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SecY is an indispensable component of the protein secretory
machinery of Escherichia coli
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Using a reconstitution system for protein translocation, the involvement of SecY in the translocation of secretory
proteins across the cytoplasmic membrane of Escherichia coli was studied. Anti-SecY antibodies raised against the N-
and C-terminal sequences prevented the functional reconstitution of the translocation system. Depletion of SecY from
the solubilized membrane preparation was performed by treatment with anti-SecY IgG, followed by removal of IgG with
protein A-agarose. The SecY-depleted preparation was inactive as to functional reconstitution. However, reconstitution
with it was demonstrated in the presence of a protein fraction, which was released from the anti-SecY immunoprecipi-
tate upon addition of the SecY fragment used to rais= the antibody. Reconstitution with the SecY-depleted membrane
fraction was also demonstrated in the presence of a purified SecY preparation. OmpT proteinase specificaiiy cleaved
SecY in the solubilized membrane preparation. The cleavage was accompanied by a decrease in the reconstituted
activity. Based on these findings we conciude that SecY is an indispensable component of the secretory machinery.

Introduction

Several genes controlling protein translocation across
the cytoplasmic membrane of Escherichia coli have been
identified by means of genetic approaches [1-3]. They
are the secA [4], secB [5], secD [3), secE [6], secF [3]
and secY [7.8] genes. Of these genes, the secD, secE,
secF and secY ones code for integral membrane pro-
teins. Although extensive biochemical studies have been
performed as to the functions of SecA [9] and SecB [10],
both of which can be easily purified as soluble forms
from overproducing cells, little is known about the
functions of other Sec proteins. This is most likely due
to that they are membrane proteins, and thus are hard
to overproduce and purify.

The secY (or pri4) gene was identified as a tempera-
ture-sensitive mutations, which results in accumulation
of presecretory proteins at a nonpermissive temperature
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[7.11]. The secY' phenotype was also demonstrated in
vitro [12]. This phenotype is suppressed by SecA in a
cell-free in vitro translocation system, suggesting direct
interaction between SecA and SecY [13]. A topological
model of SecY in the cytoplasmic membrane was pro-
posed [14]. Site-specific antibodies raised against syn-
thetic peptides corresponding to the N- and C-terminal
regicns of SecY, which are exposed to the cytoplasmic
surface of the membrane in the topological model,
inhibited protein translocation into everted membrane
vesictes [15]. Although these results suggest that SecY
plays an important role in the protein translocation
reaction, there is little direct biochemical evidence of it.

For biochemical studies, several groups recently pro-
posed reconstitution systems for protein translocation
{16-18]. Watanabe et al. [16] reported that presecretory
proteins were efficiently translocated into SecY-defi-
cient proteoliposomes, whereas two other groups [17,18]
reported that the translocation into reconstituted
proteoliposomes was markedly inhibited by anti-SecY
IgG. More recently, Brundage et al. [19] isolated a
fraction which is mainly composed of SecY, SecE and
an uncharacterized protein. Although proteoliposomes
reconstituted with this fraction exhibited translocation
activity, it was unclear whether SecY directly par-
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ticipated in the translocation reaction or not. Thus, the
essentiality of SecY for the translocation reaction is still
a subject of controversy.

In the present work, using a reconstitution system,
the involvement of SecY in the translocation of secre-
tory protein was studied extensively. Anti-SecY anti-
bodies, the synthetic SecY fragments used to raise these
antibodies, proteinase OmpT, which specifically digests
SecY, and partially purified SecY were effectively used
in thé reconstitution studies. The results obtained
strongly support the view that SecY is an indispensable
component of the translcoation machinery.

Materials and Methods

Bacterial strains and plasmids

Escherichia coli K003 (Ipp~, AuncB-C-Tn10) [20] was
used as the source of everted membrane vesicles. E. coli
RR1 harboring plasmid pMAN400 [21] which carries
the high expression sec4 gene, was used as the source
for SecA purification and reconstitution of proteo-
liposomes. E. coli W3110 and W3110 M25 (ompT) (22]
were also used for reconstitution studies. E. coli W3110
M25 harboring pMANS809 and pMANS510 [23], which
overproduces SecY and SecE, was also used. E. coli
W3110 M25 harboring plasmid ptrp-GP, which carries
the high expression ompT gene, was kindly supplied by
K. Sugimura, Suntory Institute for Biomedical Re-
search, and used for the preparation of OmpT pro-
teinase. Plasmids pK127 [24] and pOAD26 [25] encode
the genes for uncleavable OmpF-Lpp and proOmpA
D26, respectively. These genes are under the control of
the SP6 promoter.

Preparation of membrane vesicles, phospholipids and SecA
The everted membrane vesicles used for the in vitro
translocation assay were prepared from E. coli K003
cells as described previously [26]). Membrane vesicles
used for solubilization, fractionation and reconstitution
of translocation components were prepared from cells
of E. coli RR1 harboring pMAN400, W3110, W3110
M25 or W3110 M25 harboring pMANS809 and
PMANS10, as described [18). E. coli phospholipids
were prepared as described [18]. SecA was purified from
SecA-overproducing cells as described [27].

Preparation of site-specific antibodies against SecY

Five antibodies, which were denoted as antibodies
SecY-1, SecY-2, SecY-3, SecY-4 and SecY-5, were raised
against five synthetic peptides corresponding to the
Metl-Arg22, Alal03-Argl21, Glyl198-His216, Asn
338-Ala351 and Ser426-Argdd43 regions of the SecY
molecule [28], respectively, as described [18]. These
peptides were designated as peptides 1 through 5, re-
spectively. IgGs were isolated from these antisera on a
protein A-agarose column as described [18). Fabs were

prepared, on a protein A-affinity column, from these
IgGs after digestion with immobilized papain. The I1gGs
and Fabs, thus prepared, were dialysed against 50 mM
potassium phosphate (pH 7.5), and then concentrated
to 80 mg/ml by means of gel filtration.
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Reconstitution of the protein translocation system
Solubilization of membrane vesicles with octyl gluco-
side and reconstitution of the protein translocation sys-
tem were carried out as described previously [18). The
solubilization and reconstitution were also carried out
in the presence of 150 mM NaCl in some experiinents.

Assaying of protein translocation activity

Uncleavable OmpF-Lpp [24] and proOmpA D26 [25],
both of which were synthesized in vitro in the presence
of Tran®S-label [20], were used. Uncleavable OmpF-
Lpp is a model secretery protein, which is composed of
proOmpF and the major lipoprotein (Lpp) with an
uncleavable signal peptide and proOmpA D26 is a
derivative of proOmpA lacking 250 amino acid residues
at its C-terminus. The translocation into everted mem-
brane vesicles was performed as described [26] with the
following modifications. Everted membrane vesicles (2.5
pg in 5 pl) prepared from K003 cells were incubated on
ice with 11 pl of an anti-SecY antibody. ATP and
succinate were then added to final concentrations of 2
and 5 mM, respectively. After preincubation for 2 min
at 37°C, a precursor protein (about 100000 cpm/assay)
was added to initiate the reaction. The total volume of
the reaction mixture was 25 pl. After 1 min, the reaction
mixture was treated with 25 pg of proteinase K on ice
for 20 min. The translocation into reconstituted proteo-
liposomes was carried out as described [18]. In both
cases, the translocated proteins were detected as pro-
teinase K-resistant radioactive bands on an SDS-poly-
acrylamide gel by means of fluorography as described
[20]. Densitometric quantification of the bands was
carried out with a Shimadzu CS-930 chromatoscanner.

SecY-depletion from the solubilized membrane

Membrane vesicles were solubilized with octyl gluco-
side as described [18]. An IgG was then added to the
solubilized membrane (800 pg/200 pl) to a concentra-
tion of 45 pM (7.5 mg/ml). The mixture was incubated
on ice for 20 min and subsequently mixed with 200 pl
of protein A-agarose pretreated with 50 mM potassium
phosphate (pH 7.5), 1.25% octyl glucoside. After 10-min
shaking at 4°C, the mixture was centrifuged at 10000 X
g for 5 min to remove the resin. The resultant super-
ratant was then used for the reconstitution of proteo-
liposomes.

For the preparation of a large amount of the SecY-
depleted membrane fraction, 500 ul of the solubilized
membrane was incubated with an IgG at the concentra-
tion of 60 uM (10 mg/ml) at room temperature for 30



min and then applied to a protein A-agarose column (1
ml) which had been equilibrated with 50 mM potassium
phosphate (pH 7.5), 150 mM NaCl, 2.5 mg/ml E. coli
phospholipids, 1.25% octyl glucoside. The column was
then incubated for 30 min at room temperature and
eluted with the buffer used for the column equilibra-
tion. The pass-through fraction (1.5 ml) was collected
and glycerol was added to it to the final concentrations
of 10% (v/v). The fraction was divided, frozen and then
stored at —80°C until use.

Preparation of the ‘peptide 1-released’ fraction

IgG SecY-1 (2.3 mg) was added to the solubilized
membrane (300 pl). After 20-min incubation on ice, the
solution was mixed with 200 pul of protein A-agarose
equilibrated with 50 mM potassium phosphate (pH
7.5), 1.25% octyl glucoside. The resin was then re-
covered by centrifugation at 10000 X g for 5 min,
washed three times with an equal volume of 50 mM
potassium phosphate (pH 7.5), 1.25% octyl glucoside,
and then treated with 60 pl of peptide 1 in 50 mM
potassium phosphate (pH 7.5), 1.25% octyl glucoside.
The final concentration of peptide 1 was 100 M. The
mixture was shaken for 30 min at 4°C and then the
supernatant, designated as the peptide-1 released frac-
tion, was obtained by centrifugation.

Purification of SecY

Cytoplasmic membrane vesicles were prepared from
SecY /SecE-overproducing cells (W3110 M25/pMAN
809 and pMANS10), solubilized with octyl glucoside
and then subjected to Mono S column chromatography.
By means of immunoblot analysis, a SecY-rich and
SecE-deficient fraction was detected and pooled. The
procedure will be described in detail elsewhere. The
buffer composition for the final preparation was 50 mM
potassium phosphate, pH 7.5, 150 mM NaCl, 2.5% octyl
glucoside, 10% glyceroi. This preparation is called
hereafter purified SecY.

Purification of OmpT proteinase

Everted membrane vesicles prepared from OmpT-
overproducing cells were washed twice with 0.1%
sarcosyl as described [29]. OmpT was then extracted
from the washed membranes with 1.25% octyl glucoside
in 50 mM Tris-HCl (pH 7.5), containing 5 mM
ethylenediaminetetraacetic acid and 10% glycerol. The
purity of the final preparation was 60%.

SDS-polyacrylamide gel electrophoresis and immunoblot
analyses of Se-Y and SecE ’

A gel containing 12.2% acrylamide-0.33% N,N’-
methylenebisacrylamide was used according to Laemmli
[30]. All samples were applied to the gel without boiling.
The method for immunoblot analysis was described
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previously [31]. A Proioblot system (Promega) was used
for color development.

Materials

ATP, creatine kinase and succinate were obtained
from Boehringer, Mannheim. Octyl glucoside was
purchased from Dojindo Laboratories. Proicinase K
was from Merck and SP6 RNA polymerase from Takara
Shuzo Co., Ltd. Protein A-agarose and immobilized
papain were from Pierce. Tran’>S-label, a mixture of
70% [*S]methionine and 20% [*S]cysteine, 1000
Ci/mmol, was obtained from ICN. Anti-SecE anti-
serum was raised against peptide corresponding to the
Lys64—-Lys81 of SecE [6].

Results

Effects of site-specific anti-SecY antibodies on protein
translocation

We .ivst examined the effects of anti-SecY antibodies
raised against synthetic peptides corresponding to five
regions of the SecY molecule on the protein transloca-
tion into everted membrane vesicles. These regions are
thought to be exposed to the membrane surface [14].
IgGs SecY-1 and SecY-5 strongly inhibited the translo-
cation of a model secretory protein, uncleavable OmpF-
Lpp, whereas the other three IgGs did not (Fig. 1A).
Essentially the same results were obtained when Fabs
prepared from these antibodies were used (data not
shown). The inhibition of translocation by antibodies
which recognize the N- or C-terminus of the SecY
molecule has been reported [15].

In the presence of peptides 1 and 5, the inhibition by
IgGs SecY-1 and SecY-5, respectively, was abolished
completely, the abolition being specific to antigenic
peptides (Fig. 1B) Peptide 1 or 5 alone had no effect on
the translocation. The abolition was observed irrespec-
tive of the order of the addition of the IgG and the
peptide. These results indicate that the inhibition of the
transiocation was due to an antigen-antibody interac-
tion.

Although antibodies SecY-2, -3 and -4 did not inhibit
the translocation, immunoblot analysis revealed that
these antibodies interacted with SDS-denatured SecY as
extensively as antibodies SecY-1 and SecY-5 did (data
not shown). The results suggest that the target SecY
domains on everted membrane vesicles are inaccessible
to these antibodies or that the interaction with these
antibodies does not interfere with the function of SecY.
The periplasmic localization of the SecY-3 site has been
proposed [14]. Everted membrane vesicles were, there-
fore, solubilized with octyl glucoside, treated with 1gGs
and then reconstituted into proteoliposomes. No pro-
tein translocation activity was reconstituted in the pres-
ence of IgG SecY-1, whereas IgGs SecY-2, -3 and -4 did
not inhibit the functional reconstitution of proteo-
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liposomes (Fig. 1C). Essentially the same results were
obtained when these IgGs were added to reconstituted
proteoliposomes  after freezing-thawing, which effec-
tively destroys the memb:ane structure [32] (data not
shown).

Depletion of SecY from the solubilized membrane results
in failure of reconstitution of active proteoliposomes

The octyl glucoside-solubilized membrane was treated
with IgG SecY-1 and subsequently treated batchwisely
with protein A-agarose to remove the IgG. The extract
thus treated with protein A-agarose contained little
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IgG, more than 99.99% of the added IgG being removed
(data not shown).

Proteoliposomes were then reconstituted with the
extract and subjected to the translocation assay (Fig.
2A). IgGs SecY-1 and SecY-5 effectively lowered the
translocation activity. These results indicate that SecY
or a component(s) coimmunoprecipitated with it is es-
sential for the in vitro translocation reaction. IgGs
SecY-2, -3 and -4 as well as non-immune IgG did not
lower the translocation activity, suggesting that these
IgGs were ineffective in binding to and hence removal
of SecY.

Reconstitution of translocation activity from the solubi-
lized and SecY-depleted membrane and the peptide I-re-
leased fraction

The solubilized membrane preparation was treated
with IgG SecY-1. The resulting immunoprecipitate was
then treated with peptide 1, and the released fraction
(peptide 1-released fraction) was mixed with the solubi-
lized and SecY-depleted membrane. The mixture was
then subjected to reconstitution. The reconstitution in
the presence of the peptide 1-released fraction resulted
in the appearance of translocation activity, which was
comparable to that obtained with the whole solubilized
riembrane treated with non-immune IgG (Fig. 2B).
Neither the SecY-depleted extract nor the peptide 1-re-
leased fraction alone resulted in functional reconstitu-
tion. This result further supports the view that SecY or
a substance(s) coimmunoprecipitated with it par-
ticipates in the translocation reaction. It also suggests
that SecY is not the sole membrane component of the
translocation machinery.

By means of immunoblotting, determination of SecY
in the preparations used for these reconstitution studies
was attempted. Nc quantitative results were obtained,

Fig. 1. Effects of five antibodies raised against distinct regions of
SecY on the translocation of uncleavable OmpF-Lpp into everted
membrane vesicles. (A) Everted membrane vesicles were incubated on
ice for 30 min with an IgG at the indicated concentrations prior to the
translocation assay. The amount of uncleavable OmpF-Lpp trans-
located in the absence of an antibody was taken as 107%. Symbols @,
O, A, &, O and B represent IgGs SecY-1, SecY-2, SecY-3, SecY-4,
SecY-5 and non-immune IgG, respectively. (B) Synthetic peptide 1 or
5 was added to the final concentration of 100 pM to everted mem-
brane vesicles which had been treated with the indicated species of
IeG (12 pM) on ice for 30 min. After 30-min incubation on ice, they
were then subjected to the translocation assay. A fluorogram of
translocated uncleavable OmpF-Lpp is shown. The arrows indicate
the order of the IgG and synthetic peptide treatments. (C) The effects
of anti-SecY IgGs on the reconstitution of translocationally active
proteoliposomes are shown. Solubilized membrane derived from
SecA-overproducing cells was treated with 15 pM IgGs on ice for 30
min, followed by reconstitution. The resultant proteoliposomes were
assayed for translocation activity at 37°C for 10 min using uncleava-
ble OmpF-Lpp as a substrate. The activity of proteoliposomes which
were not treated with an IgG was taken as 100%.
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Fig. 2. SecY-depletion with anti-SecY IgGs resulted in the failure of
the reconstitution of translocation activity, and the loss with IgG
SecY-1 was restored by the addition of the peptide 1-released fraction.
(A) Solubilized membrane prepared from SecA-overproducing cells
was treated with the indicated concentrations of anti-SecY 1gGs,
followed by batchwise-treatment with protemn A-agarose. The re-
sultant supernatants were then subjected to reconstitution and trans-
location activity of the reconstituted proteoliposomes was assayed
using uncleavable OmpF-Lpp as a substrate. The relative rates of
translocation were then plotted against the concentrations of the
1gGs. The rate of translocation, exhibited by proteoliposomes recon-
stituted in the absence of IgG, was taken as 100%. The 1gGs used
were SecY-1 (0), SecY-2 (a), SecY-3 (&), SecY-4 (O), SecY-5 (@) and
non-immune (@). (B) The solubilized membrane was treated with 45
pM IgG and protein A-agaroce as in A. The IgGs used were none (o).
non-immune IgG (@) and IgG SecY-1 (a). In another experiment (a),
the IgG SecY-1-treated sample (200 ul) was supplemented with 50 pl
of the peptide 1-released fraction, which was prepared as described
under Materials and Methods. The peptide 1-released fraction alone
was also used (00). All samples were then subjected to reconstitution
and the translocation activity reconstituted was assayed using un-
cleavable OmpF-Lpp as a substrate.

however. As will be discussed in the next section, this
was most likely due to the rapid cleavage of the major-
ity of SecY by the proteinase OmpT in the solubilized
membrane.

Treatment of the solubilized membrane with OmpT results
in degradation of SecY and failure of functional recon-
stitution

During the course of this work, it was reported that
OmpT, an outer membrane proteinase [33,34], specifi-
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cally cleaves SecY in the solubilized membrane into at
least two fragments, 22 and 16 kDa ones [19,35). We
prepared everted membrang vesicles from both ompT™
and ompT~ cells and determined, by means of immuno-
blotting with anti-SecY-1 antiserum, the rate of break-
down of SecY in an octyl glucoside solution. Rapid
degradation of SecY was observed with ompT™* vesicles
with a concomitant increase in the 22 kDa fragment
representing the N-terminal half of SecY, whereas SecY
was quite stable in the ompT~ background, indicating
that OmpT was responsible for the rapid degradation cf
SecY in the octyl glucoside solution (Fig. 3A). It should
be noted that the overall protein profile of the ompT™
membrane preparation was unchanged after 30-min in-
cubation in the octyl glucoside solution (Fig. 3B), sug-
gesting that the degradation by OmpT was highly
specific to SecY.

The solubilized and incubated membrane was then
reconstituted into proteoliposomes and examined for
translocation activity (Fig. 3C). A clear difference in
translocation activity between proteoliposomes derived
from the ompT* membrane and those from the ompT~
one was observed. Since the OmpT digestion was highly
specific to SecY, this observation again supports the
importance of SecY in the translocation reaction. It
should be noted that the proteoliposomes reconstituted
from the ompT* sample still exhibited significant trans-
location activity, even though the SecY content of the
membrane thus treated was quite low. As will be dis-
cussed in the next paragraph, this is most likely due to
the fact that the cleaved SecY fragment was still active.

In another set of experiments, the results of which
are shown in Fig. 4, purified OmpT was used to ex-
amine the relationship between the SecY digestion and
the failure of functional reconstitution. The membrane
fraction prepared from ompT~ cells overproducing SecY
and SecE was solubilized with octyl glucoside and then
treated with different amounts of purified OmpT. The
cleavage of SecY into 22 and 16 kDa fragments was
observed on immunoblot analysis with anti-SecY-1 and
anti-SecY-5 antisera (Fig. 4A), whereas SecE (data not
shown) and other membrane proteins (Fig. 4C) were
highly resistant to OmpT under the conditions used.
The 22 and 16 kDa fragments specifically reacted with
anti-SecY-1 and anti-SecY-5 antisera, respectively, indi-
cating that the 22 and 16 kDa fragments correspond to
the N- and C-terminal halves of the SecY molecule,
respectively (Fig. 4A) [19]. The OmpT-treated samples
were then subjected to reconstitution, followed by as-
saying of translocation activity. Parallelism was ob-
served between the extent of SecY degradation (Fig. 4B)
and the loss of translocation activity (Fig. 4D). The
more extensive degradation of SecY observed with the
reconstituted samples (compare Fig. 4B with Fig. 4A)
reflected further degradation during the reconstitution
reaction.
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Fig. 4. Degradation of SecY by purified OmpT and its effect on reconstitution of translocation activity. (A) Solubilized membrane (45 pl, 225 pg of
protein) .prepared from cells of W3110 M25/pMANS09 and pMANS510, overproducing SecY and SecE, was treated with 5 pl of the OmpT
preparation containing 10 (lane 1), 1 (lanes 2, 6 and 7), 0.1 (lane 3) and 0.01 pg (lane 4) of OmpT, or without OmpT (lane 5). The samples were
then subjected to SDS-polyacrylamide gel electrophoresis, followed by immunoblot analysis with a mixture of antisera SecY-1 and SecY-5 (lanes 1
Phrc.)ugh 5), antiserum SecY-1 (lane 6) or antiserum SecY-5 (lane 7). The positions of intact SecY and 22 kDa and 16 kDa fragments of SecY are
indicated. (B) The same samples were reconstituted into proteoliposomes and then aliquots (40 xl) were subjected to SDS-gel electrophoresis,
followed by immunoblot analysis as in A. (C) The samples (25 pug protein) for lanes 2 and 5 in A were analysed by SDS-polyacrylamide gel
electrophoresis, followed by Coomassie brilliant blue staining (lanes 1 and 2), respectively. (D) The reconstituted samples in B were assayed for
translocation activity. The samples for O, O, a, 4 and ® correspond to those for lanes 1, 2, 3, 4 and 5 in B, respectively.



It was interesting that some reconstituted proteo-
liposomes (Fig. 4B, lanes 2 and 3) were appreciably
active as to translocation although they did not contain
a detectable amount of intact SecY, whereas further
digestion into smaller fragments resulted in an almost
complete loss of translocation activity (Fig. 4B, lane 1).
These results suggest that the cleaved SecY fragments
(22 kDa and 16 kDa ones) are active to some extent,
unless they suffer further degradation. The cleavage of
SecY by OmpT into at least two fragments and the
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possible participation of the latter in the translocation
reaction have been discussed [19].

Purified SecY triggers reconstitution from the solubilized
and SecY-depleted membrane

Everted membrane vesicles prepared from ompT-
cells were solubilized with octyl glucoside, treated with
IgG SecY-1 and then protein A-agarose, and then re-
constituted into proteoliposomes. Immunoblot analysis
clearly demonstrated the removal of SecY on the treat-
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Fig. 5. Purified SecY triggered the reconstitution from the solubilized and SecY-depleted membrane. (A) Solubilized membrane prepared from
W3110 M25 cells was treated with either non-immune IgG (0, @) or IgG SecY-1 (4, &), applied on a protein A-agarose column and then subjected
to reconstitution. The translocation of proOmpA D26 was then assayed in the absence (O, a) or presence (@, a) of 100 1M peptide 1. The amounts
of proteir, translocated are expressed as percentages of the input praOmpA D26. Photographs: Reconstituted proteoliposomes (40 pg) were also
subjected to immunoblot analysis after SDS-gel electrophoresis with anti-SecY-1 (upper half) or anti-SecE (lower half) antiserum: lane 1,
non-immune IgG-treated; lane 2, IgG SecY-l-treated. The positions of SecY, the 22 kDa SecY fragment and SecE are indicated. (B) The
SecY-depleted sample (86 pl) in A was mixed with 20 u1 of purified SecY and 20 g of the buffer, in which SecY was dissolved, (@) or 40 pl of the
buffer (a), and then reconstituted into proteoliposomes. Solubilized membrane treated with non-immune IgG and then with proiein A-agarose
alone (O), and the purified SecY alone (O) was also reconstituted under the same conditions. All proteoliposomes were then a_ss_ayed for
translocation activity in the presence of 100 uM peptide 1. Photographs: Lane 1, Coomassie brilliant blue staining of the purified SecY
preparation; lanes 2 and 3, immunoblot profiles with anti-SecY-1 (upper half) and anti-SecE (lower half) antisera of the sampies (30 pg)
reconstituted without (lzne 2) and with (lane 3) purified SecY. The positions of SecY and SecE are shown.
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ment with IgG SecY-1 and protein A-agarose (Fig. 5A).
The treatment also resulted in the loss of translocation
activity (Fig. 5A). The SecE content, on the other hand,
remained unchanged after the treatment (Fig. 5A). The
activity was not restored on the addition of peptide 1,
indicating that the loss of activity was rot due to
contamination by IgG SecY-1 of the reconstituted pro-
teoliposomes. The results shown in Fig. 5A also show
that peptide 1 had no effect on the translocation.

Purification of SecY was carried out as described
under Materials and Methods. The SecY preparation
thus obtained did not contain detectable amounts of
SecE and the uncharacterized protein, both of which
have been reported to be copurified with SecY from the
SecY-non-overproducing cells [19] (Fig. 5A). From the
SDS-gel profile, the SecY content of the preparation
was determined to be about 20% (Fig. SB lane 1).
Reconstitution experiments were then carried out start-
ing from both the solubilized and SecY-depleted mem-
brane and purified SecY. The proteoliposomes thus
reconstituted in the presence of SecY contained an
appreciable amount of SecY (Fig. 5B, lane 3) and
exhibited appreciable translocation activity, which was
comparable to that exhibited by the proteoliposomes
reconstituted from the solubilized membrane treated
with non-immune IgG (Fig. 5B). Neither the SecY-de-
pleted preparation nor the purified SecY alone caused
the reconstitution of active proteoliposomes. The results
strongly suggest that SecY is an important component
of the translocation machinery.

Discussion

Although genetic studies have clearly indicated the
essentiality of SecY for protein secretion in living cells
[7,11,36], the direct involvement of SecY in the translo-
cation reaction has been a subject of controversy. In the
present work, we intended to clarify biochemically,
through the use of a reconstitution system for protein
translocation, whether or not SecY is involved in the
translocation reaction. All the results we obtained sup-
port the involvement of SecY. The results are discussed
below:

(1) Inhibition of in vitro translocation activity by
anti-SecY antibodies has been reported for everted
membrane vesicles [15] and for reconstituted proteo-
liposomes {17,18). We confirmed this in a more quanti-
tative manner by using antibodies raised against syn-
thetic SecY fragments. We further demonstrated that
the synthetic SecY fragments specifically suppressed the
inhibition of the translocation reaction by the antibod-
ies. Moreover, a fraction which was immunoprecipitated
with IgG SecY-1 and released from it on the addition of
peptide 1 appreciably stimulated the reconstitution from
the SecY-depleted membrane preparation. These results
strongly support the involvement of SecY in the translo-

cation reaction. However, the possibility that a compo-
nent coimmunoprecipitated with SecY, but not SecY
itself, is the factor which is directly involved in the
translocation reaction could not be excluded. SecE and
an uncharacterized protein were reported to be cofrac-
tionated through a purification process for SecY [19].
No coimmunoprecipitation of SecE with SecY was ob-
served in the present work, however. No information
was available as to the presence of the uncharacterized
protein in the immunoprecipitated or the peptide 1-re-
leased fraction.

(2) OmpT, an outer membrane proteinase, digests
SecY in a detergent-solubilized membrarne into at least
two fragments [19,35). We found that the digestion was
highly specific to SecY, the digestion of other mem-
brane proteins, including SecE, being hardly detected
under the same conditions. The cleavage was accompa-
nied by a decrease in the reconstitution of translocation
activity.

(3) When the SecY-depleted membrane preparation
was subjected to reconstitution, translocation activity
appeared only when the SecY preparation was added.
Although the SecY preparation was contaminated by
several proteins, no SecE was detected in it. Further-
more, none of the contaminating protein bands detected
on an SDS-gel corresponded to the uncharacterized
protein.

Thus, the involvement of SecY in the translocation
reaction was supported by (a) the inhibition by anti-
SecY antibodies, (b) suppression of the inhibition by
epitopic SecY fragments, (c) active participation of the
peptide 1-released fraction in the reconstituted translo-
cation activity, (d) specific digestion of SecY by OmpT,
which was accompanied by a failure of reconstitution,
and (e) restoration by purified SecY of active recon-
stitution from the SecY-depleted sample. Although none
of these observations alone is sufficient as proof for the
direct involvement of SecY, they together strongly sup-
port the essentiality of SecY. Taken together with previ-
ous genetic and biochemical observations on secY™
mutants [7,8,11-13,36], we conclude that SecY is an
indispensable component of the secretory machinery.
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