified fractions obtained on size exclusion chromatography carried out in the absence of 2-mercaptoethanol
with C28, were subjected to cross-linking with 50 mM EDAC, and then analysed by SDS-PAGE (B). The sample in
the left lane was analysed without cross-linking. Cross-linking of C53 was also examined, as described in the legend
to Fig. 2 (D). Gels containing acrylamide at 11% (B) and 6.5% (D) were used.

C28, which was not subjected to cross-linking, exhibited a molecular mass of about 29 kDa
on SDS-PAGE (left lane in B), the 55 kDa product most likely represents the C28 dimer. In
addition to the 55 kDa band, cross-linked products larger than the dimer were observed in
fractions 11 to 15. Judging from their mobilities on SDS-PAGE, these bands most likely
represent the trimer, tetramer and pentamer of C28. In contrast, only the C28 dimer was
detected in fractions 16 to 21 as a cross-linked product. Moreover, essentially all the C28
molecule were recovered in these fractions in the presence of 2-mercaptoethanol (Fig. 2A),
indicating that the dimer formation is not dependent on disulfide bonding. Despite the large
amino-terminal deletion, C28 therefore seems to possess the region essential for the SecA
dimer formation. The C28 dimer may have an unusually elongated shape, since it is eluted in
fractions corresponding to a molecular mass of about 150 kDa (Fig. 3A).

Irrespective of the presence or absence of 2-mercaptoethanol, C53, lacking the 1-437 region,
was eluted in the fraction corresponding to a molecular mass of about 100 kDa (Fig. 3C).
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FIG. 4. Monomeric N76 is able to bind to ATP. Photoaffinity cross-linking of [a-32P] ATP to either a single
derivative or the given combinations of two derivatives was carried out and then analysed by SDS-PAGE, followed
by CBB staining (A) or autoradiography (B), as described under Materials and Methods.

Cross-linking of the purified C53 revealed that it mostly exists as a dimer (Fig. 3D). The 438-
661 region, which is present in C53 but absent from C28 (Fig. 1), therefore seems to prevent
the disulfide bond formation between C53 dimers.

Taking all the results together, we conclude that the 662-831 region, that is present in N95,
C53 and C28, but absent from N76 and N66, is responsible for the physiological dimer
formation of SecA.

Monomeric N76 is able to bind to ATP. SecA possesses two ATP binding sites (6). The
higher affinity site is located near the amino-terminus (Fig. 1) and can be photoaffinity cross-
linked with ATP (5). Truncated SecA derivatives, which retain the amino-terminal binding
site but lose the binding ability upon truncation, recover the binding ability when they are
subjected to denaturation-renaturation treatment together with another derivative which com-
plements the truncated region (5). The photoaffinity cross-linking assay revealed that N76, as
well as intact SecA and N95, is capable of ATP binding (Fig. 4B), despite that N76 exists as
a monomer. N66 alone did not bind to ATP whereas, after denaturation-renaturation treatment
with C53 but not with C28, N66 was able to bind to ATP (Fig. 4). C28 did not appreciably
enhance the ATP binding to N76. It has been shown that a derivative, which is slightly larger
than N76, exhibits elevated ATP hydrolyzing activity (9). N76 also exhibited ATPase activity
(0.04 mmole/min/mg), but it was considerably lower than that of intact SecA (0.16 mmole/
min/mg). Taken together, these results indicate that dimerization is not essential for ATP
binding but important for ATP hydrolysis.

ACKNOWLEDGMENTS

We wish to thank M. Yamanaka and M. Takayama for their technical assistance, and S. Nishikawa for the secretarial
support. This work was supported by grants to H. T. from the Ministry of Education, Science, Sports and Culture of
Japan (Nos. 06558096 and 07458148).

REFERENCES

1. Economou, A., and Wickner, W. (1994) Cell 78, 835–843.
2. Nishiyama, K., Suzuki, T., and Tokuda, H. (1996) Cell 85, 71–81.

94

AID BBRC 5730 / 6912$$$342 11-05-96 10:33:51 bbrca AP: BBRC



Vol. 229, No. 1, 1996 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

3. Akita, M., Shinkai, A., Matsuyama, S., and Mizushima, S. (1991) Biochem. Biophys. Res. Commun. 174, 211–
216.

4. Driessen, A. J. M. (1993) Biochemistry 32, 13190–13197.
5. Matsuyama, S., Kimura, E., and Mizushima, S. (1990) J. Biol. Chem. 265, 8760–8765.
6. Mitchell, C., and Oliver, D. (1993) Mol. Microbiol. 10, 483–497.
7. Kimura, E., Akita, M., Matsuyama, S., and Mizushima, S. (1991) J. Biol. Chem. 266, 6600–6606.
8. Cabelli, R. J., Dolan, K. M., Qian, L., and Oliver, D. (1991) J. Biol. Chem. 266, 24420–24427.
9. Breukink, E., Nouwen, N., van Raalte, A., Mizushima, S., Tommassen, J., and de Kruijff, B. (1995) J. Biol.

Chem. 270, 7902–7907.
10. Rajapandi, T., and Oliver, D. (1994) Biochem. Biophys. Res. Commun. 200, 1477–1483.
11. Shinkai, A., Akita, M., Matsuyama, S., and Mizushima, S. (1990) Biochem. Biophys. Res. Commun. 172, 1217–

1223.

95

AID BBRC 5730 / 6912$$$342 11-05-96 10:33:51 bbrca AP: BBRC


