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ABSTRACT: The effect of nonlamellar-prone lipids, diacylglycerol (DG) and phosphatidylethanolamine
(PE), on the stability of human cytochrome P450 1A2 (CYP1A2) was examined. When 100%
phosphatidylcholine (PC) in standard vesicles was gradually replaced with either DG or PE, the stability
of CYP1AZ2 increased; the incubation time-dependent destruction of spectrally detectable P450, decrease
of catalytic activity, reduction of intrinsic fluorescence, and increased sensitivity to trypsin digestion were
significantly alleviated. The ternary system of PC/PE/DG increased the stability of CYP1A2 more, even
at lower concentrations of each nonlamellar-prone lipid, than that of the binary lipid mixture (PC/nonlamellar
lipid). By incorporating the nonlamellar-prone lipids, the CYP1A2-induced increase of the surface pressure
of the lipid monolayer was much higher compared to that for 100% PC. Increased surface pressure indicates
a deep insertion of the protein into lipid monolayers. Nonlamellar lipids also increased the transition
temperature of CYP1A2 in thermal unfolding and reduced the incubation time-dependent detachment of
membrane-bound CYP1A2 from vesicles. Taken together, these results suggest that nonlamellar lipids
per se and/or the phase properties of the membrane containing these lipids are important in the enhanced
stability of CYP1A2 and the concomitant maintenance of catalytic activity of the protein.

Cytochromes P450 (CYP or P45@ye the major enzymes Human CYP1A2, located predominantly in the liver,
involved in the oxidation of a variety of xenobiotic chemicals participates in the metabolism of a variety of compounds,
and endogenous substratéy @nd multiple forms of CYPs  including the activation of potentially carcinogenic aryl and
are present in mammal2)( All microsomal CYPs are  heterocyclic aminessj. In terms of the specific interaction
present in membranes, and at least some CYP enzymes aref CYP1A2 with membranes, it was found that rabbit
considered to interact with the specific lipid components of CYP1A2 could be incorporated into preformed phospholipid
membranes. This notion is supported by the fact that vesicles composed of phosphatidylcholir®. (We have
phospholipids in the vicinity of CYPs in liver microsomes shown that rabbit CYP1A2 activity is associated with the
are more highly organized than those in bulk membranes conformational change of the protein induced by phospho-
(3). It has also been proposed that the interaction of lipids (7) and that anionic phospholipids stimulate the
phospholipids with CYP might be necessary for maintaining catalytic activity of the CYP1A2 by enhancing membrane
an active conformation and for efficient electron trans®r ( binding and incorporationgj.

The nonlamellar structure of membranes has been shown

o ] onn. _ toplay animportant role in various cell functions (for review,
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amide gel electrophoresis. of phospholipids on the function of CYP1A2 by studying
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the influence of nonlamellar-prone lipids such as PE and DG photometer as describe@(). After CO bubbling into the

on the stability of the protein. The present study shows that sample cuvette and baseline correction, sodium hydrosulfite
nonlamellar-prone lipids increase the stability of CYP1A2 was added and the difference spectrum was again measured
and shift the partition of the protein toward membranes between 400 and 500 nm at 3G.

between the soluble and membrane-bound form of the Fluorescence Measurementdl fluorescence experiments
protein. These results can be used in the design of a propeto analyze conformational changes of CYP1A2 were per-
CYP-lipid mixed array system by providing useful infor-  formed at 3(°C. Fluorescence spectra were recorded with a
mation concerning the interaction of CYP with specific Shimadzu RF-5301 PC spectrofluorometer equipped with a
phospholipids and on the physical properties of membranes,thermostated cuvette compartment. After CYP1A2 was
which are the matrix for membrane-bound proteins. incubated with 80@M lipid vesicles for each indicated time,
MATERIALS AND METHODS the intrinsic fluorescence in CYP1A2 was recorded in the

range of 300-450 nm with an excitation wavelength of
Materials. All phospholipids and DOG were from Avanti 280 nm. The thermal unfolding of CYP1A2 was analyzed
Polar Lipids (Alabaster, AL). 7-Ethoxyresorufin and cumene by following the decrease in fluorescence intensity at
hydroperoxide were obtained from Aldrich Chemical Co. 338 nm (under an excitation wavelength of 280 nm) with a
(Milwaukee, WI).

X vl 0.5 °C/min heating rate.
_Protein Purification and Enzyme Actly Assay Recom- Monolayer Experimentsdonolayer surface pressures were
binant human CYP1AZ2 containing C-terminal (Hisyas measured by the Wilhelmy plate method as described
expressed iEscherichia colDH5c and purified as described

S A (21, 22). The Teflon dish had a volume of 12 mL and a
(17, 18). Purified CYP1A2 was dialyzed at 4C for 24 h  gyrface area of 20.3 émThe subphase buffer was 50 mM
against 50 mM Tris-HCI buffer (pH 7.4) containing 20%

Tris-HCI (pH 7.4) containing 100 mM NacCl. The lipid layers
glycerol (v/v), 1.0 mM EDTA, and 0.1 mM dithiothreitol

. were spread from a chloroform solution to give an initial
and stored at-70 °C until used. SDSPAGE was used to  surface pressure of 22 mN/m at 300.4°C. CYP1A2 was

assess final prOtEin purity, and protein concentration WaSinjected into the subphase (5 mL) in the presence or the
determined using a bicinchoninic acid procedure according ghsence of lipid monolayers, and the excess of CYP1A2
to the manufacturer's direction (Pierce, Rockford, IL). The present in the subphase was washed away with 10 times the
catalytic activity of CYP1A2 was assayed as descriti®d ( subphase volume after 30 min. The pressure changes were
the reaction volume was 5Q@L. CYP1A2 (0.5uM) and  followed until the surface pressure reached a maximal value.
lipid vesicles (400,u_M) were mixed in _the presence of Binding AssayBinding of CYP1A2 to model membranes
cumene hydroperoxide. The hydroperoxide system was usedyas measured using precipitation by ultracentrifugation.
instead of NADPH-P450 reductase and NADPH in order to ~ypqa2 (1uM) was incubated with 80@M lipid vesicles

avoid complicating effects of NADPH-P450 reductase on tqr each indicated time at 3. The protein-bound vesicles
the stability of CYP1A2. The reaction was started by adding \yere centrifuged in a Beckman TLA 100.2 rotor at

7-ethoxyresorufin as a substrate. After the sample waszq oo rpm for 30 min, and the protein concentrations of
incubated at 30C for 3 min, the reaction was stopped by pellets and supernatants were determined.

aon of e same voume of oig elanol. The prOdt _ Limited ProteoySSCYP142 (1) s ncubate v
458 nm under anyexcitation 8vavelen th of 358 nm y 800 uM lipid vesicles with various lipid compositions for
9 ' 1 hat 30°C, and a 1/100 (w/w) ratio of trypsin to CYP1A2

Liposome PreparationLipid vesicles were prepared as - :
X . 0 was added to the samples. After further incubation at@G0
described §). In all experiments, 100 mol % of POPC for 10 min, the reaction was stopped by the addition of

(16:0-18:1-PC) liposome was used as a component for 42 mM PMSF. The samples were boiled for 5 min and were

standard_ yesple. TO prepare liposomes containing non'analyzed by SDSPAGE and Coomassie blue staining.
lamellar lipids in a binary mixture of PC/nonlamellar lipids,

POPE (16:6-18:1-PE), DOPE (18:218:1-PE), or DOG (18:
1-18:1-DG) was included up to 70 mol % (for PE) or
12 mol % (for DOG), respectively, at the expense of PC.  Effect of Nonlamellar-Prone Lipids on the Time-Dependent
Further replacements of PC with nonlamellar lipids were not CO Spectra of CYP1AZ.0 correlate lipid compositions of
undertaken due to the stability problem of lipid vesicles. In vesicles with the stability of membrane-bound CYP1A2
a ternary system of POPC/POPE/DOG membranes, POPHlirectly, the differences in the incubation time-dependent
content was fixed at 30 mol % throughout all experiments Fe™-CO versus F& spectra of the protein were measured
and POPC was replaced with up to 5 mol % of DOG. in the presence of liposomes consisting of various lipid
Incorporation of DOG into membranes above 5 mol % was components. As shown in Figure 1A, the soluble CYP1A2
not used due to the same problem of stability with the binary had a typical CO spectrum when reduced by sodium
mixture of POPC/nonlamellar lipids. All LUVs used for this  hydrosulfide. The absorption maximumi.fy) was at
work were stable for at least 2 days as determined b9% 448 nm. Increasing the incubation time to 24 h af@Qthe
deviation in light scattering values. The concentration of absorption intensity at 448 nm (P450) decreased gradually
liposome stock solution was 4.0 mM, and a portion of the throughout the incubation period, indicating a destabilization
solution was diluted to study interaction of CYP1A2 to of the normal orientation of CO bound to ferroporphyrin in
membranes. The concentrations of phospholipids werethe active site of the CYP enzyme. This spectral property

RESULTS

determined by phosphorus assag)(
CO-Difference Spectroscopfe?™-CO versus F& dif-

was not changed upon interaction with liposomes (results
not shown). We could not detect any shiftiaf.x by adding

ference spectroscopy was obtained with a Shimadzu spectrovarious lipid vesicles externally. Only the intensities at
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Ficure 1: Incubation time-dependent changes of'FEO versus F& difference spectra of CYP1A2. (A) CYP1A2 in the absence of
phospholipid vesicles was incubated for (a) 0, (b) 3, (c) 6, (d) 9, and (e) 24 h&,3hd then CO difference spectra were obtained as
described in Materials and Methods. (B) The effects of POPE contents in a binary system of PC/PE on the time-dependent decrease of
absorption intensity at 448 nm. (C) The relative intensities were recorded as a function of DOG concentration in a binary membrane of
PC/DOG and in a ternary system of PC/POPE/DOG after 24 h incubation &.3h the ternary system, POPE content was fixed at

30 mol % but the PC content (initial 70%) was varied as it was replaced with upward 12% DOG. DOFP and DOGA represent 1,2-dioleoyl-
1-fluoro-2,3-propanediol and 1,2-dioleaylglyceramide, respectively. In panels B and C, data points represent thedm8&nof three
independent experiments.

Amax @nd 420 nm changed depending upon incubation time. that DG stabilizes the Hstructure of PE16). As a control
Therefore, we could use this spectral feature of CYP1A2 to experiment, the effect of DOG analogues (dioleoyl-1-fluoro-
trace possible changes in the stability of the protein as a2,3-propanediol and dioleoykglyceramide) on the stabiliza-
function of incubation time upon interaction with lipid tion of CYP1A2 was also examined in the POPC/DOG
bilayers. analogue system instead of DOG itself. These analogues had
When 100 mol % POPC vesicles were added to soluble little effect on protection against P450 decreases, which
CYP1A2 externally and the P450 level was measured, thesuggests the importance of DOG and/or DOG-induced
rate of P450 destruction was similar to that of the enzyme membrane properties in the stabilization of CYP1A2 and the
in the absence of vesicles (Figure 1B). On the contrary, with specific interaction of the protein with membranes containing
increasing POPE concentrations at the expense of PC, theDOG.
degree of P450 destruction decreased significantly and only Influence of Nonlamellar Lipids on the Membrane Binding
about 20% of P450 was lost, with vesicles containing of CYP1A2To explain the stabilizing effect of nonlamellar-
70 mol % PE after 24 h incubation (74% and 70% lost in prone lipids on CYP1A2, we examined the binding properties
the presence of 100 mol % PC or in the absence of lipid of CYP1A2 to membranes. Figure 2A shows a titration of
component, respectively). These results show that whenmembrane-bound CYP1A2 by vesicles containing various
CYP1AZ2 interacts with vesicles containing PE, the stability lipids. The membrane binding of CYP1A2 was enhanced
of the hemoprotein increases with PE in a concentration- by increasing the lipid to protein (L/P) ratio and was saturated
dependent manner. However, with up to a 30 mol % ata L/P ratio of about 800, regardless of lipid compositions
replacement of PC with POPE, the dependency of P450of vesicles but with different amounts of the membrane-
destruction on incubation time was very similar to that of bound protein. Hereafter we analyzed the membrane binding
the protein bound to 100 mol % PC vesicles. When additional of CYP1A2 at this L/P ratio. Figure 2B shows a decrease of
amounts of PE were included in the vesicles, PE appearedmembrane-bound amounts of the protein in all membranes
to have a stabilizing effect on the enzymes. These resultstested when the incubation time is increased. The decrease
remind us of our previous observation that the formation of indicates the detachment of membrane-bound CYP from the
lipid domains in PC/PE membranes occurs above a certainmembrane and a shift of the partition into a soluble fraction.
concentration of PE23) and may correlate with the phase In the presence of POPE or DOPE, however, the time-
separation in PC/PE membranes. dependent decrease of membrane-bound CYP1A2 was
When DOG, a potent promoter of nonlamellar phases in diminished as a function of nonlamellar lipid concentration
various phospholipid system&5, 24), was substituted for = when PC was replaced with the nonlamellar lipids. Notably,
PE up to 12 mol %, the incubation time-dependent destruc- upon interaction with vesicles containing DOPE, which has
tion of CYP1A2 was also decreased, indicating a possible a lower L—H, transition temperature than POPE5), the
stabilizing effect of DOG on CYP1A2 (Figure 1C). A similar membrane-bound amounts of CYP1A2 were slightly higher
protection pattern against P450 destruction with the PC/DOG than those for POPE for all incubation times. This result
system was also shown even at a lower concentration ofsuggests a possible correlation between the membrane
DOG in POPC/POPE/DOG (65:30:5 by molar ratio) mem- association of CYP1A2 and the-H transition temperature
branes, suggesting that DG and PE exert a synergistic effectof PE. DOG also showed a very similar effect to PE, as in
on the stabilization of the enzyme. This result seems to beboth cases the incubation time-dependent detachment of
related to previous reports that DG lowers the lamellar to membrane-bound CYP from the vesicle was alleviated with
hexagonal Il phase transition temperature of RE) @nd increasing concentrations of DOG in a binary mixture of
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Ficure 2: Membrane binding of CYP1A2. (A) Membrane-bound amount of CYP1A2 was determined as a function of L/P ratio. The
protein content (2%g) was fixed and the amount of lipids was increased to be each indicated L/P ratio. Membrane-bound CYP1A2 was
precipitated by ultracentrifugation, and protein concentrations of the pellet and the supernatant were analyzed. (B) Effects of PE (POPE and
DOPE) on the incubation time-dependent detachment of CYP1A2. (C) The quantity of membrane bound CYP1A2 was measured as a
function of DOG concentration in the binary mixture of PC/DOG or in the ternary system of PC/POPE/DOG after 24 h incubation. As
described in Figure 1, the POPE content in vesicles was fixed at 30 mol %. Thedm®8&nvalues were calculated on the basis of assays

with three independent experiments.

PC/DOG and a ternary system of PC/POPE/DOG (Figure concentrations of CYP1A2. This result indicates that a greater
2C). Here again, the ternary mixture showed a more amount of the protein was inserted into monolayers contain-
significant protecting effect against the release of membrane-ing PE. Figure 3B shows the increase of the surface pressure
bound CYP1A2 than that of the binary system. These resultsas a function of POPE or DOPE. Regardless of the acyl chain
indicate that nonlamellar lipids have a stronger interaction species of PE, the pressure was enhanced with increasing
with CYP1A2 than with 100% PC. It should also be noted concentrations of PE. Furthermore, it was found that DOPE
that initially, at zero hour, the amount of membrane-bound exerts a more significant effect on the pressure increase than
CYP1A2 was higher in the presence of nonlamellar lipids does POPE, suggesting that the membrane insertion of
than in 100% PC with a nonlamellar lipid-dependent manner. cyYp1A2 might be related to how easily the-H, transition

The present binding experiment does not demonstrate a direchccurs. Here again, the pressure increase was not remarkable
correlation of the nonlamellar lipid-induced change of ntii POPE contents exceeded 30 mol %. Therefore, it
CYP1A2 stability with lipid composition-dependent parti-  5ppears that the membrane binding and insertion of CYP1A2
tioning of the protein between soluble and membrane s related to the stability of the protein through membrane
fractions. From_thes_e resultg, however, we can predlct_ ,thatproperty changes induced by nonlamellar lipids as well as
a nonlamellar lipid-induced increase of CYP1A2 stability , the |ipids themselves. DOG also increased the surface
is, at least in part, correlated to the membrane-binding ,roqqre as a function of its concentration in the binary

properties of the protein. Considering our previous results ... .o of PC/DOG and in the ternary system of POPC/
that anionic phospholipids such as PA, PS, and PI stimulatePOPE/ DOG (Figure 3C)

membrane binding and the insertion of rabbit CYP1A2 into o ; o e
phospholipid bilayers8), it is interesting that these anionic ~_ More insight into the lipid specificity of a CYP1A2
phospholipids did not show a similar effect to nonlamellar insertion into a monolayer can be gained by varying the
lipids on the incubation time-dependent detachment of the initial surface pressure of the lipid monolayer. CYP1A2 itself
CYP1A2 (result not shown). is surface-active in the absence of lipid monolayers as it gives
Interaction of CYP1A2 with Lipid Monolayerin order rise to a surface pressure increase of 16.7 mN/m. Therefore,
to obtain more insight into the interaction of CYP1A2 with the initial surface pressure was maintained above 20 mN/m
membranes and to correlate protein stability with lipid throughout the experiments presented here. Figure 4 shows
compositions of membranes, we examined changes in surfacéhat the CYP1A2-induced surface pressure change was
pressure after injecting the protein into the subphase of lipid linearly reduced as increasing the initial surface pressure in
monolayers. The increased surface pressure represents thée all monolayer systems tested, indicating the limitation
“insertion” of a protein into the lipid monolayers as it was 0f CYP1A2 insertion. However, the limiting insertion
established that agents interacting only with a lipid headgroup pressure, defined as the maximal surface pressure allowing
did not induce a surface pressure increase in monola3éys (  the insertion, was significantly higher when nonbilayer lipids
Figure 3A shows that the monolayer surface pressurewere included in the binary system as well as in the ternary
increases as a function of the amount of CYP1A2 injected system as compared to 100% PC. Taken into account
into the subphase with 100% PC membrane, which was together, the result also suggests that the enhanced insertion
saturated at about 4@y of protein under an initial surface  of CYP1A2 into a monolayer containing nonlamellar lipids
pressure of 22 mN/m. In the presence of 50 mol % of POPE, as compared to 100% PC was not dependent on the initial
the pressures were higher than those of 100% PC at all testecurface pressure.
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Ficure 3: Insertion of CYP1A2 into the monolayer as analyzed by monolayer surface pressure. (A) Increase of the pressure as a function
of the amount of CYP1A2 injected in the subphase. Initial pressure was 22 mN/m for POPC and POPC/POPE (50:50) monolayer. (B, C)
Effects of nonlamellar lipids on the insertion of CYP1A2 were measured with increasing concentrations of PE (POPE and DOPE) (B) and
of DOG in the binary mixture (PC/DOG) and in the ternary system (PC/POPE/DOG) with a fixed amount of 30 mol % PE (C). Data points
represent the meatt SE of three independent experiments.

7 dependent on lipid composition. It should be noted that the
100% PC relative catalytic activity in the case of the ternary system at

6 - PC/POPE (50:50) zero hour was approximately £2-fold higher than that of
PC/POPE (30:70) 100% PC. The ternary PC/POPE/DOG system showed the

most significant effect and was followed by the PC/DOG
system and the PC/POPE system. It is clear, therefore, that
the propensity of ki formation is essential to maintain the
catalytic activity of CYP1A2.

In order to represent the effect of nonbilayer lipids on the
incubation time-dependent decrease in the CYP1A2 activity
more clearly, the data points in Figure 5A was replotted by
the ratio of relative activity at each incubation time to that
of zero time (Figure 5B). In this normalized figure, non-
bilayer lipid-induced alleviation of the decrease in the
CYP1A2 activity was clarified in the binary system in PE
concentration-dependent manner as well as the ternary
system.

Conformational Changes of Membrane-Bound CYP1A2.
The effect of lipid compositions on the incubation time-
dependent stability of CYP1A2 was studied through con-
formational changes of the protein using intrinsic fluores-
cence and limited proteolysis. Figure 6 shows that the
intrinsic fluorescence intensity of CYP1A2 decreased regard-
less of lipid compositions with increasing incubation time
Effect of Nonlamellar Lipids on the Catalytic Aditiy of at 30°C, indicating that a conformational change of CYP1A2

CYP1A2To correlate the nonlamellar lipid-induced stability 1S dépendent upon incubation time. In the presence of 100%
changes of CYP1A2 to its catalytic activity, we measured POPC vesicles, the relative emission intensity was reduced
CYP1A2-catalyzed reactions in the presence of lipid bilayers. by about 85% after 24 h. However, upon increasing the
Enzyme activity was quantified by measuring its ability to concentration of POPE at the expense of PC, the decrease
catalyze the O-deethylation of 7-ethoxyresorufin in the Of intrinsic fluorescence was alleviated and, at 70% PE, the
presence of cumene hydroperoxide, in place of NADPH- €mission intensity was decreased by only 35% after 24 h of
P450 reductase and NADPH, to avoid the complicating effect C€YP1A2 incubation. A similar protecting effect of PE was
of NADPH-P450 reductase, another membrane pro@in (  oPbserved when PC was replaced with DOG in the binary
It was found that the activity was decreased as a function of Mixture of PC/DOG and in the ternary system of PC/POPE/
incubation time and after 24 h about 20% of initial catalytic

activity remained for the case of 100% PC (Figure 5A). With  The influence of nonlamellar lipids on the conformation
increasing concentrations of nonlamellar lipids in the binary and stability of CYP1A2 was also analyzed by limited
mixture of PC/nonlamellar lipids and in the ternary system proteolysis using trypsin in the presence or absence of
of PC/PE/DOG, however, the time-dependent decrease ofnonlamellar lipids. As shown in Figure 7, several fragments
activity was remarkably alleviated with a different degree were detected by trypsin digestion of CYP1A2 interacting

PC/DOG (90:10)
PCIPOPE/DOG (65:30:5)
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Ficure 4: Insertion of CYP1A2 into the monolayer as a function
of the initial surface pressure. Monolayer of 100% PORJ, (
POPC/POPE (50:50, by molar rati@)), POPC/POPE (30:70M),
POPC/DOG (90:10){), and POPC/POPE/DOG (65:30:54)(
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Ficure 5: Influence of nonlamellar lipids on the catalytic activity of CYP1A2. The O-deethylation of 7-ethoxyresorufin was measured
after each indicated incubation time. (A) The activity in the presence of 100 mol % PC membranes at the initial time was set to 100%.
(B) The activity change of CYP1A2 was normalized by the ratio of the relative activity at each incubation time to that of zero time. For
details, see Materials and Methods.
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Ficure 6: Effects of lipid bilayers on the intrinsic emission fluorescence of CYP1A2. (A) Emission spectral changes of CYP1A2 bound
to 100% PC membranes with increasing incubation time: (a) 0, (b) 3, (c) 6, (d) 9, and (e) 24 h. (B) CYPAM2 \{&s incubated with
800uxM membranes for each indicated time at°8) and then the emission intensity at 338 nm was measured under an excitation wavelength
of 280 nm.

with membranes. Upon interaction with membranes contain- respectively. This result unequivocally demonstrates that
ing nonlamellar lipids, CYP1A2 became more resistant to POPE and DOG stabilize CYP1A2, and it may also imply
the proteolysis than the 100% PC vesicle as higher amountsthat a more compact (closed) form of the protein is achieved
of fragments as well as more intact proteins remained. Figureupon interaction with membranes containing nonlamellar
8 shows the thermal unfolding transition profile of membrane- lipids.

bound CYP1A2 measured by the intrinsic fluorescence of

Trp residues in the protein, which further supports that DISCUSSION
nonlamellar lipids induce the stability increase of CYP1A2:  Although crystal structures of several mammalian P450
the soluble CYP1A2 had a transition temperatufg) (of enzymes (including 2C5, 2C9, 2B4, and 3A4) have been
44.2 °C. When bound to a 100% PC membraiig, of elucidated recently2(/—29), no crystal structure is currently
CYP1A2 increased slightly, up to 45Z. However, the available for the membrane-bound form of CYP1A2. Micro-
replacement of PC with POPE or DOG resulted in a somal CYP1A2 is believed to be anchored to the ER
significant increase in th&, up to 49.8°C and 51.3C in membrane by a hydrophobic amino-terminal region, which
the presence of 70 mol % POPE and 12 mol % DOG, is inserted into the membrane in a vectorial fashi@m(),
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il nonlamellar structure3@), and that dietary eritadenine, a
g8 hypochole_sterolemig: factor, markedly decreases the ratio of
g? g;? PC to PE in liver microsomes3{).

P ol The importance of nonlamellar-forming lipids in mem-

a b branes on the enzyme activities and protein functions has
P:-_STITETY already been suggested for many cases such as ubiquinol-

g cytochromec reductase and mitochondrialHFATPase 85),

- rhodopsin 86), and alamethicin conductance stat&3)(
With CYP enzymes, it has also been proposed that membrane
properties induced by nonlamellar phase propensity are
important for regulating the catalytic activity of CYPs in a
i S S W == < reconstituted systermi.g, 12, 38). These studies have mainly

FIGURE 7: Limited proteolysis of CYP1A2 bound to membranes Peen undertaken in view of the stimulation of enzyme

by trypsin. The proteolysis was conducted at the ratio of 100:1 activity.
(CYP1A2:trypsin, by weight). After incubation at 3@ for 10 min, In this report, we have focused on the stability increase
thheort;éﬁ’SSigaﬂgfgtiggﬁgfiosgfgﬁﬁd bzy ntjhﬁ ngdistEnAcl)if %tse's\gg' of CYP1A2 bound to lipids by modulating lipid compositions
Faken from thepreaction mixture angwere analyzed bygBSGE to optimize |mmob|I|zatlpn of _CYP enzymes in the lipid
and Coomassie Brilliant Blue staining. SM and control represent monolayer. The present investigations established that DOG
molecular weight size marker and purified CYP1A2, respectively. and PE, which are known to have the propensity to form
nonlamellar structures and, generally, to destabilize mem-
100% PC brane integrity, enhance the stability of CYP1A2 bound to
membranes, and maintain its catalytic activity during incuba-
tion. Therefore, the effect of nonlamellar lipids (and/or these
lipid-induced membrane properties) on biological functions
was further extended to the regulation of protein stability.
0 20 40 60 80 When evaluating the results that nonlamellar lipids increase
Mot% PE the binding and insertion of CYP1A2 into membranes and
7
(0 2 46 81012
Mol% DOG

0.8 1

caNvwh OO
-—

AT,

caNvwAOO~N

0.6 -

inhibited the incubation time-dependent detachment of the
protein from the vesicles, it was seen that CYP1A2 might
have a higher affinity to nonlamellar lipids per se and/or to
membrane properties induced by these lipids than to those
soluble CYP1A2 for PC. Concomitantly, the enhanced interaction of CYP1A2
100% PC with membranes containing nonlamellar lipids appears to be
PCIPOPE (30:70) responsible for the increased stability of the protein. How-
PC/DOG (88:12) ever, it should be noted that although anionic phospholipids
‘ . ‘ ‘ such as PA, PS, and Pl also promote the membrane binding
20 30 40 50 60 70 and insertion of CYP1A29), these acidic lipids could not

Temperature (°C) show. remarkable effects on the s_tability increase of CYP1A2
Ficure 8: Effect of nonlamellar lipids on the thermal unfolding prqteln_compared to j[he case with PC (results not 'shown).
of membrane-bound CYP1A2. The temperature-induced unfolding T1iS discrepancy might be the result of the different
of CYP1A2 was conducted in the presence of POPE or DOG. molecular behaviors between human (in this report) and
Changes in the fluorescence intensity at 338 nm were recorded agabbit CYP1A2, although human CYP1A2 has an amino acid
a function of temperature. Theaxis (fractional change) is relative sequence very similar to that of rabbit CYP1AZ9/( 40).

fluorescence changes with the emission intensity of CYP1A2 set ‘s s
to zero (0) and to one (1) at the initial and final temperature, We observed that nonlamellar lipids but not anionic phos-

0.4

Fractional Change

0.2 4

o» O e

0.0

respectively. The inset represents the relative differendg ¢ATy,) pholipids exert similar effects on the stability increase of
with increasing concentrations of POPE or DOG at the expense of rabbit CYP1A2 (results not shown). Therefore, the membrane
PC. binding and insertion of CYP1A2 would be only a partial

cause for the nonlamellar lipid-induced enhancement of the
and it has been suggested that the interaction with membrangyrotein stability, and other potential explanations have to be
is important in the proper function of the protei) §). Even  considered. It is conceivable that, contrary to the association
if the structures of some microsomal CYPs have been of CYP1A2 with anionic phospholipids, chargeharge
revealed, there is no direct information to determine optimal interactions between nonlamellar lipids and CYP1A2 are not
conditions which maintain the functional activity of the involved in membrane binding and insertion and a different
protein for any desirable application. molecular mode might dominate the interaction between the

Biological membranes contain significant amounts of the protein and the membranes.

lipid species that form nonlamellar phases under physiologi- We have demonstrated previously that the mixing proper-
cal conditions 81). Furthermore, many lipids in membranes ties of POPC and POPE are not random, but that lipid
can be transformed from a bilayer to a nonlamellar state by domains of phospholipids are formed in a liquid-crystalline
changes of biological conditions such as pH value, temper- state 23). On the basis of our results, we suggest that the
ature, salt concentration, and degree of hydratBa. (t was phase separation in the PC/PE membrane seems to be
also reported that lipid compositions of a membrane could intensified above a certain critical concentration of PE.
be regulated in a “window” between being a gel and a Interestingly, the present results indicate the possibility that
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the interaction of CYP1A2 with membranes containing POPE
might be related with the phase separation (Figures 2B, 3B,
5, 6B, and 7). The replacement of PC with up to 30 mol %
of PE did not show any significant effects on the association
of CYP1A2 to membranes, catalytic activity, and the
conformational change of the protein. Although the current
study does not provide further evidence for the nonideal
mixing properties of a membrane consisting of POPC and
POPE, it is tempting to speculate that the propensity of
forming lipid domains increases the stability of CYP1A2.
Indirectly, taking into account the previous suggestion that
DG stabilizes the K structure of PE 16), this notion is
further supported by the observation that in a ternary mixture
of PC/PE/DOG (for example, 65% POPC/30% POPEE/5%
DOG) experimental results were not simple arithmetic
summations provoked by POPE and DOG, but synergistic
effects were shown in all test cases.

Several trials with CYP enzymes have been made to
confirm industrial use of the protein. Although most of the
interest from pharmaceutical industries has focused on the
role of CYPs in drug development, these enzymes also have
potential in the discovery of other useful chemicals. Potential
applications range from the use of CYPs as drug targets to
their use of bioremediation4(). A general optimization
strategy of CYP activity and stability is needed for industrial
purposes, and this work may provide this kind of general
strategy for the application of CYP immobilization to
products such as protein chips or biocatalysts.
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