Biochemistry2002,41, 5605-5612 5605

Transbilayer Movement of Fluorescent Phospholipid Analogues in the Cytoplasmic
Membrane ofEscherichia coli

Janek Kubelt, Anant K. Menorg Peter Miler,* and Andreas Herrmani*

Mathematisch-Naturwissenschaftliche Fakultalnstitut fur Biologie/Biophysik, Humboldt-Upérsita zu Berlin,
D-10115 Berlin, Germany, and Department of Biochemistry,.8rsity of WisconsirMadison,
Madison, Wisconsin 53706-1569

Receied October 2, 2001; Résed Manuscript Receed January 16, 2002

ABSTRACT. We investigated the transmembrane movement of fluorescent labeled phospholipids in inverted
inner membrane vesicles (IIMV) dEscherichia coli(E. coli) wild-type strain (MG1655), as well as in
proteoliposomes reconstituted from detergent extracts of the IIMV. The transbilayer movement of
1-myristoyl-2-[6-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]caprastiglycero-3-phosphoethanolamine (M-
C6-NBD-PE) and -phosphocholine (M-C6-NBD-PC) was measured by a fluorescence stopped-flow back-
exchange assay. Both analogues were rapidly translocated across the IIMV membrane, with half-times of
<1 min (outward movement) ang3 min (inward movement). No flip-flop was detected in protein-free
liposomes, but in IIMV-derived proteoliposomes flip-flop of M-C6-NBD-PE occurred similarly to 1IMV

and could be largely eliminated by proteinase K treatment.

In Gram-negative bacteria, like. coli, newly synthesized  demonstrated to be protease-sensitive but not headgroup-
phospholipids have to move from the cytoplasmic leaflet of specific.

the inner membrane, where their synthesis takes place, t0 A study published last yead) described the reconstitution
the periplasmic leaflet of the inner membrane and to the inner ¢ transport-competent proteoliposomes from detergent-
leaflet of the outer membrane. Even though both processessojupilizedBacillus subtilismembranes. The proteoliposomes
have been studied in in vivo and in vitro systems [for a recent \yere shown to be capable of transporting a short-chain
review, see1)], the mechanism by which phospholipids flip - anajogue of phosphatidylcholine (PC) as well as the more
across the inner membrane is still unknown. natural lipid dipalmitoyl-PC. Although the transport assays
Because transbilayer translocation of phospholipids is very ysed lacked the time resolution to measure a translocation
slow (hours up to days) in the bulk lipid phase, itis generally rate, fractionation of the detergent extract prior to reconstitu-

assumed that protein(s) are required to facilitate the trans-tion indicated a clear requirement for specific proteins to
location process. The first report on transbilayer movement fgcilitate PC flip-flop.

of phospholipids in bacteria came from Rothman and
Kennedy R), who concluded that the translocation of newly
synthesized phosphatidylethanolamine (FE)m the inner

to the outer leaflet irBacilli occurred with a half-time of phospholipid flip-flop inE. coliinner membranes tested

1.5-3 min at 37°C. A more recent study3} showed that S
short-chain fluorescent labeled phospholipid analogues trans—tranSport of phospholipid analogues as well as endogenous

located rapidly acrosBacillus megateriunmembrane vesicles phospholipids. Although a flip-flop rate could not be
) pidly 9 N . determined in these studies, it was concluded that, as with
with a half-time of ~30 s at 37°C. This process was

Bacillus flip-flop in E. coliinverted inner membrane vesicles
(IIMV) is rapid and occurs independently of metabolic
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of the analogues/j. Fits of the data to a three-compartment R2[20 mM HEPES, pH 7.5, 200 mM NacCl, 2% (w/v) Triton
model revealed half-times for the inward and the outward X-100]. The mixture was incubated on ice for 30 min and
translocation of the phospholipid analogues in the range subsequently centrifuged in a 70.1 Ti Beckman rotor at
0.5-3 min. Importantly, the experiments clearly demon- 17500@ for 45 min. The supernatant was carefully collected
strated protease-sensitivity of the transport process andand stored on ice before further reconstitution steps. The
indicated that translocation in proteoliposomes can be Triton extract was added to a solution of eggPC in buffer
eliminated by proteinase K treatment. These data provide R1[10 mM HEPES, pH 7.5, 100 mM NacCl, 1% (w/v) Triton
the first time-resolved measurements of the flip-flop of X-100] with a final phospholipid concentration (after addition
phospholipid analogues iB. coli and demonstrate a clear of the Triton extract) of 4.5tmol/mL. In some cases, the
requirement for protein(s) in the transport process. Further- fluorescent phospholipid analogue M-C6-NBD-PE was added
more, they show that flippase activity can be reconstituted with a final concentration of 2 mol % of total phospholipid
in proteoliposomes without significant impairment of its content. For detergent removal, 100 mg/mL (wet weight)
activity, providing the basis for identification of the protein. SM-2 Bio-Beads were added and gently rocked 3ch at
room temperature. Subsequently, additional Bio-Beads were
MATERIALS AND METHODS added (200 mg/mL wet weight), rocking was continued for
Chemicals. M-C6-NBD-PE and M-C6-NBD-PC were an additiond2 h atroom temperature, and the mixture was

. . - transferred to 4C and gently rocked for a further 4.8 h.
obtained from Avanti Polar Lipids (Alabaster, AL). Egg PC - ; ; -
and BSA were from Sigma-Aldrich Chemie GmbH (De- The resulting turbid suspension was separated from the Bio

isenhofen, Germany). Triton X-100 was purchased from Beads and centrifuged at 175@0®i5 min, 4°C (70.1 Ti

; : ) Beckman rotor). The resulting pellet was resuspended in 2
Fluka Che_mle AG (Bl_Jchs, SWltzerIand_). SM-2 Bio-Beads mL of buffer (10 mM HEPES, pH 7.5, 100 mM NaCl),
were obtained from Bio-Rad Laboratories.

) ) centrifuged again at 17508@or 45 min, 4°C, resuspended
Preparation of Inerted Inner Membrane Vesicleaner in the same buffer, and homogenized with a dounce

membrane vesicles were isolated from Ehecoli wild-type homogenizer on ice.

strain MG1655. Cell growth and membrane isolation were Enzyme AssayJo test the degree of contamination of
done as described by Huijbregts et &). @riefly, cells were  {he MV preparation with outer membrane, we measured
grown at 37°C in Luria Broth (LB). Overnight cultures were e activity of phospholipase A2, an outer membrane marker.
diluted inb 3 L of LB andgrown to an Olge 0f 0.7-0.8 14 this end, 5 nmol of headgroup-labeled N-Rh-PE was
(late log phase). The cells were harvested by centrifugation, gjjuted in 1 mL of chloroform. Then 1aL of this suspension
washed in ice-cold physiolo_gical buffer_, and resuspended in a5 dried under a gentle stream of nitrogen, apd. Bf 50

40 mL of buffer S (50 mM triethanolamireHOAc, pH 7.5, mM Tris (pH 8), 20 mM calcium chloride, 0.2% Triton

250 mM sucrose, 1 mM EDTA). The suspension was x_100 and 5uL of the respective fraction were added. The
supplemented with 1 mM DTT and 0.375 mM PMSF. Cells jncybation mixture was allowed to react at 32 for 1 h.
were broken by 23 passages in a French press at a cell after incubation, 224L of chloroform/methanol (1:1) was
pressure of 8000 psi. Addltlo_nal DTT (1 mM) was ad_ded added, vortexed, and centrifuged at 1®6r 2 min. Thin-
after each passage. Cell debris were removed by centrifugaiayer chromatography (TLC) of the lower phase was carried
tion (2x for 10 min at 600Q in a 45Ti Beckman rotor). ot with chloroform/methanol/water (65:25:4) on silica 60
The outer membran_e f_racnon was pelleted by centrifuging plates. The spots were analyzed using a VD 40 Hitachi
at 16500@ for 1 min in an SW28 Beckman rotor. The 3-Chip analyzing system (Desaga GmbH, Wiesloch, Ger-
supernatant was then centrifuged at 1630 90 min in  many) Phospholipase A2 activity was detected by spots
an SW28 Beckman rotor to pellet the crude inverted inner corresponding to the lyso derivative of N-Rh-PE. The
membrane vesicles. The crude lIMV pellet was resuspendedanalysis was performed with the standard accessory software
in 2 mL of buffer S and layered on top of a discontinuous (proviDoc 3.04). While for fractions of the outer membrane
sucrose gradient according to Osborn et 8).gnd centri- 4 high degree of phospholipase A2 activity was detected,
fuged for 16-18 h in an SW40 Beckman rotor at 112@00  any appearance of lyso-N-Rh-PE in the fraction of 1IMV
Three bands were visible. The two light bands [corresponding a5 below the detection level.
to the purified 1IMV, @)] were collected and washed in Stopped-Flow Measurementsll stopped-flow measure-
buffer S without sucrose at 16509@r 90 min (SW28 rotor,  enis were performed at room temperature. The time-
Beckman). Vesicles were resuspended in HEPES (20 MM, genendent back-exchange of NBD-labeled phospholipids was
100 mM NaCl, pH 7.5) using a dounce homogeonlzer, quickly monitored by mixing the labeled IIMV with 2% (w/v) BSA
frozen in liquid nitrogen, and stored at80 °C. [IMV (final concentration) in 10 mM HEPES buffer (pH 7.5) using
suspensions were thawed immediately before use. a stopped-flow accessory (RX 1000, Applied Photophysics,
IIMV isolated as described above typically contained Leatherhead, U.K.) linked to an Aminco Bowman Series 2
mg of proteinkmol of phospholipid. It has been already spectrofluorometer (SLM Instruments). The quantum yield
shown previously §) that IIMV prepared by this method  of NBD analogues bound to BSA is lower compared to that
are sealed and primarily inside-out. The contamination of of ana|ogues incorporated into membranes [See ﬁbsar(d
isolated [IMV with outer membrane fractions is neglible as Figure 4]. Thus, extraction of analogues from membranes
verified by a phospholipase assay (see below). by BSA can be followed by the decrease of fluorescence
Reconstitution ProcedurellMV were solubilized and intensity. Fluorescence was recorded for 300 s at a time
reconstituted according to the method described by Menonresolution of 0.2 or 0.5 s, excitation wavelendth = 477
et al. L0) and Hrafnsdtir and Menon 4). To this end, the nm, emission wavelengthem, = 540 nm, slit widths= 4
vesicle suspension was mixed with an equal amount of buffer nm. For each preparation, five or more kinetic traces were
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recorded and averaged for kinetic analysis (see below). 8,
However, scattering of (nonlabeled) IIMV and IIMV-derived (BEA |
proteoliposomes was significant, and it was necessary to £ a2

correct the traces to compensate for the light scattering outside

i
contribution to the amplitude of the signal. Despite this : ? ﬁﬁﬁﬁﬁﬁﬁﬁ
correction, the amplitudes of the kinetics are afflicted with k-1 LN ! ? K+
a slight uncertainty. g !) gﬂgg&gﬂﬁ

Kinetic Analysis.The experimental data were fitted to a inside
theoretical time course using a three-compartment model g rc 1 Kinetic model describing transfer of NBD-labeled
(Figure 1). This kinetic model describes transbilayer move- phospholipid analogues between biological membranes and BSA.
ment as well as the transfer of phospholipid analogues The outward and inward transbilayer movements of analogues are
between the outer leaflet of the membrane vesicle and BSA.characterized b, andk-,, respectively. The rate constant of the

; . _ extraction of phospholipid analogues by BSA is representdd fly
The outward and inward movements of phospholipid ana andk_, describes the backward movement of analogues from BSA

logues are described by the rate constants and k-, into solution or membrane.
respectively. The movement of the analogues from the IIMV
to BSA is characterized by the rate constlant (extraction M-C6-NBD-PC
of the analogues by BSA) ankl, for the movement of &< 100 - s
analogues back from BSA to the vesicle membrane. We note 5 80 W
that due to the excess of BSA used, the exchange process s ) M-Cé-NBD-PE
described by, did not contribute to the kinetics, and the - 507 /
values for this time constant were very small (typically *0 § 40 4/
s 1) as expected. é, 20 4
[PLg] and [PL] are the concentrations of analogue in the -
outer and inner leaflet of the IIMV. At the time of BSA s 01
addition ¢ = 0 s), the transmembrane distribution is at steady 0= ' ' '
state, i.e.: 0 500 1000 1500
time [s]
[PLO]t=0 — E (1) Ficure 2: Kinetics of incorporation of NBD-labeled phospholipid

analogues into IIMV membranes. 2 mol % M-C6-NBD-PE or
M-C6-NBD-PC, according to the total lipid content of the 1IMV,
was added to IIMV (12.5M final phospholipid concentration) in
HEPES buffer, and the kinetics of membrane incorporation of the

[PLi]t=0 k—l

The concentration of analogue transferred to BSA (JPL

is taken to be zero at the time of addition. analogues were followed. The kinetics for PE analogues are
The model is represented by the following system of displaced in the figure for clarity. At time point zero, the label was
differential equations: added to the IIMV suspension. The value of 100% corresponds to
incorporation of all fluorescent labeled analogues. All experiments
d[PL] were performed at room temperature. Note that these experiments
——=—k[PL] + k_4[PL/] 2 were performed in a regular quartz cuvette without employing
dt stopped-flow equipment. Therefore, due to the lower time resolu-

tion, the initial fluorescence increase upon mixing of IIMV with
diPL] lipid analogues could not be adequately resolved.
Tat ki4[PL] — (koy + ki )[PLg] + ko [PLy] (3)

described by Hrafnsdtr and Menon 4) after lipid isolation

[PL,] according to Bligh and Dye©j. The stability of fluorescent
g C = 4olPL] — ko [PL] 4 analogues during labeling and in the time course of subse-
t guent experiments was verified by TLC (data not shown).
[PL,] = C—[PL] — [PL,] (®)  RESULTS
C=[PL]i=o + [PLgli=o + [PLy]i=0 (6) We first analyzed the incorporation of M-C6-NBD-PE and

M-C6-NBD-PC into [IMV by cuvette experiments (Figure

For further details, see Marx et aF)( Fitting was performed  2). In aqueous solution, the NBD-labeled phospholipid
by least-squares minimization. analogues are organized mainly in micelles where their

Proteinase K TreatmenAliquots of labeled proteolipo-  fluorescence is self-quenched. Upon adding acceptor mem-
somes were incubated for 30 and 60 min at room temperaturebranes, such as IIMV, the fluorescence increases since the
with 1 mg of proteinase K/mL. Proteolysis was terminated lipid molecules spontaneously incorporate into membranes
by adding 3 mM PMSF, and the stopped-flow assay was and thus micelles are dissolved. Incorporation of lipids into
performed as described above. As a control, an aliquot of membranes can therefore be directly monitored by the
labeled vesicle suspension was treated with buffer only, fluorescence increase. An aliquot of IIMV was mixed with
incubated for the indicated time, and then supplemented with HEPES buffer containing fluorescent analogues (2 mol %
3 mM PMSF. of total phospholipid content), and the resulting increase of

MiscellaneousTriton X-100 absorbance was used to check fluorescence intensity was monitored.
the removal of detergent during reconstitution as described As evident from the kinetics in Figure 2, an initial rapid
by Hrafnsddtir and Menon 4). The phospholipid content  phase of intercalation of analogues into IIMV was observed.
of IIMV and reconstituted vesicles was determined as After 10 min, about 90% of the analogues were incorporated.
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1.0 4 — PE extraction A Table 1: Half-Times of Transbilayer Movement and Extraction of
— - monoexponential fit M-C6-NBD-PE and M-C6-NBD-PC across IIMV Membranes and
0.8 — mode fit Proteoliposomes Reconstituted from Detergent Exaract

outward inward
movement movement extraction [PL]io

relative fluorescence intensity

analogue (s) (s) (s) (%)
1IMV
M-C6-NBD-PE 58 160 4.6 26.6
(n=2)
48 210 2.5 18.6
M-C6-NBD-PC 17 100 1.1 14.7
0 50 100 150 200 250 300 (n=2)
time [s] 63 242 2.7 20.7
0.30 , proteoliposomes
 ogs| T B | monese © M-C6-NBD-PE  29+4  61+11 6.4+13 32.6+£3.7
RN m (n=4)
0.00 - 1
% . | 2 Half-times of the outward and inward movement were derived from
= 0154 ] ’ ki1 andk_;, respectively (see Figure 1). [RLo corresponds to the
-0.30 relative amount of analogues on the lumenal site of vesiclés=ad.
0 100 200 300 0 100 200 300 For 1IMV, the lumenal site corresponds to the periplasmic leaflet.
time [s] time [s] Parameters were obtained from the experimental curves (see Figure

FiGURE 3: Kinetics of extraction of M-C6-NBD-PE from [IMV 3A and Figure 6) according to the model described under Materials
by BSA. 25uL of lIMV (2.89 mg of proteiniimol of phospholipid) and Methods. The average and standard deviation are givefers

was incubated with 2 mL of a buffered suspension of M-C6-NBD- to the number of independent experiments. For each experiment, at
PE (2 mol % of the lipid content) for 30 min at room temperature. Mminimum five single kinetics were averaged and subsequently analyzed.
Subsequently, the labeled IIMV were rapidly mixed with an equal

volume of 4% (w/v) BSA in a stopped-flow accessory, and the -
fluorescence decay was recorded with a time resolution of 0.2 s. e propose that the fast initial decrease of fluorescence

The kinetics were normalized as follows: the initial fluorescence intensity reflects the extraction of phospholipid analogues
intensity (before BSA extraction) was set to 1, and the intensity |ocalized in the outer leaflet of the vesicles. We further
after 300 s to 0. The curve represents the average of five nropose that the second slower phase is caused by extraction
measurements (A). The solid gray line represents the fit obtained of M-C6-NBD-PE translocated from the cytoplasmic leaflet

by fitting our data to the three-compartment model. The dashed . o .
line was obtained by fitting the data to a monoexponential function. 0 the outer leaflet. To determine the characteristic half-times

The residuals of the model fit (B) and the monoexponential fit (C) of the two phases, the data were fitted as described under
are depicted. Materials and Methods (see Figure 3). Additionally, a
monoexponential fit was performed (Figure 3A, dashed line)
However, the final plateau was reached within 30 min. to compare the model-based data with a simple virtual one-
Essentially all of the PE and PC analogues were incorporatedphase process. The residuals (Figure 3C) clearly show that
into IIMV. This was verified by the fact that no further a monoexponential function does not fit the recorded data.
fluorescence increase was observed when an additionaHowever, the data could be well fitted by a biphasic process
aliquot of 1IMV was added to the suspension (data not (Figure 3A, solid line, and Figure 3B). On the basis of the
shown). three-compartment model depicted in Figure 1, the half-times

For the measurement of the transbilayer movement of of flip-flop and the extraction of analogues as well as their
M-C6-NBD-PE and M-C6-NBD-PC across the IIMV mem- transbilayer distribution were estimated (Table 1). The
branes, we used stopped-flow methods taking advantage ofransbilayer dynamics and distribution of M-C6-NBD-PE and
the fact that the lipid analogues can be extracted from the M-C6-NBD-PC were found to be almost identical. While
membrane by BSA (“back exchange”) and that the quantum data in Table 1 refer to measurements of IIMV samples
yield of analogues bound to BSA is different from that of labeled for 30 min with NBD-lipids, we found essentially
membrane-incorporated analogues. We used cuvette experithe same results when performing stopped-flow measure-
ments to verify that the quantum yield of analogues bound ments on [IMV preparations labeled for 90 min. This
to BSA is less (about 55%) than that found in membranes indicates that after 30 min of labeling the analogues are
(see Figure 4). After labeling of IIMV with 2 mol %  already equilibrated between the two leaflets of the bilayer,
fluorescent analogues for 30 min at room temperature, consistent with a rapid flip-flop of the phospholipid ana-
vesicles were rapidly mixed with 2% (w/v) BSA solution logues.

(final concentration) by stopped-flow (dead time of mixing To verify whether all analogues were extracted by BSA,
~10 ms). The time-dependent decrease of fluorescencewe labeled an aliquot of IMV with 2 mol % M-C6-NBD-
resulting from back-exchange of analogues by BSA was PE or M-C6-NBD-PC, then incubated the vesicles with 2%
monitored. As seen in Figure 3 (only shown for M-C6-NBD- (w/v) BSA for 300 s at room temperature, and measured
PE), the fluorescence emission intensity was found to decaythe resulting NBD fluorescence. The fluorescence intensity
in two distinct phases. After 300 s, no change of fluorescencewas essentially the same as that found when an equal amount
was observed, suggesting that all phospholipid analoguesof analogues in aqueous suspension was incubated with 2%
were extracted and bound to BSA (see below). Therefore, (w/v) BSA (Figure 4B,C) and about 50% of that seen when
the kinetics were normalized as follows: the initial fluores- the analogues were all membrane-integrated (compare Figure
cence intensity (before BSA extraction) was set to 1, and 4B with Figure 4A). Our data clearly show that all analogues
the intensity after 300 s to O. were completely extracted by BSA after 300 s. Additionally,
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Ficure 4. Complete extraction of phospholipid analogues from 0 50 100 150 200 250 300

IIMV by BSA. IIMV (60 «M final phospholipid concentration)

were labeled with 2 mol % M-C6-NBD-PE for 30 min (A); time [s]
subsequently, the analogues were extracted by 2% (w/v) BSA in 0.5

10 mM HEPES for 300 s (B). Longer incubation300 s) did not B
change the fluorescence intensity. (C) BSA [2% (w/v)]-bound -

M-C6-NBD-PE (2 mol % of total phospholipid content of 1IMV) o 04 4
in the absence of IIMV. (D) An aliquot of IIMV was added to 3 c

BSA-bound M-C6-NBD-PE (2 mol % of total phospholipid content £ £ 0.34 ¢

of IIMV). (E) IIMV [equal to the amount used in (A) and (D)] in §'§ b

2 mL of HEPES buffer. (F) 2% (w/v) BSA in 2 mL of HEPES o% 0.2

buffer. The error bars indicate the standard deviation of two @ @ e

experiments. The experiment was performed at room temperature. % o a

when an aliquot of IIMV was added to the sample containing

the BSA-bound analogues, no changes occurred due to the 0.0 3 % 240

presence of IIMV (Figure 4D), consistent with the proposal
that k_, (transfer of analogues from BSA to membranes)
contributes very little to our analysis (Figure 1). Ficure 5: Effect of protein concentration on flip-flop of and

To analyze the mecharnsm Of phosphollp|d ﬂ|p_ﬂop extraction of M-C6-NBD-PE. (A) The pI’OteoliposomeS were

. : : prepared with increasing amounts of the Triton extract and labeled
further, we reconstituted a series of proteoliposomes from with M-C6-NBD-PE during the reconstitution procedure. Subse-

IIMV containing different amounts pf protein extract and 2 quently, the labeled proteoliposomes made from IIMV were
mol % M-C6-NBD-PE (see Materials and Methods). We analyzed by the stopped-flow assay as described before. The kinetics
estimated that by this procedures0—70% of the protein represent the mean of 8 records corresponding to pure liposomes
and ~60—85% of phospholipid from the reconstitution (trace a), 6 records to 4@y of protein/mL (trace b), 8 records to

. . . : 100ug of protein/mL (trace c), and 9 records to 18§ of protein/
mixture were recovered in the resulting proteoliposomes, . “4race d). For all samples. the phospholipid concentration was

while greater than 99% of the starting Triton X-100 was the same (see Materials and Methods). Setting all the extractable
removed. The proteoliposomes were rapidly mixed with a analogues to 100%, the relative contribution of the fast component
BSA solution by stopped-flow, and the time-dependent (analogues &t= 0 on the outer leaflet) decreases from 100% (curve

decrease of fluorescence caused by back-exchange 01&) to 66% (curve d), while the relative contribution of the slow
component (analogues in the inner leaflet & 0, which become

analogues by BSA was monltorgd. We Stu_d'e‘j or!ly M',C6' accessible to BSA after redistribution to the outer leaflet) increases
NBD-PE, not M-C6-NBD-PC, since we did not find sig-  from 0% to 34%. For fitting of curves and half-times of transbilayer

nificant differences between the transbilayer movement of movement of analogues, see Figure 6 and Table 1. (B) The final
the two analogues in lIMV [see als@)(for an equivalent amplitudes of fluorescence decrease [see (A)] of two independent

; ; : experiments with increasing amounts of proteins are shown. The
result usingBacillusmembranes]. As with IIMV, we found error bars depict the standard deviation. The letterd aext to

a biphasic decline of the fluorescence intensity on adding gach data point correspond to the traces (for one of the two
BSA to the M-C6-NBD-PE-labeled proteoliposomesn experiments) in panel A.

initial rapid decline followed by a second phase of slow

fluorescence decrease. The kinetics of fluorescence decreaseuter leaflet while the later “slow” phase corresponds to the
were independent of protein content (see Discussion). At hightranshbilayer movement. For proteoliposomes with almost
protein content (18@g/mL, Figure 5), we observed that the complete analogue extractior 90%) as deduced from the
fluorescence decreased finally to about 65% of the initial quantum yield, we fitted the fluorescence traces to the model.
value. Based on quantum yields, this indicates that most of From fitting of the experimental data to the model, we
the analogues>90%) are extracted from the proteolipo- determined that the transbilayer movement of NBD-phos-
somes to BSA. At lower protein contents, removal of pholipids in proteoliposomes (Figure 6) was very similar to
analogues was not complete, indicating that a fraction of the that seen in IIMV. The respective rate constants were of the
proteoliposomes lacked the putative flippase protein (Figure same order as those found for 1IMV (Table 1). Extraction
5). For vesicles reconstituted in the absence of protein extractkinetics of protein-free liposomes could be fitted to a
but in the presence of Triton X-100, we found only the rapid monoexponential function (data not shown). We note that
initial phase of fluorescence decline but no further (slow) amplitudes for extraction present only rough estimates due
decrease (Figure 5). The fluorescence in the liposome samplédo significant scattering (see Materials and Methods).
reached a final plateau between 80 and 85%, consistent with Taken together, these results strongly indicate that the rapid
the removal of about 50% of the analogues by BSA. These transbilayer movement of M-C6-NBD-PE in reconstituted
results are consistent with our interpretation that the initial vesicles is protein-dependent. This conclusion is further
phase corresponds to extraction of the analogues from thesupported by the influence of proteinase K pretreatment of

protein pg/ml
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movement of analogues in those vesicles were of the order

1.0 . A
PE extract . . .
modot it of those given for proteoliposomes in Table 1.
0.8 - —-— - monoexponential fit

DISCUSSION

In this study, we investigated the transbilayer movement
of fluorescent phospholipid analogues in IIMV derived from
E. coli wild-type strain MG1655, as well as in proteolipo-
somes generated from detergent extracts of IIMV. To do this,
we combined the commonly used BSA back-exchange
procedure with stopped-flow methods. This combination
enabled us to record fluorescence changes that occurred

relative fluorescence intensity

0 50 100 150 200 250 300

time [s] . . .
during the extraction of fluorescent-labeled phospholipid
0:30 model B i monoexp. C analogues from IIMV and proteoliposomes directly and with
2 o.15J . H high time resolution. Subsequently, the data were analyzed
2 00 “ v via a three-compartment modé&) ¢that allowed us to deduce
& l . ’ q the rate constants (half-times) of transbilayer movement and
-0.15 . . . ..
" 100 200 300 v 200 a0 calculate the distribution of phospholipid analogues on the
dme [s] time ] two sides of the bilayer. The applicability of this stopped-

flow back-exchange approach depends on the quantitative

FIGURE 6: Stopped-flow kinetics of extraction of M-C6-NBD-PE relation between the rate constants (or respective half-times)

from reconstituted IIMV by BSA. IIMV-derived proteoliposomes :
were labeled with 2 mol % of the fluorescent phospholipid for extraction of analogues by BSA and the rate constants

analogues during the reconstitution as described under Materialsfor the transbilayer movement of analogues. The latter can
and Methods. Equal volumes of proteoliposomes and 4% (w/v) BSA pe measured by our approach only if the extraction step is
were mixed in the stopped-flow apparatus, and subsequently theg;qificantly faster in comparison to the transbilayer move-

fluorescence decrease was recorded at room temperature (A). The t of phospholinid | We found that th |
curve represents the average of five separate kinetic traces. Trace§1€Nt O PhosSpholipid analogues. Ve tound that the analogues
were corrected for scattering (see Materials and Methods). The solidwere rapidly extracted from the outer leaflet of membrane

lines represent the fit of the experimental data to the model shown vesicles (IIMV or proteoliposomes) with a half-time ef7

in Figure 1. The dashed line was obtained by a monoexponential 5 yery similar to that observed for microsomes from rat liver

fit of the data. The residuals for a fit of the data to the model (B) cells (7). For IIMV and proteoliposomes, but not for

and of a monoexponential fit (C) of the extraction kinetics are i

displayed. The half-times obtained from independent preparations!iP0Somes, a second slower decrease of fluorescence was

are summarized in Table 1. recorded. We attribute this second phase to the transbilayer
translocation of the analogues with half-times between 40

and 185 s as revealed from the analysis of extraction kinetics.

This indicates that the process of phospholipid analogue flip-

Z

2

£ 1.0 1 : !

= flop is much slower than that of analogue extraction by BSA.

§ 0.9 1 We found that the movement of both analogues to the

2 wani| Wio protein periplasmic leaflet of IMV is about-34 times slower than

s 0.8 1 AR 60 min that to the cytoplasmic layer. Our data showed that only

= 30 min ~22% of the PE analogue and 17% of the PC analogue are

-% 0.7 omin located in the periplasmic leaflet of the vesicle membrane.

] 0 100 200 300 This transbilayer distribution of analogues is in accordance

with previous observations of the distribution of NBD-PE

time [s] in the inner membrane d. coli (5). However, recently it

FIGURE 7: Kinetics of the extraction of M-C6-NBD-PE from  was shown that PE is preferentially (65%) redistributed to
reconstituted [IMV by BSA prior to and after proteinase K the periplasmic leafle®f). The discrepancy might be related
treatment. Reconstituted [IMV-derived proteoliposomes were la- g the chemical nature of analogues, causing them to behave

beled with 2 mol % M-C6-NBD-PE during reconstitution as differently from their endogenous counterparts, and/or to a

described before, and a stock was treated with proteinase K (1 mg i . .2 )
mL) for the indicated time. An aliquot was removed from the stock SPecific transbilayer distribution of newly synthesized PE.

and incubated with 3 mM PMSF (final) for 5 min prior to analysis Moreover, it is not known how the isolation procedure of
by stopped-flow back-exchange. Traces were corrected for scatteringlIMV affects the transbilayer distribution of phospholipids.
(see Materials and Methods). For comparison, the extraction kinetics \jeyertheless, the transhilayer movement of analogues mimics
measured with pure liposomes (without protein) are shown. adequately that of newly synthesized PE. Although the

proteo]iposomes on ana|ogue extraction. The amount of translocation half-times of the latter could not be resolved

extractable analogues decreased dramatically after a 30 of" & previous study, it was estimated that they are of the

60 min pretreatment with proteinase K (Figure 7) as revealed order of 1 min or less@).

by comparison with the kinetics of pure liposomes. This  Here we set up a reconstitution assay to investigate the
indicates that the proteolysis eliminated flippase activity in transhilayer movement of fluorescent phospholipid analogues
a large fraction of the proteoliposome population. Notably, in more detail. We created vesicle populations with increas-
despite aggressive treatment with proteinase K (incubationing protein-to-phospholipid ratios and tested these prepara-
for 60 min), we could not completely eliminate the pool of tions in the back-extraction/stopped-flow assay. We found
transport-active vesicles. The half-times of transbilayer that with increasing amounts of protein the fluorescence
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amplitude decreased (Figure 5), reflecting the fact that an E. coliis a rapidly growing organism, dividing once every
increasing amount of vesicles are able to transport the 0.5 h. It requires rapid synthesis of new membrane, and
phospholipid analogues across the membrane. As displayedconsequently a rapid transhilayer movement of newly
in Figure 5B, the transport maximum seen with vesicles of synthesized phospholipids. For a bilayer membrane, expan-
high protein content (18@2g/mL) was close to the plateau sion of one monolayer with respect to the other causes
value expected if all vesicles were transport-competent. Thus,curvatures and extrusion, and eventually vesiculation, a
in a vesicle population prepared withl80ug/mL protein, process which can be easily rationalized in the frame of the
most vesicles are equipped with a putative flippase. As bhilayer couple modell(l). Therefore, to preserve the stability
deduced from the rate constants (see legend to Figure 5)0f inner membranes oE. coli, rapid redistribution of
the kinetics of transbilayer movement of M-C6-NBD-PE in  phospholipids is of importance. In vesicles composed only
proteoliposomes prepared in the rangel80xg/mL (Figure of lipids from the inner membrane d&. coli, transbilayer
5B) were essentially independent of protein content. We movement of phospholipids was slow, as known to be typical
suggest that in this range of protein content the proteolipo- for pure lipid membranesl@). Thus, proteins acting as a
some population contains vesicles with at most one trans-flippase have been assumed to mediate efficient phospholipid
porter (flippase), with some vesicles lacking transport flip-flop. According to available data, flippase activities are
activity. We anticipate that only once the protein content of typical for phospholipids synthesizing membranes of bacteria
the proteoliposome preparation exceeds A&MnL will rate (4—6) and eukaryotic cells7 10, 13—15). Indeed, in the
increases become evident. endoplasmic reticulum of eukaryotic cells such as rat liver
As shown in Table 1, the transbilayer movement of the cells (7) as well as yeast cells (Marx, U., and Herrmann, A.,
PE analogue in proteoliposomes is very similar to its unpublished observation), a rapid protein-dependent trans-
movement in IIMV. This shows that the flip-flop in IMV  bilayer movement has been unequivocally demonstrated. As
is protein-dependent and can be reconstituted withoutwe have shown previously by the stopped-flow approach,
significant impairment. The difference between the inward the half-times of the flip-flop of M-C6-NBD-PC and M-C6-
and outward movement was smaller than that found for NBD-PE in these cells are of the same order as found here
IIMV. This implies that the activity of a putative flippase for IIMV and proteoliposomes?).

has a preference toward the cytoplasmic leaflet of IIMV.  \yhjle the molecular nature of flippases remains to be
Very likely, for proteoliposomes one would expect that the getermined, it is evident that these proteins must possess
specific transhilayer orientation of membrane proteins found specific domains that are not typical for membrane proteins
in IIMV is not preserved, reSUlting in similar rate constants in generaL Such domains must somehow enable a rapid
for inward and outward movement. Nevertheless, a faster redistribution of phospholipids between the two leaflets of
outward movement of analogues was found in proteolipo- a3 membrane bilayer. Transmembrane domains per se are
somes, suggesting a preferred orientation of a putative ynlikely to be sufficient to mediate a fast flip-flop. Otherwise,
flippase in the reconstituted vesicles. The transbilayer g fast transbilayer movement of phospholipids would be a
distribution of analogues in proteoliposomes is consistent typical feature of all biological membranes. This is not the
with this. However, we cannot preclude that the amount of case. For example, as known for the plasma membrane of
analogues in the outer leaflet of proteoliposomes is overes-metabolic energy-depleted mammalian cells, transbilayer
timated since about 10% of the analogues could not be movement of phospholipids is very slow§ 17). To shed
extracted to BSA (see Results). Presumably, these nonexyight onto the structure and function of specific protein
tractable analogues are on the inner leaflet of liposomesgomains mediating a rapid phospholipid transbilayer move-

lacking a rapid flip-flop activity. ment, the study of synthetic membrane-spanning peptides
Further support for the protein dependence of the fast provides a promising tool1Q).

transbilayer movement of analogues is given by the loss of
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