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Abstract

Fusidic acid (FA) is a potent antibiotic and blocks the protein synthesis by binding to elongation factor G (EF-G) directly. Here we
hypothesized that the antibiotic activity of FA would be potentiated by several orders of magnitude if both FA and EF-G would be
residing in the lipid membranes and, hence, the probability of interaction would transform from three-dimensional to two-dimensional.
Such detailed information could lead to more effective therapeutic interventions if they are understood on a molecular level. Interactions
between FA and various lipid membranes composed of 1-palmitoyl-2-oleyl-sn-glycero-3-phosphocholine (POPC) and cholesterol (Chol)
were studied by capillary electrochromatography (CEC). The influence of the lipid vesicle size—sonicated liposomes and liposomes
extruded through 30-, 50-, and 100-nm filters—on the packing of vesicles on the silica capillary surface was investigated by CEC and
dissipative quartz crystal microbalance. The CEC results evidenced that FA interacts with and resides in phospholipid membranes. Like-
wise, monolayer, asymmetrical flow field flow fractionation, and CEC studies confirmed that EF-G is hydrophobic and incorporated into
POPC and POPC/Chol membranes. Including EF-G in phospholipid vesicles did not improve the binding of FA to the membranes.
� 2007 Elsevier Inc. All rights reserved.
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Fusidic acid (FA)1 is a hydrophobic, steroid-based, nar-
row spectrum antibiotic derived from Fusidium coccineum.
It is a weak acid (pKa of 5.7) and is mostly ionized in
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plasma and tissue at the physiological pH of 7.4 [1]. FA
is used mainly to treat bacterial infections caused by
gram-positive (G+) bacteria such as Staphylococcus aureus.

Yet it is also effective against gram-negative (G–) Neisseria

species as well as corynebacteria, nocardia, and anaerobes
[2].

The synthesis of new proteins in living cells occurs on
the ribosome. The elongation factor G (EF-G) plays an
important role in the elongation phase of the protein syn-
thesis by catalyzing the translocation of the peptidyl trans-
fer RNA (tRNA) from the A-site to the P-site of the
ribosome. EF-G is bound to the ribosome in a complex
with guanosine triphosphate (GTP). After hydrolysis of
GTP to guanosine 5 0-diphosphate (GDP) and followed
by translocation, EF-G–GDP is dissociated from the ribo-
some. The crystal structure of EF-G has been solved [3,4].
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Cryo-transmission electron microscopy studies have shown
that the binding of EF-G–GTP to the ribosome and the
following hydrolysis of GTP causes large structural
changes in the ribosome and in EF-G [5,6]. FA blocks pro-
tein synthesis by inhibiting EF-G directly [7]. FA binds
with high affinity to the EF-G-GDP after the hydrolysis
of GTP and prevents the release of EF-G–GDP complex
from the ribosome [8], thereby stalling protein synthesis.
There is no structural evidence for the existence of an
EF-G–GDP–FA complex without the presence of ribo-
somes. Yet indirect evidence for FA–EF-G complex has
been presented [9].

For FA to reach intracellular EF-G, it first must interact
with bacterial membranes. Then it may either randomly
diffuse within the bacteria to an EF-G-containing location
or remain partitioned within the membrane. In the latter
case, EF-G must be attached to the bacterial membranes,
where it may interact with FA. Ribosomes are able to inter-
act directly with lipid membranes [10]. Accordingly,
detailed knowledge of FA–lipid membrane and EF-G–
membrane interactions is essential to understand, and pos-
sibly to enhance, the antimicrobial activity of FA and sim-
ilar agents. The aim of this study is to fill this gap.

The hydrophobicity of compounds is linked directly to
their membrane partitioning. The high capacity of FA for
tissue penetration has been ascribed to the surface activity
[11], and the lipid solubility of this drug has been studied
only recently [12]. We have studied the partitioning of
FA into lipid bilayers and FA–phospholipid interactions
both experimentally—by means of capillary electrochro-
matography (CEC), differential scanning calorimetry, and
fluorescence spectroscopy—and through molecular dynam-
ics simulations [12]. We showed that FA partitioned readily
into the lipid bilayer and possibly was enriched in lipid
rafts. This may be followed by the association of EF-G–
GDP with FA-enriched lipid domains.

Here we extend our previous study and further elucidate
interactions between FA and various lipid membranes
composed of 1-palmitoyl-2-oleyl-sn-glycero-3-phosphocho-
line (POPC) and cholesterol (Chol) by CEC. In addition,
the influence of the lipid vesicle size on the packing of ves-
icles on the silica capillary surface was investigated by CEC
and dissipative quartz crystal microbalance (QCM). The
interaction of EF-G with lipid membranes was assessed
by monolayer, asymmetrical flow field flow fractionation
(AsFlFFF), and CEC studies. The presence of EF-G in
the lipid membrane on the retention of FA was of specific
interest. The goal was to acquire more information about
the interactions of FA and/or EF-G with lipid membranes.

Materials and methods

Materials

4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes),
POPC, GDP, guanosine 5 0-(b-c-imido)triphosphate
(GMP–PNP), atenolol, dichlorphenamide, and FA were
purchased from Sigma Chemical (St. Louis, MO, USA).
b-Cholesterol was obtained from Avanti Lipids (Alabas-
ter, AL, USA). Testosterone, MgCl2, and pH solutions
(7 and 10) used for calibrating the pH meter were pur-
chased from Merck (Darmstadt, Germany). Sodium
hydroxide (1.0 M) and nitric acid (1.0 M) were obtained
from FF Chemicals (Yli Ii, Finland), methanol was
obtained from Mallinckrodt Baker (Deventer, The Neth-
erlands), and chloroform was obtained from Rathburn
Chemicals (Walkerburn, UK). Distilled water was further
purified with a Millipore Water Purification System (Mil-
lipore, Molsheim, France). EF-G was expressed and puri-
fied as described previously and was kindly donated by
Suparna Sanyal (Department of Cell and Molecular Biol-
ogy, Uppsala University) [13].

Buffer and sample preparation

Hepes-containing buffer solution, with an ionic strength
of 20 mM and pH 7.4 (adjusted with 1.0 M sodium hydrox-
ide), was used as liposome solvent and electrolyte (BGE)
solution. Before use, the BGE was filtered through a
0.45-lm syringe filter (Gelman Sciences, Ann Arbor, MI,
USA). The samples for CEC studies were prepared from
stock solutions of atenolol, aldosterone, testosterone, and
dichlorphenamide (1.0–2.8 mg ml–1 in methanol). For
CEC runs, the concentrations of the analytes in the injected
sample were 40 lg ml–1 all in 5:95% (v/v) methanol/BGE
solution. The concentration of FA, when used as an ana-
lyte, was 1 mM. The electroosmotic flow (EOF) in the cap-
illaries was measured using 5 to 7.5% methanol in BGE
solution as a neutral marker.

The stock solution of EF-G in water (400 lM) was
diluted to 200 lM with 0.02% Na-azide and further diluted
to 196, 167, 54, 30, 20, 10, 5, 2.5, or 1.25 lM into phospho-
lipid solutions in BGE. The numbers of EF-G molecules
per phospholipid molecule were then 1:0.1, 1:1, 1:12.5,
1:25, 1:50, 1:100, 1:200, 1:400, and 1:800, respectively.
The pure EF-G sample was diluted with BGE solution to
4.8 lM. The stock solutions of GDP and GMP–PNP were
made in BGE in the concentration of 4 mM, and final con-
centrations in the coating solutions were 200 to 300 lM
(and the final concentration for MgCl2 was 5 mM).
Phospholipid dispersions were extruded through a 50-nm
membrane before the addition of EF-G, GDP, GMP–
PNP, or MgCl2.

POPC, Chol, and FA stock solutions in chloroform and
EF-G, GDP, and GMP–PNP were stored in a freezer. All
other solutions were stored in a refrigerator.

Liposome preparation

Liposome vesicles were prepared from POPC, Chol, and
FA stock solutions (20 mM in chloroform). Liposomes
were prepared as described previously [14]. Appropriate
amounts of the lipid stock solutions in chloroform were
mixed to obtain the desired compositions. The resulting
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mixture was evaporated to dryness under a stream of com-
pressed air, and traces of solvent were removed by evacua-
tion under reduced pressure (8–100 mbar) for 16 h. The
lipid residues were hydrated in the indicated buffer at
60 �C to yield multilamellar vesicles with a lipid concentra-
tion of 1 mM, and the vesicles were maintained at this tem-
perature for 60 min with subsequent shaking. During
hydration, the vesicle-containing solution was vortexed
four or five times. The resulting dispersion was processed
to large unilamellar vesicles (LUVs) by extrusion 19 times
through 30-, 50-, or 100-nm pore size polycarbonate filters
(Millipore, Bedford, MA, USA) using a LiposoFast extru-
der and a pneumatic actuator with an external pressure of
3.5 bar (Avestin, Ottawa, Canada).

Sonicated liposomes were made by using a microtip
Branson Sonifier 250 sonicator (Branson Ultrasonic, Dan-
bury, CT, USA) with the following setups: output control 1
to 3 and duty cycles 10 to 50. The lipid solution was kept in
an icewater bath during sonication. Sonication was contin-
ued until the lipid solution became clear, and the total son-
ication time was approximately 10 to 15 min depending on
the ratio of POPC, Chol, and FA.

Capillary electrophoresis

A Hewlett–Packard 3DCE system (Agilent, Waldbronn,
Germany) equipped with a diode array detector (wave-
lengths 200 and 245 nm) was used for the electrophoretic
analyses. Uncoated fused silica capillaries were obtained
from Composite Metal Services (Worcestershire, UK).
Dimensions of the capillaries were 50 lm i.d. (375 lm
o.d.), length of capillary to detector 30 cm, and total length
38.5 cm.

For studies with POPC/Chol/FA coatings, the fresh cap-
illary was preconditioned by rinsing the capillary at a pres-
sure of 930 to 940 mbar for 10 min with 0.5 M nitric acid
and for 15 min with water. Phospholipid coating was applied
to the capillary inner surface as follows. After precondition-
ing, the capillary was rinsed for 10 min with a 1-mM lipo-
some dispersion at 930 to 940 mbar and then incubated
with the liposome dispersion for 15 min. Finally, the capil-
lary was rinsed with BGE solution for 10 min before running
the analytes. New fresh capillaries were employed for each
measurement series of different phospholipid coatings.

Before coating the capillary with EF-G liposome disper-
sions, the electrophoretic mobility of FA was determined in
the uncoated capillary (n = 4). After these runs, the capil-
lary was rinsed with water for 10 min and then coated with
EF-G–liposome dispersions as described above.

CEC separation conditions were as follows: voltage 20
kV in the POPC/Chol/FA studies and 30 kV in the EF-G
studies; temperature of samples and capillary cassette
25 �C; and sample injection 2 s at 50 mbar. Before each
injection, the capillary was rinsed for 1 min with the lipo-
some dispersion and for 2 min with the BGE solution. Sep-
arations of analytes were repeated eight times except for
EF-G coatings (four times). The quality of the BGE solu-
tion was ensured by the change of the buffer vials after
every ninth run.

Quartz crystal microbalance

A KSV multifrequency QCM-Z500 (KSV Instruments,
Helsinki, Finland) was used to monitor adsorption of lipo-
some vesicles prepared from POPC, Chol, and FA on a
Si-coated quartz crystal. The QCM-Z500 instrument-mea-
suring principle is based on impedance analysis. The con-
tacting adsorbed layer and bulk liquid phase create
mechanical perturbations in the quartz crystal and alter its
electrical characteristics. The QCM-Z500 instrument allows
one to record the impedance of the 5-MHz (n = 1) crystal
and its adlayers at several overtone frequencies of 15, 25,
35, 45, and 55 MHz (ns = 3, 5, 7, 9, and 11, respectively).
Thus, by measuring the impedance over the crystal and using
equivalent circuit analysis, one can relate the electrical
impedance of the quartz crystal to the mechanical properties
of the adsorbed layer and contacting liquid phase.

If the layer adsorbed on the crystal surface is rigid and
homogeneous, the normalized frequency changes recorded
for all overtone frequencies superimpose on each other and
the frequency shift is proportional to the mass of the
adsorbed material. Under this situation, the Sauerbrey
equation derived for rigid films can be applied [15]:

Dm ¼ �C
n

Df ; ð1Þ

where C (= 17.7 ng/(cm2 Hz) at f = 5 MHz) is the mass
sensitivity constant and n (= 1, 3, 5, . . .) is the overtone
number.

For adsorbed layers that do not fulfill the above require-
ments, there is a deviation from the Sauerbrey equation
because the added mass is soft and/or not properly
attached to the underlying surface; therefore, it is not fully
coupled with the crystal oscillation. In such cases, measur-
ing the electrical properties of the quartz crystal and the
added layers at multiple overtones is useful to determine
the mechanical properties of the adsorbed layer. By using
equivalent circuit modeling, one can then access the
mechanical properties of the added layers on the quartz
crystal such as mass, density, thickness, and the viscoelastic
properties [16,17]. However, in this study, it was not neces-
sary to use this more elaborate modeling because the
adsorbed layers were considered to be in a range where
the Sauerbrey equation could be applied. The data analysis
and calculations of thickness and adsorbed masses in this
study were performed using the proprietary QCM Imped-
ance Analysis software (KSV Instruments, version 3.11).

Field flow fractionation

The AsFlFFF channel was constructed in-house in a
manner similar to that used by other groups [18–21]. A
regenerated cellulose acetate ultrafiltration membrane with
a molar mass cutoff of 10 kDa (DSS-RC70PP, Nakskov,
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Denmark) was laid on top of the porous frit. A Mylar
spacer with a thickness of 500 lm and the channel shape
cutout was placed between the ultrafiltration membrane
and the upper glass plate. The nominal channel dimensions
were 38 cm · 2 cm · 500 lm. A high-performance liquid
chromatography (HPLC) pump (model PU-980, Jasco
International, Tokyo, Japan) was used to move the carrier
liquid. Samples were introduced into the channel at 1.0 ml
min–1 for 5 to 10 min by another HPLC pump. During the
injection–relaxation–focusing period, the carrier liquid was
delivered from both the front and back of the channel at a
flow rate of 3.3 ml/min for 12 min. The outlet flow from the
channel was monitored with a UV/visible detector
(HP1050 model 79853 C, Tokyo, Japan) at 280 nm. Capil-
lary Teflon tubes (0.5 mm i.d.), restrictors, and three-way
valves (V101T, Upchurch Scientific, Oak Harbor, WA,
USA) were used to control the carrier liquid flows. An Agi-
lent ChemStation for LC and LC/MS (Palo Alto, CA,
USA) was used for data acquisition.

Radioactivity measurements

POPC/Chol (80:20 mol%) 50-nm vesicles, containing 1
lCi of [14C]POPC, were prepared as described above. After
the addition of purified EF-G to the extruded vesicles, the
samples were fractionated by AsFlFFF and the radioactivity
associated with the EF-G-enriched fraction was examined
by liquid scintillation counting (WinSpectral 1414 Liquid
Scintillation Counter, Wallac, Turku, Finland). The results
are expressed as means (± SD) from triplicate wells.

Monolayer studies

Penetration of EF-G into POPC/Chol (80:20 molar
ratio) monolayers was measured using circular Teflon-
coated wells (subphase volume 2400 ll). Surface pressure
(p) was monitored with a Wilhelmy wire attached to a
microbalance (lTroughS, Kibron, Helsinki, Finland) and
connected to a Pentium personal computer. The monolayer
was spread on an air–buffer interface by the dropwise addi-
tion of lipid–chloroform (1 mg/ml) spreading solution from
a Hamilton syringe to desired initial surface pressures (p0).
The resulting monolayers were allowed to equilibrate for
10 min before the addition of EF-G (2.5 ll, stock solution
400 lM) into the subphase. The addition of an equal vol-
ume of buffer did not change p. The increment in pfrom
the initial surface pressures (p0) after the addition of EF-
G was complete in less than 90 min, and the difference
between p0 and the value observed after binding of EF-G
into the film (pf) was taken as Dp. All measurements were
performed at ambient temperature (� 24 �C). The data are
represented as Dp versus p0.

Calculations

The retention factor in CEC has been studied recently
by many groups [22,23]. Rathore and Horváth [24] intro-
duced a retention factor k00 as an analogue of the chro-
matographic retention factor under conditions of CEC
experiments. k00 measures the magnitude of the retention
due to reversible binding of analytes to the CEC stationary
phase and holds for both uncharged and charged analytes.
For cases of phospholipid-coated capillaries and interac-
tion studies, Wiedmer and coworkers [25] transformed
the equation of k00 into the form

k00 ¼ tm

1

teo

þ 1

tm0
� 1

teo0

� �
� 1; ð2Þ

where tm and teo are the migration times of the analyte and
the EOF marker in a coated capillary, respectively, and tm 0

and teo 0 are the migration times of the analyte and the EOF
marker in an uncoated capillary, respectively. In the cur-
rent study, Eq. (2) was used to measure the retention
behavior of analytes in POPC/Chol/FA-coated capillaries.
Capillary zone electrophoretic (CZE) runs were employed
to determine the migration times of the analytes (tm 0) and
the EOF marker (teo 0) in an uncoated capillary.

Kenndler [26] introduced the reduced mobility (li) to
express the effect of the EOF on all separation parameters
relevant for CZE. The reduced mobility li is given by

li ¼
lep

lep þ leo

ð3Þ

where lep is the effective electrophoretic mobility of the
analyte and leo is the EOF in the coated capillary. In the
current study, the reduced mobility was used to illustrate
the interaction of FA with EF-G in EF-G–liposome-coated
capillaries.

Results and discussion

Given the lipid membrane partitioning of FA [12], the aim
of this study was to provide a more thorough understanding
of FA–lipid and EF-G–lipid interactions. For FA to inhibit
protein synthesis in bacteria, it needs to bind to EF-G;
accordingly, this needs to take place in the plane of the lipid
bilayer. Thus, detailed information of EF-G–lipid mem-
brane interactions is needed. In this work, we explored the
effects of FA on EF-G partitioning to lipid membranes. Var-
ious lipid compositions and vesicle sizes were tested in CEC
for choosing an appropriate liposome composition and size
for coating the capillary for the proceeding FA/EF-G study.
Capillaries were coated with 30, 50, and 100 nm extruded
and sonicated vesicles composed of POPC, Chol, and
FA (Fig. 1). The liposome compositions investigated
were POPC/Chol/FA with molar ratios of 100:0:0 mol%,
80:20:0 mol%, 60:40:0 mol%, 80:0:20 mol%, 60:0:40 mol%,
80:10:10 mol%, 60:20:20 mol%, 60:30:10 mol%, and
60:10:30 mol%. The EOFs in the coated capillaries were
measured, and the organization of different sized liposomes
on silica was further evaluated by QCM. The retention of
some model compounds (Fig. 1) was used for evaluation of
the hydrophobicity of the different lipid membranes. The
interactions between EF-G and the lipid membranes were
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investigated by CEC, AsFlFFF, and monolayer studies.
Finally, the interaction of FA with EF-G/lipid membranes
was evaluated by CEC.

Effect of vesicle size on the EOF and liposome packing on

silica

The influence of the vesicle size on the EOFs in the
coated capillary was studied first. The EOF was the lowest
when the capillary was coated with extruded 30-nm or son-
icated vesicles, suggesting that the coating was denser with
smaller vesicles than with larger vesicles (Fig. 2). EOF in
the capillaries coated with 100-nm vesicles approached
the EOF of the uncoated capillary, indicating that the cap-
illary was not uniformly coated and there were still free
negatively charged silanol groups on the capillary surface.

The sonicated vesicles filled the capillary surface better
and gave more repeatable results compared with the larger
extruded vesicles. Sonicated vesicles formed a durable coat-
ing in the capillary, but FA (as an analyte) interacted very
strongly with these coatings, resulting in long migration
times of FA (10–20 min). When Chol-containing sonicated
liposomes were used as coating material, the interactions
between FA and the membranes were very strong; FA
was adsorbed onto the membrane and did not come out
from the capillary at all. This observed high affinity of
FA to Chol-rich membranes did not occur with capillaries
coated with extruded vesicles; hence, sonicated vesicles
were not a suitable choice for further studies. Extruded
30-nm vesicles coated the capillary well, but the vesicles
were assumed to be too small for the proceeding EF-G
studies. On the other hand, coatings formed from 100-nm
vesicles were unstable, probably due to loosely packed lip-
osomes on the surface of the capillary. In conclusion, 50-
nm extruded vesicles were chosen for further studies
because they resulted in coatings dense enough for EF-G
studies.

To get a deeper understanding of the packing of differ-
ent sized vesicles on silica, studies with a multifrequency
quartz crystal microbalance based on impedance analysis
(QCM-Z) were carried out. Extruded liposomes with sizes
of 50 and 100 nm with POPC/Chol/FA compositions of
100:0:0, 80:20:0, 80:0:20, and 60:20:20 were compared.
The results from the QCM-Z measurements are summa-
rized in Table 1. The average of all normalized frequency
shifts of all measured overtones for each liposome compo-
sition was in the range of 30 Hz or less. The standard
deviations of the normalized frequency shifts also were
rather small, indicating that the adsorbed layer is suffi-
ciently thin and rigid to be analyzed by using the Sauer-
brey approach. Hence, all liposome compositions formed
bilayer or bilayer patches on the silica surface, and no evi-
dence of the formation of adsorbed vesicle layers could
be detected for any of the used liposome compositions.



Fig. 2. EOF values in capillaries coated with extruded vesicles (membrane pore sizes were 30, 50, and 100 nm) and sonicated vesicles (n = 8). The vesicles
consisted of POPC, Chol, and FA in different ratios.

Table 1
Summary of QCM-Z measurements

Vesicle matrix Df/NAVE

(Hz)
SDDf/N

(Hz)
DM/DA

(ng/cm2)
Thickness
(nm)

POPC, 50 nm 28.0 2.1 497 ± 37 4.49
POPC, 100 nm 24.8 1.3 456 ± 49 4.32
POPC/Chol, 50 nm 32.1 2.1 564 ± 34 5.55
POPC/Chol,100 nm 29.1 3.1 492 ± 94 4.93
POPC/FA, 50 nm 26.2 1.8 523 ± 84 5.03
POPC/FA, 100 nm 11.9 1.3 205 ± 20 1.72
POPC/Chol/FA, 50 nm 24.5 4.2 433 ± 74 4.23
POPC/Chol/FA, 100 nm 20.8 6.6 371 ± 112 3.67

Df/NAVE is the normalized frequency shift; SDDf/N is the standard devi-
ation of the normalized frequency shift; DM/DA is the mass per area.
Note. Mass areal density of bilayer was determined by the Sauerbrey
equation. Bilayer thickness was determined with an assumption of bilayer
density of 1.06 g/ml.

138 Interactions of FA and EF-G with lipid membranes / J. Muhonen et al. / Anal. Biochem. 374 (2008) 133–142
Table 1 shows that the mass per area (DM/DA) always is
larger for the smaller 50-nm liposome compositions than
for the larger 100-nm compositions, indicating that more
material is adsorbed on the silica surface when using the
50-nm liposome compositions than when using the 100-
nm compositions. Furthermore, the modeled thickness of
the formed bilayers or bilayer patches also always were
larger for the 50-nm liposome compositions than for the
100-nm compositions. These QCM-Z results clearly sug-
gest that the bilayers or bilayer patches adsorbed from
the 50-nm liposome compositions are more condensed
and densely packed than the layers formed from the
100-nm compositions, and this is also supported by the
fact that the EOF values for the 50-nm liposome compo-
sitions always are smaller than those for the 100-nm com-
positions (Fig. 2). In cases where the bilayer thickness is
less than 4 nm, it is considered that the adsorbed layer
consists of bilayer patches because the QCM-Z technique
averages over a large area (20 mm2) and assumes that the
layer is distributed homogeneously over the whole silica
surface. A bilayer thickness of less than 4 to 5 nm indi-
cates that the bilayer does not cover the whole silica sur-
face completely due to the formation of bilayer patches
because of poorer adhesion to the silica surface originat-
ing from increased repulsive interactions between the lipo-
somes and the silica surface.

The bilayer thickness increased when Chol was added to
the POPC liposome matrix (Table 1). The addition of Chol
to the liposome affected only the packing of the bilayers by
condensing the bilayer structure, seen as an increase in the
bilayer thickness, whereas the EOF values did not change
significantly. However, when FA was added to the lipo-
some matrices, the corresponding bilayer thickness
decreased and significant changes in the EOF values were
seen except for the 50-nm 80:0:20 DOPC/Chol/FA lipo-
some matrix, where the bilayer thickness and EOF value
were comparable to both the pure POPC and POPC/Chol
liposome matrices. The clear decrease in bilayer thickness
and EOF values when introducing FA in the liposomes
suggests that the adhesion of these liposomes toward the
silica surface is decreased due to the negatively charged
FA. However, by using Chol in the matrix with FA, one
can improve the liposome adhesion in the case of the
100-nm liposomes, whereas it makes the situation worse
in the case of the 50-nm liposomes. The molecular-level
mechanisms behind these observed effects cannot be
explained in detail at this stage.
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Effect of vesicle composition on the EOF

The liposome composition studied contained POPC,
Chol, and FA in various ratios (Fig. 2). Comparing mem-
branes without and with 20 mol% of FA reveals that the
surface charge of the lipid coating increased when FA
was present and that this leads to higher EOF values. A
further increase in the FA concentration up to 40 mol%
resulted in even higher surface charge. The only exception
was the coatings formed from the 100-nm vesicles; the sur-
face charge of the POPC/Chol/FA 80:0:20 coating was
higher than that of the 60:0:40 coating. This can be
explained by the poorly packed surface, as evidenced by
QCM. Substituting part of the POPC by Chol (cf. the
80:0:20 and 60:20:20 coatings) resulted in higher EOF val-
ues, hence in more charged surfaces (except for the 100-nm
vesicles). It seems that incorporation of Chol in the mem-
brane increases the rigidness, and alters the packing of
FA in the membrane more toward the polar head group
region of the membrane. The same trend was observed with
coatings formed from 80:10:10 and 60:30:10 vesicles
(except for the sonicated liposomes). This behavior could
reflect formation of more rigid membranes, perhaps resem-
bling the formation of the so-called liquid-ordered phase
[27].

Retention of analytes

The effective electrophoretic mobility and retention fac-
tor of FA and three analytes (Fig. 1) were measured on dif-
ferent coatings to achieve information about the membrane
properties (surface charge and hydrophobicity).

The retention factor (k00) of testosterone was solely
dependent on the hydrophobicity of the phases. The data
for testosterone showed that the most hydrophobic phase
was that composed of 100% POPC (Fig. 3A). Very high
retention was also obtained on the POPC/Chol/FA
60:40:0 coating, which was slightly surprising considering
the high Chol content. This coating should show liquid-
ordered behavior with relatively high lateral diffusion yet
stiffness of the acyl chains [27]. In general, the addition of
FA to the coatings resulted in less hydrophobic phases;
however, the retention of testosterone was high on the
POPC/Chol/FA 80:10:10 and 60:30:10 coatings. The reten-
tion factor of positively charged atenolol did not vary
much under the experimental conditions used (data not
shown).

As discussed earlier, the higher the FA concentration in
the coating, the more negative was the surface charge of the
phospholipid coating, showing that FA was unambigu-
ously incorporated into the lipid membrane on the capil-
lary wall and making the membrane surface more
negative and hydrophilic. This was further evidenced by
the lower retention factors for the acidic analytes dichlor-
phenamide and FA (Fig. 3B). On the whole, the retention
of dichlorphenamide always was lower than that of
testosterone.
The retention of FA was the highest on the most hydro-
phobic 100% POPC phase. Strong interactions also were
seen between FA and the Chol-rich phases POPC/Chol/
FA 60:40:0 and 60:30:10. On the other hand, the interac-
tion of FA with the membrane was weaker when the mem-
brane already was more or less saturated with FA.

Interaction between EF-G and the lipid membranes

Interactions between EF-G and the lipid membranes
were studied by capillary electrophoresis using POPC/Chol
80/20 mol% and POPC 100 mol% liposomes extruded
through 50-nm membranes. Liposomes mixed with various
amounts of EF-G were attached to the fused silica capillary
wall as described in the previous sections. Fig. 4 shows the
EOF values measured in EF-G–liposome-coated capillar-
ies. The EOF was significantly increased, and it
approached the EOF of an uncoated capillary when the
amount of EF-G was increased in the coating solution.
EF-G consists of 700 amino acids and has a predicted
molar mass of 77.4 kDa [28]. The isoelectric point of EF-
G is between 4.7 and 5.1 depending on the source [28].
Hence, in the experimental conditions of pH 7.4 used,
EF-G has an overall negative surface charge giving a neg-
ative EOF in the capillary. These results prove that EF-G
interacts with POPC/Chol 80/20 mol% and POPC
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100 mol% liposomes, and the good repeatabilities (cf. the
standard deviations in Fig. 4) of the EOF values suggest
that EF-G remains incorporated in the membrane.

Lipid monolayers residing on an air–buffer interface
provide a convenient means to assess membrane partition-
ing of EF-G by monitoring the increase in surface pressure
caused by insertion of the protein into the film. Accord-
ingly, the hydrophobicity and lipid partitioning of EF-G
was further studied by monolayer penetration studies.
First, we studied the surface activity of purified EF-G in
Langmuir troughs. After injection of EF-G into the sub-
phase, there was a monotonous increase in the surface pres-
sure up to approximately 17 mN/m (Fig. 5). A very slow
subsequent increment was observed and may have been
Fig. 5. Interaction of EF-G with lipid monolayers. EF-G was injected into
the subphase beneath POPC/Chol monolayers spread at increasing initial
surface pressures. The surface pressure was monitored until no change was
seen.
attributable to denaturation of the protein at the air–water
interface [29] and/or the higher activation energy of protein
adsorption to the air–water interface at high protein sur-
face concentrations [30].

To assess the partitioning of EF-G between the
phospholipid monolayer and the aqueous subphase as a
function of monolayer surface pressure POPC/Chol
(80:20 molar ratio), monolayers were prepared in a Tef-
lon-coated well. The initial surface pressures ranged from
0 to 31 mN/m. To these monolayers, EF-G (final concen-
tration 0.4 lM) was injected into the subphase and the
adsorption of EF-G to the interface was monitored by
the change in surface pressure (Dp) (Fig. 5). As described
previously [31], binding of a protein to a lipid membrane
does not increase p; only the insertion of the protein into
the monolayer will increase the value of p. The binding
of EF-G to the lipid–buffer interface decreased linearly
with increasing p0 (Fig. 5); linear extrapolation of the p0–
Dp curve indicated that EF-G could not penetrate the lipid
monolayer surface at p0 P 25 mN/m. At higher p0 values,
no changes in surface pressure were detected.

The AsFlFFF studies on EF-G with increasing amount
of lipids were carried out to get information on the size of
the proteins and on possible absorption of lipids to EF-G.
The obtained hydrodynamic particle diameter of EFG was
approximately 7.4 nm (Fig. 6), which is close to the size of
5.5 to 7.5 nm reported previously [32]. A shift in the protein
size to 9.4 to 9.8 nm was observed with increasing amounts
of lipids added (Fig. 6). To further study this change in size
of the protein, POPC/Chol (80/20 mol%) 50-nm vesicles
radiolabeled with [14C]POPC were fractionated by
AsFlFFF and the radioactivity associated with the EF-G-
enriched fraction was examined by liquid scintillation
counting. The results showed that there were no lipids
bound to EF-G (data not shown); this was expected con-
sidering the physical properties and physiological function
of the protein. The change in the size of EF-G with increas-
ing amounts of lipids in the solution can be explained by
lipid-induced aggregation and/or a conformational change
of the protein [33–35].

Interactions of FA with EF-G-containing liposomes

The reduced mobility (see Eq. (3)) of FA was measured
for EF-G–lipid-coated capillaries (Fig. 7). The more EF-
G was added to the coating solution, the weaker was the
interaction between FA and the EF-G–lipid membrane.
This indicates that FA does not interact with EF-G when
the EF-G is anchored in the lipid membrane. The FA bind-
ing site in EF-G probably is inside the lipid membrane or
otherwise hidden, thereby leading to negligible interaction
between FA and EF-G. In addition, there were no remark-
able differences in the effective electrophoretic mobility of
FA in the presence of Mg2+, GDP, or GMP–PNP in the
EF-G–lipid-coated capillaries. By performing experiments
such as these, it was not possible to show direct interactions
between FA and EF-G. As stated earlier, this is not unex-
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pected because the FA binding site probably is buried in the
hydrophobic core of the lipid bilayer. Finally, ribosomes
probably are essential for the beneficial conformation
change of EF-G, allowing the binding of FA and EF-G.

Conclusions

Using multiple approaches, we have demonstrated that
FA is hydrophobic and embedded within zwitterionic lipid
membranes composed of POPC and Chol. Furthermore,
EF-G is hydrophobic and partitions readily within a lipid
environment composed of neutral zwitterionic POPC and
Chol. For FA to show efficient antibiotic activity, an
important and clinically relevant factor is met. Under these
experimental conditions, it was not possible to show direct
interactions between FA and EF-G. The assumption here
is that because both FA and EF-G are hydrophobic, they
accumulate into two-dimensional (2D) platforms onto lipid
membranes instead of freely floating within bacteria in a
three-dimensional (3D) space. This shift from a 3D space
to a 2D platform is likely to accelerate the efficiency of anti-
biotic activity by several orders of magnitude. Verheij and
coworkers [36] estimated that this type of transition (3D fi
2D) in enzymatic action of phospholipase A2 enhances the
enzyme activity approximately 10,000 times.
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