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SecA which is an overall acidic protein was found to induce an increase in the turbidity of a solution of vesicles consisting of negatively charged
phospholipids. This increase was found to be due to an aggregation of the vesicles mediated by SecA. The SecA-mediated vesicle aggregation was
not found for zwitterionic 1,2-dioleoyl-sn-glycero-3-phosphocholine and showed a large dependence on both temperature and ionic strength.
Furthermore it was shown that ATP and to a lesser extent ADP+P, were able to reduce the SecA-mediated vesicle aggregation, while no effect
could be seen for a non-hydrolysable ATP analog AMP-PNP. Using the steady state fluorescence anisotropy of 1.6-diphenyl-1,3.5-hexatriene
present in 1,2-dioleoyl-sn-glycero-3-phosphoglycerol vesicles we could show that SecA nserts in the bilayer. Monolayer studies confirmed that SecA
18 able to cause close contact between two membranes and gave a direct insight mto the different types of lipid—protein interactions involved. From
our results we propose that the SecA monomer possesses two lipid-binding sites which n the functional dimer conformation are responsible for
the SecA-mediated vesicle aggregation.

Protein translocation; SecA; Vesicle aggregation; Model membrane; Lipid packing

1. INTRODUCTION

The SecA protein plays a central role in the transloca-
tion of preproteins across the inner membrane of E. coli.
It is believed to couple the hydrolysis of ATP to the
translocation of a precursor [1]. Furthermore its inter-
action with several components involved in the translo-
cation process has been reported, the SecB protein [2],
the SecY protein {3}, and the negatively charged lipids
{4-6]. That this interaction of SecA with negatively
charged lipids is also important in vivo is indicated by
the study of Kusters et al. [7] who found an increase in
the amount of SecA upon depletion of the negatively
charged lipids. We have previously reported that SecA
can insert into a phospholipid monolayer [6], this inser-
tion was enhanced by negatively charged lipids and
modulated by binding and hydrolysis of ATP. These
data resulted in a binding, insertion, deinsertion model
by which SecA may facilitate the translocation of pre-
cursor proteins upon binding and hydrolysis of ATP.
Recently Ulbrandt et al. showed that SecA could insert
into the bilayer of lipid vesicles as shown by fluores-
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cence quenching experiments on the intrinsic trypto-
phan fluorescence of SecA [8].

Upon studying the interaction of SecA with lipid ves-
icles we observed under certain conditions an increase
in the turbidity of the vesicle solution upon addition of
SecA. We now report on this increase in turbidity,
which is due to SecA-induced vesicle aggregation. This
vesicle aggregation was greatly dependent on the pres-
ence of negatively charged lipids and modulated by
ATP binding and ATP hydrolysis, and is best explained
by the existence of two lipid-binding sites on the SecA
monomer.

2. MATERIALS AND METHODS

2.1. Materials

SecA was purified as described and stored as a 3 mg/ml stock
solution in 50 mM Trns-HCL, pH 7.6, 10% (w/v) glycerol, 1 mM
dithiothreitol at =80 °C [6]. Protein concentrations were assayed ac-
cording to Bradford (1976) using bovine serum albumin as a standard.
1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1.2-dioleoyl-
sn-glycero-3-phosphoglycerol (DOPG) were purchased from Avanti
Polar Lipids. "*C-labeled 1,2-dioleoyl-sn-glycero-3-phosphoglycerol
was synthesised as described [9]. Phospholipid was determined as
inorganic phosphate after destruction with perchloric acid {10}. Large
unilamellar vesicles (LUVs) with an estimated diameter of 400 nm
were made by extrusion 1n 50 mM Tris-HCI, pH 7.6, 100 mM NaCl
[11]. PhoE-signalpeptide was obtained and treated as described [12].
Proteinase K was purchased from Boehringer. AMP-PNP, ADP and
ATP were purchased from Sigma. All other chemicals were of analyt-
ical grade or better.
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2.2. Turbidity measurements

SecA (30 ug) was added to 1 ml of buffer (50 mM Tris-HCI, pH 7.6,
100 mM NaCl) containing the indicated amount of LUVs under con-
tinuous stirring with a magnetic bar. Nucleotides and MgCl, (final
concentrations for both, 2 mM) were added to the vesicle solution
before SecA addition. The increase in turbidity in a total volume of
I ml was measured with a Hitachi U3200 spectrofotometer at 400 nm
using a 10 mm cuvet. Unless stated otherwise the measurements were
performed at room temperature.

2 3. Carboxyfluorescein (CF) leakage assay
The leakage assay was essentially performed as described {13} fol-
lowing the same protocol as was used for the turbidity measurements.

2.4. Steady-state fluorescence anisotropy

The determination of the fluorescence anisotropy was essentially
performed as described [14]. 1,6-diphenyi-1,3.5-hexatriene (DPH) was
added to 25 uM DOPG LUVs 1n a 1:250 molar ratio. DPH fluores-
cence was measured on a SPF 500 C spectrofotometer (SLM 1nstru-
ments Inc., Urbana, IL, USA), with an excitation wavelength of 360
nm and an emission wavelength of 430 nm. Emission and excitation
slit widths were 5 nm. SecA or the signal peptide of prePhoE were
titrated to a DPH-containing lipid solution and the anisotropy ratio
(A) of each sample was calculated according to the equation.

A=y =1 0 +20,)"

Samples were continuously stirred and measured at room tempera-
ture. Each presented ratio is the average of at least four different
experiments.

2.5. Monolayer experuncnts

Monolayer surface pressure and surface radioactivity were meas-
ured simultaneously at 25°C as described [6]. The teflon dish had a
volume of 12 ml and a surface area of 20.25 cm”> The subphase buffers
(50 mM Tris-HCI, pH 7.6, supplemented with either 100 mM or 500
mM NaCl) were filtered through a 22 ym pore filter and degassed
prior to use. In a typical experiment 36 ug SecA was injected n the
subphase under a DOPG monolayer at an imtial surface pressure of
25 mN/m After 30 min the excess of SecA present in the subphase was
washed away with 10 times the subphase volume. This was followed
by the addition of 1 umol of *C-labeled DOPG LUVs (500 dpm/
nmol). After 40 min proteinase K (240 ug) was added and the measure-
ments were prolonged for another 10 minutes

3. RESULTS AND DISCUSSION

3.1. SecA causes vesicle aggregation

Addition of SecA to a solution of DOPG vesicles (125
UM lipid) causes a marked and rapid increase in the
turbidity of the solution (Fig. 1). This increase was pro-
portional to the SecA concentration and had a maxi-
mum at a concentration of 30 pg/ml while addition of
SecA to the buffer solution without vesicles did not
result in an increase in the absorbance at 400 nm (data
not shown). The increase in turbidity could in principle
arise from either vesicle aggregation or vesicle fusion.
To discriminate between these possibilities proteinase K
(PK) was added to the solution shortly after the increase
in turbidity had reached its maximum value. This re-
sulted in a rapid decrease in the absorbance at 400 nm
to near starting level (Fig. 1). Apparently proteolytic
digestion of SecA causes the turbidity increase to disap-
pear which strongly argues in favour of SecA-mediated
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Fig. 1. SecA nduced increase of the turbidity of a DOPG vesicle
solution. SecA (30 ug) was added to a DOPG vesicle solution (125
uM). The increase 1 the turbidity was followed in time at a wave-
length of 400 nm. SecA (30 ug), Protemnase K (PK, 30 ug) and pmsf
(1.5 mM final concentration) were added at the indicated time points.

vesicle aggregation. To test whether the vesicles were
still sensitive to SecA we subsequently added the pro-
tease inhibitor pmsf and SecA, which indeed resulted in
a second increase in the turbidity to about 50% of the
initial value. The observation that the increase is only
50% of the initial value can be explained by the occupa-
tion of binding sites on the vesicles by the peptides
resulting from the SecA degradation by the protease.
Possible vesicle leakage due to interaction of SecA
with the DOPG vesicles was tested using the car-
boxyfluorescein leakage assay. No increase in the car-
boxyfluorescein fluorescence could be observed due to
SecA addition (data not shown). This demonstrates that
the membrane barrier remains intact upon the interac-
tion of SecA with DOPG vesicles as was also observed
by Ulbrandt et al. using a different leakage protocol [8].

3.2, Characterisation of the SecA-mediated vesicle ag-
gregation

Lill et al. [4] have shown that SecA rapidly (within 5
min) loses its ATPase activity when incubated in the
presence of negatively charged lipids at 40°C. Also the
SecA-mediated DOPG vesicle aggregation shows a
strong temperature dependency, as shown by a steep
decrease of the turbidity increase around 40°C (Fig.
2A). Apparently the conformational change of SecA
reflected in the loss of ATPase activity makes it impos-
sible for SecA to cause vesicle aggregation. Ulbrandt et
al. [8] showed that SecA in presence of vesicles contain-
ing negatively charged lipids displayed another confor-
mational transition around 24°C as was measured by
the intrinsic tryptophan fluorescence of SecA. We ob-
served no abrupt change in the SecA-mediated aggrega-
tion of DOPG vesicles in the range of 10-30°C. Appar-
ently this conformational change has no influence on
the SecA-mediated vesicle aggregation.
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Fig. 2. Characterisation of the SecA-mediated vesicle aggregation. (A)
The temperature dependency of the SecA-mediated vesicle aggrega-
tion. SecA was added from a stock solution stored on ice to a solution
containing 100 uM DOPG vesicles and the maximal increase in turbid-
1ty was determined at the indicated temperature. (B) The SecA-medi-
ated vesicle aggregation as a function of the vesicle concentration. 30
ug SecA was added to solutions containing indicated amounts of
DOPG vesicles (filled squares) or DOPC vesicles (open squares) and
the maximal increase in turbidity was determined. (C) The SecA-
mediated vesicle aggregation as a function of the ionic strength. 30 ug
SecA was added to a 100uM DOPG vesicle solution containing an
indicated amount of NaCl and the maximal increase in turbidity was
determined. In this case the LUVs were made using a buffer with the
same NaCl concentration used for the measurements.

Several studies on the ATPase activity, the protease
resistance and the monolayer insertion have revealed
that the SecA protein has a preferential interaction with
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negatively charged lipids [4-6]. We tested whether the
SecA-mediated vesicle aggregation also showed speci-
ficity for negatively charged lipids. Fig. 2B shows that
indeed the increase of the turbidity caused by SecA can
only be detected with negatively charged DOPG vesicles
(closed symbols). No increase in the turbidity could be
observed with various concentrations of zwitterionic
DOPC vesicles (open symbols), demonstrating the neg-
atively charged lipid specificity of this effect. The in-
crease in turbidity shows a substantial increase in the
0-100 uM range, and is maximal at 150 gM. At this
concentration of vesicles the SecA/lipid molar ratio is
1:400, corresponding to a SecAlvesicle ratio of approx-
imately 1500:1, taken into account that 80% of the
phospholipids in the 400 nm LUVs is present in the
outermost bilayer [15]. Higher lipid concentrations tend
to reduce the turbidity increase probably due to dilution
of SecA at the membrane surface.

This preferential interaction of the highly negatively
charged SecA protein with negatively charged lipid ves-
icles can be most easily explained by the presence of
positive domains on the SecA molecule. Since SecA
causes vesicle aggregation, two lipid-binding domains
must be present to cause inter-bilayer contact. Assum-
ing that SecA is active as a dimer [16,17] at least two
possible explanations for this effect can be provided.
Either the two monomers of SecA in the dimer each
possess one lipid-binding site which have different ori-
entations with respect to the membrane such that two
vesicles can be bound simultaneously by the dimer, or
the two monomers in the dimer have the same orienta-
tion towards the membrane but possess two lipid-bind-
ing sites per monomer.

Insight into these possibilities can be obtained by
studying the ionic strength dependency of the turbidity
increase. Fig. 2C shows that the SecA-mediated DOPG
vesicle aggregation is highly dependent on the ionic
strength of the medium. At low ionic strength no turbid-
ity increase could be observed, followed by a steep in-
crease in turbidity which was maximal at 100 mM NaCl.
Such behaviour is expected to be due to an effect of
NaCl on the structure of SecA and not due to an effect
on the lipid-water interface. This view is supported by
the observation that Protease K treatment of SecA at
low ionic strength (0 mM NaCl) resulted in a protease-
resistant fragment of SecA of approximately 20 kDa
which was absent at an ionic strength of 100 mM (data
not shown). Further increase of the salt concentration
resulted in a decrease in vesicle aggregation such that
at an ionic strength of 500 mM virtually no turbidity
increase could be observed anymore. This result indi-
cates that the SecA-mediated vesicle aggregation is
caused by a predominant electrostatic interaction of
SecA with the DOPG vesicles. This behaviour contrasts
that of the insertion of SecA in a DOPG monolayer
which could not be inhibited by an ionic strength as high
as 1.5 M NacCl [6].
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Together these results suggest that there are two dif-
ferent binding sites on the monomers in the SecA dimer.
One binding site leading to insertion of SecA in the
membrane (as revealed by the monolayer experiments)
causing the interaction of SecA with this membrane to
be more hydrophobic thus insensitive to high ionic
strength. The other binding site being responsible for
the SecA-mediated vesicle aggregation. This site inter-
acts with the bilayer primarily in an electrostatic man-
ner which can be overcome at high ionic strength.

3.3. SecA causes close contact between a DOPG mono-
layer and DOPG vesicles

The exsistence of two lipid-binding sites on the SecA
molecule can be directly tested using the monolayer
technique and lipid vesicles in the subphase [18]. Fig. 3
shows that injection of SecA underneath a DOPG mon-
olayer results in an increase in surface pressure at sub-
phase salt concentrations of both 100 and 500 mM, in
agreement with previous observations [6]. After wash-
ing the subphase, injection of radiolabeled DOPG vesi-
cles resulted in a small increase in surface pressure
which also occurred upon injection of the vesicles in the
absence of SecA (data not shown). The surface radioac-
tivity tracing shows that SecA caused a massive accu-
mulation of vesicles at the interface which effect was
more pronounced for the low salt condition. Subse-
quent addition of proteinase K resulted in an immediate
reduction of the surface radioactivity to a level which
corresponds to that observed in the absence of SecA
(data not shown). This experiment shows that the vesi-
cle-monolayer system behaves very similar to the bulk
vesicle system in terms of inter-membrane contact for-
mation, and directly vizualizes at the same time the
striking different salt dependency for monolayer inser-
tion and inter-membrane contact formation, explaining
the existence of two lipid binding sties on the SecA
protein. The result furthermore shows that SecA does
not cause significant flow of lipids between the two
model membranes because this would have resulted in
a large increase in surface pressure. It also shows that
SecA stably inserts in the monolayer because no major
decrease in surface pressure is observed upon proteinase
K treatment.

3.4. Effect of Nucleotides on the SecA-mediated vesicle
aggregation

ATP binding and hydrolysis by SecA is shown to
facilitate protein transport in vitro [1]. The insertion and
binding of SecA (in)to DOPG monolayers was also ef-
fected by nucleotides [6]. We examined whether the dif-
ferent nucleotides used in the monolayer study also in-
fluenced the SecA-mediated DOPG vesicle aggregation.
The addition of the nucleotides and MgCl, itself had no
effect on the turbidity of the DOPG vesicle solution
(data not shown). Table I shows that ATP causes a
reduction of 50% of the increase in turbidity compared
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Table I

The effect of nucleotides on the SecA-mediated vesicle aggregation

Nucleotide added® SecA mediated SecA monolayer

vesicle aggregation insertion
(1n%)® (in%)*
ATP 49+ 2 47t 6
ADP 73+ 1 506
AMP-PNP 94+2 92+2

* All nucleotides were tested at a concentration of 2 mM 1n presence
of 2 mM MgCl,.

®The maximal turbidity increase 1n absence of nucleotides was taken
as 100%.

¢ Adapted from [6]. The mcrease in surface pressure of a DOPG mon-
olayer due to SecA 1nsertion in absence of nucleotides was taken as
100%.

to the increase in turbidity in the absence of nucleotides
(which was taken as the 100% value). Comparing the
values for the SecA-mediated vesicle aggregation to the
values for the SecA monolayer insertion (adapted from
[6]). shows that the effects of the different nucleotides
are quite similar for both experimental systems. These
data support the conclusions made in [6], that the SecA
conformation is effected by binding of the different nu-
cleotides. Since ATP lowered the binding of SecA to the
DOPG monolayer while in presence of ADP+P, the
binding of SecA was not effected [6], the lower SecA-
mediated vesicle aggregation in presence of ATP com-
pared to ADP is best explained by a overall reduced
binding of SecA to the DOPG vesicles. From these
experiments it is not possible to say which lipid binding
site of SecA is effected by ATP.

3.5. Effect of SecA on microviscosity in DOPG vesicles

To analyse whether SecA could effect acylchain pack-
ing upon interaction with the bilayer we used the steady-
state fluorescence anisotropy of DPH embedded in the
DOPG vesicles as a monitor of the order of the fatty
acyl chains of the phospholipids [19.20]. Since a turbid-
ity increase could potentially interfere with the fluores-
cence measurements we chose a vesicle concentration of
25 uM in these experiments. At this concentration of
vesicles only a small increase in the turbidity could be
detected (Fig. 2A), which did not interfere with the flu-
orescence measurements. As is shown by Fig. 4 (open
circles), SecA causes an increase in the anisotropy which
can be interpreted [14] as insertion of SecA into the
acylchain region of the bilayer. This insertion was inhib-
ited by ADP+P, (2 mM), since no increase in fluores-
cence anisotropy could be detected (Fig. 4, closed cir-
cles). In this case ADP+P, were chosen, since the meas-
urements lasted 20 minutes, in which time interval a
considerable amount of ATP would have been hydro-
lysed by the SecA protein. As reference compound
PhoE-signalpeptide was added to the DPH containing
DOPG vesicles. From the literature it is known that the
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Fig. 3. SecA causes close contact between a DOPG monolayer and DOPG vesicles which 1s dependent on the ionic strength of the subphase.

Experimental details are given in section 2. The experiments done in presence of 100 mM or 500 mM NacCl are labeled 100 and 500. respectively.

The upper two tracings are those of the surface pressure, the lower two tracings are those of the surface radioactivity. Arrowheads mark the different

events of SecA addition (SecA), washing the subphase (Wash on & off), addition of radiolabeled vesicles (vesicles) and the addition of protemnase
K (PK).

signal peptide of PhoE inserts into model phospholipid
membranes [12]. This can also be seen in Fig. 4 where
the PhoE-signalpeptide caused an increase of the fiuo-
rescence anisotropy, similar to earlier results with the
signal peptide of preOmpA [14]. That this increase in
anisotropy is higher than in the case of SecA may be
explained by a deeper insertion of the PhoE-signalpep-
tide compared to the insertion of SecA.

4. CONCLUDING REMARKS

The above results led us to propose that the SecA
monomer contains two lipid-binding sites which are dif-
ferent in nature. These two binding sites are probably
positive domains existing within the overall negatively
charged SecA molecule, explaining in this way the pref-
erential interaction of SecA with negatively charged lip-
ids. One of the candidates for these positive domains is
the region of the first 25 amino acids of the N terminus
having an excess of 7 positive residues [21]. The other
candidate could be the extreme C terminus where there
is a domain of 4 positive residues [21]. One of these
binding sites should lead to a more hydrophobic inter-
action of SecA with the membrane. Calculation of the
hydrophobic moment of the first 12 N-terminal residues
of SecA according to Eisenberg et al. [22] showed that
this peptide can be considered as surface seeking with
a hydrophobic moment of 0.49. Therefore we propose
that the first 25 amino acids of SecA are responsible for
the hydrophobic character of the interaction of SecA
with membranes containing negatively charged lipids.
Consequently the C-terminal domain is proposed to be
involved in a primarily electrostatic interaction with the
anionic lipids.

The importance of a second lipid binding site on the
SecA molecule in protein translocation is not clear but
could contribute to the efficiency of protein transloca-
tion as proposed in the following scheme which follows

the previous proposed model for a nucleotide mediated
membrane binding cycle of SecA [6]. Assume that SecA
first binds to the precursor—SecB complex in the cytosol
[23] in which step the N terminus of SecA becomes
shielded from interaction with the membrane lipids. The
SecA molecule in the complex then can either dock on
SecY/E in the inner membrane or interact first with the
lipid phase of the membrane with its second lipid bind-
ing site followed by two-dimensional diffusion of the
complex to SecY/E. This latter process can be expected
to give a more efficient delivery of the precursor to the
translocation machinery. Upon the assembly of the
translocation complex (Translocase) SecA binds ATP
and as a result undergoes a conformational change un-
shielding the N terminus allowing it to mediate the in-
sertion of SecA in the membrane, thereby initiating the
translocation of the precursor. Due to hydrolysis of the

Anisotropy

[protein]/[lipid]
Fig. 4. Steady-state fluorescence anisotropy of DPH as a function of
SecA and PhoE signalpeptide concentration. The lipid (DOPG) con-
centration for all experiments was 25 #M. SecA (open circles); SecA
n presence of ADP+P, and MgCl, (2 mM., filled circles); PhoE signal
peptide (open triangles)
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bound ATP SecA again changes its conformation re-
shielding the N terminus and dissociating from the pre-
cursor followed by deinsertion of SecA and dissociation
from the membrane leading to completion of the cycle.

Our proposal for the second lipid-binding site to be
present at the extreme C terminus does not necessary
contradict the results of Matsuyama et al. [24] who
showed that removal of 70 amino acids of the C termi-
nus did not lead to loss of translocation activity in vitro.
However, the differences may not appear in the experi-
mental setup used by these authors, in which an excess
of vesicles was present. Furthermore the loss of a bind-
ing site may have its influences on the kinetics of
translocation rather than the overall translocation after
15 minutes.
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