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SceE waix idllib!llih‘!d from &teL-uwrpvmtming £, enli el wnd purified through lon &wh.mgv und size vtc! islan chrumatagmphm. When the

solubilized membrane contuining overpreduced amounts of SeeY und SveB wis fractionaled by means of size exelusion chramatagraphy, the wo

proteiny were cluted in different leactiont with slight overlapping. Protecliposomes active in pratéin ranslocution were reconstituted from these

fractiony anly when both SecE und SeeY were present. When reconstitution wis enrried out with the purified Secl und fractions n.unlmmng SceY

but mﬂy a small nmount of SeeE, the rexultunt prewolipasomer eshibited wppreciable translocution uetivity, indicating that SecE it exsential Far

- prolein trantdocation. The translocation aclivity afpruh:nlipusumcs way praportional 1 the amaunt of purificd SecE uked far ttﬂﬁnimnucn SeeEs
: dcpcndcn! pratohs trinsleeation abselul nly required ATP and SecA,

Overpraduction; Prowin secredon: Reconstitution: SecE; SecY

1. INTRODUCTION

Genetic studies have revealed that several factors are
involved in protein translocation across the cytoplasmic

membrane of Escherichia coli [1,2]. Among them,

SecE, SecY, SecD and SecF have been assumed to con-
stitute the translocatjion machinery in the gcytoplasmic
membrane. Biochemical characterization of their func-

tions, therefore, requires their solubilization and

*purification, and thelr reconstitution into liposomes.
Reconstitution of the protein translocation system of £.

cofi has been reported [3-5]. None of the studies dealt .

with purified proteins, however. Brundage et al. [6]

recently isolated a fraction containing SecE, SecY and

an uncharacterized protein as major components. The
fraction exhibited protein translocation activity when it
was reconstituted into liposomes. Although' this sug-

. gested the importance of SecE and/or SecY for protein -

_ translocation, it was not yet clear which component(s)
in the fraction is essential for protein translocation, -

We recently succeeded in the overproduction of both
SecE and SecY [7]. In this paper, we report the purifica-

tion of SecE from SecE-overproducing cells and present
evidence that SecE is essential for protein translocation.
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2. MATERIALS AND Msmoos

2.\, Bacierial sirains uid plosinids

E. coli W31 10 M25S ©OmpT ™) [8) was transfonned with pMANSO‘) ‘
for the overproduction of SeRE or with pMANSLY and pMANSIO for.
the simulianeeus overptodiction of SecE and SecY [?). The aver-
procuction was induced by IPTG as reported (7). pOAD26 carrles the
ainpA-D26 gene encoding proOmpA D26, which is a derivative of
proOmpA and Iacks about 280 amino acid residues at ils C-terminus
(J\nnanmru K., Yumada, H. and Mizushima, 8., unpubhshed daia).
The gene is undcr the control of 3P6 promaoter.

2.2, Preparation of 1the cytoplasmic membrane,” SecA - and:
phospholipids o ) ‘
The cytoplasmic membrane. was prepared from SecE- or
Se¢E/SecY-overproducing cells as reported (9], SecA was purified as
described [10], £, cofi phospholipids were prepared as reported [5).

© 2.3, Purification of SecE

Cytoplasmic. membrane fractions prepared  from  SecE-
overproducing cells were solubilized at | mg protein/ml on ice for 10
min with 2.5% octylglucoside containing 20 mM Ttis-HCl (pH 7.5},
1097 (w/v} glycerol and 2.5 mg/ml E. coli phosphalipids. After
ultracentrifugation at 140 600 x g for 30 nin in a Beckman TLA
100.3 rotor, the supernatant containing 23.8 mg of protein was ap--
plicd on a Monc Q, an anion exchanger, column (1 cm’ x 10 ¢m;
Pharmacia), which had been equilibrated with 2.5% octylglucoside
and 20 mM Tris-HCI (pY 7.5), The colimn was then developed at the
flow rate of 4 ml/min with a linear gradient of 0«~1' M NaCl in the
same buffer, The amount of SecE in each fraction was determined by
SDS-polyacrylamide gel electrophoresis followed by immunaoblotting
with anti-SecE antiserum. The pass-through fraction (36.5 ml), which
contained most of the SecE, was concentrated to 5 ml by means of
membrane filtration. An aliquot (0.5 ml) of the concentrated fraction
w#as further purified by size exclusion chromatography on a Superose -
{2 HR column (I em X 90;cm; Pharmacia), which had been
equilibrated with 2.5% octylglucoside containing 50 mM potassium
phosphate (pH 6.95), 10% glycerol and 150 mM NaCl. The column
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war devetoped with the same buffer at the fMow rdte of D4 mi‘nin.
The amount of S¢¢E Hn ¢aeh Tracrion was determined by denmsitomeirk
" sganning af the Coomussie beilllang blue-siained gels. She ex¢luden
shunmnmraphy wis perfarmed 1gn tivtes, and Fractions containing

‘ch with & putity of aboul 70%% v.m- combined and mnunumcd '

2 -I Rrrammmmn af pruleuhpumnw! m.mmu protein
translacation

The reparted wndlulum |$l were dighily medified. Allguots NOD
Ak of fractions obtained on size ewlinlon shromatography of 1he
wilubllized  membrane  fracdon  derived  from  SeBsS Y-
averpredacing el were mixéd with 1,25 mg £, cefi phosphelipids in
31.5% oaylglucovide, Wherd spegified, purifiat S«B was alvo added
ta e mixture, ATier J0amin incubstion on fog, the mixiure way rapid
by diluted with 4.6 enl of 30 mM petassium phosphate (pH 7.8} con-
taining 150 mM NaCil, and then incubated at roam temperatuse foe 4
min with stirring, - The protecliposemes Tormed were recoversd,
- supended In 10D pl of 30 mM potssium phosphaie (pH 7.8} and 150
‘mM NaCl, frozen, thawed and saniciied as deseribed 15

2.5, 1w vitrn transeriprion and transtinion :
In vitro tranxcription af the ompsl 026 gene way performed as in
(1), The wransition reaciion was careied out In the presense of
“Tran'*S-label (0.46 MCisml) as deseribed [12), [S]Mathioning
labe!ed‘pmf)mpi\ D26 wiis partially purified as reperted [13).

2.4, Pramn lrmu(omﬁml

Aliquels (15 pb) of the reconstituted prutcullposcmes were mixed
with 1 gl af 1.5 my/ml SecA and § pl of 30 mM porassium phosphate
{pH 7.5) containing 10 mM MgSC:, 10 mM ATHE, 30 mM NaCland
an ATP generating system composes of 50 mdt eremine phosphate

and |28 mg/ml of creatine kinase. After 3-min preineubation o
© 37%C, the asyny wos startzd by the addition of 4 al of [**Simethionine.
labeled proOmpA D26 (2 x 10" epm). The translocated protein,
~which was proteinase Keresistant, .was etected on an. SDS-
polyacrylamide gel by means of fluarography, as described [14), Den-
sitometrie quantification of band materials was carried out with a
Shimadzu C8.930 chromatoscanner, The amounts af translocated
proOmpA D26 were c:prcsscd as pcrcenmgcs of the input precursor
prou.'m.

2.7, reparation of anti-SecE and umi-Sec'Y antisera

Peptides corresponding 1o the Lys**-Lys*! region of ScéE i15]and '

the Met'-Arg?? region of Scc¥ [16] were synthesized and used to raise
antisera against the peptides as described [5).,

' 2.8, SDS-Polyacrylamice gel elecirophoresis, and tmmaMobloHing

analysis af SecE and SecY .

" A gel containing 13,5% acrylamide/0,36% N,N'-methylene-
bisacrylamide was used according 1o Laemmli [17]. All samples wera
applied to the gel without boiling. Immunoblot analyms was carried
out as described (18],

2.9. Materials

n-Ociyl-3-D-glucopyranoside  was puéchased from Dojindo
Laboratorjes, Tran’’S-label was obtained from ICN.

3, RESULTS

3.1, Puri‘ﬁcan’on of SecE from SecE-overproducing
cells ‘

The cytoplasmic membrane prepared from SecE- .

" overproducing cells was solubilized with 2.5% oc~
" tylglucoside, and the supernatant containing more than
95% of the membrane protein was subjected to anion

exchange :chromatography. Most of the SecE was .

.recovered in the pass- through fraction, whereas the ma-
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jarny of csther proteiny were retained by the resin, The
pass-through fractions enriched with SecE were com-
bined, concentrated and urther fractionated by xize ¢x-
¢lusion ehromatography, Fractions corresponding toan
apparent molecular mass of 30-50 kDa were combined
and concentrated as the final SecE preparation, SecE
having a molecular mass of 13.6 kDa scemed 10 he‘
oligomeric under these conditions, .

The Sec¢E-containing fractions abeained !hroughnul ‘

the entire purifieation steps were ‘analysed by SDS-

polyacrylamide gel slectraphoresis (Fig. 1}. The Seckk
centents were then determined by densitometrie scann-
ing of the Coomassie brilliant Blue-stained gels (Table .
1), The purify of the fma\ SecE preparation was about

70%,

The N-terminal 20 ammo acid sequcme of the

‘purified Se¢E was found 10 be the same s that deduced

from the DINA sequence of the secE gene [19] except for

“the absence of N-terminal methionine.

. 3.2, SecE is an essential cumponen! of the protein

transtacation machinery S
The cytoplasmic membrane prepared from
SecE/SecY-ovarproducing cells was solubilized with oe-

‘tylglucoside, More than 95% of SecY and SecE were

recovered in the supernatant, The supernatant was then
subjected to size exclusion chromatography. The
amounts of SecE and SecY in cach fraction were deter-

12 3 4

| SecE—

Fig. 1. -Purification of SecE, as revealed by SDS-polyvacrylamide get
electrophoresis. Fractions obtained at each purification step were
analysed on 13.5% polyacrylamide gel and stalned with Coomassie
brilliant blue R-250, The positions of SecE and maolegular weight
markers are also indicated . (Lane 1) The cytoplasmic membrane frac-
tion derived from SecE-overproducing cells (7.3 ug); (lane 2) oc-

. tylglucoside supernatant of cytoplasmic membrane vesicles (7 pg);
{ane 3) Mono Q pass-through fraction (3.5 ug); (lane 4) Superose 12

HR fractlon (1.0 ug).
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Table | ‘
Purilicavion ol Se¢E

Sample . Prowdn (my) S«B (mg)®  Purhy (%) Revovery (%)
Membrane | %0 4 1xé 100
Oxyiylucesds ‘ A
D supernatant  JLA L N3 LN 94
Mene Q@ 340 (+8 1.3 e 26
Superose ‘ o
13HR 097 Q.66 8.0 19

*The amawnt of Seck In cach sample wa determingd by densitoms ric
wanning al the Coomassic brilliant Blugsigined gel shown in Fig. }

mined by immuneblatting with antibodics rnisx:d
against SecE and SecY, respectively (Fig. 2A}). SecE and

SecY were eluted in different fractions with slight.

overlapping. Judging from the elution profile, SecY,

% Transiotaled

VA

1
Fraction Numbor

Fig. 2. Scparation of SecY and SecE by ' size exclusion
chromatography (A) and sibsequent reconstitution of protein

transiocation activity (B). (A) The cyloplasmic membrane prepared-

from SecY /SecE-overproducing cells was solubilized at 1 mg pro-
tein/ml with 2.5% octylglucoside inthe presence of $0mM potassium
‘phosphate (pH 6.%5), 150 mM NaCl, 10% glycerol and 2.5 mg/m! E.
coli phospholipids, An aliquot {500 ul) of the supernatant was sub-

jected to size exclusion chromaltography as deseribed in the purifica-

tion of SecE. The amounts of SecY and SecE (broken line) in each
fraction (0.5 ml) were deterntined by immunoblotting with anti-SecY
and anti-SecE antisera, respectively, followed by densitometric scann-
-ing. The maximum values for the amounts of SecE and Sec¥ were
taken as 100%,. The column was standardized with ferritin (440 kDa),
‘aldolase (158 kDa), thyrdglqbulin (167 kDa), ovalbumin (43 kDa) and
ribonuclease A £13,7 kDa). The void voluma (V) was determined with
Blue dextran 2000. (B} Aliquots (100 ul) of individual fractions ob-

tainad on the size exclusion chromatography shown in A were mixed.

(», a)ornot mixed (©) with 1.9 pg of purified SecE and then éubjectcd
to reconstitution. Translocation activity of resultant proteoliposomes
was assayed for 20 min with (0,%) or without (4 )2 mM ATP.
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whieh hay a molecular mass af 49 k!)n [201. seems u; by
oligomeric as well,

Proteoliposomes were rm:@mrituted from various
fractions obtained an the ¢hromntography shown in
Fig. 2A and nssayed for translocation activity using
[?S]methionine-lnbeled ~ praOmpA D26 as a
presecretory protein (Fig. 2B). The trantlocated protein
was only found at the position of (he presecretory pro-
tein, indicating that the signal peptidase was not pro-
perly reconstituted info the proteoliposomes. High
translocation activity was obtained in fractions 15 and
16, which also had high SecE contents. No fractions

- devoid of SecE exhibited the reconstituted translocation

activity, irrespective of the presence or absence of SecY.
-The purified SecE was then mixed with the individual

fractions and reconsthition was performed (Fig. 2B).

SecE caused remarkable enhaneement of the activity
when fraetion 13 or 14, that contained only a low level
of SecE (Fig. 2A), was used, indicating the essential re-
quirement of SecE for the translocation reaction, No
translocation took place in the absence of ATP.

The time c¢ourse .of protwein translocation by pro-
tecliposomes recanstituted from pure SecE and a SecE-

“deficient fraciion (fractions 3 plus 14 in Fig. 2A) was 5

examined (Fig. 3A). SecE or the SecE-deficient fraction.
alone did not exhiblt translocation after reconstitution.
When both fractions were reconstituted together on the
other hand, the resultant proteoliposomes taok up pro-
OmpA D26 as a function of the incubation time..

In the experiment shown in Fig. 3B, proteoliposomes

~were reconstituted from the SecE-deficient fraction
~with various amounts of pur¢ SecE. The translocation

activity of the resultant proteoliposories linearly in-

10

0 & B & 8 i 0 ¢ 026 05 0.708
: Time (min) . SecE (pg)
Fig. 3, SecE-dependent translocatior of proOmpA D26. (A) Aliquots

(100 pi) of a SecY-containing but SecE-deficient fraction (fractions 13
plus 14 in Fig, 2A) and 1.9 pg of purified SecE were used for

- reconstitution. Time course of the translocation was assayed using

proteoliposomes reconstituted from the SecY.containing but SecE-
deficient fraction alone (&), purified SecE alone (o) or hoth (2), (B)
The SecY-containing but SecE-deficient fraction was mixed with
various amounis of purified SecE and reconstituted into liposomes.
.The translocation was assayed with (*) or without (°) SecA,
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crcascd with an increase in :he amourit of SecE, When
the translocation was assayed in the absence of SceA,
“the activity wax only margmal irredpecrive of the
-amount of SccE, :

4. DISCUSS!ON

Parucnpmmn of the secE gene product in protcin
translocation was demonstrated genetically [21,22).
Yery recently, il was proposed thar SecE functionally
interacis with SecY (23]. It was also reported that pro-
teoliposomes recanstituted from a membrane fraction
containing SecY, SecE and an uncharacterized protein
exhibited protein translacation [6). None of these pro-
teins has been purified 10 homogeneity, however, and
hence their essentiality for the translceation has not
‘been proved biochemically. En this study, we purified
SecE and showed that the reconstitution of pro-

teoliposomes active in protein translocation required
S¢cE. The SecE-dependent protein transfocation re-

quired both ATP and SecA, as the transiocation into
native membrane vesicles does. Since proteoliposomes
reconstituted with Se&cE alone did nor take up the
presecretory protein, it is clear that other membrane

component(s) are also required for the formation of the

_translocation machinery. ‘

An observation of Brundage ot al {6], i.e. that
translocation activity was recanstituted from a partially
purified complex containing SecY, SecE and an un-
characterized protein suggests the importance of SecY
for protein translocation. The participation of SecY in
the translocation reaction has also been supported by

the results of genetic [20] and immunochemical [24)

studies. The SecE-dependent oVerproduction of SecY

also suggests the involvemant of SecY in the transloca- .

tion reaction {7], Contrary to these, Watanabe et al.- [4]
reperted that SecY was dispensable for the
reconstituted translocation activity. It is essential to

perform experiments with purified SecY. SecY purifica- '

tion from SecY-overproducing cells is current]y in pro-
gress in this laboratory.
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