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Abstract Long chain acyl-coenzyme A (acyl-CoA) is a bio-
chemically important amphiphilic molecule that is known to
partition strongly into membranes by insertion of the acyl chain.
At present, microscopically resolved evidence is lacking on how
acyl-CoA in£uences and organizes laterally in membranes. By
atomic force microscopy (AFM) imaging of membranes exposed
to acyl-CoA in WWM concentrations, it is shown that aggregate
formation takes place within the membrane upon long-time ex-
posure. It is known that acyl-CoA is bound by acyl-CoA binding
protein (ACBP) with high a⁄nity and speci¢city and that
ACBP may bind and desorb membrane-bound acyl-CoA via a
partly unknown mechanism. Following incubation with acyl-
CoA, it is shown that ACBP is able to reverse the formation
of acyl-CoA aggregates and to associate peripherally with acyl-
CoA on the membrane surface. Our microscopic results point to
the role of ACBP as an intermembrane transporter of acyl-CoA
and demonstrate the ability of AFM to reveal the remodelling of
membranes by surfactants and proteins.
* 2003 Published by Elsevier B.V. on behalf of the Federation
of European Biochemical Societies.
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1. Introduction

The lipid bilayer is the essential structural component of
biological membranes and for biophysical studies, supported
or free-standing lipid bilayers are often utilized as well-con-
trolled model systems for biological cell membranes. An im-
portant class of phenomena is the interaction of membranes
with amphiphilic surfactants present in the water phase, and
long chain fatty acyl-coenzyme A thioesters (LCFA-CoA)
exemplify a biochemically important surfactant. LCFA-
CoAs are activated derivatives of fatty acids that serve as
intermediates in lipid metabolism and lipid biosynthesis, and
have also been reported to in£uence a wide range of mem-
brane-bound proteins and cellular functions [1] such as ion
pumps, ion channels and enzymes, membrane budding and
fusion events [2^4] as well as gene expression [5]. LCFA-
CoA molecules are amphiphilic molecules with a hydrophobic
fatty acid chain and a polar, hydrophilic CoA head group.
The critical micellar concentration (CMC) of palmitoyl-CoA

was found [6^8] to vary with salt concentration and pH, but
with a typical value around 30^40 WM.
LCFA-CoAs are known to associate with phospholipid

membranes by insertion of the fatty acyl chain [9,10] into
the bilayer core. In this respect, acyl-coenzymes A (acyl-
CoAs) may be classi¢ed together with other membrane asso-
ciating surfactants such as lysolipids, acylated peptides or
acyl-carnitines [11,12], of which the latter occur in metabolism
along with acyl-CoA. The equilibrium partitioning of acyl-
CoA into membranes is described by the partition constant
Kp which is the ratio between the mole fraction M of surfac-
tant in the membrane and the aqueous molar concentration c
(M) of surfactant in the water phase. For palmitoyl-CoA
(C16-CoA) in equilibrium with phospholipid vesicles, Kp is
typically of the order of 1U105 M31 [10,13].
Acyl-CoA is also the ligand of acyl-CoA binding protein

(ACBP), a cytosolic protein, mass = 10 kDa, that binds C14^
C22 acyl-CoA with high a⁄nity (KD is typically of the order of
0.1 nM) and speci¢city [14,15]. ACBP has been found in all
eukaryotes tested and is believed to function as a pool former
and transporter for acyl-CoA. ACBP has been found to me-
diate the intermembrane transport of LCFA-CoAs and to
donate LCFA-CoAs to L-oxidation in mitochondria [16].
The membrane partitioning of LCFA-CoAs has previously

been studied to some extent by measurements of vesicle sus-
pensions. Nuclear magnetic resonance (NMR) shows no
transbilayer movement of oleoyl-CoA in egg-PC vesicles [9]
and the membrane a⁄nity was higher than for octanoyl-
CoA. Palmitoyl-CoA has been reported to permeabilize rat
liver microsomal vesicles [17], whereas other studies did not
¢nd solubilization or leakage of egg-PC vesicles by palmitoyl-
CoA [11]. In contrast, acyl-carnitines have been found to yield
membrane solubilization analogous to what is induced by
synthetic surfactants [12]. Regarding thermodynamic proper-
ties, C14-CoA has been found by di¡erential scanning calo-
rimetry to increase the width of the main gel^£uid phase tran-
sition in saturated phosphatidylcholines [18].
In view of the sparse available knowledge of the microscop-

ic details for LCFA-CoA/membrane interactions it appears
highly relevant to characterize with high spatial resolution,
how well-de¢ned membranes are in£uenced by the partition-
ing of LCFA-CoA. By atomic force microscopy (AFM) we
study the morphological changes that occur in supported
membranes after exposure to acyl-CoA and we investigate
whether these changes can be reversed by subsequent exposure
to ACBP and whether ACBP binds to the membrane. In an
attempt to establish the basic phenomenology pertaining to
these problems, we use a model membrane system with the
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lowest complexity, which in this case means one-component
£uid bilayer membranes of DOPC (1,2-dioleoyl-sn-glycero-3-
phosphocholine).

2. Materials and methods

DOPC was purchased from Avanti Polar Lipids Inc. Acyl-CoA was
synthesized from CoA and fatty acid as described in [19]. ACBP
(bovine) was expressed in Escherichia coli and puri¢ed as described
in [20]. Fatty acid free bovine serum albumine (BSA) was purchased
in powder form from Sigma-Aldrich. Supported lipid bilayers of
DOPC were prepared by Langmuir^Blodgett (LB) deposition using
a monolayer trough (W-trough, Kibron Inc.) and Milli-Q water as
subphase. Freshly cleaved mica sheets were used as solid supports.
Lipid was applied to the water surface from a lipid stock solution of
0.5 mg/ml (DOPC in hexane) and solvent evaporation was allowed for
30 min. The monolayer was compressed at 2 AO 2/chain/min to a ¢nal
pressure of 42 mN/m, and the monolayer was transferred to mica with
a vertical dipping speed of 1^3 mm/s and with a subphase temperature
maintained at T=20.0‡C. Two vertical depositions of monolayers
produced a supported lipid bilayer membrane and the sample was
thereafter transferred to the AFM liquid cell without exposure to
air. AFM measurements were performed with a PicoSPM atomic
force microscope (Molecular Imaging) equipped with a home-made
liquid cell and operated in magnetically driven tapping mode (MAC-
mode) using MAClevers supplied by Molecular Imaging and with a
resonance frequency in water of V30 kHz. AFM was carried out at
room temperature (V20‡C). The scanner was continuously moved to
new regions during experiments with acyl-CoA and ACBP. This is
necessary due to the fact that the interaction of the membrane with
molecules in the water phase is sensitive to cantilever motion and tip^
surface contact. Moreover, it is not feasible to keep the sample in the
AFM and to keep the scanner at a ¢xed position over the long periods
involved in the present experiment. Despite the fact that this proce-
dure eliminates the option of following local changes in the mem-
brane, it secures a reliable characterization of the true and unper-
turbed morphology. In addition, the samples were in all cases found
to be quite uniform, meaning that a given region is representative for
the appearance of the complete sample. Note, that when imaging
structures that are comparable to or smaller than the apex of the
AFM tip (20^50 nm), the spatial resolution will be a¡ected by broad-
ening [21]. For well-separated structures protruding from a planar
surface, this e¡ect will typically imply that the recorded width is too
large, whereas the height of the structures is recorded accurately.
Acyl-CoA solutions were injected directly into the £uid cell via

Te£on tubing and the aqueous cell volume was exchanged by £ushing
within 20^30 s. ACBP was subsequently injected into the cell in
concentrated form from a stock solution of 3^4 mg/ml in order to
minimize the e¡ect of diluting the LCFA-CoA already present in the
cell.

3. Results

Fig. 1A,D shows the typical appearance of a native DOPC
membrane as formed by LB deposition. These membranes
usually contain well-de¢ned holes in the range of 5^10% of
the surface area. The di¡erence in height between hole and
membrane regions was in the range of 15^35 AO . The height of
the deepest holes correspond to the reported thickness of a
£uid DOPC bilayer of 35 AO [22]. In general, it was found that
the interaction of the supported membranes with acyl-CoA
can be divided in two stages: The initial partitioning of C18-
CoA into the membrane occurs within seconds after exposure
(£ushing of the liquid cell) and this is followed by a much
slower second stage involving lateral di¡usion of LCFA-CoA.
The initial stage is characterized by a strong disturbance of
the membrane surface and was found to be di⁄cult to image
with AFM. In the second stage, stabilization of the surface
topology and formation of elevated structures occurs after

incubation with acyl-CoA for 5^10 h. These structures are
assumed to be enriched in acyl-CoA and for convenience
they are termed aggregates. The nature and composition of
the structures are discussed further below. Fig. 1B shows the
aggregates formed after incubation for 15 h with 5 WM C18-
CoA. Aggregates have a typical height of 20^40 AO and are
preferentially located at hole edges. This is consistent with
previous ¢ndings that a high membrane curvature at hole
edges will favor the accommodation of molecules with more
bulky head groups [23,24]. Note that aggregates are also
found in the homogeneous parts of the membrane with no
holes, indicating that the aggregation process itself is not con-
¢ned to hole edges. Likewise, analogous experiments on hole
free membranes also produce aggregates. The aggregates
found in uniform membrane regions have poorly de¢ned
shapes and are more susceptible to scanner-induced motion,
probably because they are not pinned.
Fig. 1C shows the sample in Fig. 1B after 30 min exposure

to an excess amount of ACBP (1.5 times the equivalent to
C18-CoA). At this point, the acyl-CoA aggregates have been
nearly completely removed from the membrane and only a
few aggregates are seen. This means that in the process where
ACBP binds to the acyl-CoA or to the CoA head group, the
membrane partitioning and formation of aggregates is re-
versed. The stripes observed in Fig. 1C show the appearance
of acyl-CoA aggregates that are being moved by the tip dur-
ing scanning and demonstrate the high lateral mobility of the
aggregates.
For DOPC membranes exposed to 10 WM C18-CoA it is

found that larger aggregates are formed compared to the
5 WM case. Membrane solubilization induced by acyl-CoA
was not observed even at 10 WM. After exposure of the initial
membrane in Fig. 1D to acyl-CoA, a period of membrane
destabilization is once again observed. After overnight incu-
bation of the membrane, aggregates around holes are ob-
served, as in Fig. 1E. In this case, the acyl-CoA may aggregate
into highly compact structures around holes to an extent
where only a few narrow channels remain in the central
part of the aggregate region. Since the edges of holes possess
a high degree of curvature that accommodates acyl-CoA, one
might speculate that the complete sealing of holes is unfavor-
able since it would force the surface to become less curved at
this point. The aggregates protrude 20^30 AO above the mem-
brane surface and do not possess regular boundaries or sur-
face shapes. Rather the surface morphology is corrugated or
amorphous, as revealed by the close-up in Fig. 1F. This sug-
gests that the acyl-CoA favors a membrane interface with
high curvature and that a dense population of acyl-CoA is
not compatible with a planar membrane surface.
After exposure of the membrane in Fig. 1E,F to 1.5 times

the equivalent amount of ACBP, the structures in Fig. 1G,H
were observed within minutes thereafter. It is found that the
acyl-CoA aggregates of Fig. 1E,F have disappeared, and that
the holes in the membrane have re-emerged (regions marked
with crosses in Fig. 1G). The membrane holes are now cov-
ered with an ACBP monolayer due to the interaction with the
mica substrate, as described below in Section 3.1. Further-
more, for the membranes that were exposed to 10 WM C18-
CoA, a pattern is observed on the membrane which is inter-
preted as ACBP associated peripherally with the membrane
surface. The ACBP is bound to the membrane in clusters with
a lateral size of a few hundred nanometers. The height of the
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Fig. 1. The e¡ect of acyl-CoA and ACBP on membrane topology. All images are accompanied by a height pro¢le corresponding to the line in-
dicated in the image. The bare DOPC membrane in A is planar and featureless except for some holes extending partly down to the support
surface. Upon exposure of the membrane to 5 WM C18-CoA for 15 h, stable acyl-CoA aggregates are formed preferentially at hole edges (B).
After exposing this membrane to 1.5 times the equivalent ACBP dose, the acyl-CoA aggregates have been almost completely removed after 30
min (C). Upon exposure of the membrane in D to an increased 10 WM concentration of C18-CoA, larger acyl-CoA aggregates develop (E). The
corrugated topology of the aggregate regions is shown more detailed in the close-up (F). Exposing the membrane in E, F to 1.5 times the
equivalent ACBP dose, the acyl-CoA aggregates are removed and clusters of membrane-associated ACBP are observed on the membrane sur-
face (G, H, I). The close-up in I shows a region with ACBP clusters consisting of repeated subunits that are indicative of single proteins.
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ACBP regions is 2^4 nm, in fair agreement with the reported
size of the ACBP molecule (21U31U38 AO ) [16,25] and sug-
gesting that stacking of the protein does not occur. Fig. 1I
shows a region for which the structure of the membrane-as-
sociated ACBP is more clearly resolved. In this image, the
ACBP regions appear to consist of subunits that all have
nearly the same size (see the square indicated in Fig. 1I).
The height and the uniform size of the subunits are indicative
of single ACBP proteins bound to the membrane. The lateral
size of the proteins is exaggerated due to the in£uence of the
tip shape on the measured topology.

3.1. Control experiments
Both LCFA-CoA and ACBP are charged molecules and it

is therefore important to rule out the possibility that mem-
brane binding of ACBP is simply due to electrostatic interac-
tions with the membrane and/or with the mica support. Addi-
tionally we would like to verify the speci¢city of the
membrane association of ACBP using BSA as a control pro-
tein. The following control experiments were carried out to
address these issues. Fig. 2A,C,E shows DOPC bilayer mem-
branes as formed. A few minutes after exposing the membrane
in Fig. 2A to 5 WM ACBP, a strong interaction with the mica
substrate within the holes can be observed (Fig. 2B). More
importantly there are no detectable changes in the uniform
membrane regions after ACBP exposure, indicating that the
protein does not bind to planar DOPC membranes in the
absence of LCFA-CoA. The exposed mica surface within
the holes becomes covered with a monolayer of ACBP mole-
cules. This is evident from the change in topographical height
of the hole regions after exposure to ACBP which corresponds
roughly to the dimensions of the ACBP molecule. The adsorp-
tion of proteins to mica in aqueous environment is well
known and has been used for immobilization purposes in
several studies [26^28]. An experiment were pure mica was
exposed to ACBP showed surface binding of ACBP also in
the absence of a membrane.
Since the ACBP^ligand complex has a di¡erent charge state

than the ACBP itself, it is also important to clarify whether
the membrane binding observed in Fig. 1G,H,I is due to an
electrostatic interaction between the ACBP^ligand complex
and the membrane. Fig. 2C,D shows a control experiment
where a DOPC membrane has been exposed to the ACBP^
ligand complex (20 WM ACBP+10 WM C18-CoA). The result
shows again a strong a⁄nity of the protein to the mica sub-
strate, while there is no detectable membrane binding of the
protein or the complex to the membrane surface. Fig. 2D
shows the point at which the cell volume is exchanged with
acyl-CoA/ACBP solution and that holes that are scanned
after this event are saturated with protein. These control ex-
periments support the conclusion that the membrane binding
of ACBP observed in Fig. 1G,H is mediated by the presence
of acyl-CoA in the membrane and is not caused by interac-
tions between the membrane and ACBP or the ACBP^ligand
complex. It is found that ACBP associates with the mica
support, but this binding is con¢ned to holes were the mica
is exposed.
The speci¢city of ACBP towards acyl-CoA partitioned into

the membrane was checked using BSA as a control. BSA
is known to bind acyl-CoA with an a⁄nity of 2 WM
(N.J. F rgeman and J. Knudsen, unpublished results) and it
is unable to fully extract membrane-bound acyl-CoA. Fig. 2F

Fig. 2. Control experiments carried out to verify the speci¢city of
the membrane interactions and the unspeci¢c adsorption to holes,
seen in Fig. 1. The unexposed DOPC membranes are shown for
reference in A, C, E and they are featureless except for some well-
de¢ned hole regions. When the membrane region in A is exposed to
5 WM ACBP, holes in the same region are covered with a mono-
layer of protein adsorbed to the mica surface, while there are no
visible changes in the membrane topology (B). Similarly, the mem-
brane in C was exposed to the protein/ligand complex (20 WM
ACBP+10 WM C18-CoA) and the point at which the complex was
injected into the £uid cell is indicated in D. Proteins again adsorb
unspeci¢cally to the holes, but the protein/ligand complex does not
bind to the membrane surface. The speci¢city of ACBP towards
membrane-bound acyl-CoA was checked in E, F by using BSA. The
membrane in E was exposed overnight to 10 WM C18-CoA followed
by 1.5 times the equivalent BSA dose (F). In this case, acyl-CoA
aggregates are still present at the hole edges, and BSA does not
bind to the membrane surface.
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shows the membrane in Fig. 2E exposed to 10 WM C18-CoA
followed by exposure to 1.5 times the equivalent BSA dose.
All edges of the holes in the membrane are saturated with
acyl-CoA aggregates and the BSA treatment have not resulted
in removal of the aggregates, nor do we observe any associa-
tion of BSA to the membrane.

4. Discussion

Based on the present AFM experiments we conclude that
the interaction of a DOPC membrane with C18-CoA occurs in
two stages, the ¢rst involves partitioning of acyl-CoA from
the water phase into the membrane and occurs in seconds or
less after exposure. AFM imaging of this stage is di⁄cult,
probably because the membrane surface is highly dynamic
during acyl-CoA uptake, and changes in the membrane occur
faster than the time required to obtain an image. Going into
the second stage after several hours, lateral di¡usion leads to
the formation of structures that are 2^4 nm high and prefer-
entially pinned to hole edges. These aggregated structures are
generated by the presence of acyl-CoA in the membrane.
Their molecular composition cannot be inferred directly
from AFM. However, for membranes exposed to acyl-CoA,
a subsequent exposure to ACBP in excess leads to removal of
the aggregates within minutes suggesting that the aggregates
are mainly composed of acyl-CoA. Since we use acyl-CoA
concentrations that are about 5 times below the CMC, it
seems highly unlikely that the aggregates are simply adsorbed
micelles. The height of the aggregates is somewhat larger than
what would be expected in the case of CoA groups that are
protruding from a planar bilayer. Rather, it is possible that
the structure of the aggregates is that of a mixed DOPC/acyl-
CoA phase. Considering the corrugated topology of the ag-
gregate in Fig. 1F, this phase might be a strongly perturbed
bilayer structure or even a non-bilayer phase. Acyl-CoA re-
siding in the membrane is only detected to the extent that it
gives rise to variations in the surface topography or mechan-
ical response. Indeed we can conclude from the uniform bind-
ing of ACBP to the entire membrane, that aggregates do not
account for all of the membrane-associated acyl-CoA. It is an
open question whether the aggregation is di¡erent for free-
standing membranes, and whether the formation of aggre-
gates is targeted toward speci¢c functions in live cells.
Pre-exposure to 10 WM C18-CoA leads to the peripheral

binding of ACBP molecules to the membrane. A much lower
density of ACBP clusters is observed on membranes exposed
to 5 WM C18-CoA. While the height of the clusters matches
the dimensions of an ACBP molecule, the lateral width is
enhanced due to the broadening e¡ect of the AFM tip. The
actual number of ACBP molecules bound to the membrane
could therefore be quite small compared to an estimate based
only on the measured width of the clusters.
By control experiments it is established that the membrane

association of ACBP is mediated by the pre-exposure to acyl-
CoA and not due to an electrostatic or other unspeci¢c at-
traction. The speci¢city of ACBP towards membrane-bound
acyl-CoA was veri¢ed using BSA as a control protein. In view
of our results, it is interesting that binding of ACBP to highly
curved, anionic membranes has recently been reported [29].
This interaction, however, correlated with the charge of the
ligand protein complex indicating that the observed interac-
tion in this case is electrostatically driven.
The three-dimensional (3D) structure of the complex be-

tween C16-CoA and ACBP has been solved [25] and is shown
in Fig. 3A. The structural investigations have shown that
ACBP has strong and speci¢c interaction with the CoA
head group at the 3P phosphate (accounts for 40% of the
binding energy) and the adenine positions. In addition, a hy-
drophobic attraction exists between the acyl chain and the

Fig. 3. Structural 3D model (A) of ACBP in complex with C16-
CoA, based on NMR data [25] (CoA group=dark, acyl chain=
bright). The CoA head group has strong and speci¢c interactions
with ACBP at the 3P phosphate and at the adenine group (encased
regions in A). The acyl chain is shielded from the solvent phase and
interacts hydrophobically with the ACBP core. Schematic drawing
of a possible structural mechanism for the recognition and binding
of ACBP to membrane-associated acyl-CoA (B).
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ACBP core. It was shown previously that ACBP binds to the
pure CoA with a KD of 2 WM [30]. If ACBP has access to the
CoA group of membrane-bound LCFA-CoA, a speci¢c rec-
ognition and binding of the CoA group only, could take place
as sketched in Fig. 3B. There is a correlation between the
concentration of acyl-CoA and the density of ACBP that
subsequently binds to the membrane. This indicates that
with a dense population of acyl-CoA embedded in the mem-
brane, ACBP associates to the CoA group without extracting
the acyl-CoA molecule from the membrane. This could be due
to enhanced attractive interactions between acyl-CoA mole-
cules at high concentrations, resulting in a denser packing and
stronger anchoring of the acyl chain to the membrane.
Taken together, our results suggest that ACBP is able to

extract LCFA-CoA molecules from membranes by direct in-
teraction and binding to LCFA-CoA molecules embedded in
the membrane. Evidence has previously been presented [29,16]
which implicates such a mechanism to be associated with the
action of ACBP in intermembrane transport and the present
study has provided some further microscopic evidence for this
mechanism. Our approach demonstrates the ability of AFM
to follow changes in a membrane which is perturbed by a
surfactant molecule and remodelled by the action of a speci¢c
binding protein.
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