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We have studied the effects of trinitrophenylation on the transbilayer movement of phosphatidylcholine and
the macroscopic lipid structure in rat liver microsomal membranes. The transbilayer movement of phos-
phatidylcholine was investigated using the PC-specific transfer protein. 3! P-NMR was employed to monitor
the phospholipid organization in intact microsomal vesicles. The results indicate that modification of
microsomes with trinitrobenzenesulfonic acid enhances the transbilayer movement of phosphatidylcholine at
4°C. Furthermore, phosphatidylethanolamine headgroup trinitrophenylation in microsomes increases the
isotropic component in the 3'P-NMR spectra even at 4°C, possibly representing the appearance of
intermediate non-bilayer lipid structures. The observed parallel between these data suggests that phos-
phatidylethanolamine molecules in the microsomal membrane, probably in combination with a protein
component, are able to destabilize the bilayer organization, thereby facilitating the transmembrane move-

ment of phospholipids.

Introduction

The topology of biosynthesis [1] and the asym-
metric transverse distribution of phospholipids in
rat liver endoplasmic reticulum as inferred from
experiments on isolated microsomes [2] require a
mechanism for the translocation of these lipids
across the membrane. In microsomes the transbi-
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unilamellar vesicles; NMR, nuclear magnetic resonance; Ag,
residual chemical shift anisotropy.

Correspondence: Dr. G. van Duijn, Institute of Molecular
Biology, University of Utrecht, Padualaan 8, 3584 CH Utrecht,
The Netherlands.

layer movement of phosphatidylcholine (PC) has
been demonstrated previously with reported half-
times shorter than 5 [3] or 45 min [4] at physio-
logical temperature. This is very rapid as com-
pared for example to the observed half-times of
PC transbilayer movement in the erythrocyte
membrane [5]. More recently such a rapid trans-
membrane movement in microsomes also has been
shown for phosphatidylethanolamines [6,7]. The
mechanism by which this phospholipid transfer
occurs i1s not known. Recently, by using the water
soluble L-a-dibutyroylphosphatidylcholine as a
probe molecule, Bishop and Bell {8] have sug-
gested that PC translocation across the micro-
somal membrane could be protein mediated.
Transiently formed non-lamellar lipid struc-
tures could also provide a lipid translocation
mechanism (for reviews, see Refs. 9, 10). Such a
mechanism is supported by the observation that
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transbilayer movement of lipids in mixed model
membrane systems is increased under conditions
which destabilize the lamellar organization [11,12].
In these mixed phospholipid model membrane
systems a prerequisite for the enhanced transbi-
layer movement of the lipids was the presence of
phospholipids which prefer on their own a hexag-
onal (H;) type of structure. PE is the best studied
example of a membrane phospholipid that can
undergo a temperature dependent transition from
bilayer to hexagonal (H;) phase [13,14]. Most
interestingly, hydrated PE purified from rat liver
microsomes organize in the hexagonal (H;) phase
above 7°C [17]. Although the isolated microsomal
phospholipids form bilayers upon hydration [16],
3'P.NMR data have shown that at 37°C a consid-
erable portion of the phospholipids in microsomes
undergoes rapid isotropic motion [15,17,18]. Un-
fortunately, isotropic 3! P-NMR signals cannot give
exclusive information about the macroscopic
structure of the lipids. Although lateral diffusion
of lipids around the relatively small microsomes in
theory can give rise to such spectra [19,20], the
possibility that transiently occurring intermediate
non-lamellar structures, for instance induced by
microsomal proteins like e.g. cytochrome P-450
[18], contribute to such isotropic signals cannot be
excluded. This is especially possible given the
hexagonal (H,) phase prefering character of the
microsomal PE [17] and the observed specific in-
teraction between PE and cytochrome P-450 in
microsomes [21].

The aim of the study presented in this paper
was to relate the macroscopic lipid structure after
modification of the PE component in the mem-
brane to the transbilayer movement of phos-
pholipids in rat liver microsomes. Recently we
described that trinitrophenylphosphatidylethanol-
amine shows an even stronger tendency to de-
stabilize model membrane bilayers than the corre-
sponding PE [16]. In addition, it has been shown
that PE in intact microsomes can be modified by
using TNBS [22]. Therefore we have investigated
the effects of TNBS labeling on (1) the trans-
bilayer movement of PC in rat liver microsomes
by using the PC-specific transfer protein and (2)
the macroscopic lipid structure in the microsomal
membrane with 3P-NMR. The results indicate
that trinitrophenylation of PE in microsomes both

enhances the transmembrane motion of PC and
induces isotropic 3*P-NMR signals, possibly re-
flecting the appearance of intermediate non-bi-
layer structures.

Materials and Methods

Animals

Adult male Wistar rats (200-250 g) were in-
jected intraperitoneally with 1 mCi of isotonic
sodium [*’P]phosphate (Amersham, UK) or 200
pCi of [methyl-'*Clcholine chloride (NEN, Bos-
ton, MA) dissolved in 150 mM NaCl, 10 mM
Hepes (pH=74) 16 h or 1 h before killing, re-
spectively. The rats were starved during 16 h.

Preparation and analysis of microsomes

Rat liver microsomes were isolated according to
Dallner [23]. The final microsomal pellet was re-
suspended via mild sonication in a buffer con-
taining 150 mM NaCl and 10 mM Tris/HAc
(pH = 7.4). Protein content was determined
according to Peterson [24]. Total lipid extract of
rat liver microsomes was obtained by the method
of Folch et al. [25]. Phospholipids were separated
by two-dimensional thin-layer chromatography
according to Broekhuyse [26]. Phosphorus was
determined by the method of Bottcher et al. [27].

Incubation of microsomes with trinitrobenzene-
sulfonic acid

Microsomal suspensions (1 ml containing 10
mg of protein) were incubated with 3.0 mM TNBS
in 150 mM NaCl and 10 mM Tris/HAc (pH = 7.4)
in a total volume of 10 ml at 4°C during 2 h. At
the end of the incubation the microsomes were
pelleted by centrifugation (100000 x g; 4°C; 60
min) and washed twice. The degree of microsomal
PE labelled with TNBS was determined according
to Higgins and Pigott [22]. In order to approxi-
mate the distribution of TNBS reacting with lipids
and proteins respectively, the labeled microsomes
were dissolved in CHCl;/MeOH/H,0 (1:2.2:1
v/v). A denaturated protein fraction was pelleted
by centrifugation (20 min, 3000 rpm in a Heraeus
Christ centrifuge). Subsequently, the lipids were
obtained after addition of CHCI; and H,O0
according to the method of Bligh and Dyer [28].
After evaporation of the solvents, both lipid and



protein fractions were dissolved in equal volumes
of 10% SDS/MeOH (1:1, v/v). Absorbances were
measured at 340 nm. Assuming comparable
molecular absorption coefficients, 57% of the re-
acted TNBS appeared to be associated with lipids
and 43% was present in the protein fraction.

Lipids and preparation of vesicles

Egg PC was purified as described recently [29].
Trinitrophenylation of aminophospholipids in mi-
crosomal phospholipid extracts was performed
according to the method of Van Duijn et al. [16].
Multilamellar vesicles were prepared by dispersing
lipids, dried from CHCI;, in a buffer containing
100 mM NacCl and 10 mM Tris/HAc (pH 7.4).
For 3P-NMR experiments the buffer contained
25% *H,0. Small unilamellar vesicles were pre-
pared by sonication of multilamellar vesicles un-
der nitrogen at 0°C for 20 min using a Branson
tip sonicator (energy output, 50 W). After sonica-
tion, the dispersion was centrifuged (35000 X g;
30 min; 4°C) and the small unilamellar vesicles,
present in the supernatant were used for the
experiments.

Microsomal membrane integrity

Two tests of microsomal membrane integrity
were used. First we measured the latency of glu-
cose 6-phosphate with mannose 6-phosphate as
substrate, based upon the method of Arion et al.
[30]. In experiments with trinitrophenylated
microsomes we determined the dextran (M, =
70000) accessible space in comparison to freshly
prepared microsomes, essentially according to the
procedure described previously [3].

Microsomal phosphatidyicholine exchange assay
Phosphatidylcholine specific transfer protein,
purified from bovine liver [31], was stored in 50%
glycerol at —20°C (531 pg/ml). Transfer of
[32P]phosphatidylcholine from microsomes to
sonicated egg-PC vesicles was measured as
described by Kamp et al. [32] with some slight

modifications. 3?P-labeled microsomes were

incubated with a 10-fold excess (based upon phos-
pholipid phosphorus) of small unilamellar vesicles
composed of egg PC and 0.05 mol% [*H]-
cholesteryl hexadecyl ether as a non-exchangeable
and non-metabolical marker in a total volume of
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2.7 ml. At the end of incubation 1 ml 0.2 M
sodium acetate/HAc (pH = 5.0; 4°C) was added
and the microsomes were subsequently sedi-
mented at 35000 X g (20 min; 4°C). The lipids
from the supernatant, containing the small uni-
lamellar vesicles, were extracted [28]. The extract
was dried under a stream of nitrogen and dis-
solved in 5 ml of Insta-Gel (Packard). The **P/*H
radioactivity ratio was determined with a Prias
(PLD Tricarb Packard) liquid scintillation counter
by using the external standard ratio method. The
recovery of the *H marker varied between 70%
and 80%. These data were used to calculate the
transfer of [3?P]PC from the microsomes to the
lipid vesicles. Occasionally the specificity of the
transfer protein towards PC was tested. In this
control experiment different classes of phospholi-
pids (PE, PS, PI and sphingomyelin) were added
as markers towards the extracted lipids from the
acceptor vesicles. After separation of the phos-
pholipids by using two-dimensional thin layer
chromatography [26] 3?P radioactivity was only
observed in the PC spot. In addition the specific
radioactivity in the different phospholipid classes,
present in the 3?P-labeled microsomes, has been
determined. After subsequent lipid extraction from
the microsomes, separation of the lipids, phos-
phorus determination and 3?P-radioactivity count-
ing, the *?P label appeared to be distributed ho-
mogeneously over the various phospholipid classes
in agreement with previous data [4]. Finally, in the
absence of the transfer protein, the spontaneous
transport of [**PJPC from microsomes to lipid
vesicles never exceeded 10% after an incubation
period of 4 h at 4°C or 25°C.

Phosphatidylcholine exchange between model mem-
branes

For these experiments rats were injected in-
traperitoneally with a single dose (200 uCi) of
[ methyl-'*C]choline chloride 1 h prior to decapita-
tion. The [ methyl-*C]choline label appeared to be
present exclusively in the PC spot after extraction
and subsequent separation of the microsomal
lipids. The transfer of ['*C]PC from multilamellar
vesicles was measured according to Noordam et
al. [12] with some slight modifications [33].

Nuclear magnetic resonance (NMR)
Broad-band proton-decoupled *’P-NMR spec-
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tra of rat liver microsomes were recorded at §1
MHz on a Bruker WP200 spectrometer as de-
scribed by Van Echteld et al. [34]. The 36.4 MHz
proton-decoupled (input power 18 W) 3P-NMR
spectra of aqueous lipid dispersions were recorded
on a Bruker WH90 spectrometer as described
previously [29]. The 0 ppm position in the *'P-
NMR spectra is defined by the resonance ob-
tained from phospholipid molecules undergoing
rapid (7, < 107% s) isotropic rotational motion in
small spherical vesicles. The residual chemical shift
anisotropy (Ae¢) of the axial symmetric powder
patterns was calculated as 3 times the distance
between the highfield peak and the O ppm position
[38]. In the Mn?* experiments, after addition from
out stock of the ion to the hydrated lipids (step-
wise up to 6 mM), 3'P-NMR were accumulated
from subsequently two times 20 000 transients with
a standardized position of the sample with respect
to the receiver coils. Signal intensities were de-
termined by integration.

Chemicals

Trinitrobenzenesulfonic acid was obtained from
Sigma (St. Louis, MO). Cholesteryl hexadecyl ether
[cholesteryl-1,2-3H(N)] (spec. act. 46.8
mCi/mmol) and dextran-carboxyl [carboxyl-14C]
(spec. act. 1.24 mCi/g; M, = 70000) were
purchased from NEN Research Products (Boston,
MA.). Phosphatidylcholine transfer protein was a
gift of Prof. Dr. K.W.A. Wirtz. Chloroform and
methanol were distilled before use. Other reagents
were of analytical grade.

Results

Microsomal phospholipid composition and mem-
brane integrity

In liver microsomes, obtained from rats in-
jected with a single dose of [**Plphosphate 16 h.
before decapitation, the 3?P-label is incorporated
homogeneously in the various phospholipid classes,
since after chromatographic separation the phos-
pholipid distribution patterns, determined by
phosphorus measurements and 3?P-radioactivity
counting, respectively, are very similar and in
agreement with previous data [36] (PC:62%[65%];
PE:22%[22%]; PS:10%{8%}; PI:3%[2%] and
sphingomyelin: 3% [3%]; the values between

brackets represent the 2P distribution). When the
microsomes were incubated with 3.0 mM TNBS
during 2 h (4°C), 43% of the PE fraction could be
converted to TNPPE, in agreement with previous
data [22].

In addition we tested the microsomal mem-
brane integrity by measuring the glucose-6-phos-
phatase activity towards glucose 6-phosphate and
mannose 6-phosphate. In freshly prepared micro-
somes the latency of enzyme activity for mannose
6-phosphate appeared to be 90%, indicative for
intact and right side out oriented microsomal
vesicles [30]. Unfortunately, after trinitrophenyla-
tion of the microsomes the absolute glucose-6-
phosphatase activity decreased dramatically even
for glucose 6-phosphate as a substrate. Therefore
we also determined the permeability of the micro-
somal membrane to a macromolecule such as dex-
tran. In a freshly prepared fraction (approx. 10 mg
protein/ml) the microsomes took up 20% of the
total suspension volume. In a parallel experiment
18% of the total microsomal suspension volume
appeared to be inaccessible for [**C]dextran, most
likely representing the volume occupied by the
dextran-impermeable microsomes. After modifi-
cation of the microsomes with TNBS, this [*C]-
dextran inaccessibility slightly changed to 21%,
while these microsomes still represented 20% of
the total suspension volume. These results indicate
that trinitrophenylation of microsomes does not
influence the membrane impermeability for these
large (M_= 70000) molecules.

Exchange of microsomal phosphatidylcholine

Fig. 1A shows the exchange protein mediated
transfer of [*?PJPC from rat liver microsomes to
small unilamellar vesicles (egg PC) as a function
of time. At 4°C the degree of PC transfer reaches
a level at around 45% after 2 h of incubation.
Raising the temperature to 10°C results in an
increase of the exchangeable PC pool size. This
effect is even more pronounced at 25°C, since at
this temperature all PC molecules initially present
in the microsomes are exchanged by the transfer
protein within 60 min (half-time = 12 min), in
agreement with a previous study [3]. At 37°C a
similar behavior has been observed (data not
shown). In addition it can be seen that at 10°C
and 25°C the total microsomal PC behaves as a
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Fig. 1. Phosphatidylcholine exchange between rat liver microsomes and sonicated egg pﬁosphatidylcholine vesicles. Aliquots of
microsomes containing 400 nmol PC were incubated with SUV (4800 nmol egg PC). (A) Transfer of [>>P]PC from microsomes to
SUV composed of egg PC. O, incubation at 4°C with 80 pg of exchange protein; O, incubation at 10°C with 53 pg of exchange
protein; X, incubation at 25°C with 22 ug of exchange protein. (B) Semilogarithmic plot of data shown in (A). R, represents the
percentage of [*2PJPC transfer to the SUV. R, represents [**PJPC transfer at equilibrium, assuming that only the outer monolayer
of the SUV and the total microsomal PC pool are available for exchange. (C) Transfer of [**P]PC from trinitrophenylated
microsomes to SUV at 4°C (%) in the presence of 80 pg of exchange protein and at 25°C (a) in the presence of 22 pg of the
exchange protein. Control experiments (in the absence of TNBS) at 4°C () and 25°C (@), respectively, with comparable amounts of
exchange protein. (D) Semilogarithmic plot of data represented in (C).

single pool in the exchange process, resulting in a
straight line in a plot of log(R_ — R,) versus time
(Fig. 1B). R, represents the percentage of [*2P]PC
transfer to the SUV. R_ represents [3*>P]PC trans-
fer at equilibrium, assuming that only the outer
monolayer of the SUV and the total microsomal
PC pool are available for exchange. Assuming that
originally the [*?P]PC is present in both the cyto-
plasmic and luminal leaflet of the microsomal
membrane, it could be concluded that at tempera-
tures of 10°C or higher these molecules move

rapidly across the bilayer. At 4°C a more com-
plicated PC transfer profile is observed. Since the
exchange of [*?P]PC from microsomes did not
exceed 50% within a time period of 2 h (Fig. 1A)
and suggested two phase kinetics, we also tested
the PC-transfer protein concentration dependency
of this process at 4°C. As can be seen in Table I,
increasing amounts of PC-transfer protein propor-
tionally decrease the incubation time in which
30-36% of the total PC pool can be exchanged.
However, the residual microsomal PC can be
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TABLE 1

EXCHANGEABILITY OF [*?P]JPC FROM MICROSOMES
AT 4°C

Biphasic PC exchange process as a function of PC-transfer
protein (PC-TP) concentration.

PC-TP Rapidly exchangeable Half-time (h) of
(ng) pool exchange of residual
size time PC pool
(%) ° (min)

37 30 90 6
53 33 54 5-6
80 36 45 5-7

* The rapid exchangeable pool size is determined by the kink
in the semi-logarithmic plots representing exchange versus
time.

transferred only very slowly with half times rang-
ing between 5 and 7 h, independent of the PC
transfer protein concentration (Table I). These
results further support the interpretation that at
4°C a biphasic PC exchange process occurs (Fig.
1B). The rapid exchangeable pool most likely rep-
resents the PC molecules available for exchange in
the outer monolayer of the microsomal vesicles. In
agreement with previous data [3], the limited ex-
changeability of the second PC pool is probably
reflecting the slow PC transbilayer movement.
Trinitrophenylation of rat liver microsomes
drastically influences the rapidly exchangeable PC
pool size at 4°C. As can be seen in Fig. 1C and
1D, respectively, nearly 100% of the microsomal

4Cc 10°C 25C

PC is available for transfer protein mediated ex-
change as a single pool at this temperature within
90 min (half-time =14 min). In the control ex-
periment at 4°C, including a preincubation of 2 h,
in the absence of TNBS, only 38% of the total
amount of PC can be transferred from the micro-
somes to the acceptor vesicles within 120 min.
These results strongly suggest that modification of
microsomes with TNBS greatly facilitates the PC
transbilayer movement at 4°C. At 25°C, where
the rate of exchange is solely determined by the
kinetics of the transfer protein catalyzed exchange
reaction, trinitrophenylation hardly further stimu-
lates the exchangeability of microsomal PC (Fig.
1C and 1D).

I P_NMR of rat liver microsomes

In order to relate trinitrophenylation induced
PC transbilayer movement with possible structural
changes in the microsomal membrane we per-
formed *'P-NMR experiments. Fig. 2A shows the
3'P.NMR spectra obtained from microsomes at
various temperatures. At 4°C nearly all micro-
somal phospholipids give rise to an axially sym-
metric powder pattern typical for phospholipids
undergoing long-axis rotation in a bilayer organi-
zation [35]. The characteristic low-field shoulder
and high-field peak are separated by approxi-
mately 27 ppm. At this temperature only a very
limited fraction of the phospholipid molecules un-
dergoes rapid isotropic motion, as indicated by
the small peak at 0 ppm. In addition, probably
some free moving phosphorus containing small
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Fig. 2. Proton-decoupled 81.0 MHz 3'P-NMR spectra of rat liver microsomes (A) and trinitrophenylated microsomes (B), recorded at

4°C, 10°C, 25°C and 37°C, respectively.



TABLE II

SIp.NMR RESIDUAL CHEMICAL SHIFT ANI-
SOTROPIES

Ao (ppm) is defined by 3-times the distance between the
high-field peak and the O ppm position of the axial symmetric
3IP_NMR powder patterns.

4°C 10°C 125°C 37°C

Microsomes 27 249 16.5 147
Trinitro- 24 234

phenylated 10.5 10.2

microsomes *

MLYV composed 36.5

of trinitrophenylated 17

microsomal phospholipids b

2> Data are presented for both the broad and narrow spectral
components.
®  Data obtained from Ref. 16.

molecules are present in this microsomal sample,
resulting in a peak in the 3'P-NMR spectrum at 3
ppm. With increasing the temperature two effects
can be observed in the spectrum. First, the resid-
ual chemical shift anisotropy, defined by the dis-
tance between the low-field shoulder and the
high-field peak, decreases (Table II). Second, the
isotropic component in the spectra starts to
dominate at higher temperatures (Fig. 2A).

After trinitrophenylation of the microsomes
similar types of spectral changes can be seen.
However, as shown in Fig. 2B and Table II, these
effects are not exclusively due to changes in tem-
perature, but are also the direct result of the
interaction of TNBS with the microsomal mem-
brane. As an example, at 4°C the isotropic com-
ponent in the *'P-NMR spectrum of tri-
nitrophenylated microsomes shows a higher inten-
sity as compared to that of non-modified micro-
somes. Also at higher temperatures the intensity
of the isotropic *'P-NMR signal derived of tri-
nitrophenylated microsomes exceeds that obtained
from non-labeled microsomes. Furthermore, as can
be measured both at 4°C and 10°C, the residual
chemical shift anisotropy reduces as a result of
TNBS labeling (Table II). Besides the elimination
of the resonance at 3 ppm, representing the loss of
free moving phosphorus containing small mole-
cules, probably due to washing procedures, at 4°C
a new resonance intensity appears in the spectrum
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at —3.5 ppm. Recently we have shown that
TNPPE itself, when incorporated in mixed phos-
pholipid bilayers gives rise to an axially symmetric
3'P-NMR powder pattern with a reduced Ac of 17
ppm [16], due to a different headgroup conforma-
tion of TNPPE as compared to the natural phos-
pholipids (Ao =40 ppm). Since the broad *'P-
NMR bilayer component of the trinitrophenylated
microsomes at 4°C shows a reduced Ao (24 ppm)
as compared to that observed for model mem-
brane bilayers (Table II), this new resonance in-
tensity at — 3.5 ppm could represent the high-field
peak of an axially symmetric powder pattern de-
rived of TNPPE with a proportionally reduced Ao
of 10.5 ppm.

¥ P_.NMR of microsomal lipid systems

Recently we presented *P-NMR data concern-
ing the effects of TNPPE on the macroscopic
structure of hydrated lipids derived from rat liver
microsomes [16]. In short, in the control experi-
ment in the absence of TNPPE, all microsomal
phospholipids appear to organize in bilayers up
till 70°C. After trinitrophenylation of the amino-
phospholipid headgroups in organic solvent, the
hydrated microsomal lipids show a drastically
changed temperature dependent phase behavior,
represented by sharp isotropic ** P-NMR signals at
70°C and a pronounced hysteresis after subse-
quent cooling, indicative for a stable macroscopic
reorganization of the previous bilayer structure.

We confirmed these data and studied, in ad-
dition, the effect of Mn?>* on the *'P-NMR char-
acteristics. This paramagnetic ion will broaden the
resonances of those lipid molecules which can be
approached closely, i.c. in the absence of Mn?*
permeability and lipid transbilayer movement,
those molecules present in the outer monolayer.
Under the experimental conditions we used, in-
cluding 83 ps delay between pulse and start of
data acquisition, the broadened *'P-NMR reso-
nances can not be detected anymore. The resulting
residual signal intensities give information about
the portion of phospholipids present in the outer
monolayer of the liposomal system. After addition
of up to 6 mM Mn?* to hydrated microsomal
phospholipid systems, the 3'P-NMR spectrum re-
duces in signal intensity to a stable value of 70%
at 25°C. After heat-treatment (70°C; 1 h) of an
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identical lipid sample, addition of the same con-
centrations of the Mn?* ion at 25°C results in a
signal intensity which was stable for at least 2 h.
corresponding to 68% of the original value. This
result indicates that in MLV comprised of micro-
somal phospholipids about 30% of the molecules
are localized in the outer monolayer and that this
number is not affected by heat-treatment. In aque-
ous microsomal phospholipid systems in which the
aminophospholipids were trinitrophenylated, ad-
dition of up to 6 mM Mn?* at 25°C results in a
reduction of the 3'P-NMR bilayer signal intensity
of 22%. However, after heat-treatment (70°C; 1 h)
of this sample, addition of comparable concentra-
tions of Mn?* at 25°C gives rise to a complete
disappearance of the 3P-NMR signal. This ob-
servation shows an increased permeability towards
Mn’* under conditions that the lipid bilayer
structure is destabilized by the presence of TNPPE.

Exchange of phosphatidylcholine in microsomal lipid
model membranes

The next objective of this study was to relate
the observed bilayer destabilizing effect of TNPPE
[16] and the transbilayer movement of PC in mul-
tilamellar model membrane systems. Therefore we
studied the effect of trinitrophenylation on the
exchangeability of PC from MLV composed of
microsomal phospholipids. Fig. 3A shows the
transfer of ['*C]PC from MLV in the absence of
TNPPE. At 25°C 39% of the PC pool is available
for exchange. After heat-treatment at 70°C during
1 h and subsequent cooling to 25°C, thereby not
effecting the macroscopic lipid structure, this

number slightly increases to 44%. After quantita-
tive trinitrophenylation of the aminophospholi-
pids, again 40% of the *C-labeled PC molecules
can be transferred from the MLV to the small
unilamellar vesicles at 25°C (Fig. 3B). However,
after heat-treatment of these MLV (70°C; 1 h) the
exchange protein mediated transfer of the PC
molecules increased to 60%. These results suggest
that the combination of trinitrophenylation and
heat-treatment, thereby leading to bilayer desta-
bilization [16], enables a fraction of the total PC
pool to redistribute between inner compartments
and the outer monolayer of these lipid structures.

Discussion

The aim of the present study was to relate the
transbilayer movement of phospholipids to the
macroscopic structure of the membrane lipids in
rat liver microsomes. We have shown that above
10°C all PC molecules present in the microsomal
membrane are available for exchange as a single
pool by using the PC specific transfer protein.
This result confirms previous data and the sugges-
tion [3,4] that at these temperatures the PC mole-
cules can undergo rapid transbilayer movement
(half-time at 25°C <12 min). Prerequisites for
this interpretation are that the transfer protein
cannot permeate the membrane nor facilitates the
lipid translocation by itself, and that the 32P-
labeled PC molecules are initially present on both
sides of the microsomal membrane. The observed
latency of glucose-6-phosphatase activity for man-
nose 6-phosphate makes a rapid permeation of the
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Fig. 3. Transfer protein mediated exchange of [!*C]PC between MLV and SUV at 25°C (A) and at 25°C after heat-treatment of the
MLYV at 70°C during 1 h. (B) MLV were comprised of microsomal phospholipids (O) or of microsomal phospholipids of which the
aminophospholipids were trinitrophenylated ( X ). The incubation mixtures contained MLV (0.4 pmol phospholipid), SUV (4 pmol
egg PC and 2-10° dpm [?H]cholesteryl hexadecyl ether, as a non-exchangeable marker) and 10 pg PC-transfer protein.



transfer protein through the microsomal mem-
brane most unlikely. In addition, the limited ex-
changeable pool size (= 60%) of PC in SUV com-
posed of microsomal phospholipids [3] indicates
that the transfer protein does not induce trans-
membrane movement of these phospholipids by
itself, although such an induction in cooperation
with microsomal membrane proteins cannot be
excluded. Furthermore, previous data [2,4,37] as-
sured that PC is present in both the cytoplasmic
and luminal leaflet of the microsomal membrane
and is uniformly 32P-labeled, 1 h after injection of
the rat with [**P]phosphate.

Apparently, in agreement with former results
[3}, at 4°C such a rapid PC transbilayer movement
does not occur as the protein mediated exchange
process shows biphasic kinetics. The observation
that only the kinetics of the rapidly exchangeable
PC pole are proportionally dependent on the
transfer protein concentration, strongly suggests
that the slowly exchangeable PC pool represents
those molecules which are initially present on the
luminal face of the microsomal membrane and
can not undergo rapid transbilayer movement.

The PC exchange characteristics at 4°C are
dramatically influenced by trinitrophenylation of
microsomes. Under conditions that 43% of the PE
fraction is trinitrophenylated, all PC molecules in
the microsomes behave as a single pool which is
available for exchange with a half-time of 14 min.
This increased exchangeability of PC is probably
not caused by changes in permeability for the
transfer protein since after trinitrophenylation the
microsomes retain their inaccessibility towards
large molecules such as dextran. Since next to
aminophospholipids also (membrane-)proteins be-
come trinitrophenylated by TNBS it could be
argued that the increased transbilayer movement
of PC at 4°C is the result of an activation of a
protein involved in this process. We consider this
unlikely since trinitrophenylation more likely will
cause a loss of enzymatic activity as we observed
for instance with glucose-6-phosphatase. Recently,
Bishop and Bell [8] reported a reduction of the
transfer of diC,PC across the microsomal mem-
brane as a result of TNBS modification. These
authors argued that this result would be an indica-
tion for the existence of a protein transporter for
PC. The use of the highly artificial short chain PC
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analogue in their study could cause the dis-
crepancy with the present results. Our data sug-
gest that the increase of the rapidly exchangeable
PC pool size at 4°C, representing the enhance-
ment of transbilayer movement of lipids, is the
result of the trinitrophenylation of the microsomal
amino-phospholipids.

In order to relate these observations to possible
structural changes in the microsomal membrane as
a result of trinitrophenylation we performed *!P-
NMR experiments. At 4°C in freshly prepared
microsomes all phospholipid molecules appear to
be organized in bilayers, thereby giving rise to a
3'P-NMR spectrum characterized by an axial sym-
metric powder pattern, in agreement with pub-
lished data [17]. However, the residual chemical
shift anisotropy of this “bilayer” type of spectrum
is small as compared to that determined for phos-
pholipid molecules organized in multilamellar
model membranes [35]. This reduction in line-
width of the microsomal 3'P-NMR spectra be-
comes more dominant at higher temperatures, re-
sulting in a further decrease in Ao and the ap-
pearance of a broad isotropic signal which
dominates the spectrum at 37°C. These spectral
changes in principle can be caused by a number of
different mechanisms, e.g.,, (1) changes in
headgroup structure, (2) changes in rate of lateral
movement of lipids in a curved membrane and (3)
rapid changes in phospholipid orientation within
the membrane. Computer simulations of >’ P-NMR
spectra of phospholipids with various types of
headgroup orientations have demonstrated that
the ®P-NMR lineshape and Ac are dependent on
the local conformation of the headgroup [37].
However, experimental evidence obtained so far
suggest that the phosphate region of naturally
occurring diacyl phospholipids has a highly con-
served structure in both model and biological
membranes which is the reason for the fact that
the ¥P-NMR spectrum of such phospholipids in
extended and planar bilayers virtually always is
characterized by an axially symmetric lineshape
with a Ao of around 40 ppm. Therefore it is highly
unlikely that changes in headgroup structure cause
the observed spectral changes. Rapid isotropic
reorientation of phospholipid molecules in a
curved membrane of a vesicular structure as a
microsome can be the result of either vesicle tum-
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bling or lateral diffusion of the lipids within the
membrane. Both theoretically [20] and experimen-
tally [15] contributions of microsomal tumbling to
the observed reduction in Ao and the change from
an axially symmetric to an isotropic line shape can
be excluded. In contrast lateral diffusion of lipid
molecules within bilayers of microsomal vesicles
which have a size range between 80 and 200 nm in
diameter [20], can cause an averaging of the chem-
ical shift anisotropy leading to either a reduction
of Ao or, for the smallest microsomes at higher
temperatures, an isotropic >'P-NMR lineshape
[19,20]. Unfortunately, an exact quantification of
the lateral diffusion contribution to the changes in
3IP_.NMR lineshape can not be given due to un-
certainties in the rate of lateral diffusion of the
phospholipids in the microsomal membrane and
the choice of the model for lateral diffusion.
Therefore, the third possibility that the peculiar
3IP_.NMR lineshapes in rat, bovine and rabbit
liver microsomes [15,17,18] are due to rapid
changes in phospholipid orientation within the
membrane, for instance due to transiently formed
non-bilayer structures has to be considered. There
are several arguments consistent with such a dy-
namic nature of the microsomal phospholipid
component. Transbilayer movement of phos-
pholipids, under equilibrium conditions (without
significant turnover or net synthesis of lipids), is
uniquely high. Furthermore, isolated hydrated PE,
which amounts to 22% of the total phospholipid
pool in microsomes shows a bilayer to hexagonal
(H,) phase transition around 7°C [17] and thus
prefers a non-bilayer organization at higher tem-
peratures. v

In considering the effects of trinitrophenylation
of the aminophospholipids in the microsomal
membrane on membrane structure it is usefull to
recall that trinitrophenylation of PE results in a
stronger tendency to adopt the H; phase, mani-
fested by a shift in bilayer to hexagonal (H))
phase transition temperature towards lower values
[16]. This effect is mainly due to headgroup dehy-
dration [16]. Another result of the reaction of
TNBS with PE is the strong reduction in 4o of the
3'P.NMR spectrum of the trinitrophenyl deriva-
tive which most likely is due to a change in
headgroup conformation [16]. In the *P-NMR
spectra of mixed lipid systems the TNPPE compo-

nent can be readily identified as a second axially
symmetric component with a strongly reduced Ae.
Also in the 3'P-NMR spectra of the TNBS-treated
microsomes investigated in this study a new spec-
tral component is observed which most likely rep-
resents the high-field peak of an axially symmetric
powder pattern with a Ae of 10.5 ppm. We inter-
prete this as the 3P-NMR spectrum arising from
TNPPE within the microsomal membrane. The
slightly smaller value of Ae¢ as compared to pure
lipid systems [16] might be caused by the ad-
ditional motional averaging possibilities in the mi-
crosomal membrane. The second and most pro-
nounced changes in the overall microsomal *!'P-
NMR lineshapes upon trinitrophenylation are the
shift towards lower values of Ao and the more
isotropic character of the lineshapes already oc-
curring now at lower temperatures. Since it is
unlikely that these changes are caused by an in-
crease in the rate of lateral diffusion or changes in
the microsomal vesicle size [22} and trinitropheny-
lation promotes the formation of non-bilayer
structures, we suggest that trinitrophenylation re-
sults in rapid phospholipid reorientations within
the microsomal membrane already at 4°C for
instance as a result of transient non-bilayer lipid
structures, possibly of an inverted micellar nature.

Apparently, there appears to be a striking
parallel between the trinitrophenylation induced
transbilayer movement of PC and possible struct-
ural changes in the microsomal membrane. In
order to further substantiate the involvement of
transient non-bilayer lipid structures in functional
membrane properties we studied the effect of
TNPPE on the exchangeability of PC in MLV
composed of microsomal phospholipids. In the
absence of TNPPE, hydrated microsomal phos-
pholipids organize in bilayers up to 70°C [16].
Under these conditions about 40% of the total PC
pool is available for exchange within .2 h. This
number closely matches the amount of PC mole-
cules present in the outer monolayer of these large
lipid vesicles, as has been confirmed by Mn?*
titrations in *'P-NMR experiments. Therefore this
result indicates that in these multilamellar vesicles
there is no rapid transbilayer movement of PC, in
agreement with previous data [3). In contrast, as
has been shown previously [16], afte trinitropheny-
lation of the amino-phospholipid headgroups in



organic solvents, the hydrated microsomal phos-
pholipids show a dramatically changed tempera-
ture dependent phase behavior. After heat-treat-
ment at 70°C, the lipid molecules reorganize from
a bilayer structure to a phospholipid structure
characterized by an isotropic *'P-NMR lineshape
at 25°C, possibly representing an intermediate
stage between bilayer and hexagonal (H;) phase
{10,16]. Because this structure has very different
characteristics than a conventional bilayer, we
name this operationally a non-bilayer structure. In
3'P_.NMR experiments, addition of Mn?* to this
intermediate non-bilayer structures results in a
complete disappearance of the signal. This result
indicates that under conditions that the lipid bi-
layer structure is destabilized by TNPPE, either
the permeability towards Mn?* is drastically in-
creased or the lipid molecules are able to move
freely from the inner shells to the surface of the
resulting structure, thereby approaching the
paramagnetic ion closely. Indeed, we have shown
that under otherwise similar conditions now 60%
of the PC pool becomes available for exchange by
the transfer protein. From these data it can be
concluded that there is a direct relation between
destabilization of the bilayer structure by TNPPE
and the enhanced transbilayer movement of PC.

The data presented and discussed in this paper
indicate that the phase behavior of PE in micro-
somes can be changed by headgroup tri-
nitrophenylation reactions, which further em-
phasizes the temperature-dependent manner in
which PE molecules in the microsomal membrane
are able to (transiently) destabilize the bilayer
organization. However, as has been proposed pre-
viously [18), the exclusive role of proteins like e.g.
cytochrome P-450 in regulating the macroscopic
lipid structure should not be underestimated. This
is especially relevant as (1) the lipids, derived from
the microsomal membrane, prefer a bilayer
organization after hydration at physiological tem-
peratures and (2) the PE component appears to
interact specifically with cytochrome P-450 in mi-
crosomes [21].
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