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Surface Plasmon Resonance Analysis of Antifungal Azoles Binding to CYP3A4
with Kinetic Resolution of Multiple Binding Orientatiohs
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ABSTRACT. The heme-containing cytochrome P450s (CYPs) are a major enzymatic determinant of drug
clearance and druedrug interactions. The CYP3A4 isoform is inhibited by antifungal imidazoles or
triazoles, which form low-spin heme iron complexes via formation of a nitredermic iron coordinate

bond. However, CYP3A4 also slowly oxidizes the antifungal itraconazole (ITZ) at a site tha5ish

from the triazole nitrogens, suggesting that large antifungal azoles can adopt multiple orientations within
the CYP3A4 active site. Here, we report a surface plasmon resonance (SPR) analysis with kinetic resolution
of two binding modes of ITZ, and the related drug ketoconazole (KTZ). SPR reveals a very slow off-rate
for one binding orientation. Multiphasic binding kinetics are observed, and one of the two binding
components resolved by curve fitting exhibits “equilibrium overshoot”. Preloading of CYP3A4 with the
heme ligand imidazole abolishes this component of the antifungal azole binding trajectories, and it eliminates
the conspicuously slow off-rate. The fractional populations of CYP3A4 complexes corresponding to
different drug orientations can be manipulated by altering the duration of the pulse of drug exposure.
UV —vis difference absorbance titrations yield low-spin spectrakandalues that are consistent with the
high-affinity complex resolved by SPR. These results demonstrate that ITZ and KTZ bind in multiple
orientations, including a catalytically productive mode and a slowly dissociating inhibitory mode. Most
importantly, they provide the first example of a SPR-based method for the kinetic characterization of
binding of a drug to any human CYP, including mechanistic insight not available from other methods.

The hepatic and intestinal heme-containing cytochrome include steady-state catalytic experiments combined with
P450s (CYPS)oxidize most drugs and thus play a critical kinetic modeling 12—15), and equilibrium optical titrations
role in their metabolism and dispositioh-(3). Among the that rely on the inhibitor- or substrate-dependent changes in
various human CYP isoforms, CYP3A4 contributes most to ferric spin-state equilibrium16—18). The complexity of
drug metabolism. CYP3A4 exhibits complex allosteric CYP kinetics severely impedes prediction of drug clearance
kinetics, which may result from drugdrug interactions on  and drug-drug interactions 2—15, 19). Clearly, new
a single CYP molecule through multiple-drug binding, as methods are required to elucidate the molecular basis of CYP
suggested by steady-state kinetic behaverq), large active allosterism and complex inhibitor or substrate binding.
sites observed in crystal structur@s-(L0), and spectroscopic The antifungal azoles, including ketoconazole (KTZ) and

studies {1). Complex kinetics may arise also from a slowly i onaz0le (1TZ), historically have been considered to be
equmbratmg popula_uon of sm_gly ligated CYP molecules potent inhibitors of CYP3A4, wherein an azole moiety within
with different kinetic properties, e.g., {B] = [S'E]. the drug forms a heme iremitrogen coordinate bond.

However, equilibrium binding parameters for individual Inhibition of CYP3A4 by this class of drugs results in

CYP—drug complexes within a heterogeneous ensemble have . . . : o
been difficult to obtain by “traditional” methods, which clinically relevant drug-drug interactionsZ0—23). Binding

of antifungals to CYP3A4 is easily detected by optical
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Ficure 1: Chemical structures of the antifungal azoles studied in
this work. The azole or triazole ring that is responsible for the low-
spin inhibitory complexes is indicated (filled arrows). Also indicated
is the site of metabolism fotis-(2R4S2 R)-ITZ (empty arrow).

metabolized by CYP3A4, and KTZ may be metabolized by
CYP3A4 (27, 28). An enigmatic aspect of the metabolism
of ITZ is that the site of oxidation is at the end of the
molecule 20 A) opposite from the triazole group that
coordinates to the heme iron (Figure 1). Apparently, ITZ,
and possibly KTZ, can adopt multiple orientations within
the large CYP3A4 active site, including an inhibitory mode
and a “productive” mode. Furthermore, the differential
equilibrium and kinetic binding parameters for these putative
orientations may control the rates of metabolism.

Here we utilize surface plasmon resonance (SRR)
monitor interactions of antifungal azole with CYP3A4. The
SPR experimental design allowed for direct observation of
a kinetically preferred mixture of ITZ or KTZ orientations,
which subsequently relax to the true equilibrium distributions.

The results demonstrate that each of these drugs adopt

multiple orientations within the active site of CYP3A4 and
that the slow dissociation of the inhibitory orientation can

limit the rate of metabolism. Perhaps most importantly, these

results demonstrate the utility of SPR in elucidating complex
drug—protein interactions that have become the hallmark of
CYPs.

MATERIALS AND METHODS
Chemicals.The cis{2R,4S2'R)-ITZ enantiomer was ob-

Pearson et al.

containing cDNA-expressed CYP3A4 coexpressed with P450
reductase and cytochroma were purchased from BD
Gentest (Woburn, MA). Testosterone was purchased from
Steraloids, and all other supplies were obtained from
SigmaAldrich (St. Louis, MO).

Protein Expression and Purificatiomhe CYP3A4 NF14
construct was purified and expressed fresscherichia coli
as described in refd6 and 30. The purity was>95% as
determined by SDSPAGE analysis. The CYP3A4 concen-
tration (CO and F&¢ — Fe?™) was determined by using the
€450 of 91 MMt cm™ (31). The P450 concentration was
determined to be-99% with respect to the P420-associated
absorbance peak, with less than 18% apoenzyme, as deter-
mined by the pyridine hemochromogen assay (p 465 of ref
1 and references therein), in the various CYP3A4 prepara-
tions that were used. CYP3A4 was stored in 100 mM
phosphate (pH 7.4) with 20% glycerol a80 °C.

Surface Plasmon Resonancgensor surfaces were pre-
treated according to published methods and then normalized
by standard Biacore protocol83—34). Binding of a drug
to CYP3A4 was monitored in glycerol-free running buffer
[3% methanol and 100 mM potassium phosphate (pH 7.4)]
and, in separate experiments, running buffer containing 10%
glycerol [1% methanol, 10% glycerol, and 100 mM potas-
sium phosphate (pH 7.4)]. For coupling of CYP3A4 to CM5
sensor surfaces, the surfaces were activated wib min
pulse of EDC/NHS (%:L/min in HBS-EP buffer), followed
by injection of the protein, and then deactivatgdah5 min
pulse of ethanolamine HCI (pH 8.5, BL/min). Protein
injections were done for variable times to produce surfaces
of variable protein densities, yielding responses that ranged
from 3 to 10 kRU. For CYP3A4 binding interactions studied
in glycerol-free buffer, immobilization was conducted in
HBS-EP buffer with CYP3A4 at a concentration of 400 nM
in 10 mM sodium acetate (pH 5.5). For binding interactions
studied in 10% glycerol buffer, immobilization was con-

%ucted in 10% glycerol and 100 mM potassium phosphate

pH 7.4) with CYP3A4 at a concentration of 400 nM in 10
mM sodium acetate (pH 5.5).

CYP reductase was utilized as a reference surface for
experiments conducted in glycerol-free buffer due to its
similar response to higher concentrations of methanol. CYP
reductase was immobilized under glycerol-free conditions
following the same procedure as described above for
CYP3A4. Blank control surfaces (activated with EDC/NHS
followed by deactivation with ethanolamine) were utilized
for binding interactions conducted in the glycerol-containing

tained from Sepracor (product 0314). Racemic KTZ was puffer and were conducted in 1% methanol, 10% glycerol,
obtained from Ultrafine Chemicals (product UC-280). The and 100 mM potassium phosphate (pH 7.4) (running buffer).
Cis-(2R,49-KTZ and cis-(254R)-KTZ enantiomers were Drug analytes were dissolved in high-grade methanol and
resolved by chiral HPLC according to a previously published then diluted into either 100 mM potassium phosphate to yield
method 9). SPR was performed with a Biacore 2000 optical solutions with a final methanol concentration of 3% or 10%
biosensor equipped with either research-grade CM5 or NTA glycerol and 100 mM potassium phosphate to yield solutions
sensor chips (Biacore AB, Uppsala, Sweden). Amine cou- with a final methanol concentration of 1%. For imidazole
pling reagents [EDC, NHS, and sodium ethanolamine HCI and triazole experiments, the compound was added directly
(pH 8.5)] were obtained from Biacore AB. Supersomes to running buffer and then the buffer pH was brought back
to 7.4 with phosphoric acid and potassium hydroxide,
2The literature concerning SPR usually denotes the molecule respectively. Other organic cosolvents were screened, includ-
immobilized on the sensor chip as the “ligand” and the molecule in ing DMSO, ethanol, and acetonitrile, but methanol provided
the flowing solution as the "analyte”. We have adopted this nomen- he pest analyte solubility and chip compatibility. Concentra-
clature for consistency with the SPR literature. We use “inhibitor”, . -
“substrate”, or “drug” to denote the small molecules that bind to the tions of analyte samples were verified by HPLC before and
after SPR. All experiments were conducted in 1% methanol,

protein.
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Scheme 1: Parallel Binding Trajectories common assumption in SPR experiments and has been
K [Drug « CYP3A4] verified experimentally in many cases. On the basis of the
z kinetic equivalence of the analyte heterogeneity model and
CYP3A4 + Drug ! the parallel trajectory model, the equations in the BlAevalu-
K ation software used for fitting are
k2 [CYP3A4 + Drug] d[BJ/dt = (k[Al]mw,[B] — k_;[A1B])/(mw,n,) —

K JA2Imw,[B] — k_,[A2B])/(mw,n
10% glycerol, and 100 mM potassium phosphate (pH 7.4), (kelAZImw[B] 2l D/(mw,n,)

at flow rate of 100uL/min, and at 10°C unless stated  \yhere [A1] and [A2] are equal and the concentration of total
otherwise. SPR data were double-referenc®-@3) and  drug, [B), is a baseline offset at time zero in RURypax iS
analyzed with Biaevaluation version 4.1 (Biacore AB). the maximal response in R, andk_; are the on- and off-
Sensorgrams were corrected for organic cosolvent effectsiate constants for one binding mode, respectiviyand
(39), but as witnessed by others, the use of methanol as the _, are the on- and off-rate constant for the other binding
organic cosolvent and the use of suitable control surfacesmqoge, respectivelyy, andn, are the stoichiometry for each
made correction factors negligibl8g). binding orientation, mwl and mw2 are equal and the
Data were fit both globally, with each parameter con- molecular weight of the analyte, [A1B&nd [A2B} are equal
strained to be constant at every concentration of drug, andgnd the concentration of each complex at time zero, [A1B]

“locally”, wherein the parameters varied with drug concen- and 9A2B] are their concentrations at tirheand [B} =
tration. In all cases, global fits were better, based on standardr _/mw;, and

statistical criteria. Equations relevant to Model 4, which is

the model on which the discussion is based, are given here: [A1B],=0
% P @ (LI, ~1L* PIK, d[A1B)/dt = k,[A1]mw;,[B] — k_,[A1B]
L+P :
ks d[A2B]/dt = k[A2lmw,[B] — k_,[A2B]
k2 - @= [LIPIK, —[P* L), total response= [A1B] + [A2B] + RI

UV—Vis SpectroscopyDifference optical titrations were
performed with 2uM CYP3A4 in 100 mM potassium
phosphate (pH 7.4) and 20% glycerol at 32, with an

total response =

RU) _3(L*P) o(PL) _
ot

* x Aminco DW?2 dual-beam spectrophotometer as upgraded by
= [LIIPI(k, + k)~ [L* Pf_, ~ P * LIk, Olis Instruments, Inc.1(6—18). The difference in absorbance
maxima and minima focis-(2R,4S,2' R)-ITZ was calculated
[LIPY = [L* Pl + ILIPIK, ~[P* Lk, by subtraction of the average absorbance from 390 to 393

nm from that of the average absorbance from 424 to 426
nm. Forcis-(2R,49)-KTZ, the maximum was determined by
averaging the absorbance from 429 to 431 nm, whereas the
minimum was the average absorbance from 393 to 395 nm.
SThe data were fit to the equation

where [P] is the total protein concentration, [L] is the drug
concentration, [R.] and [L-P] are the different complexes
with different off-rate constantk-_, andk_,, and formed
with different on-rate constant&; and k, are the binding
rate constants, and RU is the total SPR response, which i

directly proportional to [lP] + [P-L]. [CYP-drug] =

During curve fitting and modeling, it was observed that [CYP] + [drug] + Kp —
the “analyte heterogeneity” model contained within the D
BlAevaluation software consistently fit best to the data, even \/ ([CYP] + [drug] + KD)2 — 4[CYP][drug]
though experiments were run with chromatographically pure, 2

chirally resolved, diastereomers of either ITZ or KTZ. This

initially surprising result is easily understood upon compari- where [CYP] and [drug] are the total concentrations in
son of the differential equations describing heteroanalyte solution, [CYPdrug] is the concentration of the complex at
binding and those describing parallel trajectories for a single each drug concentration, ai is the dissociation constant.
analyte. A formal demonstration of the kinetic equivalence The determination of the percentage of high-spin CYP3A4
of these models is provided in the Supporting Information. versus that of low-spin CYP3A4 in the presence ofi30
The kinetic equivalence of the parallel trajectory model cis-(2R,4S2R)-ITZ or 30 uM cis-(2R49)-KTZ was con-
(Scheme 1) and the heteroanalyte model is only valid when ducted as described in r&6, at 10°C in 10% glycerol with
the concentration of the drug is time-independent. The 1 uM enzyme.

analysis, as in nearly all SPR experiments, assumes that the Catalytic Studies Production of 3hydroxy-ITZ from
concentration of free drug does not change during the binding (2R,4S2'R)-ITZ was assessed as described previously for
phase. This is true in SPR experiments only if mass transferthe commercially available mixture of substrate isomaw.

is not rate-limiting, as we have verified experimentally with Briefly, formation of OH-ITZ from ITZ was tested using
standard protocols. Also, our model will only be valid if heterologously expressed CYP3A4 supersomes. Each incu-
rebinding of drug is negligible during the dissociation phase, bation was performed in 1.8 mL of 100 mM potassium
yielding apparent irreversible dissociation. This is also a phosphate buffer (pH 7.4) and 1 mM NADPH with CYP3A4
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at a concentration of 20 nM. The metabolic reactions were S 1004
initiated with the addition of kM cis-(2R,4S2R)-ITZ, and &
200uL samples were removed and quenched by the addition 2 -
of 200uL of cold acetonitrile. The amount of product formed 5
. o
was quantitated by LEMS. g
Kinetic Simulations Simulations were carried out with g 1
Kinecyte (Raintown Biotech, Inc., Seattle, WA), using the o Tg‘
kinetic parameters included in Table 2 feis-(2R 4S 2 R)- s 257 a8
ITZ. E
S o B-NADPH
RESULTS 0 50 100 150 200
Time (sec)

CYP3A4 ImmobilizationBecause no SPR studies with o
human CYPs have been published, a characterization of the'(::'\%%iiiatsvg;%ﬁ grgg:]ie%ftrg%?r?:lrlgﬁsinSC;reoe:]efofgu&f}glrng to
CYP3A4 chips was _Warrar_lt_ed. Purified N-t_erml_nally trun- the three classes of ligands: CYP3A4gtyge I ligands midazolam
cated CYP3A4 was immobilized on CM5 chips via standard ang testosterone (gray), CYP3A4 type Ii ligards (2R 45,2 R)-
amine coupling reaction8®, 33) in either of two buffering itraconazole angis-(2R 49-ketoconazole, and control compound
systems, one containing 10% glycerol and 1% MeOH and S-NADPH (gray). Responses were normalized by taking the
the other glycerol-free, 3% MeOH, in separate experiments. [€Spone 2 s before the end of the association as 100 percent (except

The need for the cosolvents resides in the poor aqueousfor p-NADPH, which exhibited no binding).

solubility of the drugs used here, and the comparison of the j,«, glycerol-containing running buffer for a final methanol
two systems was done to search for potential solvent-inducedqqncentration of 1% (substrates/inhibitors) or dissolved di-
artifacts. The loading of CYP3A4 on CMS chips is demon- ey into running buffer containing 1% methanol (control
strated in the Supporting Information (Figure S1A,B). It is compounds). The three control compounds showed no
notewc_)rthy that binding experiments were _performed Sepa-pinding to the CYP3A4 surface over what was observed
rately in each of the buffer systems described above, with 501055 the blank control surface (Figure 2, glutathione and
essentially identical results. Direct comparison of the results o1p ot shown). Both substrates and both inhibitors of
demonstrates that MeOH does not contribute significantly ~yp3a4 showed specific binding, with the azole-containing
to the response, nor does it result in significant differences ;nipitors ITZ and KTZ exhibiting a complex and very slow
in recovered parameters. off-rate compared to that of the substrates TST and MDZ
The coupling reaction requires up to 30 min at pH 5.5. (Figure 2). For this study, we speculated that the slow off-
Therefore, it was necessary to ensure that these conditiongate observed with the two low-spin inhibitors of CYP3A4
were not denaturing for CYP3A4. To accomplish this, corresponds to the slow scission of the nitrogéon bond
CYP3A4 in solution was diluted in buffer at pH 5.5 and or the subsequent reentry of water into the immediate
kept at 10°C for 30 min. The sample was then exchanged coordination sphere of the heme iron. Two additional azole-
back into buffer at pH 7.4, and a “standard” CO-difference containing inhibitors of CYP3A4, fluconazole and micona-
spectrum was obtained. The sample contained no significantzgle, were also screened and exhibited the same slow
P420 and yielded a spectrum consistent with intact P450 (datadissociation rate (data not shown) that was observed for ITZ
not shown). Moreover, after preparation of CYP3A@M5 and KTZ, but with drastically different association kinetics.
chips, injections of 10 mM acetate buffer (pH 5.5), followed  |n summary, a slow off-rate is a characteristic feature of each
by re-equilibration at pH 7.4, did not reduce the binding of the known low-spin inhibitors we studied.
capacity or change the kinetics of interactions. At°1Q Kinetic Analysis of the Binding Interactions of ITZ and
CYP3A4 surfaces were stable in both buffering systems for KTz with CYP3A4SPR sensorgrams for the single stereo-
approximately 13 h, as indicated by repetitive cycles of jsomercis-(2R 4S2'R)-ITZ and the single diastereomeis-
blndlng and dissociation in which less than 10% of the initial (2R,4S)-KTZ are shown in Figures 3 and 4, respecti\/e|y, at
binding capacity was lost (Figure S1C of the Supporting multiple concentrations of each drug. Several binding models
Information). Furthermore, three consecutive 20 s injections were rigorously compared. Model 1 is simple 1:1 binding,
(flow rate of 60uL/min) of 0.05% SDS, followed by washing  where drug-CYP3A4 interactions can be described by a
with detergent-free buffer, completely eliminated binding single association rate and a single dissociation rate (Figures
responses. In short, CYP3A4 surfaces were found to be3A and 4A). The known complexity of ITZ or KTZ—
sufficiently robust for the performance of multiple experi- CYP3A4 interactions makes this model unlikely. Model 2
ments without degradation. is “ligand heterogeneity”, in which different protein popula-
Drug Screening: Slow Off-Rates for Azole Inhibitors. tions on the chip surface have different kinetic properties
Before an in-depth kinetic analysis of dru@YP3A4 (Figures 3B and 4B). This could occur if different protein
interactions could be conducted, we first ensured that conformations were not in equilibrium on the surface (apo-
response data reflected specific binding of the analyte to vs holoenzyme) or if each CYP molecule had two indepen-
CYP3A4. Therefore, we studied two well-known CYP3A4 dent binding sites with different kinetic properties. We refer
substrates, testosterone (TST) and midazolam (MDZ), two to this model as the protein heterogeneity model. Model 3
well-known inhibitors of CYP3A4, itraconazole (ITZ) and is drug-induced protein “conformational change”, wherein
ketoconazole (KTZ), and three control compounds (NADPH, the conformational change occurred on the same time scale
glutathione, and ATP) in a qualitative screening format. Each as drug binding (Figures 3C and 4C). This model could
compound was either dissolved in methanol and then diluted describe a system where drug binds to CYP3A4 in a simple
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Ficure 3: Representative sensorgrams (black) obtained from injectiocis-(ZR,4S 2'R)-itraconazole at concentrations of 0.38, 0.75, 1.5,

3.0, and 6.QuM over an amine-captured CYP3A4 surface in 1% methanol, 10% glycerol, and 100 mM potassium phosphate buffer (pH
7.4). Red lines depict the global fits of the data to (A) a simple 1:1 bimolecular interaction model, (B) the parallel binding trajectory model,
(C) the drug-induced conformational change model, and (D) the analyte heterogeneity or parallel binding trajectory model.

1:1 manner and can reorient in the active site to the high- models appear to poorly describe the data. In short, the SPR
spin productive complex or coordinate to the heme iron for data significantly narrow the possible schemes that should
the low-spin inhibitory complex. Reorientation of the bound be considered.
drug would cause some SPR observable conformational The recovered parameters for model 4, as in Scheme 1,
change in the proteindrug complex. Model 4 is “parallel  are summarized in Table 1. To ensure that we were assessing
binding trajectories”, where a single drug binds with different bimolecular interactions (binding of drug to CYP3A4), we
rates and trajectories to a single site (Figures 3D and 4D). If removed the glycerol from the running buffer. The sensor-
bound drug is incapable of reorienting in the CYP3A4 active gram data still fit to model 4, and as expected for a diffusive
site, then the drug must dissociate and rebind to access théimolecular reaction, the on-rates increased and the off-rates
heme in the two orientations. Model 5 is sequential multiple were practically unaffected (Figure 5 and Table 2).
drug binding, where multiple drugs bind independently at On the basis of (1) two apparent on-rates for each
nonidentical sites (not shown). stereochemically pure azole; (2) an exceedingly slow off-
For both ITZ and KTZ, the data fit best to model 4 rate for one of the analyte binding components observed for
(parallel trajectories) on the basis)dfand weighted residuals  each azole, but not the “high-spin” drugs testosterone and
(Figures 3D and 4D). Both model 1 (simple 1:1 binding ANF; and (3) the reported slow oxidation of ITZ at the
model) and model 3 (drug-induced conformational change) opposite end of the molecul@7%), we considered a model
fit the data poorly for ITZ (panels A and C of Figure 3). wherein the slow dissociation of drug was from a binding
The protein heterogeneity model (Figure 3B) exhibited orientation that allowed an inhibitory heme ironitrogen
systematic deviations in the dissociation phase, and whenbond, whereas the faster component resulted from the
fit locally, this model did not fit the data at all for either dissociation of the ligand bound in a productive orientation
ITZ or KTZ at any drug concentrations that were measured. with the triazole or imidazole moiety pointed away from the
The drug-induced protein conformational change model heme iron (Scheme 1).
(model 3) was unable to fit the data for either ITZ (Figure  This model predicts that, if the duration of the association
3C) or KTZ (Figure 4C). For KTZ, the protein heterogeneity phase (pulse) is varied, the relative fraction of the slowly
model (model 2, Figure 4B) fit nearly as well as the parallel dissociating component will increase with an increasing pulse
trajectory model (model 4), although the latter model is a duration. This was confirmed experimentally wittis-
better description of the dissociation behavior basegn (2R,49)-KTZ (Figure S2 of the Supporting Information) and
and additional information from experiments described cis-(2R4S2R)-ITZ (not shown). The association time-
below. The simple 1:1 binding model, the drug-induced dependent dissociation behavior is consistent with models
conformational change, and sequential multiple-binding site 2—4 and thus does not uniquely distinguish one from the
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Ficure 4: Representative sensorgrams (black) obtained from injectiocis-(ZR,45)-ketoconazole at concentrations of 1, 2, 4, andv8

over an amine-captured CYP3A4 surface in 1% methanol, 10% glycerol, and 100 mM potassium phosphate buffer (pH 7.4). Red lines
depict the global fits of the data to (A) a simple 1:1 bimolecular interaction model, (B) the ligand heterogeneity model, (C) the drug-
induced conformational change model, and (D) the parallel trajectory model.

Table 1: Kinetic Parameters for Binding of ITZ and KTZ to CYP3A4 in 1% Methanol, 10% Glycerol, and 100 mM Potassium Phosphate (pH
7.4y

Kp1 inhibitory Kp2 productive
drug k (M~ts) ko1 (s™ mode (M) ko (M~ts™) ko (s mode (M)
(2RAS2R)-ITZ  (5.2+3.9)x 18  (2.3+0.5)x 103 0.44 (9.0£2.9)x 100 (4.04+0.6) x 102 4.4% 102
(2R 49)-KTZ (50+£3.1)x 106 (1.84+0.4)x 1073 0.36 (1.2+0.8)x 10* (2.9 0.8) x 1072 2.4x 102

aFor all drugs, the data were fit to the parallel binding trajectory model as described in Materials and Methods, and they%®galtiag were
<1.0. All experiments were run in triplicate.
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FicurRe 5: Representative sensorgrams (black)disr(2R,4S,2'R)-itraconazole (A) andis-(2R,49-ketoconazole (B) binding to CYP3A4

in 3% methanol and 100 mM KRpH 7.4). Itraconazole concentrations ranged from 0.31 ta«M&nd ketoconazole concentrations from

2.4 to 19.2uM. Red lines depict the global fits of the data to the parallel binding trajectory model. CYP reductase was utilized as a
reference for binding interaction studies in this buffering system. The change in solvent composition has a negligible effect on the results,
although the on-rates are slower in buffer containing 10% glycerol than with no glycerol.

other. However, model 3, the drug-induced protein confor- protein heterogeneity, fit the data reasonably well for KTZ
mational change, fit the sensorgrams very poorly as shown (Figure 4B). The recovered kinetic parameters from that fit
above, so that model was not considered further. Model 2, predict that the two binding sites should be saturated at the
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Table 2: Kinetic Parameters for Binding of ITZ and KTZ to CYP3A4 in 3% Methanol and 100 mM Potassium Phosphate {pH 7.4)

Kpz inhibitory Kpz productive

drug ki(M~ts™) ko1 (s mode (M) ko(M~ts™) k(s mode (M)
(2R4S2R)-ITZ (14+21)x 100 (20+£1.1)x 103 0.14x10°% (2.24£0.3)x 10* (3.140.3)x 102 1.4
(2R 49)-KTZ (40£1.4)x 100 (6.1£1.7)x 103 0.15x 103 (6.0+1.8)x 10" (8.0+0.9)x 102 1.3
(2S4R)-KTZ (204£05)x 10* (7.1£3.8)x 103 0.36x 103 (8.1+0.8)x 10¢ (6.1+2.7)x 102 0.75
(2R 4S2R)-ITZ (3.3+£0.8)x 10*° (3.1£1.0)x 103 0.94x 10°% (8.4£1.2)x 10® (7.7 1.3)x 102 9.1x 102

with 10 mM imidazole

(2R, 49-KTZ (1.4+£15)x 10° (8.0£2.2)x 10°% 57x10° (1.0£1.4)x 10 (1.840.04)x 101 20

with 10 mM imidazole

aFor all drugs, the data were fit to the parallel binding trajectory model as described in Materials and Methods, and they%galtiag were
<1.2. All experiments were run in triplicate.

concentration of KTZ that was used (LM). Therefore, reached and then a modest negative binding response above
because the two binding sites in the protein heterogeneityl mM, but the KJs of imidazole and triazole are very
model are independent of each other and the concentratiordifferent. The Ky's of imidazole and 1,2,4-triazole are 6.95
of the drug is saturating for both binding sites, variation of and 2.45, respectivel\38 and references cited therein). Thus,
the association time should not alter the dissociation profile. the slight SPR response of these ligands is not related to
The dissociation profile is altered (Figure S2), however, pH. Possibly, coordination to the heme iron seems not to be
giving further support to the parallel trajectory model as a a completely SPR silent phenomenon, as we initially
better model for describing ITZ and KTZ-CYP3A4 expected, but a more detailed SPR analysis would be required
interactions. to determine the cause of these small effects. Interestingly,
The linkage test (Figure S2) further highlights the point conformational changes due to the reduction of cytochrome
that equilibrium is achieved very slowly in this system, even ¢ have been reported to be able to be observed by SPR which
though the individual binding pathways allow the enzyme could be a consequence of the change in the spin state of
to be saturated with drug withitv1.0 min. Due to the fact  the heme iron 9), and our result may reflect a similar
that the two binding orientations are competitive, the response.
distribution of orientations on the enzyme does not reach  Preloading the enzyme with imidazole, followed by a
equilibrium for 3-4 min. Although this scenario may be stable baseline, and subsequent binding and dissociation of
sufficient to result in slower apparent dissociation after ITZ or KTZ resulted in sensorgrams that still fit best to model
binding for 1 min compared to after 3 min, it is difficult to 4, except the slowly dissociating component was nearly
know whether the very modest difference between 3 and 20abolished (Figure 6). Recovered kinetic constants are in-
min is experimental error or indicative of an additional slow cluded in Table 2. Both on-ratek; (andk,) recovered from
process; there may be additional slow processes that con-urve fitting decreased by5—8-fold, which is expected due
tribute to small changes in the off-rate at very long times. to competition with the imidazole or due to sterically
The true mechanism of binding of these azoles may restricted binding in its presenck.,, which is the faster
include components of several of the models that have beenoff-rate of the putative productive mode, is moderately faster
tested. For example, there could be parallel binding trajec- in the presence of imidazole. This may simply reflect
tories and zero-order conformational changes for either or simultaneous binding of the imidazole and drug in the
both binding orientations. However, the goal in this type of productive mode, and a more crowded active site, consistent
modeling is to define the simplest model that reasonably fits with the higheKp,. Most importantly, the value of the slow
the data without becoming overparametrized. The SPR resultsoff-rate, k-;, does not change much in the presence of
indicate that that the simplest model requires two pseudo-imidazole for either KTZ stereoisomer or ITZ (Table 2),
first-order binding constantk{andk,) and two zero-order  consistent with coordination of nitrogen to the heme iron
dissociation constantk{; and k-,). Replacement of the by analyte in a small fraction of complexes. However, the
second on-rate constant with a zero-order rate constant yieldgelative fraction of inhibitory drug complex that forms is
a poor fit. The parallel binding trajectory model is the reduced upon preloading of the enzyme with imidazole
simplest model with these criteria. (Figure 6C and Table 2), so the apparent dissociation of the
Effect of Imidazole PreloadingAs a further test of this ~ ensemble is faster. In the presence of the competing iron
model, we eliminated the coordination site on the heme iron coordinating drug, a smaller fraction of KTZ or ITZ is ligated
by preloading the enzyme with imidazole, which is known to the iron. Presumably, the inhibitory mode without the
to coordinate to the ferric heme in CYPs or other heme iron—nitrogen bond now dissociates at a rate similar to that
proteins 87). Because of the low mass of imidazole 70 of the productive mode.
Da), it is expected to be nearly silent in the sensorgrams, These results are easily understood upon explicit analysis
and we experimentally validated this. Up to 1 mM imidazole, of the individual components, or binding pathways, that are
the expected slight positive response is observed (betweerrecovered from the fitting of the data to model 4. That is,
3 and 6 RU, not shown). At higher concentrations, a modest the two pathways described by model 4 can be individually
negative response is observed. These effects are not due tderived and compared. The individual component behavior
imidazole-induced pH changes, as analyte samples weres shown also in Figure 6 for ITZ, with both association and
corrected for pH after the addition of imidazole. Furthermore, dissociation sensorgrams. A clear maximum is observed for
1,2,4-triazole showed the same trends in response, a slighthe minor fast-dissociating component prior to equilibrium.
positive response until a low millimolar concentration was This is classic “equilibrium overshoot” behavior in which a
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Ficure 6: Binding of (S4R,2R)-ITZ after preloading of the
enzyme with 10 mM imidazole. (A) Overlay of binding of 2./
(2R4S2R)-KTZ to CYP3A4 in the presence (red) and absence
(black) of 10 mM imidazole in 3% MeOH and 100 mM K@H
7.4). The imidazole nearly eliminates the slowly dissociating
component. Component analysis for binding of @M ITZ to

90

Pearson et al.

rate. It is particularly noteworthy that the equilibrium
overshoot is nearly abolished upon preloading with imida-
zole, concomitant with the decrease in the magnitude of the
contribution of the slowly dissociating component.

UV—Vis Difference Spectra of CYP3A4 with cis-
(2R,4S,R)-ITZ and cis-(2R,4S)-KTZ 0 compare the SPR
experiments with the traditional method for monitoring
binding to CYPs, spectral titrations were performed veith
(2R4S2R)-ITZ, cis(2R49-KTZ, and cis-(2S54R)-KTZ
(panels A and B of Figure 7, respectively). The data were
fit to a quadratic equation as described in Materials and
Methods, which accounts for depletion of free drug at low
total drug concentrations, when the concentration of CYP3A4
is greater than th&p. Solely on the basis of the difference
(Abs at 420 nm— Abs at 390 nm), th&p values are 19,
210, and 400 nM focis-(2R,4S2 R)-ITZ, cis-(2R,49-KTZ,
and cis-(2S4R)-KTZ, respectively. Figure 7 shows the
spectral titrations focis-(2R,4S2R)-ITZ and cis-(2R,49)-
KTZ along with typical binding curves. Interestingly, both
KTZ isomers £is-(2S4R)-KTZ not shown] yield spectra with
red-shifted maxima and minima compared to the spectra
obtained with ITZ, which may reflect the difference in heme
ligation by imidazole versus triazole. Regardless, the spectra
clearly confirm that the low-spin complexes are formed in
each case, and th&p values are in good agreement with
the tight binding mode resolved by SPR. Most importantly,
the spectral approach does not explicitly detect or quantify
the high-spin orientation when the other binding mode
dominates.

In addition, theKp's for the two complexes determined
by SPR predict the percentage of high-spin CYP3A4 versus
low-spin CYP3A4 when drug is saturating for both binding
modes, inhibitory and productive. From Table 1, the inhibi-
tory and productive dissociation constantsdisf(2R,4S 2 R)-

ITZ differ by 10-fold, with Kp's of 0.44 and 4.4uM,
respectively, corresponding to a high-spin fraction of 9%.
Estimation of the relative low-spin and high-spin concentra-
tions of CYP3A4 by a previously published method using
absorbance spectroscopy and spectral component analysis
(16) yielded 89.5% for the low-spin form and 10.5% for the
high-spin form when saturated with 3/ cis-(2R,4S 2 R)-

ITZ (Figure 7C). For KTZ, the absolute spectra yield 9%
for the high-spin form and 91% for the low-spin form. Thus,
the spin equilibria predicted by SPR are in excellent
agreement with the optical titrations, and within the context
of the parallel trajectory model (Scheme 1), they indicate
that the fast-dissociating component is mainly a high-spin

CYP3A4 (B) in the absence of imidazole and (C) in the presence form. Of course, the spectral heterogeneity could be due to
of 10 mM imidazole. For panels B and C, black is the total response, other causes, and it may just be fortuitous that the two

blue is the bulk refractive index change, red is the fast-dissociating ; : : : :
component (productive), and green is the slowly dissociating Irg?aetﬁlingrzgignneg]:;j;gﬁglQféirc;%znegg;wnh species with
~ 0.

component (inhibitory). Note that the productive mode (red) exhibits ! ° s UFd. ]
equilibrium overshoot, but this is nearly absent when the enzyme  Simulations of Metabolic Kinetics of cis-(2R,4RRITZ.

is preloaded with imidazole. The imidazole causes a decrease inA further prediction of model 4 is that “burst kinetics: should
the fraction of this slowly dissociating compor‘l‘ent”as evid“enced“by be observed for product formation fromR2S,2'R)-ITZ or
tcr:)?ng%egﬁgn of relative contributions of “red” and "green” 17 i \yhich an initial fast rate of hydroxylation is followed

by the apparent true steady-state rate. This prediction is easily
kinetically preferred mixture is transiently populated prior demonstrated by further kinetic simulations based on the
to equilibrium being reached; this is precisely the predicted model in Scheme 2, which is an expansion of Scheme 1, in
result for the case in which a drug binds in either of two which a slow rate of (R4S2R)-ITZ hydroxylation is
orientations in a single site or at two distinct sites with incorporated.
approximately equal on-rates but the affinity of one orienta-  In simulations using the experimentally obtainadk_,
tion or site is much higher due to a significantly slower off- andk_, for (2R,4S2'R)-ITZ and a range ok, rates that is
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Ficure 7: UV—vis difference spectra of CYP3A4 wittis-(2R,4S52'R)-ITZ (A) and cis-(2R,45-KTZ (B). The low-spin complex dominates

for both compounds, with nitrogefiron coordination yielding maxima at420 nm and minima at+390 nm (note the use of 420 nm as

the maximum and 390 nm as the minimum is standard terminology when discussing type Il difference spectroscopy; see Materials and
Methods for the exact wavelengths used in the absorbance difference determinations). However, the minor high-spin compof@nt (9
agrees with the fraction of productive mode detected by SPR.(90, Tables 1 and 2). Typical titrations of Abs-a#20 nm— Abs at

~390 nm at varying drug concentrations fs-(2R,4S2'R)-ITZ and cis-(2R,49-KTZ are shown. Thép values for each drug, recovered

from fitting to the quadratic equation in Materials and Methods, are included in the text. (C) Estimation of relative low-spin and high-spin
concentrations of CYP3A4 by absorbance spectroscopy &€10hed-band, low-spin, and high-spin associated Soret absorbances of 1

uM CYP3A4 were fit with Gaussian curves (black lines) in the presence af\2@is-(2R,4S2 R)-ITZ. The sum of these Gaussian curves

is shown (gray) with the raw absolute spectral d&i (

Scheme 2: Multiple Binding Orientations with One sociating inhibitory mode is a sufficient condition for burst
Productive Mode kinetics when superimposed on an enzyme system that
k, g [DrugeCYP3A4] exhibits linear kinetics. The slowly dissociating inhibitory
4 mode is, however, not a necessary condition for burst
CYP3A4 + Drug kinetics. Interestingly, although the steady-state rate of
k, ITZ-OH formation may be complicated by further metabo-
Ko Keat lism of the product ITZ-OH, the available published data
[CYP3A4+ Drug] —=> CYP3A4 + product do suggest burst kinetics for the commercial mixture of ITZ
10—100-fold faster than thke_,, burst kinetics are observed ~diastereomers2(). No published studies have examined the
when the rate of product formation is simulated (Figure 8B). Kinetic behavior of KTZ as a substrate.
In contrast, when only the productive orientation, CYP3A4 The simulations also clarify the basis for burst kinetics,
drug, is allowed K; = 0), the rate of product formation is  wherein the concentration of the productive complex CYP3A4
linear as a function of time and the CYP behaves as a simpledrug rises and falls before reaching the steady-state concen-
Michaelis—-Menten enzyme (Figure 8A). The slowly dis- tration (Figure 8E), on a time scale similar to that of the
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Ficure 8: Burst kinetics for metabolism of 84R,2R)-ITZ by CYP3A4 and kinetic simulations comparing steady-state rates of drug
oxidation with and without an inhibitory binding mode. Kinetic simulations (A, B, D, and E) based on Scheme 2 were performed using 1
uM ITZ and the parameters recovered from SPR for binding and dissociation of ITZ, \kithod 0.05 s'*. The parameters are as follows:

ki =14x 1M 1s1 k;=2x103s1 k,=22x 10* M~ s1, andk_, = 3 x 102 s7L. The concentrations of drug used in the
simulations were 0.1, 0.6, 1.1, 1.6, 2.1, 2.6, 3.1, 3.6, 4.1, angM.6/When the mode with slow dissociation is allowed, the steady-state
rates are transformed from linear to burst kinetics. The experimentally determined rate of product formation (C) reveals burst kinetics, and
the magnitude of the burst matches well with the simulations that include the slowly dissociating inhibitory mode. Panels D and E reflect
the concentrations of the inhibitory complex and productive complex, respectively, at varying ITZ concentrations. The productive complex
exhibits a rise and fall analogous to the equilibrium overshoot of the productive complex resolved by SPR.

rise and fall of the productive complex in the SPR experi- measured by SPR (0.0023'% A complete analysis of the
ments (Figure 6B). Also, the simulations indicate an approach burst kinetics requires additional study, but it is reasonable
to the steady-state concentration of the inhibitory complex to speculate on the basis of the SPR and catalytic experiments
on the same time scale that was suggested by the componerthat the rate of metabolism is partially limited by the slow
analysis of the SPR results (Figure 8D). dissociation of the azoles in the inhibitory orientation.

cis-(2R,4S,R)-ITZ Burst KineticsTo examine further the
behavior of (R4S 2'R)-ITZ and to correlate these simula- DISCUSSION
tions with experiment, we conducted steady-state catalytic It is now widely accepted that “allosteric” steady-state
assays in which the rate of ITZ-OH product formation was CYP kinetics may result from multiple drugs binding to a
monitored, at a single concentration oR2S2'R)-ITZ (100 single CYP molecule4—6, 12—15). In this case, each of
uM). The results are shown in Figure 8C, and the experi- the species present during the steady state,-SYEYPS:
mentally determined rates reveal a clear burst of product S, etc., contributes to the rate of product formation and,
formation, followed by a steady-state rate of 0.0016, s therefore, to complex kinetics. However, an additional
which is in reasonable agreement with the slow off-rate possible source of complex kinetics is the presence of distinct
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CYP species with a single drug bound, which have different  Productive mode
properties, CYFS versus SCYP. It has been suggested that

persistent conformations of CYP3A4 exidt), but complex

kinetics arising from heterogeneous drug orientations have MJ\
not been demonstrated. Note that these mechanisms are nc '
mutually exclusive; both or neither may occur for any
specific drug. Precedent for a nitrogenous drug binding in ' _
multiple orientations to a single CYP has been provided by SR AEFGD reorientation
crystal structures of P450cam with nicotine boudd)( In e -~

that case, the reduction of the heme and CO binding causec
a preference for the productive orientation. Similarly, crystal <#
structures suggest that a substituted benzenesulfonamide ca
bind in two antiparallel orientations in CYP2C82). Our
results demonstrate that, for the large antifungal azoles bounc AN/

to CYP3A4, reorientation of the low-spin inhibitory complex ~ @ §
is rate-limiting, at least for the ferric enzyme. It is widely

suggested that many drugs bind with multiple orientations 4‘

Bulk phase

within CYP active sites, due to the multiplicity of products &_\;f\
generated from a single substra#,(44). In several cases,
drugs appear to rapidly reorient near the heme iron, without
dissociating from the active site, on the basis of intramo-
lecular kinetic deuterium isotope effectd5( 46). These
results reveal drug reorientation on a dramatically different,
but functionally relevant, time scale. On the basis of
intermolecular isotope effects, dissociative reorientation may —#
also occur with binding of testosterone to CYP2CAT)(
The SPR, absorbance, and catalytic studies, combined with
the precedent for CYPs binding inhibitors or drugs in
multiple orientations, result in our model for the interactions .
of ITZ and KTZ with CYP3A4 in Figure 9. Inhibitory mode

The rate constants andk; obtained for (R4S 2'R)-ITZ Ficure 9: Proposed scheme for the dynamics of binding of ITZ

. : (black), the | helix (yellow), angB-structures (green). The space
range typically observed for many other protesmall filing model of ITZ is shown with carbon atoms colored white,

molecule systems, 1610 M~* s™™. However, drl_Jg binding  chiorine atoms magenta, nitrogens blue, and oxygens red. ITZ is
rates for other CYPs also have been reported in the range ofdocked with a triazole nitrogen in position to coordinate with the

10*—10° M~1s71 (48, 49). For example, binding of imidazole ~ heme iron (inhibitory mode, bottom) or with the site of oxidation

and chlortrimazole to thromboxane synthase, a ”nonclassical"?ear the rf‘eme irohr] (Perd”Cti"e mo?e’ t%p()j- Thets.e d?cted °|r i%”ta'
; T1 et ions are for graphical purposes only and do not imply knowledge
CYP, yields rates of 8.4 10 and 1.5x 10° M™* s, of the specific binding orientations. The ITZ is too large to allow

respectiveely, based on stopped-flow metho#).(Slow  reorientation within the active site. ITZ is relatively rigid and cannot
binding rates for ITZ and KTZ are not surprising in light of bend significantly due to the pherypiperazine linkages.

the shape of these molecule that deviate dramatically from

“spheres”, which would yield the fastest diffusion rates. Also, studies with KTZ and ITZ that yiel&, or ICs values in the

the high axial ratio of ITZ and KTZ would yield many initial ~ range of 16-500 nM (0, 51). Notably, however, neither
diffusive encounters between the drug and CYP3A4 with the inhibition studies nor the optical titrations by themselves
the long axis of the drug perpendicular to the access channelreveal any information about the productive high-spin
leading to the heme. Thus, a relatively small percentage of binding mode.

diffusive encounters are of the right orientation to yield It is, possibly, necessary to comment of the general
complexes with measurable stability. This also will decrease suggestion that a single drug can have multiple on-rates. Note
observed on-rates. Therefore, although the observed rates arthat the assumption that = k; is not a requirement of the
slow compared to many other protein binding events, they parallel pathway model, but rather it is demonstrated by the
are not entirely unexpected. Moreover, we have eliminated recovered parameters.Kf = k, this would be revealed upon
the possibility that mass transfer of the analyte to the surfacefitting of the data to the model: the recovered valueskior

is rate-limiting with established protocols, and we have andk, would be the same. The essential point is thdteing
obtained similarly slow rates when the CYP3A4 is im- equal tok; is neither a requirement nor a constraint of the
mobilized with a second surface capture method, using themodel. The possibility thak; = k; is supported by a vast
CYP3A4 His tag on Ni"—NTA chips. Therefore, it is literature of theoretical treatments of drugs binding to
unlikely that the slow rates reflect orientation effects or proteins, wherein electrostatics, orientation, and hydrody-
protein denaturation. Regardless of the absolute on-ratesnamic effects contribute to on-rates for dru§2-56). For
these data are most consistent with the model depicted inexample, electrostatic steering is well established as a factor
Figure 9, which is further supported by each of the challenges of protein—drug interaction, even for neutral drugs}(56).
presented. Importantly, the SPR and optical titration data alsoElectrostatic steering results from long-range charge and
are consistent with many previous steady-state inhibition dipole attractions and repulsion and can alter the apparent

Slow

off-rate
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rates of diffusion of drugs to their active sites. Most
importantly here, theoretical studies of “dumbbell-shaped”
or elongated drugs, such as ITZ, demonstrate that electrostatic ,
effects and hydrodynamic effects control the orientation in
which molecules initially dock. Further, the orientation of
the initial binding trajectory affects subsequent binding events
such as diffusion of the molecule from the protein surface
“through” the protein to its actual binding sit83). Together,
these theoretical studies clearly demonstrate that binding of
a single drug to a protein is best described as a distribution,
or continuum, of binding rates, rather than a simple bimo-
lecular reaction described by a single rate constait46).
Certainly, one source of such rate distributions is protein
conformational heterogeneity. However, the modeling we
have done includes comparison to the heteroligand model,
which would include heterogeneity due to slowly equilibrat-
ing protein conformations. This protein heterogeneity model
yields a less satisfactory fit of the data. Analytically, it is
uncommon to attempt to resolve more than one diffusive
on-rate for a single proteifligand pair, but multiple on-
rates are actually demanded by several theoretical models.
More complex models, with more than two binding rate
constants, would likely be overparametrized and may not
provide unique “best” solutions.

In summary, the model derived from the SPR data is
consistent with several observations concerning complex
behavior of ITZ and KTZ. To our knowledge, these results
are the first example of the use of SPR in monitoring
interactions of drugs with CYPs, and they demonstrate the
potential utility of this approach for understanding other
complex CYP-drug interactions. Although SPR, by itself,
did allow several possible binding mechanisms to be
discounted, it predicted the parallel binding trajectory as
being only marginally better than the protein heterogeneity
model. However, by exploiting novel experimental designs
of SPR, such as preloading with a heme ligand and variation
of association phase duration, and combined with other
experimental approaches, this technique provides a powerful
mechanistic probe of complex binding to CYPs.
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Preparation and loading of chips, as well as demonstration

of their stability, and algebraic formalism for the equivalence 21.

of the parallel binding trajectory model and the analyte
heterogeneity model (or parallel binding trajectory model)
found in the BlAevaluation software. This material is
available free of charge via the Internet at http://pubs.acs.org.
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