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ABSTRACT. TO explore the mechanism of homotropic cooperativity in human cytochrome P450 3A4
(CYP3A4) we studied the interactions of the enzyme with 1-pyrenebutanol (1-PB), 1-pyrenemethylamine
(PMA), and bromocriptine by FRET from the substrate fluorophore to the heme, and by absorbance
spectroscopy. These approaches combined with an innovative setup of titration-by-dilution and continuous
variation (Job’s titration) experiments allowed us to probe the relationship between substrate binding and
the subsequent spin transition caused by 1-PB or bromocriptine or the type-Il spectral changes caused by
PMA. The 1-PB-induced spin shift in CYP3A4 reveals prominent homotropic cooperativity, which is
characterized by a Hill coefficient of 1.& 0.3 (S = 8.0 £ 1.1 uM). In contrast, the interactions of
CYP3A4 with bromocriptine or PMA reveal no cooperativity, exhibitikg values of 0.3+ 0.08 uM

and 7.1+ 2.3 uM, respectively. The binding of all three substrates monitored by FRET in titration-by-
dilution experiments at an enzyme:substrate ratio of 1 reveals a simple bimolecular interactié® with
values of 0.16+ 0.09, 4.8+ 1.4, and 0.18t 0.09uM for 1-PB, PMA, and bromocriptine, respectively.
Correspondingly, Job’s titration experiments showed that the 1-PB-induced spin shift reflects the formation
of a complex of the enzyme with two substrate molecules, while bromocriptine and PMA exhibit 1:1
binding stoichiometry. Combining the results of Job’s titrations with the valuEbbtained in our

FRET experiments, we demonstrate that the interactions of CYP3A4 with 1-PB obey a sequential binding
mechanism, where the spin transition is triggered by the binding of 1-PB to the low-affinity site, which
becomes possible only upon saturation of the high-affinity site.

Recent studies of function and regulation of cytochromes a true case of allostery, involving an effector-induced
P450 reveal increasing attention to the mechanisms andconformational transition in the enzyme, has also been
pharmacological significance of homo- and heterotropic discussed2, 14—17). In this case an effector-binding site
cooperativity observed in various mammalian P450 speciesmight be remote from the active sit&2). The observation
(1—8). The most prominent examples of these phenomenaof a distal binding site for progesterone in CYP3A48Yin

are observed with cytochrome P450 3A4 (CYP3Ahe a recently solved X-ray structure provides important support
most abundant P450 in human liver. CYP3A4 is responsible for this possibility.

for the metabolism of a broad range of drug substrates, and
studies of cooperativity of this enzyme are of vital importance
to our efforts to elucidate the mechanisms of drug metabolism
in humans 9). However, despite extensive studies, a general
mechanism of cooperativity remains obscure.

The prevailing hypothesis is that cytochromes P450
exhibiting cooperativity accommodate multiple substrate
molecules in one large binding pockdD-12). A loose fit
of a single substrate molecule requires the binding of a
second ligand for efficient binding and/or catalysisl{

13). However, the possibility that P450 cooperativity reflects

The analysis of P450 cooperativity from steady-state
kinetics of substrate oxidation does not provide any informa-
tion on the connection between the binding of substrates and
effectors and subsequent transitions in the enzyme. Therefore,
many recent efforts in the studies of P450 cooperativity are
increasingly focused on the substrate binding stage of the
catalytic cycle 16, 17, 19-22). In the case of type-l
substrates these interactions are known to modulate the spin
equilibrium of the enzyme, which is thought to be an
important determinant of its catalytic efficiency and coupling
(23—28). Homotropic cooperativity in substrate binding is
revealed in sigmoidal dependencies of the substrate-induced
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conformers with different propertiesl§, 29—31), adds the light beam, where the light path increases with the
further complexity to the interpretation of substrate-induced dilution of the sample. This novel design allowed us to
spectral changes. Thus, unraveling the relationship betweenemploy a well-known principle of continuous variation (Job’s
the binding of each substrate and/or effector molecule andtitration) (35—37) to determine the stoichiometry of substrate
the spin equilibrium of the heme iron is essential for binding to CYP3A4. We demonstrate that the substrate-
understanding the mechanisms of P450 cooperatidiy (  induced spectral transitions in CYP3A4 reveal only one
20, 22, 32). binding site for either PMA or bromocriptine, while the data
It is therefore important to implement direct approaches obtained with 1-PB are consistent with a model of sequential
to monitor substrate binding, as in our recent use of binding to two binding sites, where the spin transition is
fluorescence resonance energy transfer (FRET) with cyto- observed upon the binding of 1-PB to the low-affinity site,
chrome P450eryF (P450 107A1) froBaccharopolyspora  which is triggered by the binding of the first substrate
erythraea (22). This soluble bacterial enzyme exhibits molecule at the high-affinity site.
homotropic 22, 33, 34) and heterotropicH) cooperativity
with several substrates and lacks the complexity of mem- EXPERIMENTAL PROCEDURES

branous monooxygenase systems, thus providing a valuable . .
reference point for the studies of eukaryotic cytochromes 3 Materlalsd ;'PB ar_1dt_ PMA wlerte fromf Aldrs'(.:h (Ner\:v .
P450. In our experiments we used 1-pyrenebutanol (1-PB), ersey), an romocriptine mesylate was from sigma chem
a fluorescent substrat@2) that exhibits FRET to the heme cal;. All other chemlcal§ used were of the highest grade
of P450eryF upon formation of the enzymgubstrate available frqm _commerC|aI sources and were used without
complex. The results suggest that the enzyme possesses théthher pur_|f|cat|on. o
binding sites with different affinities for 1-PB, and the  EXpression and Purification of CYP3AHhe enzyme was
binding of this substrate to the higher affinity binding site €XPressed as the His-tagged proteinEgcherichia coli
does not modulate the spin equilibrium. The 1-PB-induced TOPP3 and purified as described previouslg,(38). The
spin shift is thus observed only in the complex of P450 with Protein was stored at80 °C as 106-150uM solutions in
two molecules of the substrat@2). This conclusion also 100 MM HEPES buffer (pH=7.4), containing 10% glycerol
appears to be valid for CYP3A4, as suggested by recent(V/V), 2 mM TCEP (tris(2-carboxy-ethyl)phosphine hydro-
studies of the testosterone-induced spin shift utilizing a chloride), and 1 mM EDTA (ethylenediaminetetraacetic
combination of absorbance and EPR spectroscagy, as acid).
well as interactions with testosterone anthaphthoflavone Experimental.The absorbance and fluorescence spectra
probed by the tryptophan fluorescence of the enzygheX were measured with a MC2000-2 multichannel CCD rapid
similar conclusion was also deduced by Baas and coauthorsscanning spectrometer (Ocean Optics, Inc., Dunedin, FL)
from studies of the testosterone-induced spin shift in mon- equipped with one absorbance and one fluorescence channel.
omeric CYP3A4 incorporated into a hanoscale lipid bilayer We used an L7893 UWvis fiber optic light source
(Nanodisks) 20). The high value of the Hill coefficient ~— (Hamamatsu Photonics K. K., Hamamatsu City, Shizuoka,
obtained in this systerm(= 2.24) prompted these authors Japan) and a model 63501 pulsed xenon flashlamp illumina-
to conclude that one molecule of CYP3A4 possesses at leastor (Newport Corp., Stratford, CT) in absorbance and
three binding sites for testosterone. Based on this presump-fluorescence experiments, respectively. The excitation of
tion, Baas and co-workers assessed the values of thefluorescence was achieved using a Solar Blind-2580 nm
individual dissociation constants from the fitting of the band-pass filter (Cat. No. 57860, Newport Corp., Stratford,
integral binding isotherm to a three-site model. However, CT). Alternatively, we used a combination of a computerized
none of the above studies provide direct knowledge of the Hitachi F-2000 spectrofluorometer (Hitachi, Ltd., Tokyo,
parameters of individual binding events, which is essential Japan) equipped with a custom-made thermostated cell holder
for further elaboration of a mechanistic model of cooperat- and a magnetic stirrer in combination with an S2000 fiber
ivity in CYP3A4. optic CCD spectrometer (Ocean Optics, Dunedin, FL). The
In the present study, we monitored enzynseibstrate CCD spectrometer attached to a direct-path window of the
interactions by FRET from the substrate fluorophore to the cell holder was used to monitor the changes in the transmit-
heme in combination with a novel design of titration tance of the sample during the fluorometric titration. The
experiments in order to resolve and characterize the indi- €xcitation wavelength was set to 331 nm in the experiments
vidual binding events and to probe their relationship to the With pyrenes and 320 nm in the experiments with bro-
substrate-induced type-l (spin shift) and type-ll spectral mocriptine. In both cases the excitation bandwidth was set
transitions using 1-pyrenebutanol (1-PB), 1-pyrenemethy- to 10 nm. The spectra of emission were recorded in the-360
lamine (PMA), and bromocriptine as substrates. As in 570 nm range. Both MC2000-2 and Hitachi F-2000 designs
P450eryF, the binding of 1-PB to CYP3A4 results in used in our FRET experiments permitted simultaneous
displacement of the spin equilibrium toward the high-spin registration of the transmittance and the fluorescence emis-
state (type-l spectral transition) and reveals prominent Sion spectra of the same sample, which allowed instant
homotropic cooperativity. Application of a titration-by- ~correction of the spectra of fluorescence for the changes in
dilution approach32) in FRET experiments with CYP3A4  the intensity of the excitation light during the experiment.
allowed us to determine the dissociation const#h ) of The spectrophotometric “titration-by-dilution” experiments
the stoichiometric 1:1 complexes of CYP3A4 with each were carried out with an S2000 spectrometer (Ocean Optics
substrate. Furthermore, we extended the titration-by-dilution Inc.) equipped with a custom-designed fiber optic adapter
approach to the spectrophotometric titration by introducing for a 10 cm long cylindrical cell (cell type-521, NSG
a specially designed optical cell with a vertical direction of Precision Cells, Farmingdale, NY). In these experiments the
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light path of the sample increased simultaneously With tapie 1. Parameters of the Interactions of CYP3A4 with 1-PB,
dilution. We started these experiments by placing 200 PMA, and Bromocriptine

of enzyme-substrate mixture at the desired molar ratio into

. . . . . substrate
the cell. With our optical cell (internal diameter 8 mm) this
Lo . . bromo-
initial volume provides an optical path length of 0.6 cm. The method parameter  1-PB PMA  criptine
initial concentration of the enzyme was typically in the range spectrophotometric  SoorKo, 8.0+ 11 7.7+23 031+ 0.08
of 7—15uM and was chosen to be higher than the expected " titration uM?

value ofKp, and to yield a maximal optical density in the n 1.8+03 nla n/a
Amax % 39+13  73£8  33+6

. _ ) o r
Soret region of=1 opt|cal unit. T|trat|c_>n was made. by FRET dilution expts atKp, uM  0.16+0.09 4.8+ 1.4 0.18+ 0.09
gradual additions of aliquots of buffer until the cell was filled. LL1[EL[S] ratioc  Amme % 92+19.2 93+15 96+ 8
As the cell has a total volume of 5.1 mL, the final titration-by-dilution — Kp,uM 6.24+1.7 5.8+1.8 n/d

1 H 7 at excess substrate
concentration o_f t_h_e enzyme/substrate mixture was 17 tlmesjob,S itration Ko,uM 40408 110407 038+ 0.03
lower than the initial one.

i ; ; ; aIn the case of 1-PB th&, value is shown. For the other two
A similar technique was employed in our continuous substrates the values represent faedetermined from the fitting of

variation (Jobrs titration) experiments. At the beginning of iation curves to eq 2 Maximal amplitude of substrate-induced
the experiment we placed into the cylindrical optical cell changes in the content of the (water-ligated) low-spin CYP3A4. The
described above 0.5 mL of the enzyme solution at a values were deduced from the fitting of titration curves to an appropriate
concentration higher than the expected value of the dissocia_equation.cThe amplitude (efficiency) of FRET i.n terms of the relative
tion constant. The titration was carried out by progressive ?.ﬁcrease in the fluorescence of 1-PB upon its binding to CYP3A4.
.- . e values were determined from the fitting of titration curves to eq
addition of the solution of the substrate taken at a concentra-1 d petermined from the approximation of the experimental data by
tion equal to the initial concentration of the enzyme. The the equation for the sequential binding model with two binding sites.
details of these designs will be described elsewhere.

All experiments were carried out at 2& in 100 mM
HEPES buffer (pH 7.4), containing 1 mM DTT and 1 mM
EDTA (HEPESH buffer). An 8-15 mM stock solution of
1-PB in acetone was used in all experiments. The stock
solution of PMA (2-2.5 mM) was prepared in warm
HEPES-buffer and kept warm during the experiments.

Data ProcessingThe series of absorbance and fluores-
cence spectra obtained in titration experiments were analyzeoRESU'-TS
using the principal component analysis method (PCA) as  |yieractions of CYP3A4 with Bromocriptiné-PB, and
described previously39, 40). This approach, which is  ppa Monitored by Absorbance Spectroscapyagreement
illustrated in the Supporting Information, allowed us t0 \itn earlier findings 16), titration of CYP3A4 with bro-
increase the signal-tq-noise ratio and improv_e _the accuracymocriptine revealed a profound displacement of the spin
of the assay by sorting out the changes arising from the gqyiliprium of the heme iron toward the high-spin state (data
absorbance of the substrate and the changes in the lighty; shown). Titration curves exhibit no cooperativity of the
scattering during the experimertq 22). To interpret the  g7yme in these interactions and obey the equation for the

changes in the spectra of absorbance in terms of thejsgtherm of bimolecular association (#f, p 73, eq 11-53),
concentration of P450 low-spin and high-spin and P420

species, we used a least-squares fitting of the spectra of the{ES] —
first and second principal components to the set of spectral 2 12
standards of the pure high-spin, substrate-free ferric low-  Elo+ [Slo+ Kp = {([Elo + [Slo + Kp)” — 4[Elo[Slo}

spin (16, 39, 40), and type-ll substrate-bound ferric low- 2

spin CYP3A4. The latter spectral standard with the Soret 1)

band at 425 nme(= 114 mMt cm™), a-band at 571 nm

(e = 10 MMt cm™Y), andB-band at 538 nmeg(= 15 mM! with Kp = 0.31+ 0.08 uM, as obtained by averaging the
cm 1) was obtained from the titration of CYP3A4 with results of 9 individual experiments (Table 1).

imidazole. The set of spectral standards of CYP3A4 used in  As shown in Figure 1a, changes in the absorbance spectra
this study is available in the Supporting Information. The of CYP3A4 observed upon addition of 1-PB also exhibit a
series of spectra obtained in dilution experiments with type-1 substrate binding, which is indicative of a substrate-
variable optical path length were normalized to the path induced displacement of the spin equilibrium of the enzyme.
length prior to further analysis. Application of PCA to the The substrate-induced increase in the fraction of the high-
series of emission spectra obtained in FRET experimentsspin CYP3A4 is adequately approximated by the Hill
resulted in the first principal component corresponding to equation (Figure 1b). Averaging the results of 5 individual
the changes in substrate fluorescence and covering over 99%experiments gives afso value and Hill coefficient f) of

of the total spectral changes. The changes in the loading8.0 = 1.1 M and 1.8+ 0.3, respectively (Table 1). These
factor of the first principal component during the experiment parameters are close to those reported earlier for P450eryF
were used to calculate the relative changes in the intensity(Sso andn of 8.3 uM and 2.4, respectively)1().

of the fluorescence of substrate. All data treatment procedures The interaction of CYP3A4 with PMA is remarkably
and curve fitting were performed using our SPECTRALAB different from that observed with 1-PB. Binding of PMA
software package3Q). The dependence of the fraction of results in type-ll spectral changes, which are indicative of
the high-spin heme protein or the loading factor of the first the incorporation of a nitrogen atom of the substrate into

principal component on the substrate concentration was used
to determine the parameters of the interactions from the
fitting of these curves to an appropriate equation using a
combination of Marquardt and Nelder-Mead non-linear least
squares algorithms39).
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FiGure 2: Interactions of CYP3A4 with PMA monitored by the

substrate-induced type-ll spectral transition. (a) A series of the
absorbance spectra obtained at no substrate present and at 0.42,
[1-PB], uM , 1.3,1.7, 4.2 10.4, 12.4, 24.7, 30.8, and 48) PMA. The inset

. . . shows the differential spectra obtained by subtraction of the first
FiIGURE 1. Interactions of CYP3A4 with 1-PB monitored by the  spectrum of the series (at no substrate present). (b) The same data
substrate-induced spin shift. (a) A series of the absorbance spectrahown as the fraction of the (water-ligated) low-spin state P450
obtained at no substrate present and at 0.78, 1.6, 3.1, 5.5, 7.8, 10.1yersys the concentration of the substrate. The solid line shows the
11.7,17.2,25.7, and 384M 1-PB. The inset shows the differential  approximation of this data set with a binary association equation
spectra obtained by subtraction of the first spectrum of the series yjith Ky = 7.6 uM and the maximal amplitude of the changes in
(at no substrate present). (b) The same data shown as the plot othe content of the P450 low-spin state of 58%. The concentration
the percent of the high-spin P450 versus the concentration of the of the enzyme was 1,2M. Other conditions as indicated in Figure
substrate. The line shows the approximation of this data set by theq
Hill equation with S, = 8.6 uM, n = 1.8, and the maximal

amplitude of the spin shift of 48%. The reaction mixture contained . . . .
1.454M CYP3A4 in 0.1 M Na-HEPES buffer, pH 7.4, 1 mM  Substrate are mixed at a 1:1 molar ratio, the method is

DTT, 1 mM EDTA and was kept at 25C. selective for the formation of a binary complex with substrate

the ligand sphere of the heme iron (Figure 2a). This type of bound at the higher affinity site.

interaction is associated with a displacement of the Soret Changes in the specific fluorescence of 1-PB upon dilution
band of the low-spin heme protein from 418 to 42R7 of a 1:1 mixture with CYP3A4 are shown in Figure 3a. The
nm (see Figure 2a, inset). The titration curve in Figure 2b signal was normalized to the protein concentration and
presents these changes in terms of a decrease in the fractiogorrected for the internal filter effect as described in
of the “normal” (water-ligated) low-spin state of the enzyme EXperimental Procedures, so that in the absence of FRET
and obeys the equation for the equilibrium of bimolecular the spectra are not expected to be affected by the concentra-

association (eq 1) with a dissociation constafs)(of 7.7 tion of the mixture. As shown in the inset in Figure 3a, the
+ 2.3 uM, as obtained by averaging the results of 3 Pprincipal component analysis applied to these series of
individual experiments (Table 1). spectra yields the first principal component signifying a

Interactions of CYP3A4 with 1-PB, PMA, and Bromocrip- concomitant decrease of all emission bands of 1-PB upon
tine Monitored by FRET to the Heme of the EnzyAwmthe its interaction with CYP3A4. As shown in the inset in Figure
interactions of pyrenes with CYP3A4 are expected to result 3a, the second principal component deduced from this
in FRET from the substrate to the hen1,(22, 32), we analysis may reveal some minor changes in the degree of
monitored the changes in fluorescence of 1-PB and 1-PMA excimerization of 1-PB during the experiment. However, the
upon dilution of the enzymesubstrate mixtures. Thus, a amplitude of this component was negligible, and it was not
series of emission spectra were taken at a constant molaiconsidered in further analysis. Although the decrease in the
ratio of enzyme:substrate and simultaneously decreasingintensity of fluorescence of 1-PB observed here may result
concentrations of both compounds. In the case of multisite from several different reasons, FRET appears to be the most
binding, this approach allows us to consider the binding plausible cause. The principal component analysis did not
events separately, provided that the affinities of the two sites reveal any significant changes in the shape of the emission
remain considerably different irrespective of substrate satura-spectra (Figure 3a,b, insets), which would be anticipated if
tion of the high-affinity site. When the enzyme and the the changes in the intensity of fluorescence were caused by



Stoichiometry of Substrate Binding in CYP3A4

Biochemistry, Vol. 45, No. 13, 20061203

100
P T —
a 600 ~7
-100
5 500 < 80 .
e o & -200
8 8 g
€ 400 S 5
© g el
3 @ 60 "‘g -300
o g
<] o
2 300 = -400
S g
> =
= = 40
@ 200 % -500 . . .
15 e 400 450 500
£ Wavelength, nm
100
20
0 T T T T
400 450 500 550 0 5 10 15 20

Wavelength, nm

b 100 o 100

[P450 + 1-PB], uM

] =va -

I
S

5 80 g
S L P=4
© > g
~ ) 8
©
g KC) é -40
2 3 il
& o 60
S E
= =
s )
:
® 8 40 400 450 500
S &) Wavelength, nm
[=s
20
0
400 450 500 550 2 4 6 8 10
Wavelength, nm [P450 + 1-PMA], pM
100
c . N,\”/\\ /‘\\\ .
40 A 5 5 7 Yy
\\‘Vl
5 ° 80 g-10
® 2
b @ 3
o o @ 20
c c S
g 8 60 T
] @ g
o o -30
S :
[l (=
by -40
5]
- g 40
B ©
c 20 4 £ T T
2 &’ d 400 450
£ ) Wavelength, nm
20 %
. o
%o
L o o0
T T T T T T T T
400 450 500 0 2 4 [ 8 10 12

Wavelength, nm [P450 + BCT], uM
Ficure 3: Changes in specific fluorescence of 1-PB (a), PMA (b), and bromocriptine (c) upon dilution of the mixture of CYP3A4 with the
respective substrates at a 1:1 molar ratio. The signal was normalized based on protein concentration and corrected for the internal filter
effect as described. The left panels represent the series of fluorescence spectra measured at 0.26, 0.53, 1.0, 1.5, 2.0, 3.9, 4.7, 5.5, 6.3, 7.0,
and 14.0uM (panel a); 0.33, 0.64, 1.0, 1.4, 2.0, 2.7, 3.7, 4.8, 6.6, 8.1, ang¥.9panel b); and 1.9, 1.6, 1.4, 1.1 and 088 enzyme

(panel c). In all cases the increase in the concentration of enzyme/substrate mixture caused a decrease in the normalized intensity of emission.
The right panels represent the titration curves obtained from these data sets using principal component analysis, as described. The solid
lines represent the approximations of the data sets by the equation for the equilibrium of bimolecular association with theKiglwés of

0.25uM, 3.1 uM, and 0.20uM for 1-PB, PMA, and bromocriptine, respectively. The insets show the spectra of the first (solid lines) and

the second (dashed lines) principal components scaled according to the maximal changes in the respective component observed in these
titrations. Conditions as indicated in Figure 1.
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a change in the environment of the fluorophore or formation that the optical path length increases together with the
of excimers. dilution of the sample. This was done with the use of an
The dependence of the relative intensity of 1-PB fluores- open cylindrical cell with a vertical direction of the light
cence on the concentration of enzyamibstrate mixture = beam (from the surface to the bottom). In this case the

obeys the equation for the isotherm of binary association amplitude of the spectra remains unchanged.
(eq 1). The value of the dissociation constant obtained by Our attempts to apply this approach to CYP3A4 interac-
averaging the results of 3 individual experiments is equal to tions with 1-PB or PMA in 1:1 enzymesubstrate mixtures
0.16+ 0.09uM. This value is lower than thgs, determined showed that the amplitude of the spectral transition observed
by spectrophotometric titration by more than an order of is too low to be detected reproducibly (data not shown).
magnitude (Table 1), thus suggesting a multisite binding However, the dilution setup described above was found
mechanism. We may conclude, therefore, that the binding applicable at excess substrate. While the studies of enzyme
of 1-PB to the high-affinity binding site detected in our FRET substrate interactions by dilution of a 1:1 enzynsebstrate
experiments does not result in the displacement of the spinmixture are specific for determination of th&, at the first
equilibrium of the enzyme, similar to P450eryE7( 22). (higher affinity) binding site, provided that the affinities of
Similar to 1-PB, the changes in fluorescence observed the two sites are considerably different, dilution experiments
upon the interaction of PMA with CYP3A4 are consistent at excess substrate can be used to study substrate binding at
with FRET from the substrate to the heme (Figure 3b). a lower affinity site when the higher affinity site is already
Although the shape of the spectrum of the second principal saturated 32). For instance, assuming the dissociation
component obtained in these experiment (Figure 3b, inset,constant for the first binding site to be equal to M, we
dashed line) suggests some minor changes in the degree ofmay calculate with eq 1 that, at a 10-fold molar excess of
excimerization of PMA, these changes were negligible. The substrate over enzyme, 95% saturation of the higher affinity
changes in fluorescence of PMA observed in these experi-site will be observed at an enzyme concentration of 0.42
ments also obey the binary association isotherm (eq 1) with «M. Accordingly, at higher enzyme concentrations the high-
a dissociation constant of 48 1.4 uM, which is very close affinity binding site may be considered completely saturated,
to the value found in our spectrophotometric titration and the titration-by-dilution results will reflect the binding
experiments above. Thus, in contrast to 1-PB, the PMA at the second (lower affinity) site only. Certainly, the
binding event detected in FRET experiments is identical to resolution of two binding sites by this approach is possible
the one causing the type-Il spectral transition in the enzyme. only if the affinity of the second site for the substrate remains
Bromocriptine is also known as a fluorophore character- considerably lower than that of the first site, even when the
ized with an excitation maximum around 320 nm and a broad first site is occupied.
emission maximum centered at 424 nm, which considerably Dilution of 1:10 CYP3A4:1-PB or CYP3A4:PMA mix-
overlaps with the Soret absorbance bands of low- and high-tures yielded spectral transitions similar to those observed
spin CYP3A4. As shown in Figure 3c the interaction of in our titration experiments. Dilution of the CYP3A4:1-PB
bromocriptine with CYP3A4 results in a considerable mixture resulted in decrease in the high-spin-specific absor-
decrease in the intensity of fluorescence of the substrate,bance bands, concomitant with an increase in the amplitude
which is consistent with FRET to the heme of the enzyme. of those of the low-spin heme protein (Figure 4a), while the
Titration curves obtained in a 1:1 dilution setup obey eq 1 dilution of the CYP3A4:PMA mixture was accompanied by
with a dissociation constant of 0.1#0.09xM, as obtained changes indicative of the dissociation of the type-Il substrate
by averaging the results of 3 individual experiments. This complex (Figure 5a). In both cases the titration curves obey
value is consistent with the estimate obtained in our the equation of binary binding isotherm (eq 1) with dis-
spectrophotometric titration (Table 1). Thus, similar to sociation constants of 62 1.7 uM (1-PB) and 5.8+ 1.8
binding of PMA to CYP3A4, the enzyme interaction with u«M (PMA) (Figures 4b, 5b). Thus, the dissociation constant
bromocriptine monitored by FRET reflects the same substratefound in our FRET experiments with a 1:1 CYP3A4:1-PB
binding event as the bromocriptine-induced spin shift. Thus, mixture (0.16+ 0.08 uM) is considerably lower than the
our data obtained in FRET experiments are consistent withvalue obtained from absorbance measurements at excess
a model where the substrate-induced spectral transition insubstrate. Therefore, we may conclude that the 1-PB-induced
CYP3A4 reflects the formation of a binary complex with type-l spectral transition in CYP3A4 requires the binding
one molecule of either bromocriptine or PMA, while the of two molecules of the substrate, and the high-affinity
1-PB-induced spin shift requires the saturation of two distinct interaction detected in our FRET experiments does not cause
substrate binding sites, whose affinities for this substrate arethe modulation of the spin state of the enzyme by itself. In
considerably different. contrast, the estimates of the dissociation constant of
Probing the Substrate Interactions with the Low-Affinity CYP3A4 with PMA found in the dilution experiments with
Binding Site by Absorbance Spectroscopy Dilution Experi- both 1:1 and 1:10 enzymesubstrate mixtures are similar,
ments.The dilution strategy used in our FRET experiments showing that the PMA-induced type-II spectral transition in
may also be used to probe the individual binding events by CYP3A4 reflects the formation of its binary complex with
absorbance spectroscopy. In this case, however, we encountesnly one substrate molecule.
an important difficulty arising from the decrease in the Probing the Stoichiometry of CYP3A4 Interactions with
sample absorbance upon dilution. Within the range of Substrates with the Continuous Variation (Job’s Titration)
enzyme concentrations used, the absorbance of the Soret bandipproach. One of the approaches commonly used to
of P450 varies from-0.01 to~2 optical units. To overcome  determine the stoichiometry of enzymsubstrate employs
the experimental difficulties caused by such large variation Job’s method of continuous variatio35, 36) based on
of the spectral amplitude, we designed our experiments suchmixing the reactants in such a way that their molar ratio
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0 . , , , Ficure 5: Titration-by-dilution experiment on the interactions of
0 4 8 12 16 CYP3A4 with PMA detected by absorbance spectroscopy at excess
substrate. (a) A series of absorbance spectra of PMA in mixture
[P450], pM with P450 3A4 at 1:13 molar ratio in a dilution setup. The spectra

Ficure 4: Titration-by-dilution experiment on the interactions of ~shown were obtained at 7.9 (initial concentration), 4.0, 1.5, 1.1,
CYP3A4 with 1-PB detected by absorbance spectroscopy at exces®)-85, 0.66, 0.54, 0.49, 0.37, and 0,281 of CYP3A4. The inset
substrate. (a) A series of absorbance spectra of 1-PB in mixture Shows a series of difference spectra of Figure 5a. The experiment
with P450 3A4 at a 1:11 molar ratio. The spectra shown were Was carried outin a 10-cm vertical cell with the optical path length
obtained at 16.6 (initial concentration), 8.8, 5.3, 3.8, 3.3, 2.0, 1.5, increasing with the dilution of the sample. The amplitudes of the

1.1, 0.83, and 0.6aM of CYP3A4. The inset shows a series of Spectra were corrected for nonlinearity of the dependence of the
difference spectra of Figure 4a. The experiment was carried out in path length on the volume of the sample. (b) The spectral change

a 10-cm vertical cell with the optical path length increasing with shown in Figure 5a as the plot of the fraction of low-spin P450
the dilution of the sample. The amplitudes of the spectra were Versus the concentration of the heme protein. The solid line shows
corrected for nonlinearity of the dependence of the path length on the approximation of this data set with a binary association equation
the volume of the sample. (b) The spectral change shown in Figurewith aKp; = 3.6u4M and the maximal amplitude of the changes in
4a as the plot of the fraction high-spin P450 3A4 versus the the content of the P450 low-spin state of 82%. Conditions as
concentration of the heme protein. The solid line shows the indicated in Figure 1.
approximation of this data set with a binary association equation
with a Kp, = 8.5 uM and the maximal amplitude of the spin  the fitting of yields aKp of 11.0 + 0.7 M, although the
transition of 54%. Conditions as indicated in Figure 1. asymmetric shape of the titration curve results in systematic
. . . deviation of the experimental points from the fitting curve.
varies, but the total molar concentration remains constant. r s consistent with our conclusions above, the spectral

The position of the maximum of the bell-shaped curve of  \on 065 ohserved with bromocriptine and PMA reflect the
the dependence of the concentration of the product (_enzyme enzyme-substrate interactions in 1:1 stoichiometry. In
substrate complex in our gas_e) on the molar_ratlo OT the contrast, in the case of 1-PB, the maximum of Job’s titration
reactants reflects the stoichiometry of the interactions. curve was found at approximately 2-fold molar excess of
Applying the technique proposed by Facchiano and Ragoneys sybstrate over the enzyme, suggesting that the 1-PB-

for the studies of proteinprotein interactions 37), We jyqiced spin shift requires the formation of the enzyme
implemented Job's titration by means of the gradual mixing ¢ ,pstrate complex in 1:2 stoichiometry.

of enzyme and substrate solutions of similar concentration.

To make this method applicable to absorbance spectroscopypiscussioON

we combined it with the variable optical path length

technique, as described in Experimental Procedures. We used The current concepts of the mechanisms of homotropic
this method to study the interactions of CYP3A4 with cooperativity in cytochromes P450 are based on the hypoth-
bromocriptine, 1-PB and PMA. The titration curves showing esis of multiple substrate binding sites in one molecule of
the changes in the concentration of the high-spin P450 statethe heme proteinl, 20, 42—47). However, to date there
(for bromocriptine and 1-PB) or the concentration of the have been no reports on direct determination of the stoichi-
nitrogen-ligated low-spin heme protein (for PMA) are shown ometry of P450 interactions with substrates or characteriza-
in Figure 6. In the case of bromocriptine and PMA, Job’s tion of the individual binding sites in terms of their affinity
titration gives bell-shaped curves with the maximum ob- for substrates. In this study we employed a combination of
served at a 1:1 enzyme:substrate ratio. The curve obtained=RET and advanced UWis spectroscopic titration tech-
with bromocriptine may be adequately fitted by the equation niques to elucidate the interactions of CYP3A4 with three
for the equilibrium of bimolecular association with a dis- different fluorescent substrates, of which only 1-PB was
sociation constant of 0.3& 0.03uM. In the case of PMA, shown to possess detectable homotropic cooperativity.
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FIGUrReE 6: Job’s titration of CYP3A4 with bromocriptine (a), PMA (b), and 1-PB (c). The experiments were carried otGir2& 10-cm

vertical cell with the optical path length increasing with the dilution of the sample. CYP3A4u50@ 0.1 M Na—HEPES buffer, pH 7.4,

1 mM DTT, 1 mM EDTA was placed into the optical cell, and the substrate solution of the same concentration as the initial protein was
added gradually, until a volume of 5.1 mL, when the cell was completely filled. The sum of the concentration of the enzyme and the
substrate was therefore kept constant during the experiment, and was equé¥itm 3he titration with bromocriptine and 12M in the
experiments with 1-PB and PMA. The solid lines in panels a and b represent the fitting of the experimental data with the bimolecular
association isotherm (eq 1) with the values of dissociation constants oftM3d 11.0uM for bromocriptine and PMA, respectively.

The dashed line in panel c represents the approximation of the data with the parallel binding model (eq 3), while the solid line shows their
approximation with the equation derived for the sequential binding mechanism (eq 4), assuming the ¥gJuemfal to 0.16«M, as
determined in our FRET experiments. The respective values of the dissociation constants of the ternary sulzsimste complex<p,)

are equal to 0.5xM and 4.0uM.

Our results show that FRET from the substrate fluorophore which confirms the applicability of this simple bimolecular
to the heme of P450 may be successfully used to monitor mechanism in this case. Although the stoichiometry of PMA
the interactions with all three substrates. Furthermore, theinteractions with CYP3A4 resulting in a type-Il spectral
use of a “titration-by-dilution” approach at a 1:1 enzyme- transition is also 1:1, the asymmetry of Job’s titration curve
to-substrate ratio ensures that our FRET experiments arein this case suggests that the mechanism of interactions is
specific for the formation of a bimolecular enzyssubstrate more complex. There may be spectrally silent interactions
complex. Therefore, our finding that thkp values of of PMA at a second binding site having very low affinity
complexes with bromocriptine and PMA determined by for the substrate, or interactions with two different stable
FRET are similar to those determined from the spectropho- conformers in the enzymel§).
tometric titrations with these substrates suggests that the spin |n contrast, the maximum at 2-fold molar excess of 1-PB
shift and type-Il transition induced by bromocriptine and over the enzyme in the curve of Job’s titration (Figure 6c)
PMA, respectively, reflects directly the formation of the clearly indicates that the 1-PB-induced spin transition
complex of CYP3A4 with one substrate molecule. In requires the binding of two substrate molecules to one
contrast, the fact that the FRET-derived dissociation constantmolecule of CYP3A4. The interactions of substrate with two
of the complex with 1-PB is considerably lower than g binding sites in cytochrome P450 and subsequent spin
value from the spin shift is consistent with a multisite binding transitions can be represented schematically as foll82)s (
model. Furthermore the results suggest that the bimolecular
interaction detected by FRET does not cause any displace- £ hs hs g
ment of the spin equilibrium by itself, being rather a Kh/ \Kh
prerequisite of the spin transition observed upon binding of /s E ES s
the second 1-PB molecule.

Importantly, results of our determination of the stoichi- K, K )
ometry of CYP3A4 interactions with 1-PB, PMA, and b2 @
bromocriptine are completely consistent with the above
conclusions. The fact that Job’s titration with bromocriptine hf\S\E hs

E
K: Is

KD1
— S
_—
e ——
- -

SES
KD3 %;SES

Is h

yields a symmetric bell-shaped curve suggests that the
displacement of the spin state by this substrate results from
a formation of the simple bimolecular enzymsubstrate
complex. Moreover, th&p deduced from Job’s titration with  Here E stands for the substrate-free enzyme; the complexes
bromocriptine (0.38+ 0.03 M) is consistent with that  of the substrate bound at each of the two sites are designated
determined from our spectrophotometric titration (081 by ES and SE; SES stands for the ternary complex with both
0.08uM) and FRET dilution (0.18: 0.09uM) experiments, binding sites occupiedKp;, Kpz, Kps, and Kps are the
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dissociation constants. The diagonal arrows show spinwith our estimate of 6.2 1.7 uM deduced from the titration-
transitions, and Is and hs correspond to the low- and high- by-dilution experiments, while the parallel binding model
spin P450, respectivelyky, K°, K35 and KPF° are the yields the value of 0.55 0.35xM, which is much lower
constants of spin equilibrium. In our studies of substrate than observed. Therefore, we may infer that the interactions
interactions with P450eryF17, 32) we suggested two of 1-PB with CYP3A4 are consistent with the sequential
extreme simplifications of this model termed the parallel and binding of the substrate to two binding sites, which have
sequential binding mechanisms. The parallel binding model considerably different affinities for the substrate. Thus, the
suggests independent binding of two substrate molecules amechanisms of interactions of 1-PB with CYP3A4 appear
two binding sites where the substrate binding at each siteto be very close to those shown earlier for the interactions
has no effect on the interactions at the second one, so thatvith P450eryF, where we also inferred the sequential binding
Kp1 = Kps, Kp2 = Kps. According to this model, which was ~ mechanism by a somewhat different experimental approach
analyzed in our early study on 1-PB interactions with (22, 32).

P450eryF 22), the cooperativity of substrate-induced spin In conclusion, using a combination of FRET and novel
transitions is caused solely by the fact that the displacementtitration approaches we were able to determine the stoichi-
of the spin equilibrium is observed in the ternary complex ometry of 1-PB interactions with CYP3A4 and demonstrate
only. This model results in the following relationship between that the binding of this substrate is consistent with a
the total concentrations of substrate and the enzyme ([S] sequential allosteric mechanism, where the binding at the
and [E}, respectively) and the steady-state concentration of second (low-affinity) binding site becomes possible (or

the ternary complex ([SES]): largely facilitated) upon the saturation of the first (high-
5 5 affinity) site. This conclusion is consistent with the recent
[SI” + (2[E], — [S]o + Ky)IS]” + (Ks[E]p — [S]oKy + analysis of the CYP3A4 interactions with testosterone by

KH)[S] — Kn[s]o =0 (3) EPR and absorbance spectroscopy by Roberts el @)l (
Independently, the high value of the Hill coefficient obtained
where in the analysis of the interactions of testosterone with
monomeric CYP3A4 incorporated into Nanodiscs led Baas
Kn = KoiKp, and Ky = Koy + Kpy and co-workers to conclude that one molecule of the enzyme
is able to bind three testosterone molecul@§).( This
inconsistency may be caused by a difference in the mech-
anisms of interactions of 1-PB as opposed to testosterone
with CYP3A4, or, more likely, a difference between the
monomeric state of CYP3A4 used in the work of Baas and
coauthors and the oligomeric state of the enzyme used in
our study. Observation of a distal binding site for progest-
erone in CYP3A4 by X-ray crystallographyt&) suggests

Another extreme case of a two-binding-site model is
sequential binding, where the binding at the second binding
site is impossible without saturation of the higher affinity
effector site. This model suggests thas, > Kp; and
Kbz > Kpy, so that the pathways leading to the formation of
SE may be neglected. To simplify the analysis further we
proceeded with the assumption that the modulation of the
SK%InquzE?rlxr:z;ligigzert\;;d !‘Cthh:ntzmér)y S\ﬁmpltizoggo?/gd tbi:zi(tj | rt}he ‘enzyme possess an .additional (ti_nrd.) substrate

th — Th i ) X - g site remote from the main substrate binding pocket.
simplifications we obtained the following relationship among Oligomerization of the enzyme may result in blockage of
the steady-state concentration of the ternary complex, thaty,iq site in at least some of the subunits. Therefore, there
of the complex ES ([ES]), and the total concentration of the may be an important difference between the monomers and
enzyme and substrat8a): oligomers of the enzyme in the mechanisms of cooperativity
of substrate binding. This hypothesis is supported by our
2[SES — ([E]o — [SES]+ Kp,)[ES] - recent studies of the kinetics of dithionite-dependent reduc-
([Slo + 2[E]p + Kp)[SES]+ [S[o[Elo =0 (4) tion of oligomeric and Nanodisc-incorporated CYP348)(
The question may be explored further by applying Job’s

where titration technique to determine the stoichiometry of the
[S] interactions of substrates with monomeric CYP3A4 incor-
[ES]= 70 — [SES]— porated into Nanodiscs.
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Although analytical solution of this equation for [SES] is and FRET titration experiments.

intricate, it can be easily done by a numerical mea&15. (
To determine which of these two simplified models g PPORTING INFORMATION AVAILABLE

represents a closer match to the mechanism of CYP3A4

interactions with 1-PB, we attempted to fit the results of our ~ The set of spectral standards of the pure high-spin,

Job titration experiments with 1-PB with both eqs 3 and 4. substrate-free ferric low-spin, and type-Il substrate-bound

As shown in Figure 6c¢, the sequential binding model provides ferric low-spin CYP3A4 (also available as a set of files in

better approximation of the experimental results than the JCAMP-DX data exchange format). lllustration of the

parallel binding scheme. Moreover, the value of the low- application of PCA to a series of absorbance spectra obtained

affinity binding constantKp,) deduced from the fitting by  in titration of CYP3A4 with 1-PB. This material is available

the sequential binding model (4D 0.6 uM) is consistent free of charge via the Internet at http:/pubs.acs.org.
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