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translocation defect in Escherichia coli cells with reduced levels of
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Cellular extructs from cells with reducad synthesis of negatively charged phospholipids were fuund to support in vitro trunslocation of the precursor

of the auter membrane protein PhoE with inereused efficiency. Analysis of these extructs reveuled that they contuin increused levels of SccA. SecA

depletion resulted in a loss of the translocution stimulatory uctivity, which could be restared by re-addition of purified SecA. We conclude that

elevaied eytosolic levels of SecA counteract the reduction of translocation efficiency due to low levels of negatively chasged phaspholipids in the
inner membrune.

Protein trunslocation: SecA: PhoE: Bucteria! membrane

1. INTRODUCTION

Several studies have revealed that negatively charged
phospholipids in the £, coli inner membrane are impor-
tant for the export of proteins out of the cytoplasm [1.2].
In these studies lipid biosynthetic mutants were applied
(3.4] which have reduced levels of the major negatively
charged lipid phosphatidylglycerol (PG). Protein
translocation across the PG-depleted inner membrane
was inhibited [11]. Re-introduction of negatively
charged phospholipids into the membrane resulted in
compiete restoration of translocation (5], which indi-
cates the direct involvement of this class of lipids in the
translocation process.

In one study [1] it was noted that protein transloca-
tion was 2- to 3-fold enhanced when the in vitro transla-
tion—translocation reaction was carried out in the pres-
ence of o cell extract derived from the PG~ mutant
instead of an extract from a wild-type strain [1]. This led
to the suggestion that a factor present in the cytosol of
the PG~ strain compensates for the loss of translocation
efficiency.

In this study we used an E. coli strain with inducible
svnthesis of PG to investigate whether the transloca-
tion-stimulatory activity present in the cytosol is cou-
pled to the PG content of the inner membrane. The
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cytosolic fuctor responsible for stimulation of iransloca-
tion was identified as SecA. which supports the finding
that SecA-lipid interactions are important in protein
translocation [2].

2. MATERIALS AND METHODS

2.1. Bucterinl strains and growth conditions

E. coli KDL 11 [§)was grown at 37°C in L-Broth supplemented with
chlorumphenicol (20 ug/ml), kanamyein (50 ug/mi), tetrucyclin (10
ag/ml)and the uppropriute concentrutions of isopropylthiogalacioside
(IPTG, Sigma). £. coli MRE 600 [6] was grown a1 37°C in yeast broth,

2.2, Preparation of cell extracts and inverted nner membrate vesicles

Strain HDL 11 was grown at 0, 10, 20, 30 or 50 uM IPTG which
resulted in negatively charged phospholipid levels of 9.4, 14.5, 18.3,
20.2 und 20.4 mol%, respeetively [S). Inverled inner membrane vesigles
und S. 135 cell extract were prepared basically as deseribed [7). The
buffer used for the preparation of the extract was 40 mM Tris-acetate
pH 8, 4 mM Mg-ucetate. 28 mM K-acetate; 2 mM dithiothreiiol.
Inverted inner membrane vesicles with wild-type phospholipid compo-
sition were prepared from strain MRE 600. The protein content of the
different fractions was determined by the BCA protein assay (Pierce)
according to the manufacturer’s instruction, using bovine serum albu-
mine as a standard,

2.3. Proteins and antisera :

PrePhoE 8], SecA [9] and SecB [10] proteins were isolated and
puritied as described. Antiscra to SecA and SecB were a gift from H.
de Cock [11]. MS-labeled proizin A (278 CUmmol) was oblained from
Amersham.

2.4, [n vitro translucation reactions

In vitro translocation of prePhoE wus busically carried out us de-
seribed (8], [*S|prePhoE in 8 M urea was diluted 25-fold into a bufTer
(40 mM Tris-acelale, 4 mM Mg-acetate, 28 mM Keacetate, 2 mM
dithiothreilol} supplemented with 4 mM ATP. inner membrane vesi-
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cles (0.4 mg protein/mi) und 8-135 cell extract or SecA ux indicated.
After un incubation of 20 min ut 37°C, proteinuie K (200 ug/iml) was
udded to degrade all of the non-transloeated protein. Thix incubation
wias performed during 15 min ut 37°C, Phenylmethylsulfonyl fluaride
(2 mM) was added to inhibit the protease activity, und the sumples
were anulyzed by SDS-PAGE und auturadiography. Trinslocation
wis determined by liguid seintillation counting of the rehydrted ex-
cised protein bands (precursor and mature together) of the dried gels.
Translosation fficiency is expreased as the amount of translecuted
proteins relative (o the totud amount of precursor added per trunstaca.
tion reaction, :

2.5, Dewermination of Szed ane JieeB coments

The contents of SecA in S-135 cell extracts, inner membrune prepa-
rations und total cells of strain HDL 11 as well ax the SecB contents
of HDL 11 S.135 cell extracts were determined by quantitative western
blotting. From S-135 cell extracts, inner membrune vesicle prepars-
tions or total cell suspensions, 4, 38, or 14 ug protein, respectively, was
upplied to SDS-PAGE and clectrophoreticully transferred to nitrocel-
lulose sheets. As stundavds 10 to 180 ng of purified SecA or Seeld was
upplied. The blots were incubateciin Tris-buflered suline (TBS. 20 mM
Tris-HCI, pH 7.5, 150 mM NuCl) supplemented with 3% w/v gelatin,
After a 10 min wash in TTBS (TBS supplemented with 0.05% Tween
20) the nitrocellulose was incubated for 90 min with a polystonal
rabbit antiserum (dircsted against either SecA or SceB) which was
750-foldd diluted into TBS supplemented with 1% wiv gelating. The
blots were wushed for 10 rain in TTBS and subsequently incubated
with ¥S-labeled protein A (1 #Ci}in 15 ml of TBS-1% gelatine for |
h. After a 20 min wush in TTBS the blots were dried und an sutoradi-
opraph was mude, The parts of the nitrocellulose corresponding to
radiouctive protein bnnds were cut out and processed for liquid sein-
tillation counting. The radioactivity and the umount of protein present
in the stundurds were established to have a linear relation. ullowing
un aceurate determination of the SccA and SecbB concentrationsin the
samples (average relutive error < |0%).

2.6, SecA depletion of 8-135 cellelar extructs

In order to obluin protein A-Sepharose coupled to untibodies di-
rected againgst SecA, 10 mg of protein A-Sephurose 4B (Pharinuciu)
in 360 ul of 30 mM Tris-MCl pH 8.6. 150 mM NaCl was incubuterd
for | h ot room temperature wish 40 ul of anti-SecA antiserum. The
suspension was centrifuged for 3 min at 16,000 x g and the Sepharose-
containing pellst was washed twice with the same buller used for cell
eatract preparation, To remave SecA from the extracts, the activated
Sephurose was added to 100 1 8-135 extruct and incubated for 2 i ut
room temperature, The suspension was centrifuged for S minut | 6,000
x # und the supernatant was used as SecA-depleted extract after
determination of the residual SecA content which amounted lesk thitn

0.1 mg/g.

3. RESULTS AND DISCUSSION

3.1, Extracts from E. coli cells with reduced PG contens
have an increased capacity to support in vitro pro-
tein translocation '

S-135 cellular extracts were prepared from E coli
HDL 11 grown in the absence or presence of IPTG
which induces the synthesis of negatively charged
phospholipids in this strain. Different amounts of cell
extract from these cells were added to a translocation
system basically consisting of purified [*S]prePhoE.
inner membrane vesicles from wild-type strain MRE

600 and ATP. Fig. 1, panel A (lanes. 2-6) shows that an

increase of the concentration of cell extract in the

translocation mixture results in enhanced translocation
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Fig. |. Enhunced stimulation of prePhoE transiocation in the presenc.
of cell extract from cells with low PG contents. Panc! A lanes | show
u [(MS]prePhok reference. Lunes 2-6 show precursor and mature Phoi
bands. translocated (protected from proteolytic digestion) across
MREGU0 inner membrine vesicles in 25 i in vitro trunsiocution seac-
tions containing increasing amounts of celt eatraet from HDL1! ¢ells
with cither low PG contents (upper gel segment, no IPTG) or wild-type
levels of PG (lower gel segment, 50 #M 1PTG). Panel B, prePhoE
translocation was assayed in 25 ¢l trunslocution mixtures, contuining
0.8 pg/mil eellubiur extract from HDLI1 cells grown at the indicated
concentrutions of IPTG. Translocution efficieney is expressed as the
amount of translocated precursor and mature PholE bands relative to
the total nmount of added prePholE per trunslacation reuction,

of precursor and mature PhoE protein. Interestingly the
extract from cells with low PG content (the upper gel
segment. no IPTG) is more powerful in stimulation of
translocation than the extract from cells with a wild type
phospholipid composition (the lower gel segment, 50
uM IPTG). The translocation efficiency increased from
1.6%, when no extract was udded, to 10.3% and 5.0%
when cel] extracts were added from cells grown without
or with 50 uM IPTG. respectively. This result indicates
that the extract from cells with low PG contents con-
tains (an ¢lavated level of) a translocation-stimulatory
factor and supports the original observation by De Vrije
et al. [1] which was made using an in vitro synthesized
precursor. :

To investigate the relationship between the transloca-
tion stimulatory capacity and the synthesis of negatively
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Fig. 2. Quantitative analysis of SecA (@) und SecB (0) contents of eell

extracis from strain DL with different levels of PG, S-135 cell

extracts from HDL11 cells grawn at 0,10, 20, 30, or S0 uM IPTG were

unalyzed, SevA and SccB concentrations ure expressed in mg per g
total protein.

charged phospholipids, cell extracts were prepared from
HDLI11 cells grown at § different concentrations of
IPTG. As shown in panel B, the translocation efficiency
gradually increased from 3.8 to 8.3% when the used
lysates were from cells grown at decreasing concentra-
tions of IPTG (decreasing the level of negatively
charged phospholipids). This indicates that a trinsioca-
tion stimulatory factor in the cytosol counteracts the
translocation defect caused by low levels of negatively
charged phospholipids in the inner membrane.

3.2, Cells with redduced PG levels have increased cy-
tosolic SecA concentrations

Next, we attempted to identify the stimulatory factor.
As we have reported previously (8], efficient transloca-
tion of purified prePhoE can be accomplished in a de-
fined in vitro system containing either an $-135 cellular
extract or purified SecA and SecB proteins. Thercfore
the concentration of these two proteins in the different
lysates were determined by means of quantitative West-
ern blotting. Fig. 2 shows that with increasing inducer
concentrations the concentration of SecA decreases
twofold whereas the SecB concentration in the cellular
extract is not significantly affected.

This strongly suggests that SecA causes the stimula-
tion of translocation observed in the translocation ex-
periment sliown in Fig. 1, panel B since the SecA con-

-centration in the reaction mixture amounted 103, 103,
95, 76 and 61 nM when extracts from cells grown at 0,
10, 20, 30, or SO0 uM IPTG, respectively, were added.
These SecA levels fit into the concentration range which
has been shown to be effective in the in vitro transloca-
tion reaction (8].
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3.3, Increased cyto:alic SecA covcentrations are respon-
sible for stimulation of transtocation

In order to determine whether the stimulatory effect
is indeed due to different SecA concentrations in the cell
extracts, we depleted the § different extracts for SecA
by means of immunoprecipitation and assayed their ac-
tivity in the in vitro translocation assay. As shown in
Fig. 3, after depletion all extracts largely lost their ca-
pacity to support trunslocation (1.7% translecation effi-
ciency at 0 4M additional SecA). That this was the
direct result of SecA depletion was demonstrated by
addition of purificd SecA to the depletad extracts in the
translocation mixture resulting in & concentration-de-
pendent increase of translocation whick was the same
for all of the different extracts, despite their original
difference in translocation stimulutory activity. The de-
pletion procedure alone (see section 2) had no effect on
the translocation activity of the extracts since after a
blank depletion, in which pre-inununeserum was used,
the extracts retained full activity in translocation (not
shown).

Since it has been reported that SecA has strong and
functional inleraction with acidic phospholipids
[2.9.12.13] we asked whether the elevated SecA levels in
the cytosolic fractions from cells with low PG contents
are only the result of a shift in cellular localisation, from
the inner membrane to the cytoplasm or result from an
increase in total SecA production. Therefore we ana-
lyzed the SecA contents of inner membranes and com-
plete cells derived from cultures grown in the absence
or presence (S0 M) of IPTG. In agreement with local-
ization studies from Cabelli et al. [12], we found a de-
crease of the SecA content of the inner membrane from
2.7to 1.3 mg/g as the PG levels decreased. In total cells,
however, the SecA concentration was increased from
3.5 t0 4.7 mg/g, which indicazes that the different SecA
levels found in the cytosolic fraction of the cells are: due
to a change in both cellular lucalisation and total SecA
concentration,

SecA is involved in niany different stages of protein
export [2,14] and interacts with almost all factors in-
volved i the process [13,15.16). Several models on the
role of SecA in translocation have been proposed
[14.17). it is commonly believed that the major mode of
action of SecA is at the plasma membrane. Inseition of
SecA into the membranc bilayer has been suggested
[17]. Two recent observations support this idea; SecA
undergoes a conformational change when interacting
with liposomes containing negatively <harged
phospholipids [18] and is able to insert into a PG mon-
olayer in a nucleotide-modulated manner {9]. In the in
vivo situation this insertion could be accompanied by
a (partial) movement of the precursor into the mem-
brane.

The synthesis of SecA is supposed to be regulated by
autogenous repression; overpreduction leads to a re-
duction of translation [19]. The translation of SecA has
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Fig. 3. PrePhoE translogation was ussayed in an in vitro translogation

reuction which contained (0.8 ag/ul) cell exteact from HDLII cells

grown at 0 (s), 10 (o), 20 (@), 30 (5) or 30 uM IPTG (+) which were
depleted from SecA. and the indicated concentrations of SccA.

been demonstrated to be coupled to the export status of
the cell [20.21]. Translocation blocks resulting from
overproduction of an export incompetent precursor [20]
or mutations in the genes encoding membrane-embed-
ded components of the translocation machinery (SecY.
D uand E) [17.21] form a derepression signal for the
synthesis of SecA. Remarkably. u translocation defect

in the cytosol due to a SecB null mutation does nct .

trigger the SecA production [21]. This suggests that
SecA translation is specifically derepressed by export
defects located at the membrane (17). which includes
low levels of negatively charged phospholipids.
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