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ABSTRACT. We investigated the dependence of cholesterol oxidase catalytic activity and membrane affinity
on lipid structure in model membrane bilayers. The binding affinities of cholesterol oxidase to 100-nm
unilamellar vesicles composed of mixtures of DOPC or DPPC and cholesterol are not sensitive to cholesterol
mole fraction if the phase of the membrane is in a fluid state. When the membrane is in a solid-ordered
state, the binding affinity of cholesterol oxidase increases approximately 10-fold. The second-order rate
constantsk’,/K?) for different lipid mixtures show a 2-fold substrate specificity for cholesterol in¢he
phase of high cholesterol chemical activity over cholesterol inlghghase. Moreover, the enzyme is
2-fold more specific for cholesterol in thgphase than in thg, phase. Likewise, there is 2-fold substrate
specificity for the high cholesterol chemical activityphase over the low chemical activityphase. The
specificities for thdy phase of low cholesterol chemical activity and thphase are the same. These data
indicate that the more ordered the lipid cholesterol structure in the bilayer, the lower the catalytic rate.
However, under all of the conditions investigated, the enzyme is never saturated with substrate. The
enzymatic activity directly reflects the facility with which cholesterol can move out of the membrane,
whether changes in cholesterol transfer facility are due to phase changes or more localized changes in
packing. We conclude that the activity of cholesterol oxidase is directly and sensitively dependent on the
physical properties of the membrane in which its substrate is bound.

Cholesterol oxidase (EC 1.1.3.6) is a monomeric enzyme Scheme 1: Reaction Catalyzed by Cholesterol Oxidase

that catalyzes the two step conversion of cholesterol to R
cholest-4-en-3-one using an FABofactor (Scheme 1). The \\
first step of the reaction catalyzed is cholesterol oxidation HO 3 4%

utilizing a tightly bound FAD molecule to produce®, and H 6
cholest-5-en-3-one. The second step is isomerization of
cholest-5-en-3-one to produce the final product, cholest-4-
en-3-one. This enzyme is used clinically to determine serum

cholesterol concentrations and is also being developed as

cholesterol

an insecticide due to its larvicidal propertie$, ). In
nonpathogenic bacteria, e.&treptomycesthis enzyme is
secreted and is part of a bacterial metabolic pathway for
utilizing cholesterol as a carbon source. In pathogenic
bacteria, e.gRhodococcuand slow-growingvlycobacteria

FAD X H,0,
FADH- 0,
M
O

the enzyme is required for infection of the host macrophage

(3—5). Cholesterol oxidase’s role as a virulence factor is cholest-5-en-3-one
related to its ability to alter the physical structure of lipid

membranes. Its membrane structure altering characteristics l

have also led to its use in studying cell membranes and the

importance of cholesterol in the function of lipid rafts in \{
signal transductiong. M\
o)
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632-5731. Cholesterol oxidase is water-soluble; however, the cho-
1 Abbreviations: BSA, bovine serum albumin; DOPC, 1,2-diolecyl- lesterol substrate is integrated in the lipid bilayer of the cell
snrglycero-3-phosphatidylcholine; DPPC, 1,2-dipalmitoyl-2-olesd-  membrane. Thus, the enzyme must either wait for cholesterol

glycero-3-phosphatidylcholine; ePC, egg phosphatidylcholine; FAD, 5 nartition out of the membrane and bind it from aqueous
flavin adenine dinucleotide; MUV, medium-sized unilamellar vesicle;

POPC, 1-palmitoyl-2-oleoyl phosphatidylcholine;, Tnelting temper-  Solution, or the enzyme must associate with the membrane
ature;s,, solid-orderedj,, liquid-ordered;lq, liquid-disordered. to allow direct partitioning of cholesterol from the membrane
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into the active site. Since the rate of enzymatic turnover is T, = —18 °C) and dipalmitoylphosphatidyl choline (DPPC,
faster than the rate of cholesterol release from a lipid bilayer T, = 41 °C) (25). These lipids have different chain lengths,
(7), the enzyme must associate with the membrane beforedegrees of saturation, afig’s, and cover the range of phase
binding substrate in the active si®.(Our current hypothesis  behaviors described above. In addition, we directly monitored
based on binding9), mutagenesisg], and vesicle leakage binding to the lipid bilayer using a catalytically inactive, but
data (0) is that the physical association of cholesterol folded, mutant, H447E/E361Q€6). Our results demonstrate
oxidase with the bilayer does not perturb the membrane that not only is the enzyme activity and affinity sensitive to
structure. Rather, the enzyme provides a hydrophobic bindinglipid phase, but it also detects changes in cholesterol chemical
cavity that allows favorable partitioning of the cholesterol activity in the membrane.

from the membrane into the enzyme. This suggests that

cholesterol oxidase activity should be sensitive to the inherent EXPERIMENTAL METHODS

stability of cholesterol in the membrane and can be used as
a sensor of bilayer lipid phase. In fact, experiments with
monolayers suggest that it is. In monolayers, cholesterol
oxidase activity appears to depend on the strength of the
cholesterol/phospholipid interaction in the monolaykt-+

16), and it correlates to rates observed with vesicle bilayers
(17). These experiments were primarily conducted with high
cholesterol/phospholipid ratios, i.e., between 0.3:1 and 1:1.
Moreover, these activity measurements did not take into
account the effects that the interfacial nature of the enzyme,
and thus its affinity for the membrane surface, may have on
the observed rate. Here we present our investigation of how
fhh g I;S;(;g:a%)gdaijgf ti|r\]/;gy Veﬁﬁ:ﬁn?hse ocr;] ct)Teestl(IeprIodI ipsh?nsceog f a Barnstead NANOpure filtration system to give a resistivity
porated at mole fractions ranging from 0 to 0.5 cholesterol, better than 18 K. ) )

and we include an analysis of binding affinities. Furthermore, ~ General MethodsVesicles were prepared with an extruder
we have adapted a kinetic paradigm that allows comparisonfrom Lipex Biomembranes Inc. (Vancouver, BC, Canada).
of rates from membranes with different mole fractions of A Shimadzu UV2101 PC Spectrophotometer or Molecular
cholesterol. Devices Spectram& multichannel microplate spectropho-

In biological membranes, the most abundant lipid com- tometer (Sunnyvale, CA) was used for assays. Fluorescence
ponents, in addition to cholesterol, are polar lipids such as Meéasurements were taken on a Spex Fluorolog 3-21 fluo-
phospholipids and sphingolipids which form the lipid bilayer. "imeter. A Proterion DynaPro light scattering spectrometer
Many studies with model membranes have revealed that the(Piscataway, NJ) was used for light scattering measurements.
lipid bilayer may exist in different phases, i.e., the solidlike A Béckman liquid scintillation counter (Type LS 5801) was
gel state &), in which the lipid molecules are tightly packed used for measuring radioactivity. The buffers used were A:
and highly ordered with each respect to each other and have?0 MM sodium phosphate, pH 7.0; B: 50 mM sodium
restricted lateral motion, and the liquidlike fluid statg),( phosphate, pH 7.0, 0.020% (w/v) BSA; C: 50 mM sodium
in which lipid molecules are disordered and in considerable Phosphate, pH 7.0, 0.020% (w/v) BSA, 0.025% (w/v) Triton
motion (18). Cholesterol further affects the phase behavior X-100
of the lipid bilayer. Preparation of Lipid VesiclesMedium, 100-nm uni-

Studies of the phase behavior of cholesterol/phospholipid lamellar vesicles were made from mixtures of lipids using
binary mixtures have indicated that an intermediate state e€xtrusion @8). Lipids (10 umol) were mixed as CHGI
called the liquid-orderedd) state forms19—23). Thel, state solutions in a round-bottomed flask, dried as a thin film under
is a cholesterol-enriched phase exhibiting intermediate physi-reduced pressure in a rotary evaporator for 20 min, and
cal properties between the solid-ordereg) @nd liquid- ~ evacuated under high vacuum for 2 h. The lipid was
disordered I) phases, characterized by both rapid lateral resuspended in 1 mL of buffer A with vortexing. Five
diffusion yet tight packing of lipid molecules. In addition, freeze-thaw cycles, at-80 and 37°C, followed by 10

Materials. Cholesterol and horseradish peroxidase were
purchased from Sigma Chemical Company (St. Louis, MO).
Lipids were purchased from Avanti Polar Lipids (Alabaster,
AL). Radiolabeled lipids were purchased from NEN Life
Sciences (Boston, MA). The plasmids for heterologous
expression oStreptomyces sp. SA-CQld-type cholesterol
oxidase, pC0202, and H447E/E361Q mutant cholesterol
oxidase, pC0O233, and purification have been described
previously @6, 27). Unless otherwise specified, all chemicals
and solvents, of reagent or HPLC grade, were supplied by
Fisher Scientific (Pittsburgh, PA). Water for assays and
chromatography was distilled, followed by passage through

in binary mixtures there is a region &fl4 immiscibility in extrusion cycles through two stacked 100-nm filters (Costar,
which both phases are present. Lipid rafts are proposed toCambridge, MA) using a nitrogen gas pressure of-3%00
be small domains df, lipid within the cell membrane24). psi, provided a homogeneous batch of vesicles as determined

We initiated our investigation into the dependence of by light scattering. Light scattering measurements were made
cholesterol oxidase activity on membrane phase using modelusing 30uM phospholipid vesicle solutions in buffer A.
binary membrane systems with known phase order to see ifPhospholipid concentrations of vesicle solutions were mea-
the enzyme could distinguish between these different phasessured by the Stewart assag9. Wild-type cholesterol
We investigated the dependence of cholesterol oxidaseOXidase was used to determine total cholesterol concentration
activity on bilayer lipid phase by monitoring the initial in vesicles after lysing vesicles with 0.1% Triton X-100.
velocities of wild-typeStreptomyces sp. SA-CQbolesterol Preparation of Radiolabeled Vesiclé3onor vesicles (0.55
oxidase activity on medium-sized (100 nm diameter) uni- mM, total lipid concentration) contained a trace of'f&]-
lamellar vesicles (MUVs) made of phosphatidyl cholines and labeled cholesterol (£Ci) as a transferable lipid and included
varying amounts of cholesterol. We used two kinds of N-palmitoyl-dihydrolactocerebroside for agglutination with
phosphatidyl choline: dioleoylphosphatidyl choline (DOPC, lectin, with a total mole ratio of eggPC/cerebroside/sterol
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42.5:7.5:50. Control donor vesicles were prepared with a following the appearance of conjugated enone at 240 nm
trace of [oleate-24C]-labeled cholesteryl oleate (LCi), with (€240 =12 100 Mt cm™! (30)). The enzyme stock solution
the same mole ratio of eggPC/cerebroside/sterol. Acceptorwas diluted with buffer B. A total of 986990uL of vesicle
vesicles (10 mM, total lipid concentration), that contained solutions in buffer B was added to a quartz cuvette with a
[cholesteryl-1,2H(N)]-labeled cholesteryl hexadecyl ether 10-mm path length and equilibrated for-105 min. A total

(1 uCi) as a nonexchangeable marker, were composed ofof 10 uL (10—100 ng) of wild-type cholesterol oxidase was
eggPC/steroid= 50:50. A total of 800uL of donor stock added and the absorbance at 240 nm corresponding to the
was diluted to 2.05 mL in buffer A and extruded 10 times first 10% of total cholesterol conversion was measured as a

through two stacked 100 nm filters. A total of 550 of function of time. In the case of DOPC/cholesterol vesicles,
acceptor stock solution (10 mM) was diluted to 1.80 mL in 10 uL of catalase (2.1 W/lL) was added before addition of
buffer A. wild-type cholesterol oxidase to prevent the undesired

Measurement of the Rate of*C]-Labeled Cholesterol  peroxidation of double bonds in the acyl chains.
Transfer. After extrusion, 1.5 mL each of extruded donor The activity was also determined using a horseradish
and acceptor vesicle solutions were mixed and vortexed for peroxidase coupled assay to quantitate the rate of formation
15-20 s, and 10 aliquots (200L) of the mixture were of H,O,. The HO, formation was followed by excitation at
prepared in Eppendorf centrifuge tubes (0.5 mL) and 325 nm and monitoring the fluorescence emission at 415
incubated at 37C. Separation of donor and acceptor vesicles nm (slits= 1.5 nm). The standard assay conditions were
was achieved by adding 7.&g of lectin (from Ricinus the same as thBy4 assay, except that 1.0 mpthydroxy-
Communis RCA;», Sigma) to each Eppendorf tube at phenylacetic acid and 10 units of horseradish peroxidase were
various time intervals, followed by vortexing and centrifuga- added before adding enzyme. Independent sets of data were

tion for 15-20 min at room temperature. A total of 1x0 fit simultaneously to a binding isotherm using Kaleidagraph:
of the supernatant was removed to a scintillation vial, 5 mL <
of scintillation fluid (Scintiverse* 1) was added to the tube v = (P [L/(Kgppt+ [L]) (2)

and the tube shaken for 2@0 s. The dpm ratio of'{C]/ o <t ) o
[3H] for each vial was determined by liquid scintillation ~vi. initial rate; 2, s when cholesterol oxidase binding to
counting. The control experiments were carried out using the vesicle is saturatedSsy, apparentKq for coupled
the same protocol described above, except the donor vesicle§auilibrium of binding of enzyme to vesicle and of binding
contained J*C]-labeled cholestery! oleate. subs_trate to thg enzyme; [L], monomeric I.|p|d concentration
Fluorescence Binding Measurement8). Binding of that is proportional to the number of vesicles added.
cholesterol oxidase to vesicles was assayed by monitoringRESULTS
the change in tryptophan fluorescence. All binding assays
were conducted in buffer A. The instrument was operated Reaction Progress Cues. The activity of wild-type
in the ratio-recording mode. One-centimeter path length cholesterol oxidase was monitored using two assays. The
cuvettes were used. Samples were stirred during the assakinetic activity was directly measured by monitoring UV
to prevent the settling of the protein. The cuvettes were absorbance of cholest-4-en-3-one, the isomerization product,
washed with nitric acid before each assay. Filters (320-nm as a function of time. The same steady-state rates were
cut-on) were placed before the emission monochromator tomeasured by following the rate of produci® formation
eliminate any contribution from scattered light. using a horseradish peroxidase coupled assay. This assay was
Tryptophan was excited at 280 nm, and the emission used to follow product formation by the E361Q mutant that
spectrum was acquired from 320 to 450 nm with a 1-nm produces cholest-5-en-3-one as the product or for improved
excitation slit and a 3-nm emission slit. Sample signals were sensitivity of monitoring wild-type reactions on slow sub-
corrected for light fluctuations by simultaneously monitoring strates.
the exciting light on a reference photomultiplier. Protein (5  Product formation versus time was monitored for both wild
ug/mL) was titrated with increasing amounts of lipid vesicles type and the E361Q mutant (Figure 1A,B) using the
(0—150uL of a 3 mM stock solution) to a finaloncentration horseradish peroxidase assay. The activity profile for wild
of 700 uM with constant stirring. Emission was corrected type is sigmoidal; for E361Q, it is hyperbolic. These reaction
for any background signal by performing a titration in the progress curves suggested that the presence of the reaction
absence of protein. product alters the catalytic rate constants of the enzyme. To
Binding constants were analyzed by first correcting spectra test whether the hyperbolic behavior of E361Q was due to
for dilution and background signal. The spectra were the absence of cholest-4-en-3-one, we next compared the
integrated and normalized to their value in the absence ofinitial rates for reaction of E361Q in 100 nm vesicles
added lipid. The binding isotherm was fitted to the following composed of ePC/steroid (1:1) that contained either 15 mol
equation using KaleidaGraph software (Synergy Software, % cholest-4-en-3-one (ePC/cholesterol/cholest-4-en-3-one,

Vermont, USA): 50:35:15) or 15 mol % cholest-5-en-3-one (ePC/cholesterol/
cholest-5-en-3-one, 50:35:15). The initial rate for oxidation
AF = (AFILD/(L] + Ky (1) of 35 mol % cholesterol was 2.2-fold faster in the presence

of the cholest-4-en-3-one than in the presence of cholest-5-
[L], monomeric lipid concentratiory, dissociation constant;  en-3-one. This reaction rate difference confirmed that the
AF, change in fluorescence intensithFma, maximum presence of cholest-4-en-3-one increases the catalytic rate
change in fluorescence intensity. constant of both wild type and mutant enzyme. This could
Activity Assay of Cholesterol Oxidase with VesiclEse be through alteration of the lipid bilayer structure or
activity of wild-type cholesterol oxidase was measured by activation of the enzyme.
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OO T T T LA Table 1: Half-Lives of Cholesterol Transfer between Vesicle
[ Membrane%
80 r sterol ratiéy ty2 ()
oo . 100:0 6.37+ 0.48
R 90:10 4.73+ 0.05
a0k ] 80:20 4.53+ 0.02
E r 70:30 3.55+0.20
—_ 50:50 3.24£ 0.54
20r ] 20:80 2.69+ 0.06
o:...u ] 10:90 2.14+ 0.30
0 5 10 15 20 aVesicles were prepared with ePC/sterol.:1. Errors are standard
Time (min) deviation based on quadruplicate measurements with two independent
preparations of vesicle8.Sterol ratio= % cholesterol/%cholest-4-en-
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Ficure 1: (A) Reaction progress curves observed for the turnover
of substrate in vesicles. Wild-type cholesterol oxidase (ug®P

mL) and ePC/cholesterol vesicles (1:1,/89 in ePC). (B) E361Q /) I N I B . I
cholesterol oxidase (7 £g/mL) and ePC/cholesterol vesicles (1:1, 00 02 04 06 08 10
50 uM in ePC). Mole fraction of cholest-4-en-3-one

Ficure 2: Dependence of half-lifet{;;) for cholesterol transfer on

Dependence ofthe Rate of Cholsteol Transfer on Mole 7148 26107 of st en e beseies e or o
Fraction of Cholest—4—en—3—oneThe rate of .cholesterol holest-4-en-3-one. Thgy, for cholester)gl transfer was determined
transfer between vesicles was measured using the methogising the method of Hope@). Errors are standard deviation based
of Hope @8) to monitor the effect of cholest-4-en-3-one, a on quadruplicate measurements with two independent preparations
product of the reaction catalyzed by cholesterol oxidase, on of vesicles.
steroid-lipid packing in the lipid bilayer. Vesicles were i ) _
prepared as 100-nm medium, unilamellar vesicles (MUV) cholesterol omd_gse. This suggested th_at t_h_e catalytic rates
using extrusion, in a 1:1 ratio of ePC and steroid (mixture Would be sensitive to other changes in lipicholesterol
of cholesterol and cholest-4-en-3-one). Donor vesicles interactions. Moreover, it was necessary to monitor catalytic
contained 'C]-labeled cholesterol as a transferable lipid and activity using initial rates rather than full reaction curves.
also includecd\-palmitoyldihydrolactocerebroside for separa- _ Stéady-State Kinetics of Wild-Type Cholesterol Oxidase.
tion of the donor vesicles from acceptor vesicles by lectin- The initial rate corresponding to the first 10% of total
mediated agglutination. Acceptor vesicles containd]-[ cholesterol conversion was. measured as a functu_)n of
labeled cholesteryl hexadecyl ether as a nonexchangeablé&holesterol mole fraction ranging from 5 to 50%. A maximal
marker. v representing the initial velocity when all the enzyme is

We measured the half-lifety,) for cholesterol transfer ~ bound to the vesicle was calculated from a binding isotherm
from donor vesicles to acceptor vesicles as a function of Of the observed; versus lipid concentration (eq 2). THep,
cholest-4-en-3-one mole fraction in the absence of cholesterolis the monomeric phospholipid concentration at whicts
oxidase (Table 1). We observed that the of cholesterol ~ half-maximal.,; was measured at two temperatures: °C0
transfer decreased when the mole fraction of cholest-4-en-above and 10C below theTy, of DPPC. Catalase was added
3-one in the lipid bilayer increased (Figure 2). Control to the kinetic assays with DOPC/cholesterol vesicles to block
experiments with donor vesicles containingd]-labeled  the undesired peroxidation of oleolyl alkenes byOht Light
cholesteryl oleates showed that precipitation by agglutination scattering intensities were measured for DOPC/cholesterol
was quantitative, that no significant transfer #i[-labeled ~ Vvesicles alXcho = 0.25 and 0.40, and found to be the same
cholesteryl hexadecy! ether from acceptor to donor vesiclesWithin 4%.
occurred, and that the dihydrolactocerebroside tag does not In the case of DOPC, plots ofi*/[E] versus mole
exchange, as expected (data not shown). Thus, the rate ofraction of cholesterol Xcno) did not show a hyperbolic
cholesterol transfer out of the donor vesicle membrane pattern for straightforward Michaetlidvienten treatment at
increases with increasing ratios of cholest-4-en-3-one in the either temperature (Figure 3A,B). The initial rate increased
vesicle membrane. Assays using vesicles with POPC/steroidas the mole fraction of cholesterol increased, but was biphasic
(1:1) under the same conditions gave the same result.with an inflection point insf*/[E] at approximatelyXcho =
Cholest-4-en-3-one alters the lipid bilayer affinity for 0.3. For example, a0 = 0.25 and 31°C, the initial rate
cholesterol, and thus can indirectly alter the catalytic rate of was only 22% of the initial rate &, = 0.50, whereas a
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Ficure 3: Steady-state rate measurements for DOPC/cholesterol vesicles. (A) Dependeﬁ??{ﬂ)fvalues of wild-type cholesterol
oxidase on mole fraction of cholester@f??[E] values at 31°C (O), and 51°C (®). (B) Relative-percent dependencezﬁ?V[E] on mole
fraction of cholesteroluisaV[E] at Xchol = 0.5 is normalized to 100% for each temperature,’31(O), and 51°C (®). (C) Dependence of
KappValues on mole fraction of cholesterol, 3T (O), and 51°C (®). TheK,p,and ufay[E] for Xcno = 0.1, 0.25, and 0.28 at 3L are only
approximate becaud€.p, was higher than the highest concentration of vesicles assayed:iB0Errors are standard deviation based on
guadruplicate measurements with two independent preparations of vesicles.

Table 2: Second-Order Interfacial Rate Constants for Wild Type Turnover with 100-nm Vésicles

31°C 51°C
lipid mole fraction of cholesterol lipid phase  kz,/K » (mol fractiom®s™?) lipid phase 21, 43 k %{K r, (mol fractiorr s71)
DOPC/cholesterok 0.3 l4 low activity 8.33+1.2 l4 low activity 35.9+ 2.1
DOPC/cholesterot 0.3 I high activity 11.5+0.01 14 high activity 62.5+ 2.0
DPPClcholesterok 0.05 S n.dP lq n.d.
DPPC/cholesterot 0.05< 0.3 Solo 3.4+£0.01 lo-lg 211+ 09
DPPC/cholesterot 0.3 lo 6.5+ 0.15 lo 29.0+ 0.35

aErrors are standard deviation based on quadruplicate measurements with two independent preparations df wesiclest determined.
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Ficure 4: Steady-state rate measurements for DPPC:cholesterol vesicles. (A) Dependeﬁ??ﬂzbfvalues of wild-type cholesterol
oxidase on mole fraction of cholesterof.aV[E] values at 31°C (O), and 51°C (®). (B) Relative-percent dependencez@??[E] on mole

fraction of cholesterolvfa7[E] at Xchol = 0.5 is normalized to 100% for each temperature;’G1(O), and 51°C (®). (C) Dependence of
Kapp Values on mole fraction of cholesterol, 3T (), and 51°C (M). Errors are standard deviation based on quadruplicate measurements
with two independent preparations of vesicles.

hyperbola would predict the rate to be at least 50% of the decreased significantly as the mole fraction of cholesterol
Xenot = 0.50 value. These data suggest that there is a regionincreased above 0.3 at both temperatures (Figure 3C). This
of low cholesterol chemical activity beloXn, = 0.3 and a trend also suggests that two states of substrate were assayed
region of high cholesterol chemical activity aboXg.o = in the cholesterol range used.

0.3. Moreover, it appears that in both regimes the enzyme In the case of DPPC/cholesterol vesicles, again no satura-
is not saturated with substrate. Thus, we can only directly tion of the enzyme is observed. The plotsi{/[E] versus
measurek’, /K" for each regime (Table 2). An approxi- mole fraction of cholesterolno) are linear in both thé,
mately 5-fold increase in rate is observed with a 2D regions and the coexistence regions (Figure 4A,B). Accurate
temperature increase regardless of mole fraction cholesterokinetic measurements could not be obtained for the two
compared. At 3EC, theKgppfor Xeno = 0.1, 0.25, and 0.28  phaseslq ands,, present belowXcho = 0.05, due to the low
could not be measured accurately because vesicle concentranole fraction of cholesterol and the low catalytic activity.
tions higher than 50uM could not be used in the Again, an inflection in activity as measured by both
spectroscopic assay; 50 is a lower limit on theKgp, v ?[E]) and Kappoccurred aieno = 0.3, the transition point
The changes iKqpas a function of DOPC/cholesterol mole  between thd, and the coexistence phases. However, the
fraction followed a trend similar to that o&faV[E] and effect was much smaller than for DOPC:cholesterol vesicles.
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Table 3: Dissociation Constants of H447E/E361Q Mutant for Scheme 2 : Kinetic Model for Interfacial Catalysis Based on
Binding to 100-nm Vesicles ref 34
Kd (/I{M)a vesicle surface
DPPC/cholesterol DOPC/cholesterol Ky )
E + Vesicle == == E + Vesicle

Xehol 31°C 51°C 31°C 51°C

0.50 8.81+ 0.5 36.8+ 11 24.0+9.7 29.0+4.3

0.25 4,904+ 0.5 29.8+ 4.2 23.8+ 0.3 27.4+ 0.4 DISCUSSION

0.05 150+ 0.1 39.4+ 5.6 24.0+0.1 32.8+5.2

0.00 <0.5 20.4+ 10 19.4+11 32.2+25 As an interfacial catalyst, cholesterol oxidase serves as a

0.00 nde¢ 233403 242 n.d. unique tool to probe the structure of lipid membranes using

= Presented in monomeric lipid concentration for one binding site €NZymatic activity as the detected signal. To recruit a
per lipid. Errors are standard deviation based on quadruplicate measurecholesterol molecule into its active site, cholesterol oxidase

ments with two independent preparations of vesiclég, obtained with must first interact with the membrane (Scheme 2). Three

wild-type cholesterol oxidasé.Not determined. X-ray crystal structures of cholesterol oxidase have been
solved: nativeBrevibacteriumcholesterol oxidasecfioB),

K., /K’ was measured for each phase region (Table 2). An choB enzyme complexed with dehydroepiandrosterone, a

approximately 5-fold increase in rate is observed with a 20 substrate analogu@l), and nativeStreptomycesholesterol

°C temperature increase regardless of mole fraction choles-oxidase ¢hoA (32, 33). Comparison of the X-ray structure
terol compared. of the free enzyme to the enzyme complexed with substrate

analogue revealed that a conformational change must occur
to expose the binding cavity to the membrane surface during
steroid binding. Although the conformation of the “open”
enzyme is not known, the structures suggest that one or two
surface loops (residues 786, 432-438) open to form a
hydrophobic pathway for the cholesterol molecule to move
between the membrane and the active site. This lowers the
activation barrier for cholesterol movement out of the lipid
bilayer and facilitates transfer of cholesterol from the
membrane to the active site of the enzyme and subsequent
release of product. Mutagenesis of residues§® (one part

of the first loop) confirmed that it is important for binding
substrate and for substrate specificit§).( Fluorescence
binding measurements demonstrated that cholesterol oxidase
physically sits on the surface of the membrane with loop
73—86 in contact, and that binding is primarily driven by
hydrophobic interactionsoj.

Reaction Progress Cues Are SigmoidalThe kinetic

Binding Affinity of Cholesterol Oxidase for Lipid Vesicles.
The change in cholesterol oxidase intrinsic tryptophan
fluorescence emission upon binding to lipid vesicles (100
nm MUVs) was measured and fit to a binding isotherm
(Table 3). There are 10 tryptophans in cholesterol oxidase.
One on loop 73-86 is completely surface exposed, and four
others are partially surface exposed. The quantum yield of
tryptophan emission increased upon binding to lipid, con-
sistent with a change from a hydrophilic to a hydrophobic
environment. Dissociation constants are presented in mon-
omeric lipid concentration, assuming one binding site per
lipid molecule. Two phospholipid/cholesterol binary mixtures
containing DOPC and DPPC, respectively, were used.
Emission spectra were acquired at 31 andGXo monitor
the effect of the DPPC phase chandg, of DPPC= 41
°C) (25). Analogous spectra of DOPC:cholesterol vesicles
(Tm of DOPC= —16 °C) (25) were acquired as a control
for temperature-dependent changes in enzyme behavior. As__ .~ , : : L
the cholesterol transfer experiments revealed that the produc .(;’“V'ty profile of W_lld-t_ype <_:ho||ester(]3l 0X|_dasefu_$|ng I'p'g
of cholesterol oxidase can alter the membrane structure, theﬂ:;?]/‘;r Sgﬁasgitzz Exsgg:eoéldf?)r?:ISazsilégﬁ\l/loigh(;eﬁligﬁierst er
H447E/E361Q mutant was used for the binding assay tob h yp Fi 1A pTh tis. aft nitial | h th
block undesired conversion of cholesterol to cholest-4-en- >€ avior (Figure 1A). That is, after an initial lag phase, the

3-one. The catalytic activity of the H447E/E361Q mutant initial velocity of the reaction becomes faster as the mole
was s.ufficiently low to perform the binding assay without fraction of substrate in the membrane decreases. Previously,

cholest-4-en-3-one productio). we determingd that this was not due to a mixing phenomenon
_ o or slow binding of enzyme to the membrane surfat@).(

The dissociation constant&{s) were measured for a  |pterestingly, an active site mutant, E361Q, that produces
range of (_:h_olesterol mole fractions for each temperature andcholest-5-en-3-one as the product rather than cholest-4-en-
phospholipid (Ta_blg 3). For DOPC/choIes_teroI vesicles, the 3_gne shows hyperbolic behavior (Figure 1B). The E361Q
Kq values were similar at 31 and 3C, ranging between 20 reaction rate increases when cholest-4-en-3-one is added to
and 30uM. However, the dissociation constants for DPPC/ e reaction mixture. This suggested to us that substrate

cholesterol vesicles at 31C were much lower than either  pinging or product release was partially rate-determining for
theKy's for DPPC/choIesteroI at 5C or theKq's for DOPC/ both enzymes and that the sigmoidicity in the wild-type
cholesterol vesicles. reaction was due to the formation and incorporation of the
Only the dissociation constants for DPPC/cholesterol at cholest-4-en-3-one product into the membrane. The two
31 °C were strongly dependent on the mole fraction of possible consequences of cholest-4-en-3-one presence in the
cholesterol in the vesicle membrane. TK¢s decreased as membrane are an alteration in the enzyme affinity for the
the mole fraction of cholesterol increased. Dissociation membrane surface, or a change in the cholesterol accessibil-
constants for the other cases showed no direct dependencdy, i.e., stability in the membrane. For other interfacial
on the mole fraction of cholesterol. In the absence of a phaseenzymes, such as phospholipasg Shanges in enzyme
change, the temperature effect on the binding affinity of affinity for the membrane upon product formation are
cholesterol oxidase to vesicles was negligible. significant because the charge of the membrane surface
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becomes anionic3g). In the case of cholesterol oxidase, the
Kqy for the membrane does not change significantly when
cholest-4-en-3-one is incorporatetid. Thus, it appeared

that the sigmoidal behavior was a consequence of cholest- I
4-en-3-one lowering the membrane affinity for cholesterol. 20—

Cholesterol Transfer Rates Depend on the Mole Fraction
of Cholest-4-en-3-one Preserio determine if cholest-4-
en-3-one was modifying cholesterol stability in the mem-
brane, we investigated whether the addition of cholest-4-
en-3-one altered the rates of cholesterol exchange between
membranes in the absence of cholesterol oxidase. There are
two limiting mechanisms for lipid exchange or transfer
between membrane bilayers that occur without specific 5o So—1,
protein or ionic interaction3g, 37). One mechanism is an
aqueous diffusion mechanism in which the lipids are
transferred or exchanged through the aqueous phase. The
second mechanism is a transient collision mechanism in -30
which a collision between the membrane bilayers is critical .

.. . 1 I 1 I 1 1 1 1 1
for lipid transfer or exchange. Cholesterol exchange in model 0.05 0.3
membrane unilamellar vesicles is first order with respect to Cholesterol Mole Fraction
the concentration of donor vesicles and zero order with FIGURE 5: Temperature-composition phase diagram of the phos-
respect to the concentration of acceptor vesicles when thePholipid—cholesterol system based on experimental data for DPPC/
acceptors are in exces8§ 39). Thus, the transfer of cholesterol and adapted from 21,
cholesterol in this type of system occurs through monomer aqueous phase, directly returns to the membrane where the
diffusion through the aqueous phase. Because the ratesubstrate cholesterol is obtained, or if it is returned to a
determining step is desorption of cholesterol from the different vesicle.
membrane layer into the aqueous state, half-lives of choles- The cholesterol oxidase activity profile in combination
terol transfer for different membrane compositions reflect with our cholesterol transfer data suggest that cholesterol
the propensity with which cholesterol can leave the mem- oxidase can sense subtle packing changes in the lipid
brane. membrane. Xu and Londor@) have demonstrated that

We used the method of Hop28) to measure the transfer  cholest-4-en-3-one is a raft dissolving steroid, that is, its
rate of cholesterol out of cholest-4-en-3-one containing behavior is very different than that of cholesterol. Whereas
vesicles to determine the effect of cholest-4-en-3-one onin ternary mixtures of DOPC, DPPC, and steroid, cholesterol
steroid-lipid packing. We measured the transfer rate for a will favor the formation of thd, phase, cholest-4-en-3-one
series of vesicles in which the phospholipid/steroid composi- favors thely phase. Thus, the kinetic activity of cholesterol
tion of the vesicles remained constant (1:1), and the mole oxidase should be sensitive to the differences between the
fraction of steroid that was cholest-4-en-3-one versus cho- |, and thelqg phases as well. Therefore, we undertook activity
lesterol was varied. Donor and acceptor vesicles had the sameneasurements with a variety of lipid structures.
lipid composition of egg phosphatidylcholine and steroid, = Cholesterol Oxidase Binds Preferentially to the Solid
except that lipid markers were different. We observed that Phase Because the enzyme is water soluble and reversibly
inclusion of cholest-4-en-3-one in the lipid vesicles increases associates with the lipid membrane, care must be taken to
the rate of cholesterol transfer out of the vesicle (Figure 2). measure the quantity of enzyme bound to the membrane in
Thus, our hypothesis that cholest-4-en-3-one lowers theaddition to making activity measurements. The phase dia-
affinity of the membrane for cholesterol appeared correct. gram for binary mixtures of DPPC/cholesterol vesicles has
In other words, increasing amounts of cholest-4-en-3-one in been determined2(), and it has been suggested that the
the membrane increase the rate at which cholesterol movegphase diagrams for other phospholipid and sphingolipid
out of the membrane even in the absence of cholesterolcholesterol mixtures have a nearly identical overall shape
oxidase. Interestingly, the rate of cholest-4-en-3-one transfer(20—22). According to this phase diagram, there are three
was sufficiently fasttg, < 5 min) that we could not obtain  one-phase regions and two two-phase coexistence regions.
accurate transfer rates for the ketosteroid. The three homogeneous phases are solid-ordefediquid-

This change in cholesterol affinity explains the sigmoidal ordered [;), and liquid-disorderedld). In the two-phase
activity seen with wild type and the hyperbolic activity coexistence regions, the liquid-ordereld) (phase exists
observed with the E361Q mutant. When cholesterol oxidasetogether with the other two phases. They are, respectively,
converts cholesterol into cholest-4-en-3-one, the membranethe s,-1, phase and thk-l4 phase (Figure 5). We chose four
structure is altered and the partitioning of cholesterol into mole fractions of cholesterol, 0.0, 0.05, 0.25, and 0.50 and
the active site of cholesterol oxidase is more favorable. This monitored the binding affinity of cholesterol oxidase for
is consistent with a model in which cholesterol oxidase MUVs at two temperatures, 1 above and 10C below
passively extracts cholesterol from the membrane. Conse-the T,, of DPPC (41°C), respectively. DOPC/cholesterol
quently, enzyme activity is dependent on the structure of MUVs were also prepared and used in the binding assay
the lipid. However, as the rate of cholest-4-en-3-one transfer under the same conditions as a control for temperature effects
between vesicles is so fast, it is not possible to determine on the behavior of cholesterol oxidase. As fheof DOPC
whether the product, cholest-4-en-one is released to theis —16 °C, the phase of DOPC/cholesterol MUVs should
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remain in the liquid-disorderedy} state under our experi- presented to the enzyme is not altered. We measured initial
mental conditions. velocities ¢;) corresponding to the initial 10% of total

We utilized the H447E/E361Q double mutant of choles- cholesterol conversion, rather than entire progress curves (as
terol oxidase because the catalytic activity of this mutant is has been utilized for phospholipases) because of our finding
reduced nearly 2500-fold compared to wild ty@é) Thus, that the product cholest-4-en-3-one alters the membrane
the binding assay could be executed without the disturbing structure in which the substrates are dissolved. These initial
effect of cholesterol conversion to cholest-4-en-3-one. The velocities were measured for cholesterol mole fractions
dissociation constantK{s) of the H447E/E361Q double  ranging from 0.05 to 0.50."* is the initial velocity when
mutant and wild type were found to be similar on nonsterol- all of the enzyme is bound to the vesicle surface at a fixed
containing membranes (Table 26), confirming that this ~ mole fraction of substrate, and is equivalent to an initial
double mutant is suitable for cholesterol oxidase binding velocity measured for a soluble enzyme with soluble
experiments with lipid vesicles. substrate at a fixed substrate concentratilin,, is the

As shown in Table 3, the dissociation constants of mutant apparent equilibrium constant for saturating the initial
(H447E/E361Q) for DOPC/cholesterol MUVs at both 31 and velocity and represents a coupled equilibrium for enzyme-
51 °C and theKy's for DPPC/cholesterol MUVs at 51C membrane Kq) and enzymesubstrate ) binding. For
were similar, ranging between 20 and 48, regardless of  each mole fraction of cholesterol studied, we measured initial
the cholesterol mole fraction and temperature. In contrast, velocity, i, as a function of lipid concentration, and fit the
the Ky values for DPPC/cholesterol MUVs at 3C were activity data to eq 2. At each cholesterol mole fraction, we
much lower compared to the other conditions and were also getermined o5 and K., If the lipid phase remained
dependent on the mole fraction of cholesterol in the constant across aeo for which activity data were obtained,
membrane. According to the phase diagram from Sankaram,,;q expected that a plot af*/[E] versus X Would be
and Thompson @1), Figure 5), these lipid bilayer DPPC/ gn316g0us to a solution phase Michaelidenten treatment.

gglci)ﬁiit:r;rllgsslszl(,ez?ﬁgr;soetsc; 0.5 at 3TC are in rigid, At both temperatures for which we measured rates, lipid
P ' bilayers of DOPC/cholesterol are only one phase (liquid-

Thus, we conclude that the binding affinity of cholesterol disordered) regardless of their cholesterol mole fraction
oxidase shows two trends. When the phase of the phospho- 9

lipid:cholesterol membrane is in a liquidlike, fluid phage (0 19Ure 5). We chose this system to normalize for temper-
ls, and l¢-l, coexistence phase), the binding affinities of ature effects on cholesterol oxidase activity as well as to

cholesterol oxidase to the vesicles are similar wigivalues ~ detérmine the interfaciak;, of the enzyme in the liquid-

between 20 and 4@M, regardless of phospholipid chain ?iﬁorderr]ed phase.dAs s.hr(])wr?_in Figure 3, thglkineticsbdidhnot
length or degree of saturation, or cholesterol amounts in the f!lOW the expected MichaelisMenten paradigm. At bot

membrane. This conclusion also fits with data from our €MPeratures, the enzyme activity decreased twice as much

previous studiesl). Cholesterol oxidase binding affinities aﬁ expc;ected_ \]'c\llher.' thﬁcf“;; dr?pped_below O'SKIE""" als_o
for unilamellar vesicles composed of ePC or POPC mixed Showed an inflection with a large increase beldo =
with cholesterol were between 20 and 4Rl at 25 °C. As 0.3 at both temperatures. On the basis of our model that
the T, of ePC is—15 °C and theT,, of POPC is—5 °C cholesterol oxidase does not actively extract cholesterol from

(25), vesicles made of cholesterol and ePC or POPC are inth€ membrane and our studies showing that the binding
a fluid phase at 25C. On the other hand, cholesterol oxidase affinities of cholesterol oxidase for DOPC/cholesterol MUVs

binds with higher affinity to vesicle membranes that have a do not vary, it appears that the enzyme is detecting a
more ordered, tightly packed lipid structure. As the addition struqtural change in the me'.’”bfa”e that occurs when the ”.‘O'e
of cholesterol increases the percentage of quuid-orderedfraCtlon of cholesterol shifts above or* be!ow 0.3. This
membrane in the coexistence phase region, the bindingStructural change affects botkf, and K, with a large
affinity decreases, approaching the binding affinities seen increase inky, occurring at low mole fractions of choles-
for purely fluid membranes. Although the physical model terol.
for this trend is unclear, it is consistent with the behavior of ~ This phenomenon is consistent with the observation of
several polyene macrolide compounds that bind sterols, Radhakrishnan and McConnell and co-workers that the
including filipin, nastatin, and amphotericin B. They all chemical activity of cholesterol in monolayers significantly
incorporate more extensively into membranes in the solid increases when the mole fraction of cholesterol rises above
(gel) phase than into fluid phase membrangk 42). 0.3 (43, 44). Chemical activity refers to the tendency of
Steady-State Kinetic Rate Constants Depend on Lipid cholesterol to escape from the membrane. In an ideal,
Structure.Heterogeneous catalysis mediated by an aqueoushomogeneous two-dimensional membrane, the probability
soluble enzyme with a substrate in the cell membrane is far of a cholesterol molecule leaving the membrane should be
more complex than homogeneous catalysis with soluble directly proportional to the mole fraction of cholesterol in
substrates. As membrane-bound substrates are constrainetthe membrane. Radhakrishnan and McConnell’'s monolayer
within the two-dimensional membrane, catalysis occurs at studies, however, suggest that the probability can be further
the heterogeneous interface between enzyme and membraneeduced by the formation of lipid complexes of cholesterol
Consequently, there is an additional binding step, binding and phospholipids. Thus, the flux of cholesterol escaping
of enzyme to the membrane, that must occur before substratdrom the membrane is proportional to the concentration of
can bind in the active site. Thus, increasing the amount of “free” rather than total cholesterol. They calculated the
vesicle added to the enzyme solution merely shifts the theoretical chemical activity in a homogeneous membrane
equilibrium between free enzyme, E, and enzyme at the as a function of cholesterol concentratiofd). A sharp
interface, E* (Scheme 2). The mole fraction of substrate increase in cholesterol chemical activity is predicted and
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observed aK.no, = 0.33. This suggests that the phospholipid shows a 2-fold substrate specificity for cholesterol in lthe
complexes with cholesterol in a 2:1 molar ratio. As choles- phase of high cholesterol chemical activity over lthehase.
terol is added to the membrane in excess of this ratio, the Moreover, the enzyme is 2-fold more specific for cholesterol
free cholesterol concentration increases and the cholesteroln thel, phase than in thg, phase. Likewise, there is 2-fold
chemical activity increases. specificity for cholesterol in the high cholesterol chemical

We conclude that the behavior O;ay[E] and Kqpp as a activity 4 phase over cholesterol in the low chemical activity
function of cholesterol mole fraction in DOPC bilayers is ls phase. However, the substrate specificities for cholesterol
due to the change of cholesterol chemical activity in the in thelq phase of low cholesterol chemical activity and in
vesicle membranes & = 0.33. McConnell's model  thel, phase are the same (Table 2). Because the enzyme is
demonstrates an approximately 2-fold increase in cholesterolnever saturated with substrate under the conditions investi-
chemical activity abovee = 0.33, and we observe a 2-fold ~ gated, comparing single observations of rate or initial velocity
increase in rate constant, suggesting that the rate is linearlycan lead to incorrect conclusions unless the compared rates
dependent on chemical activity. Thus, our experiments are measured at the same mole fraction of cholesterol.
provide a correlation between previous observations in SummaryWe have investigated the dependence of cho-
monolayers and the behavior of cholesterol in lipid bilayers. lesterol oxidase activity on lipid phase. The binding affinities
Feigenson and co-workers have suggested that similar type®f cholesterol oxidase for MUV mixtures of DOPC or DPPC
of bilayer effects occur at higher mole fractions of cholesterol and cholesterol are not sensitive to cholesterol mole fraction
as the cholesterol reaches maximum solubility in the lipid if the phase of the membrane is fluid, i.e., in a physiologically
bilayer atXcno = 0.66 with phosphatidylcholinegl, 46). relevant state. When the membrane solidifies, the binding
They further demonstrate that improper sample preparationaffinity of cholesterol oxidase increases. However, the more
has led to cholesterol/phospholipid demixing and artificially ordered the lipid cholesterol structure, the lower the catalytic
low estimates of the solubility of cholesterol in the bilayer. rate. Monitoring the kinetic activity of cholesterol oxidase
We monitored our vesicle preparations by light scattering with various lipid phases and structures demonstrates that
as described4), both above and below the observégl, enzymatic activity directly reflects the facility with which
= 0.3 transition point, and saw no evidence of cholesterol cholesterol can move out of the membrane, whether changes
crystallinity at X, = 0.3 as the scattering intensities in cholesterol transfer facility are due to phase changes or
remained constant. It appears, therefore, that the changes imnore localized changes in packing. We conclude that the
bilayer structure occurring in thg phase aX.o = 0.3 are activity of cholesterol oxidase is directly and sensitively
not due to cholesterol precipitation, i.e., insolubility, but result dependent on the physical properties of the membrane in
from a less dramatic change in packing order as proposedwhich its substrate is bound. Future studies will further
by Radhakrishnan and McConnell. address the effect of changing lipid structure on cholesterol

Dissociation constants for binding of cholesterol oxidase Oxidase activity in lipid bilayers. Although it will be difficult
to vesicles composed of very loW, phospholipid and to make meaningful biophysical measurements on cell
cholesterol at room temperature (to reduce catalytic turnover)membranes that contain complex mixtures of different lipid
are the same as those observed in observed in this work fordomains, single molecule technology may provide entry to
our catalytically inactive mutant H447E/E361Q at higher €xperiments that employ cholesterol oxidase activity as a
temperaturesl). Consequently, we can assume tKatthe useful tool to detect microdomains in cellular membranes.
affinity of the enzyme for the vesicle, does not change when
cholesterol is bound in the active site, and we can ap-
proximate changes K, from changes ifKapp, On the basis
of these assumptions, the interfack, is nearly 10-fold
higher for low activity cholesterol in the phase compared
to high activity cholesterol. Thus, one reason for low REFERENCES
enzymatic activity in these membrane systems is the
unfavorable partitioning of cholesterol from the membrane
into the active site. active against the cotton boll-weevi\nthonomus-grandisEn-

As observed for DOPC/cholesterol bilayers, in DPPC/ tomol. Exp. Appl. 74253-258.
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