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Cytochromes P450 (CYP) are key enzymes involved in the metabolism of drugs and other lipophilic
xenobiotics and endogenous compounds. In this study, atomic force microscopy was applied to char-
acterise the association of CYP2C9 to dimyristoylphosphatidylcholine (DMPC) supported phospholipid
bilayers. CYP2C9 was found to exclusively localise in the gel domains of partially melted DMPC bilay-

ers. Despite lacking the N-terminus transmembrane spanning domain, the CYP2C9 protein appeared to
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partially embed into the membrane bilayer, as evidenced by an increase in melting temperature of sur-
rounding phospholipids. Reversible binding of CYP2C9 via an engineered His tag to a phospholipid bilayer
was facilitated using nickel-chelating lipids, presenting potential applications for biosensor technologies.

© 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Membrane proteins constitute the largest fraction by weight
of most cellular membranes (Tien and Ottova, 2001). They play a
pivotal role in many cellular processes, for example, energy trans-
fer, cell homeostasis, signal transduction and cell communication,
and hence are highly relevant to human physiology and disease.
The ability to understand the structure and function of membrane
proteins relies on our capacity to design experimental systems
mimicking their native environment (Milhiet et al., 2006; Stahlberg
et al., 2001a; Torres et al., 2003). The function of many membrane
proteins is also susceptible to variations in membrane composi-
tion and phase. The basic strategy of reconstituting proteins into
liposomes to form proteoliposomes has been used as a powerful
approach to investigate many membrane proteins in a controlled
environment (Kumar et al., 2007; MirAfzali et al., 2005; Puttner et
al., 1989; Zhao et al., 1999).

The P450s comprise a superfamily of heme-thiolate proteins
that catalyse the mono-oxygenation of a myriad of compounds,
including drugs, environmental chemicals and endogenous com-
pounds. The human genome contains 57 functional CYP genes
and 58 pseudogenes (Guengerich, 2008). Approximately 17 human
P450 genes classified in families 1, 2 and 3 encode proteins that
metabolise drugs and non-drug xenobiotics (Guengerich, 2008).
Drug metabolising P450s are localised to the membrane of the
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endoplasmic reticulum (ER), with the majority of the protein pro-
truding into the cytosol. The association of the P450 with the
phospholipid bilayer is believed to be important for anchoring to
the ER membrane and maintaining the correct orientation of the
protein for efficient electron transfer from its redox partner, NADPH
cytochrome P450 oxidoreductase. An N-terminal signal peptide of
mammalian microsomal P450s targets the protein for transloca-
tion through the ER, and a single transmembrane helix is presumed
to span the phospholipid bilayer (Williams et al., 2000). Although
P450 proteins engineered for expression in Escherichia coli lack the
N-terminal signal peptide and transmembrane spanning domain,
they still associate with the membrane and retain catalytic activity
(Johnson et al., 2005; Williams et al., 2000).

CYP2(C9 is recognised as one of the most important drug
metabolising P450s in humans (Miners and Birkett, 1998; Rettie
and Jones, 2005; Sykes et al., 2008). In particular, CYP2C9 catalyses
the oxidative biotransformation of numerous angiotensin Il recep-
tor antagonists (Yasar et al., 2001), coumarin anticoagulants (Au
and Rettie, 2008), non-steroidal anti-inflammatory agents (Miners
and Birkett, 1998; Miners et al., 1996) and oral hypoglycaemics
(Kirchheiner et al., 2005). Additionally, CYP2C9 contributes to the
metabolic clearance of drugs from numerous other therapeutic
classes, including certain anticonvulsants (Tassaneeyakul et al.,
1992), antiasthmatics (Gimm et al., 1996), diuretics (Miners et al.,
1995) and statins (Fischer et al., 1999).

Supported phospholipid bilayers (SPBs) are becoming increas-
ingly popular for the study of membrane related processes in
vitro. In particular, SPBs have been used to characterise membrane
structure (Chiantia et al., 2006; Domenech et al., 2007, 2006b),
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drug-membrane interactions (Berquand et al., 2004; Leonenko
et al, 2006; Montero et al, 2006; Nussio et al., 2007) and
protein-membrane interactions (Merino-Montero et al., 2006;
Mueller et al., 2000). The incorporation of a thin lubricating layer
of water between the SPB and the substrate provides the bilayer
with flexibility and fluidity, creating a dynamic system where lipid
molecules can diffuse laterally (Reimhult et al., 2003; Sackmann,
1996). Proteoliposome rupture and fusion into SPBs gives rise to
proteolipid layers which offer suitable biomimetic lipid interfaces
that preserve protein function, are amenable to characterisation by
atomic force microscopy (AFM) and, due to their long term stability,
are suitable for use in biosensor devices (Cornell et al., 1997).

AFM represents an attractive technique for the analysis of bio-
logical structures. Notably, it has been demonstrated that AFM
has the ability to provide high-resolution surface topology images
of biological membranes and thus resolve membrane domains
and phases (Domenech et al., 2006a, 2006b; Nussio et al., 2008;
Reviakine et al., 2000). AFM has also been employed to investi-
gate the structure, assembly and oligomeric state of membrane
proteins. For example, AFM has been used to characterise the struc-
ture of membrane-embedded rotors of bacterial Na*-ATP synthase
(Stahlberg et al.,2001b), the assembly of photosynthetic complexes
in their native environment (Scheuring and Sturgis, 2005) and the
native oligomeric arrangement of the G protein-coupled receptor,
rhodopsin (Fotiadis et al., 2003).

Here we report an AFM investigation of the interaction of
cytochrome P450 (CYP2C9) with SPBs. This study characterised
the association of CYP2C9 protein, which lacked the N-terminal
signal peptide and transmembrane spanning domain, with a
synthetic lipid bilayer and examined the effects of protein asso-
ciation on domain phase. As CYP2C9 was engineered with a
6 xhistidine (6 xHis) tag, experiments also immobilised the protein
to a Ni%*-nitrilotriacetate (NTA)-lipid containing bilayer, result-
ing in association of monomeric protein. This approach may have
potential applications in biosensor devices.

2. Materials and methods
2.1. Chemicals

1,2-Dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC) and
1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminod-
iacetic acid)succinyl] (nickel salt) (DOGS-NTA-Ni%*) were pur-
chased from Avanti Polar Lipids (Birmingham, AL); HEPES > 99%,
sodium cholate, dithiothreitol >99% were purchased from
Sigma-Aldrich (Sydney, Australia). All other chemicals were of
the highest commercial quality available and were used without
further purification. All aqueous solutions were prepared with
Milli-Q grade reagent water with resistance ~18.2 M2. Aqueous
solutions were also filtered through a 0.2 pum membrane filter.

2.2. Expression and purification of CYP2C9

The expression and isolation of human CYP2C9 has been
described in detail elsewhere (Johnson et al., 2005). Briefly, the
CYP2C9 cDNA was modified for expression in E. coli by replacing the
second codon with GCT (which codes for Ala), deleting codons 3-20,
and adjusting codons 21-26 for bacterial codon bias. In addition, a
6xhistidine (6xHis) tag was added to the C-terminus to facilitate
protein purification by column chromatography (Ni-NTA agarose
beads). SDS-PAGE of the isolated protein exhibited a single band
when probed separately with anti-CYP2C9 and anti-His antibodies
(Fig. 1), and catalytic activity was demonstrated with the proto-
typic CYP2C9 substrates, diclofenac and torsemide (Johnson et al.,
2005).
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Fig. 1. Western blot of purified His-tagged CYP2C9 probed with anti-CYP2C9 (panel
A) and anti-His (panel B) primary antibodies. The sample contained 1 pg of purified
protein. Human liver microsomes (HLM; 10 .g) were used as the control.

2.3. Vesicle preparation and protein reconstitution

2.3.1. Cholate dialysis (CD) method using single components

Vesicular reconstitution of CYP2C9 was performed by cholate
dialysis (CD), as described elsewhere (Reed et al., 2006; Taniguchi
et al., 1979). Briefly, aliquots of lipid were first dissolved in chlo-
roform/methanol (3:1, v:v), followed by evaporation of the solvent
under nitrogen. Lipid samples were further dried under vacuum
for 2 h prior to being suspended in 10 mM HEPES 150 mM NacCl (pH
7.2) containing 1% sodium cholate solution. Lipid concentrations
ranged from 100 wM to 1 mM DMPC. CYP2C9 was then added to a
final concentration of 60 nM. The samples were then immediately
transferred to 0.5 to 3 mL Slide-a-Lyzer cassettes (Pierce Chemical,
Rockford, IL) and dialysed at 4 °C for 36 h with three exchanges (12 h
each) of 3L of dialysis buffer containing 10 mM HEPES buffer with
150 mM NacCl (pH 7.2) and 0.1 mM dithiothreitol. This was done
to remove the sodium cholate. Resultant large unilamellar vesicles
(LUVs) containing CYP2C9 were then subjected to extrusion (Avanti
Mini-Extruder, Avanti Polar Lipids, Birmingham, AL) to give small
unilamellar vesicles (SUVs) of well defined size, typically 100 nm.
In preparation of SPBs, 4 mM CaCl;, was added to final lipid/protein
SUV solutions.

2.3.2. Formation of vesicles containing NTA-Ni lipids for protein
reconstitution

Multilamellar vesicles (MLVs) were prepared by first dissolving
aliquots of DMPC and DOGS-NTA-Ni lipids (4:1) in chloro-
form/methanol (3:1 v:v), followed by evaporation of the solvent
under nitrogen. Lipid samples were further dried under vacuum for
2 h prior to being suspended in 10 mM HEPES buffer with 150 mM
NaCl4 mM CaCl, (pH 7.2). The final total concentration of lipids was
1 mM. Samples were then sonicated for 30 min in an Elma S30H
Elmasonic bath sonicator. Sonication ensures MLVs are converted
into LUVs which when subjected to extrusion give SUVs of well
defined size.

2.3.3. AFM imaging

The imaging of SPBs was performed using a commercial AFM
(Nanoscope 1V, Digital Instruments, Veeco, Santa Barbara, CA).
All images were obtained by means of in situ tapping™ mode
using triangular SizN4 cantilevers (Digital Instruments, Veeco)
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which had a nominal spring constant of 0.15Nm~!. Formation of
SPBs was achieved by depositing 100 wL of 100 nm SUV solution
onto a freshly cleaved mica surface. Prepared surfaces were then
incubated at temperatures greater than their gel-fluid phase tran-
sition temperature (Ty) for 2h to promote SPB formation. Prior
to imaging, bilayer surfaces were washed five times with a buffer
containing no lipid or calcium salt.

3. Results and discussion
3.1. CYP 2C9 reconstitution

Initial studies investigated the surface topography of SPBs
formed using pure DMPC vesicles as well as DMPC vesicles con-
taining CYP2C9 prepared by the CD method. At temperatures close
to 20°C, the SPB appeared to be partially melted (Fig. 2). Previous
studies investigating the effects of temperature on DMPC bilayers
have demonstrated decoupling of the top and bottom leaflets (Feng
et al., 2005; Garcia-Manyes et al., 2005). The measured height dif-
ference between the upper and lower domains was 0.44 +0.07 nm
and was consistent with the top leaflet of the bilayer being par-
tially melted (Feng et al., 2005; Tokumasu et al., 2003). Upper and
lower domains corresponded to gel (Lg) and liquid-crystalline (Ly)
lamellar phases, respectively. Phase imaging was also employed to
confirm the lamellar phases in the top leaflet, as the phase lag of
the tip relative to the excitation signal is sensitive to surface prop-
erties, such as adhesion and viscoelasticity. Fig.2A (phase image)
clearly demonstrates a large phase contrast (~1°) between the two
domains, whichis interpreted as a change in bilayer softness (Evans,
2008; Leonenko et al., 2000), and thus confirms the proposed lamel-
lar phases on the top leaflet of the DMPC bilayer.

Reconstitution of CYP2C9 in DMPC vesicles by CD provides
a lipid environment that simulates that of the ER membrane
since the protein associates with a unilamellar bilayer (Reed et
al., 2006). Cholate solubilises the CYP within the lipid matrix
and, upon removal of the detergent by dialysis, the lipids form
unilamellar vesicles with the CYP2C9 protein incorporated, that is
proteoliposomes (Ingelman-Sundberg and Glaumann, 1980; Reed
et al., 2006; Taniguchi et al., 1979). Upon exposure to a flat planar
substrate such as mica, the proteoliposomes adhere, rupture and
spread to form a continuous SPB (see Fig. 2(ii)). Imaging of the
reconstituted CYP2C9-bilayer may then be performed using AFM.
As contact mode can often damage and/or push flexible small
biomolecules along the surface, all experiments were performed
using tapping mode to best maintain the structural integrity of the
CYP2C9 protein.

The clear changes in morphology compared to experiments
performed without the protein reconstituted (Fig. 2A) suggest suc-
cessful reconstitution of CYP2C9 (Fig. 2B). Simultaneous phase
imaging also demonstrated a contrast between protrusions (such
as those circled in Fig. 2B) and the bilayer environment, further
indicating association of CYP2C9 with the membrane (Fig. 2B). The
protrusions were 1.73 +0.41 nm high and 60-80 nm in diameter
(n=100). Based on the human CYP2C9 crystal structure (Wester
et al., 2004), the height and width of monomeric proteins are
approximately 6 and 4nm, respectively. Experiments utilising
AFM are subject to tip-induced broadening effects that overesti-
mate the lateral dimensions of biomolecules (Bustamante et al.,
1992). Previous studies utilising AFM have observed diameters
on the order of 15-20 nm for monomeric CYP proteins (Gannett
et al., 2006; Kiselyova et al., 1999). It would therefore appear
that CYP2C9 was not in the monomeric form. Consistent with the
current study, however, previous measurements performed with
AFM have also demonstrated the heights of P450 molecules to be
low compared to the dimensions obtained from crystal structures

(Bayburt and Sligar, 2002; Kiselyova et al., 1999; Kuznetsov et al.,
2004).

As AFM imaging can distort the height of flexible membrane-
associated proteins, previous work performed by Bayburt and
Sligar (2002) utilised force-distance measurements to assess the
height of CYP2B4 molecules more accurately. A measured height
of ~3.5nm was then used to develop a model for the interaction
of CYP with the membrane surface. The model suggested the
protein sits upright, with both proximal and distal faces normal
to the bilayer (Bayburt and Sligar, 2002). In the native state, a
single transmembrane helix anchors the CYP to the phospholipid
bilayer (Johnson, 2003; Vergeéres et al., 1989). As the transmem-
brane domain comprises hydrophobic amino acids, its presence
increases protein aggregation and reduces solubility (Johnson,
2003). For these reasons, expressed P450s lack this transmembrane
spanning domain, and the transmembrane domain is therefore
omitted in the model depicted by Bayburt and Sligar. In addition
to the work of Bayburt and Sligar, several other studies have also
demonstrated the ability of microsomal CYPs to retain their mem-
brane localisation in the absence of the transmembrane spanning
domain (Bayburt and Sligar, 2002; Cosme and Johnson, 2000;
Cullin, 1992; Larson et al., 1991a, 1991b; Pernecky et al., 1993;
Sagara et al., 1993). These membrane interactions, however, were
easily dissociated under high salt buffer conditions (Cosme and
Johnson, 2000). Hydrophobic residues between F and G helices,
in close proximity to the transmembrane spanning domain, are
believed to represent the portion of the P450 protein that asso-
ciates with the membrane bilayer (De Lemos-Chiarandini et al.,
1987; Johnson, 2003; Williams et al., 2000). Of significant interest,
the proposed orientation of the protein also provides access for
hydrophobic substrates to enter the enzymes catalytic site from
the vicinity of the membrane (Williams et al., 2000).

3.2. Localisation of reconstituted CYP2C9

An interesting observation for DMPC bilayers reconstituted
with CYP2C9 is the location of the protein aggregates. CYP2C9
protein is exclusively located within the Lg domains of the SPB.
The accumulation of the protein on the higher Lg domains, as
opposed to the surrounding L, domains, suggests that the CYP
either has preference for a Lg environment or the incorporation
into the membrane influences the lipid bilayer properties. Previous
studies utilising AFM have demonstrated that placental alkaline
phosphatase preferentially partitions into Lg domains (Chiantia
et al., 2006). Studies of the interaction of the first 42 residues of
3-amyloid peptides with SPBs have also demonstrated a preferen-
tial interaction with Lg domains, although reconstitution of these
peptides revealed aggregates randomly distributed in both the Lg
and Ly phase domains (Choucair et al., 2007). It is also known that
glycosylphosphatidylinositol (GPI)-anchored proteins partition
into lipid rafts, while many transmembrane proteins are located in
non-raft phases (Sieber et al., 2007). In addition, it has been shown
that the exact location of the membrane species is very sensitive to
the chemical nature of the both the lipid and the protein or peptide
(Planque et al., 1999). Proteins can also be confined to a specific
region of the microdomain if the activation energy of crossing
the domain barrier is larger than the kinetic energy of the protein
itself (Vereb et al., 2003). In general, membrane proteins appear to
preferentially locate into different membrane phases, dependent
on the lipid packing behaviour of the bilayer phospholipids.

3.3. Effects of reconstituted CYP2C9 on the local phospholipid
environment

As DMPC has a transition temperature close to room tem-
perature (T ~23°C), subtle changes in temperature can affect
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Fig. 2. (A) Height (left; Z-scale: 5nm) and phase (right; Z-scale: 10°) AFM images (2.5 x 2.5 um?; 512 lines x 512 lines) of a DMPC supported phospholipid bilayer (pH 7.2).
Lg extend 0.44 nm + 0.07 nm above surrounding L, domain. Schematic (i): models of supported phospholipid bilayers showing partial melting of the upper bilayer leaflet.
(B) Height (left; Z-scale: 5nm) and phase (right; Z-scale: 10°) AFM images (2.5 x 2.5 um?; 512 lines x 512 lines) of a DMPC supported phospholipid bilayer with CYP2C9
reconstituted (pH 7.2). All CYP2C9 protein molecules were exclusively located on the Lg domains (circled). Schematic (ii): proteoliposome rupture and fusion into SPBs gives

rise to proteolipid layers for the visualisation by AFM.

the phase of the bilayer membrane. We observed an effect of
CYP2C9 on the melting behaviour of Lg domains with increasing
temperature (Fig. 3). Typically, the most energetically favourable
process of melting occurs at the interface between the Lg and Ly
domains, decreasing the size of the Lg domains towards the centre
of the domain. However, the localisation of CYP2C9 in Lg domains
increases the melting temperature of neighbouring phospholipid
molecules, causing the final region of melting to occur at locations
in close proximity with the reconstituted protein. Consistent with
this observation, it has been known for some time that phospho-
lipids in the vicinity of microsomal P450s are more highly organised
thanin the remainder of the membrane (Stier and Sackmann, 1973).
The association of CYP2C9 into distinct Lg lipid domains clearly
demonstrates the influence of this protein on the Ty; of phospho-
lipid bilayers. Since the transmembrane spanning domain is absent,
the observed melting behaviour highlights the ability of CYP2C9

to interact with the membrane, presumably by its hydrophobic
domain.

3.4. Binding of CYP2C9 to nickel-chelating lipids

As the E. coli expressed CYP2C9 incorporated a 6xHis tag at
the C-terminus, nickel-chelating lipids (DOGS-NTA-Ni2*) were also
used to bind CYP2C9 to phospholipid bilayers. This method has
been utilised for the specific binding of proteins and peptides in
previous studies (Celia et al., 1999; Kienberger et al., 2001; Lud
et al,, 2006; Prachayasittikula et al., 2005). As employed in protein
purification, binding occurs due to an interaction between the Ni2*-
NTA headgroups and the His tag of the protein. The specific binding
of the 6xHis tag anchors the protein to the membrane, forming a
non-covalent complex. This process is reversible as addition of a
chelator for Ni%*, such as EDTA, displaces the His-tagged protein.

TEMPERATURE

.
>

Fig. 3. AFM topographic images of DMPC supported phospholipid bilayers with CYP2C9 reconstituted (pH 7.2). Small changes in temperature (~1°C) melt the Lg domains
(A-F). CYP2C9 appears to stabilise Lg domains, causing the final region of melting to occur at locations surrounding the protein (F, circled region). Scale bars: 200 nm, Z-scale:

5nm, 512 lines x 512 lines. The images were taken over a 50 min period.
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Fig. 4. Height (left; Z-scale: 5nm) and phase (right; Z-scale: 10°) AFM images (2.0 x 2.0 pm?; 512 lines x 512 lines) of DMPC:DOGS-NTA-Ni?* (4:1) phospholipid bilayers, (A)
prior to CYP2C9 interaction, (B) with CYP2C9 bound, and (C) after addition of 4 mM EDTA. Schematic of CYP2C9 binding: specific binding of the His tag anchors the protein
to the membrane, forming a non-covalent complex. Addition of EDTA facilitates the unbinding of the His tag, removing the protein from the phospholipid bilayer.

Fig.4 shows the reversible binding of CYP2C9 to phospholipid bilay-
ers comprising DOGS-NTA-Ni2* lipids incorporated in a matrix of
DMPC.

Initial experiments investigated the surface topology of
DMPC:DOGS-NTA-Ni2* (4:1) prior to CYP2C9 interaction (Fig. 4A).
In contrast to work presented in Fig. 2A, SPBs did not demon-
strate any noticeable lamellar phase separation, and it is assumed
that DOGS-NTA-Ni%* lowered the Ty; of neighbouring DMPC phos-
pholipids since the transition temperature of DOGS should be
well below that of DMPC given that the transition tempera-
ture of the phosphatidylcholine with the same aliphatic chain
(1,2-dioleoyl-sn-glycero-3-phosphatidylcholine) has a transition
temperature of —20°C. After moving the AFM tip away from the
sample, the DMPC:DOGS-NTA-NiZ* bilayer was then exposed to
a 0.7 nM solution of CYP2C9. After 5min, the sample was rinsed
thoroughly and the tip was reengaged. Upon incorporation of
CYP2C9 into the DMPC:DOGS-NTA-Ni2* phospholipid bilayers, pro-
trusions 1.60+0.53 nm high and 15-20 nm wide were observed
(Figs.4B and 5). Extensive washing of the membrane did not remove
the CYP2C9 from the bilayer. Consistent with previous results
shown in Fig. 2 for the one component membrane, simultaneous

phase imaging demonstrated a disparity between the CYP2C9 pro-
tein and the bilayer environment. This disparity confirms that the
protrusions observed for the bilayer containing the NTA-Ni2* were
due to presence of protein. However, in contrast to observations
with reconstituted CYP2C9 (Fig. 2B), monomeric protein with lat-
eral dimensions comparable to previous AFM studies was detected
(Gannett et al., 2006; Kiselyova et al., 1999). The different bind-
ing is expected as the nickel-chelating agent will bind strongly
with the His tags of the protein but will only be able to bond to
one protein giving monomeric binding. The protein distribution
also appeared to be random, confirming a uniform mixing of the
two phospholipids. Previous attempts in this lab to bind CYP2C9
to a preformed DMPC membrane bilayer in the absence of nickel-
chelating lipids have been unsuccessful and thus no other protein
aggregates adsorbed to DMPC such as those shown in the single
component SPB (Fig. 2B), where the proteins are incorporated at
the vesicle stage, are observed. Typically used for protein purifica-
tion, the Ni2*-NTA head group facilitates the monomeric binding of
CYP2(C9 as visualised by AFM. Finally, displacement of CYP2C9 was
achieved after incubation of the bilayer in 4 mM EDTA (Fig. 4C), a
chelator of Ni2*, for 5 min. The exposure to EDTA solution required
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f———i
20 nm

Fig. 5. (A) AFM topographic image of DMPC:DOGS-NTA-Ni2+ (4:1) phospholipid bilayers with CYP2C9 bound. (B) Topographic height (left, Z-scale: 5nm) and phase (right,
Z-scale: 10°) image zoom of CYP2C9 binding via 6 xHis tag. Scale bars: 100 nm. (C) Cross-sectional analysis of CYP2C9 protrusions yielded a height of 1.60 nm +0.53 nm and

diameters of 15-20 nm.

removal of the sample from the AFM meaning that different areas
of the bilayers are being imaged in Fig. 4A and C.

The use of the Ni2*-NTA group in the lipid bilayer could poten-
tially be used to probe targeted single proteins interactions with
bilayers. The moiety allows the reliable isolation of target pro-
teins and indeed the density of such species can be changed
by modifying the relative amount lipid with the chelating agent
attached. This could for example allow examination of the func-
tionality of isolated proteins as opposed to aggregated proteins.
Thus the importance of protein clusters could be examined. Iso-
lation of the individual proteins will potentially also contribute
to knowledge of protein and perhaps even sub-protein structure
in an environment similar to the protein’s normal physiological
environment.

4. Conclusion

AFM was employed to investigate the association of CYP2C9
with a synthetic membrane bilayer. It was demonstrated that
CYP2C9 was exclusively localised in the Lg domains of phase sepa-
rated DMPC SPB. Upon melting of the Lg domains, the final region
of melting occurred at locations surrounding the protein. Thus, it
may be concluded that CYP2C9 increases the melting temperature
of neighbouring phospholipid molecules as it partially embeds into
the membrane bilayer. As CYP2C9 was lacking its transmembrane
spanning domain, the protein was presumably associated with the
membrane by its hydrophobic domain and this provides the basis
for the altered ‘local’ membrane stability of neighbouring phospho-
lipids.

The reversible binding of the His-tagged CYP2C9 to nickel-
chelating lipids was observed. This system constitutes a suitable
interface to mimic membrane behaviour, as it comprises an artifi-
cial bilayer that has the ability to bind a range of integral membrane
proteins. As monomeric CYP2C9 protein was immobilised, it is pos-
sible that the system may have potential applications in biosensor
technologies for assessing the role of individual P450s, and indeed
other enzymes, in the metabolism of newly discovered drugs.
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