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Translocation of outer membrane precursor proteins 
across the Escherichia  coli inner membrane is  severely 
hampered in lipid biosynthetic mutants with strongly 
reduced phosphatidylglycerol (PG) levels  (De Vrije, T., 
De  Swart, R. L., Dowhan, W., Tommassen, J., and De 
Kruijff, B. (1988) Nature 334,173-175; Lill, R., Dow- 
han, W., and Wickner, W. (1990) Cell 60,271-280). 

Two independent methods were used to demonstrate 
that anionic lipids by virtue of their negative head- 
group charge are involved in membrane translocation 
of the precursor of the pore protein PhoE. Using a lipid 
transfer protein-based method we show that introduc- 
tion from lipid vesicles of PG and other acidic phos- 
pholipids but  not of phosphatidylcholine restores effi- 
cient translocation across the membrane of PG-de- 
pleted inner membrane vesicles. Moreover, trans- 
location was found to  be proportional to the PG content 
in vesicles isolated from strain HDLll  in which the 
PG content was altered by varying the synthesis of the 
PG-phosphate synthase. 

To reach their  functional  location,  precursors of periplasmic 
and  outer  membrane  proteins  in Escherichia coli have to  
translocate across the  inner  membrane.  During or shortly 
after  synthesis  precursor  proteins  undergo a  sequence of in- 
teractions  with  components of the  translocation  system.  In- 
tensive  study of this  system  has rapidly  led to  the  identifica- 
tion of several  cytosolic and  membrane  factors  with special- 
ized functions. The major chaperone  SecB keeps a subset of 
proteins  translocation-competent (1-4) most likely by pre- 
venting  precursor  proteins  from  adopting  an aggregated or 
folded state,  incompetent for translocation (5-7). The  periph- 
erally  membrane-bound SecA protein (8) was first identified 
as  an  ATPase  essential for translocation (9). Recently  it was 
discovered that SecA is necessary  for  high affinity  binding of 
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the  precursor-chaperone complex to the  membrane (10). 
Proper  attachment of SecA to  the  inner  membrane  appears 
to  be  dependent  on  the availability of binding  epitopes  on 
SecY, an  integral  membrane  protein  with 10 membrane- 
spanning  domains (11). The SecY protein is required for 
translocation (12-14) and  stimulates  the SecA ATPase  activ- 
ity (9). Attempts  to  isolate  this  protein have  led to  the 
identification of a protein complex, anchored  in  the cytosolic 
membrane,  consisting of SecY and  SecE  proteins (15). 

Several investigators have shown  that  membrane  phospho- 
lipids are also of importance  in  protein  translocation (for  a 
review see Ref. 18). Studies  on  signal  peptide-lipid  interac- 
tions  indicate  that in particular  the negatively charged  phos- 
pholipids  in  the E .  coli inner  membrane  are  essential (19,20). 
Direct evidence  for the  involvement of negatively charged 
phospholipids was provided by the use of E. coli mutants with 
modified biosynthesis of PG’ (21, 22), the major acidic phos- 
pholipid in the  inner  membrane. A mutation in the pgsA3 
gene,  encoding phosphatidylglycerol-phosphate synthase 
(PGP-synthase),  results  in  strongly reduced levels of PG  and 
cardiolipin (CL).  Translocation of precursors of the  outer 
membrane  proteins  PhoE  and OmpA  across the  inner  mem- 
brane of this  mutant was severely  impaired (23). Using an E. 
coli mutant with  inducible PG  synthesis, Lill et al. (24) have 
recently  demonstrated  that  both SecA ATPase  activity  and 
proOmpA translocation  are  dependent  on  the presence of PG 
in the  inner  membrane.  This  phenomenon may be explained 
by a reduction of SecA association  to  PG-depleted  inner 
membranes  since SecA binding  to liposomes  requires  nega- 
tively charged  phospholipids (24). 

These  findings  lead  to a number of questions.  (i)  Can 
translocation be restored by reintroduction of PG,  (ii)  is  PG 
specifically  required in  the process, and  (iii)  what  is  the 
quantitative  relationship between PG  content  and  protein 
translocation? To  answer  these  questions we varied the  PG 
content of the  inner  membrane by in  vitro and i n  vivo intro- 
duction of PG, using  a  lipid transfer  method  and a mutant 
with inducible PGP-synthase  activity, respectively. I t  was 
found  that  PG dose dependently  stimulates  translocation of 
prePhoE.  Lipid specificity was studied by incorporation of a 
range of phospholipids  into  PG-depleted  membranes.  Stimu- 
lation of translocation is not  restricted to  PG  but is observed 
for  all acidic phospholipids  used  in  this  study. 

EXPERIMENTAL  PROCEDURES 

Bacterial  Strains  and Growth Media-E. coli SD12 (25) was grown 
a t  37 “C in a medium containing 0.1% Na2HPO4-2H,O, 0.5% NaC1, 
1% peptone, 0.5% yeast  extract, 0.2% glucose, and 0.002% guanine, 
thymine, uracil, and  adenine.  Strain  HDLll (pgsA::kan O(lac0P- 
pgsA+)l lacZ’ 1acY::TnS lpp2 zdg::TnlO) was constructed  as follows. 
A P1 lysate was made on strain E614 (26) which carries a tetracycline 
drug  resistance  marker (zdg::TnlO) closely linked  to a deletion of the 
gene (lpp2)  encoding  the major outer  membrane lipoprotein. The 
lysate was  used to  transduce  strain  HDLlO (a recA+ derivative of 
strain HDLlOOl (27)  carrying  only  one  functional copy of the  essen- 
tial pgsA gene  which is  under  the regulation of the lac operon)  to 

’ The abbreviations used are:  PG, phosphatidylglycerol; PGP-syn- 
thase, phosphatidylglycerol-phosphate synthase;  CL, cardiolipin; 
IPTG, isopropylthiogalactoside; SUV,  small  unilamellar vesicle; ns- 
LTP, nonspecific  lipid transfer  protein;  PS,  phosphatidylserine;  PC, 
phosphatidylcholine;  POPC, l-palmitoyl-2-oleoyl-sn-glycero-3-phos- 
phatidykholine;  PA,  phosphatidic acid. 
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tetracycline resistance at  30°C in the presence of 1 mM IPTG 
(inducer of the lac operon) (Sigma). Those  transformants which 
carried the desired lpp2 allele were scored for by their leakage of the 
periplasmic RNase (28). These  latter isolates were no longer depend- 
ent on IPTG for growth; one isolate (HDL11) was further character- 
ized. The dependence of PGP-synthase activity and acidic phospho- 
lipid content on IPTG of this  strain was nearly identical to  that 
reported for strain HDL1001. Strain  HDLll had  a  generation  time 
at  37  "C of 38 and 47 min in the presence or absence of IPTG, 
respectively. The lack of dependence of strain  HDLll on IPTG for 
viability is due to  the finding of Asai et al. (29) that a "leaky" pgsA 
mutant is viable if the lpp gene product is not made; the WlacOP- 
pgsA')l  gene fusion expresses a low level of gene product under fully 
repressed conditions (lack of IPTG) which, like the leakypgsA3 allele, 
is sufficient to  sustain near normal growth in  a lpp background. 
Strain  HDLll was grown at  37 "C in L-broth  supplemented with the 
antibiotics chloramphenicol (20 pglml), kanamycin (50 pglml),  tet- 
racycline (10 pg/ml), and  the appropriate  concentrations of IPTG. 

I~ipids-1,2-Dioleoyl-sn-glycero-3-phosphatidylglycerol, 1,2-di- 
oleoyl-sn-glycero-3-phosphatidylserine, and 1,2-dioleoyl-sn-glycero- 
3-phosphatidylcholine were chemically synthesized and purified ac- 
cording to established methods  (30). E. coli diphosphatidylglycerol 
(CL) was from Sigma; phosphatidylinositol isolated from soybeans 
was purchased from Larodan (Sweden). 1,2-Dioleoyl-sn-glycero-3- 
pho~phatidyl-[3-~"C]serine (54 Ci/mol),  l-palmitoyl-2-[l-'"C] 
oleoyl-sn-glycero-3-phosphatidylcholine (POPC) (55 Ci/mol), "H-la- 
beled [ ln,2a-:'H]cholesteryl oleoyl ether (46,300 Ci/mol), and 1- 
palmitoyl-2-[l-"'C]lineoyl-sn-glycero-3-phosphatidylinosito1 (58 Ci/ 
mol) were from Amersham (United Kingdom). "C-Labeled l-palmi- 
toyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol, l-palmitoyl-2- 
oleoyl-sn-glycero-3-phosphatidic acid, and 1-palmitoyl-2-oleoyl-sn- 
glycero-3-phosphatidylethanol were synthesized from "C-labeled 
I'OPC using the phospholipase D-catalyzed base exchange reaction 
according to Comfurius and Zwaal (31). 

Proteins-prePhoE (3), SecA (32), and SecB (2) proteins and  the 
nonspecific lipid transfer protein (ns-LTP) (33) were isolated and 
purified as described. 

In Vivo Manipulation of the Phospholipid Composition of the Inner 
Membrane of E. coli-From strain HDL11 grown in the absence of 
IPTG, PG-depleted inner membrane vesicles were isolated as de- 
scribed (34). Inner membrane vesicles with variable levels of acidic 
phospholipids were isolated from strain HDL11, grown at  10, 20, 30, 
or 50 p~ IPTG.  The phospholipid content of the inner membrane 
vesicles was determined after phospholipid extraction  (35) and per- 
chloric acid destruction (36). The phospholipid composition of the 
inner membranes was determined after extraction of the phospho- 
lipids and separation by two-dimensional thin layer chromatography 
using ch1oroform:methanol:acetic acid (65:25:10) in the first  dimen- 
sion and ch1oroform:pyridine:formic acid (60:307)  in the second 
dimension. The phosphate content of each spot was measured after 
perchloric acid destruction. 

Preparation of Small Unilamellar Vesicles-SUVs were prepared 
by dispersing a dry film consisting of 1 pmol of phospholipid (0.25 
pCi; in case CL SUVs were prepared, nonradioactive CL was used) 
and, as  a non-exchangeable marker, 0.023  nmol of oleoyl cholesteryl 
ether (1.0 pCi) into 1 ml  of 50 mM triethanolamine  acetate,  pH 7.5, 
250 mM sucrose. This dispersion was sonicated at  0 "C under  a 
constant flow  of nitrogen by 10 cycles of  40 s at  55 watts with a 
Branson B12 sonifier equipped with a microtip. Finally the dispersion 
was ultracentrifuged at  325,000 X g for 1 h  in  a Beckman TLlOO 
ultracentrifuge. After determination of phospholipid and cholesteryl 
oleoyl ether  content,  the  supernatant was used as SUV solution. 

Introduction of Phospholipids into Inner Membrane Vesicles-In- 
ner membrane vesicles (50 nmol of phospholipid), isolated from 
strain, HDL11, grown in the absence of IPTG were incubated with 
small unilamellar vesicles (SUVs) (0-50 nmol of phospholipid) and 
ns-LTP (final  concentration, 0.12 mg/ml) in 200 p1 of 50 mM trieth- 
anolamine  acetate,  pH 7.5,  250 mM sucrose, and 1 mg/ml bovine 
serum albumin (Sigma) for 25 min at  30°C.  The  inner membrane 
vesicles were reisolated by ultracentrifugation at  250,000 X g for 1 h 
(recovery > 90%, which is based on a  determination of the phospho- 
lipid content of the inner membrane pellet) and were immediately 
used in an in vitro translocation assay. 

The amount of incorporated phospholipid was determined by liquid 
scintillation  counting of  '"C label recovered in the  inner membrane 
vesicles after reisolation and was corrected for nonspecific contami- 
nation by determination of the amount of [:'H]cholesteryl ether in 
the pellet (which maximally mounted up to 30  mol 96 of total phos- 

pholipid introduced into  the inner membrane vesicles). The incor- 
poration of CL was quantified by determination of the phospholipid 
composition of the reisolated inner membrane vesicles as described 
above. During  incorporation of 1,2-dioleoyl-sn-glycero-3-phosphati- 
dylserine into  inner membrane vesicles, hydroxylammonium chloride 
(Merck, Federal Republic of Germany) was added to  the reaction 
mixture to a  final  concentration of 5 mM to reduce the conversion of 
PS into phosphatidylethanolamine by the enzyme PS decarboxylase 
(37) to approximately 7 mol 96 of incorporated PS. 

In  vitro translocation of prePhoE translocation  reactions were 
carried out  as described (3) with a few minor modifications. ['"SI- 
prePhoE in 8 M urea was diluted 25-fold into a  translocation buffer 
(40 mM Tris acetate, pH 8.0, 4 mM Mg?' acetate, 28 mM  K' acetate, 
2 mM dithiothreitol)  supplemented with 4 mM ATP, 1 mg/ml bovine 
serum  albumin,  inner membrane vesicles (0.43 mg  of protein/ml), 
and purified SecA (0.5 p ~ )  and SecB (0.4 p ~ ,  based on the M, of 
SecB as a tetramer). In experiments with inner membranes with 
incorporated PS, hydroxylammonium chloride was added to  this 
reaction mixture to a  concentration of 5 mM, which did not influence 
the translocation efficiency and limited the additional decarboxyla- 
tion  to 2 mol 96 of incorporated PS. After an incubation of  20 min at  
37  "C proteinase K (200 pg/ml) was added to degrade all of the non- 
translocated  protein, and  the incubation was continued at  room 
temperature for 30 min. Phenylmethylsulfonyl fluoride (2 mM) was 
added to inhibit  protease  activity, and  the samples were analyzed by 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and auto- 
radiography. Translocation was determined by liquid scintillation 
counting of rehydrated excised protein  bands  (precursor and mature 
PhoE together) of the dried gels. 

RESULTS 

Translocation of in vitro-synthesized prePhoE is strongly 
reduced across inverted inner membrane vesicles isolated 
from an E. coli strain with low content of the negatively 
charged phospholipids PG and CL (23). To  test whether this 
defect in protein translocation can be restored by introduction 
of PG, a lipid transfer method was applied (see "Experimental 
Procedures") by which PG was transferred from SUVs to PG- 
depleted inner membrane vesicles isolated from strain 
HDL11, grown  in the absence of IPTG. After reisolation, the 
translocation competency of the vesicles was assayed  in a 
defined in vitro translocation system using purified prePhoE, 
SecA, and SecB proteins (3). In analogy to  the in vitro 
translation translocation system, prePhoE translocation 
across inner membranes of HDLll  depleted of PG was se- 
verely impaired (Fig. 1, lane 2 )  compared with translocation 
across inner membranes from  wild type strain SD12 (lane 1 ). 
By variation of the concentration of PG-donor SUVs in the 
lipid transfer assay, varying amounts of PG could  be incor- 
porated into the  mutant inner membrane vesicles. Increasing 
the PG  content of the vesicles resulted in an enhanced trans- 
location and processing efficiency (lanes 3-7). The presence 
of ATP in the reaction mixture is required for in vitro trans- 
location across both wild type (3) and PG-depleted (not 
shown) inner membranes.The PG-dependent stimulation of 
the efficiency of translocation of precursor and  mature pro- 

pre PhoE - - 
r 

" 

_-. . "" . - -  - 

FIG. 1. Restoration of in vitro translocation of prePhoE 
across  PC-depleted inner membranes. In vitro translocation was 
carried out by dilution of [:"S]prePhoE from 8 M urea into  a trans- 
location mixture  containing wild type inner membrane vesicles (iso- 
lated from strain SD12) (lane I ) ,  PG-depleted inner membrane 
vesicles (from strain HDL11) (lane 2), or PG-depleted inner mem- 
branes supplemented with PG by ns-LTP-mediated lipid transfer: to 
5.1  mol % PG  (lane 4 ) ,  7.1  mol % PG  (lane 5), 10.6  mol 7% PG (lane 
6), and 23.0  mol % PG  (lane 7). Lane 3 is the translocation  control 
without PG donor  SUVs in the incubation mixture. 



Negatively Charged Phospholipids 8661 

tein, relative to  the wild type level, is quantitatively shown in 
Fig. 2. This  stimulatory effect is the specific result of the 
presence of the negatively charged phospholipid PG which 
was demonstrated by the virtual lack of stimulation caused 
by the introduction of similar amounts of the zwitterionic 
phospholipid phosphatidylcholine (PC)  into  the  inner mem- 
brane of the  mutant cells (Fig. 2). 

In  strain  HDLll PG and CL synthesis  can be induced by 
growing the cells in the presence of IPTG.  Inner membranes 
of such cells, grown at  different concentrations of IPTG, were 
isolated, and  the phospholipid composition was determined 
(Table I). In  the absence of IPTG  the levels of PG  and CL 
are very low compared with the wild type (SD12) levels, 
whereas the level of PA, the precursor of these phospholipids, 
is increased. Increasing the  concentration of inducer  in the 
medium results  in  a strong increase in  PG  and CL and a 
reduction of PA contents. 

To investigate the effect of in vivo incorporation of PG  on 
protein  translocation, vesicles from HDLl l  with  different 
levels of the major acidic phospholipids were assayed for 
translocation. In accordance with the  results obtained  in the 
lipid transfer experiments, translocation  and processing were 
completely restored with increasing PG  content of the  inner 
membrane (Fig. 3, lunes 2-6). Plotting  the  data in  a translo- 
cation-PG  content  plot (Fig. 4) clearly demonstrates  the dose- 
dependent manner of PG  stimulation of in vitro protein 
translocation.  Translocation  across vesicles with high PG 
content even exceeded the SD12 reference level, which may 
be due to  the difference in genetic background of both  strains. 

To investigate whether acidic phospholipids other  than  PG 
can stimulate prePhoE  translocation, a range of both  natural 

0 10 2 0  

phospholipid  (mol %) 

FIG. 2. Translocation efficiency stimulation. PC-depleted  in- 
ner  membrane vesicles from strain HDLl l  with  increasing  amounts 
of incorporated  PG (0) or PC (0) were assayed for translocation. 
Translocation efficiency is  presented  relative  to  the  amount of trans- 
located  protein  across wild type (SD12) vesicles. 

TABLE I 
PhosDholioid  comDosition of inner membranes 

Comoosition 
Strain [IPTG] 

~ ~~ . ~~ ~~ 

PE PG CL PA Rest 

P M  mol % 
SD12 74.9 19.9  4.3 0.6 0.3 
HDLll  0 90.5 1.8 1.3 6.3 
HDLll  10 83.3 8.8 1.7 4.0 2.2 
HDLll  20 81.5 12.6 2.9 2.8 0.2 
HDLll  30 77.9 15.0 3.5 1.7 1.9 
HDLll  50 79.2  15.7  3.2 1.5 0.6 

pre PhoE - - 
r 
"" _" -. .. 

FIG. 3. In vivo incorporation of PG into  the inner mem- 
brane efficiently stimulates translocation. prePhol?  transloca- 
tion  across  inner  membrane vesicles, isolated  from strain SD12 (lane 
I )  and HDL11, grown a t  0 (lane Z) ,  10 (lane 3 ) ,  20 (lane 4) ,30 (lane 
5), or 50 p M  IPTG (lane 6).  

150 - 

100 - 

50 - 

- I  

0 10 2 0  

PG content (mol %) 

FIG. 4. prePhoE translocation depends on PG content of the 
inner membrane. Translocation efficiency, expressed  as a percent- 
age of protein  translocated  across SD12 vesicles, is  presented  as a 
function of the  PG  content of HDLll  inner  membranes. 
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FIG. 5. Translocation across PG-depleted inner membranes 
is restored by incorporation of  negatively charged phospho- 
lipids. The acidic phospholipids  PG (O), CL (O), PA (X), phospha- 
tidylinositol (D), PS (A), and  phosphatidylethanol (0) were incor- 
porated  into I'G-depleted inner  membrane vesicles, isolated from 
strain HDL11, and  prePhoE  translocation  was assayed. Transloca- 
tion efficiency (expressed as in Fig. 4) is  plotted  against  the  amount 
of incorporated  phospholipid  (expressed as a concentration). 

and artificial lipids was incorporated via the lipid transfer 
method into PG-depleted inner membrane vesicles.  Fig. 5 
demonstrates  that  the efficiency of translocation across  PG- 
depleted inner membranes,  supplemented  with various con- 
centrations of either CL, PA, phosphatidylserine,  phosphati- 
dylinositol, or phosphatidylethanol, was affected to largely 
the  same  extent  as  in  the case of PG incorporation. This 
indicates that  the negative charge of the headgroup of the 
phospholipids rather  than  other headgroup properties is the 
primary  factor in  the  protein  translocation stimulatory effect. 
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DISCUSSION 

The main result of this study is that introduction of nega- 
tively charged phospholipids into PG-depleted inner mem- 
brane vesicles of E. coli restores membrane translocation of 
the outer membrane protein  PhoE. Two independent lines of 
evidence lead to  this conclusion. First, loading PG-depleted 
inner membrane vesicles with PG  to wild type levels restores 
translocation to  the wild type level. This is not  a general 
effect of for instance surface dilution of proteins because the 
zwitterionic phospholipid PC  had only a minor effect on 
translocation efficiency. 

Second, translocation across inner membrane vesicles  was 
found to be proportional to  the  PG content over a wide range 
of PG concentrations  both  in  experiments in which the  PG 
content was manipulated by the transfer  protein method 
biosynthetically via controlled expression of the PGP-syn- 
thase. 

The lower  efficiency of stimulation of translocation by PG 
introduced via the transfer method compared with the biosyn- 
thetic method is likely due to a more proper assembly of the 
components of the translocation system in the  latter case. 

Via the transfer  protein method we could introduce a wide 
range of anionic lipids with varying headgroup structures  into 
the PG-depleted membranes. Because all these lipids promote 
translocation to largely the same extent  as PG we have to 
conclude that besides a negative charge no other  structural 
headgroup requirements are involved in the translocation 
stimulatory effect. In addition, because wild type levels of 
translocation require high concentrations of PG  this suggests 
a  structural  rather than a  catalytic role for these phospho- 
lipids in  the translocation process. 

At least two explanations  can be provided for the involve- 
ment of negatively charged phospholipids in protein  translo- 
cation in this system. The first one proposes that SecA 
requires such lipids to fulfill its function in  the translocation 
process. Electrostatic  interactions between positively charged 
polypeptide domains on the overall acidic protein (38) with 
the negatively charged headgroup could accomplish functional 
membrane binding. Evidence for such interaction was pro- 
vided  by Lill et al. (24) who  showed  SecA binding and  ATPase 
activity to be dependent on the presence of acidic phospho- 
lipids. 

Another possibility suggested in many models for protein 
translocation (18, 39, 40) is that  the signal sequence of the 
precursor directly interacts with acidic phospholipids in  the 
translocation process. Recent model membrane experiments 
have given support for this hypothesis. Penetration of syn- 
thetic  PhoE signal peptide into phospholipid membranes de- 
pends on the presence of negatively charged phospholipids; 
maximal penetration is already observed at  the anionic lipid 
content of wild type E. coli inner membrane (20). However, 
in lipid extracts of PG-depleted membranes penetration is 
strongly inhibited (20,41). Electrostatic  interactions between 
the N-terminal positively charged residues and  the acidic 
lipids are essential for efficient penetration  into model mem- 
branes (19). In addition, membrane penetration of signal 
peptides causes a bilayer destabilization, the  extent of which 
correlates with the functionality of the signal peptide in the 
translocation process (42). The work of Gierasch and collab- 
orators (43) revealed that functional signal peptides adopt 
helical structures upon penetration  into lipid membranes. 
Gallusser and  Kuhn (44) demonstrated that  the positively 
charged N- and  C-terminal parts of the M13 procoat protein 

are  essential for proper binding to  and translocation across 
the inner membrane of E. coli. Because they observed that 
these residues are also necessary for binding to PG-containing 
liposomes, this suggests that precursor-negatively charged 
lipid interactions  are involved in protein translocation. 

The lipid transfer method described in this paper can serve 
as  a new tool for future research on the molecular mechanism 
of the role of acidic phospholipids in  bacterial  protein trans- 
location. 
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