1521-009X/41/10/1813-1824$25.00

Druc MEtaBoLisM AND DisposiTion

http://dx.doi.org/10.1124/dmd.113.053108
Drug Metab Dispos 41:1813-1824, October 2013

Copyright © 2013 by The American Society for Pharmacology and Experimental Therapeutics

The Effect of Ritonavir on Human CYP2B6 Catalytic Activity: Heme
Modification Contributes to the Mechanism-Based Inactivation of
CYP2B6 and CYP3A4 by Ritonavir

Hsia-lien Lin, Jaime D’Agostino, Cesar Kenaan, Diane Calinski, and Paul F. Hollenberg

Department of Pharmacology, University of Michigan, Ann Arbor, Michigan

Received May 29, 2013; accepted July 25, 2013

ABSTRACT

The mechanism-based inactivation of human CYP2B6 by ritonavir
(RTV) in a reconstituted system was investigated. The inactivation
is time, concentration, and NADPH dependent and exhibits a K, of
0.9 uM, a Kinact Of 0.05 min~', and a partition ratio of approximately
3. Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis showed that the protonated molecular ion of RTV exhibits
an m/z at 721 and its two major metabolites are an oxidation
product with MH* at m/z 737 and a deacylated product with MH*
at m/z 580. Inactivation of CYP2B6 by incubation with 10 uM RTV
for 10 min resulted in an approximately 50% loss of catalytic ac-
tivity and native heme, but no modification of the apoprotein was
observed. RTV was found to be a potent mixed-type reversible

inhibitor (K; = 0.33 M) and a type Il ligand (spectral dissociation
constant-Kg = 0.85 uM) of CYP2B6. Although previous studies have
demonstrated that RTV is a potent mechanism-based inactivator of
CYP3A4, the molecular mechanism responsible for the inactivation
has not been determined. Here, we provide evidence that RTV
inactivation of CYP3A4 is due to heme destruction with the
formation of a heme-protein adduct. Similar to CYP2B6, there is no
significant modification of the apoprotein. Furthermore, LC-MS/MS
analysis revealed that both CYP3A4 and human liver microsomes
form an RTV-glutathione conjugate having a MH* at m/z 858 during
metabolism of RTV, suggesting the formation of an isocyanate
intermediate leading to formation of the conjugate.

Introduction

Four protease inhibitors (PIs)—saquinavir, indinavir, nelfinavir, and
ritonavir (RTV)—were licensed for use from 1995 to 1997 for treating
HIV-infected patients, resulting in a significant decline in the
morbidity and mortality among patients with advanced HIV infections
(Palella et al., 1998; Hull and Montaner, 2011). However, the use of
high-dose RTV monotherapy is no longer recommended due to
toxicity issues and adverse reactions, including metabolic abnormal-
ities, increased cardiovascular risk, and drug—drug interactions
(Piscitelli et al., 1996). RTV was found to be a potent reversible
inhibitor as well as a mechanism-based inactivator of human liver and
intestinal microsomal drug metabolism and of expressed CYP3A4
(Kumar et al., 1996; Koudriakova et al., 1998; von Moltke et al., 2000;
Ernest et al., 2005). RTV is currently used at low doses in combination
with other PIs such as lopinavir, amprenavir, and saquinavir to
inactivate or inhibit CYP3A4 and “pharmacologically boost” the
bioavailability of other PIs (Kempf et al., 1997; Zeldin and
Petruschke, 2004; Hull and Montaner, 2011). Although relatively low
doses (100-300 mg) of RTV are used, the concentration of RTV in
plasma can reach more than 10 uM. Therefore, the interaction of RTV
with other substrates/drugs primarily metabolized by CYP3A4 and
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other cytochrome P450s (CYPs) still needs to be evaluated (Foisy
et al., 2008; Daali et al., 2011; Kirby et al., 2011a,b).

Besides affecting CYP3A4 drug metabolism, RTV has also been shown
to interact with CYP2C9, CYP2D6, CYP3AS, and CYP3A7 (Kumar
et al., 1996; Koudriakova et al., 1998; von Moltke et al., 1998; Granfors
et al., 2006). Inhibition of CYP2B6-catalyzed bupropion hydroxylation by
RTV has been reported in human liver microsomes (Hesse et al., 2001).
Recently, using recombinant human supersomes and specific inhibitors of
CYPs, RTV was shown to inhibit CYP2B6-catalyzed bioactivation of
prasugrel (Daali et al., 2011). Coadministration of drugs is common during
the treatment of HIV-positive patients. For instance, studies estimate that
depression affects 32%—56% of HIV-positive persons and more than 10%
of the deaths in HIV-infected patients are due to cardiovascular diseases
(Ferrando et al., 1997; Sabin et al., 2008). Since bupropion is often used
for the treatment of depression, and prasugrel is used for the prevention of
acute coronary syndromes in HIV-infected patients, the potential for
drug—drug interactions may not be limited to substrates for the CYP3A
subfamily of cytochrome P450 (P450) alone and should be evaluated for
drugs preferentially metabolized by CYP2B6 (Avants et al, 1998;
Turpeinen et al., 2006; Wang and Tompkins, 2008; Duggan and Keating,
2009). CYP2B6 is expressed in human liver, intestine, brain, kidney, and
lung and exhibits significant genetic polymorphisms (Gervot et al., 1999;
Lang et al., 2001; Zanger et al., 2007). The expression of CYP2B6 varies
as much as 200-fold, and the relative contribution of CYP2B6 to total
hepatic CYP content ranges from 2% to 10% (Turpeinen et al., 2006;
Wang and Tompkins, 2008).

ABBREVIATIONS: BFC, 7-benzyloxy-4-(trifluoromethyl)coumarin; CPR, NADPH-cytochrome P450 reductase; EFC, 7-ethoxy-4-(trifluoromethyl)coumarin;
ESI, electrospray ionization; GSH, glutathione; HFC, 7-hydroxy-4-(trifluoromethyl)coumarin; HPLC, high-pressure liquid chromatography; Ks, spectral
dissociation constant; LC-MS, liquid chromatography—mass spectrometry; LC-MS/MS, liquid chromatography-tandem mass spectrometry; P450, cytochrome

P450; PI, protease inhibitor; RTV, ritonavir; TFA, trifluoroacetic acid.
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In this study, we used a reconstituted system consisting of
expressed CYP2B6 and NADPH-cytochrome P450 reductase (CPR)
to investigate the following: 1) metabolism of RTV by CYP2B6; 2)
the kinetic values for mechanism-based inactivation of CYP2B6 by
RTV using 7-ethoxy-4-fluoromethylcoumarin (EFC) O-deethylation
as the probe substrate; 3) the two possible mechanisms of CYP2B6
inactivation by RTV due to either heme loss or covalent modification
of the apoprotein as determined by high-pressure liquid chromatog-
raphy (HPLC) and electrospray ionization—liquid chromatography-
mass spectrometry (ESI-LC-MS), respectively; 4) the spectral
dissociation constant (K) for binding of RTV to CYP2B6; 5) the
partition ratio for mechanism-based inactivation; and 6) the formation
of a glutathione (GSH) conjugate with the reactive intermediate of
RTV.

Although RTV is one of the most potent mechanism-based
inactivators of CYP3A4 and the crystal structures of the complex
between CYP3A4 and RTV and its analogs are available, the
contributions of heme and/or apoprotein modification to the loss of
catalytic activity during mechanism-based inactivation have not been
determined (Koudriakova et al., 1998; von Moltke et al., 2000;
Ernest et al., 2005; Sevrioukova and Poulos, 2010, 2012). Using
essentially the same procedures as in the above-described CYP2B6
studies, 7-benzyloxy-4-(trifluoromethyl)coumarin (BFC), a substrate
of CYP3A4, was used as a probe to reevaluate the mechanism-based
inactivation of CYP3A4 by RTV in a reconstituted system. Here, we
also observed that the inactivation of CYP3A4 by RTV is due to
heme destruction accompanied by the formation of a heme-protein
adduct.
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Fig. 1. LC-MS/MS analysis of the RTV metabolites formed by CYP3A4 and
CYP2B6 in a reconstituted system. The extracted ion chromatograms for RTV (ion
at m/z 721), metabolite a (ion at m/z 580), metabolite b (ion at m/z 582), metabolite ¢
(ion at m/z 737), and metabolite d (ion at m/z 707) are shown. CYP3A4 and
CYP2B6 generated four and two major metabolites, respectively.

Materials and Methods

Chemicals. NADPH, GSH, and catalase were purchased from Sigma-
Aldrich (St. Louis, MO). EFC was from Invitrogen Corp. (Carlsbad, CA). BFC
and human liver microsomes were from BD Biosciences (Franklin Lakes, NJ).
7-Hydroxy-4-(trifluoromethyl)coumarin (HFC) was from Oakwood Products,
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Fig. 2. Identification of four major metabolites of RTV. MS/MS spectra of RTV and the four major metabolites a, b, ¢, and d. The spectra were obtained in positive mode

using the Xcalibur software package as described in the Materials and Methods.
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Inc. (West Columbia, SC). RTV was from Toronto Research Chemicals (North
York, ON). All other chemicals and solvents were of the highest purity available
from commercial sources.

Enzyme Assay and Inactivation of the P450s. CYP2B6, CYP3A4, and
CPR were expressed in Escherichia coli TOPP3 cells and purified according
to previously published procedures (Scott et al., 2001). To assess catalytic
activity, the purified CYP2B6 and CPR were reconstituted at 22°C for 30 min
as previously described (Lin et al., 2009). The primary reaction mixture
contained 0.5 nmol P450, 1 nmol CPR, 2 mM GSH, 100 U catalase, and RTV
(0.5-20 M) in 500 wl of 100 mM potassium phosphate buffer (pH 7.7). After
incubation of the primary reaction in the presence of 1 mM NADPH at 22°C
with RTV for the time indicated (6—18 min), a 3 ul aliquot was removed and
added to 300 ul of a secondary reaction mixture containing 50 uM EFC and
200 uM NADPH for 10 min. Similar methods were applied for CYP3A4
catalytic activity except BFC was the substrate and the incubations were at
37°C (Lin and Hollenberg, 2007). The formation of HFC, the product from EFC
metabolized by CYP2B6 and from BFC metabolized by CYP3A4, was
determined using a fluorescence plate reader (with excitation at 410 nm and
emission at 510 nm) on a Wallace Victor II 1420-042 multilabel counter
(PerkinElmer, Shelton, CT). Calculations of the kinetic values for mechanism-
based inactivation were performed as previously described (Zhang et al., 2009).

Determination of the Partition Ratio. RTV at concentrations ranging from
0.1 to 100 uM was added to the primary reaction mixtures containing 1 uM
CYP2B6 or CYP3A4. The reactions were initiated by the addition of 1 mM

(a), m/z 580

deacym
o

q/\\“‘(\”‘-)kﬂ ;
l ta, 2684 1

—

'55|

-H»0, 533

hydroxylation

1815

NADPH and incubated for 30 min to allow the inactivation to go to completion
(Silverman, 1996). Aliquots were removed and assayed for residual catalytic
activity as described above.

HPLC Analysis of the Heme. An HPLC system with a Waters 600E system
controller was used to investigate the loss of native heme and the formation
of heme adducts. Aliquots containing 100 pmol of control (—NADPH) or
inactivated (+NADPH) P450, were incubated with 10 uM RTV (CYP2B6) or
2 uM RTV (CYP3A4) for 10 min as described above to allow for inactivation
and then were analyzed using a C4 reverse-phase column (5 wm, 4.6 x 250 mm,
300 A; Phenomenex, Torrance, CA). The solvent system consisted of solvent A
[0.1% trifluoroacetic acid (TFA) in water] and solvent B [0.05% TFA in
acetonitrile]. The column was eluted with a linear gradient from 30% to 80% B
over 30 min at a flow rate of 1 ml/min and the column eluent was monitored at
400 nm using a model 996 photodiode-array detector (Millipore Corporation,
Billerica, MA).

ESI-LC-MS Analysis of the Apoprotein. Control and inactivated samples
incubated with 10 uM RTV for 10 min were prepared as described above.
Aliquots containing 50 pmol P450 were analyzed on a C3 reverse-phase
column (Zorbax 300SB-C3, 3.5 wm, 3.0 x 150 mm; Agilent Technologies,
Santa Clara, CA) equilibrated with 40% acetonitrile and 0.1% TFA at a flow
rate of 0.3 ml/min. After 5 min, the column effluent was directed into the mass
analyzer of a LCQ mass spectrometer (Thermo Fisher Scientific, San Jose, CA)
as previously described (Kent et al., 2006). The acetonitrile concentration was
increased linearly to 90% over the next 25 min to separate the components of
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Fig. 3. Pathways proposed for the formation of four major metabolites of RTV. The chemical structures of RTV and the metabolites are displayed. The dashed lines indicate
the sites of fragmentation, which give the fragment ions shown for each of the metabolites in Fig. 2.
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the reconstitution mixture and the mass spectra were recorded. The spectra
corresponding to the protein envelopes for the P450s were deconvoluted to give
the masses associated with each protein envelope using the Bioworks software
package (Thermo Fisher Scientific). The ESI source conditions were as follows:
sheath gas, 90 arbitrary units; auxiliary gas, 30 arbitrary units; spray voltage,
4.2 kV; and capillary temperature, 230°C.

Spectral Binding of RTV to CYP2B6. For the binding of RTV to CYP2B6,
the K was determined by difference spectroscopy on a Shimadzu 2501
spectrophotometer (Kyoto, Japan). Equal volumes of 1 uM solutions of
CYP2B6 were aliquoted into the reference and sample cuvettes and the baseline
was recorded. The difference in the absorbance was recorded from 370 to 600 nm
after the addition of a series of aliquots of RTV in methanol to the sample cuvette
with the same amount of methanol being added to the reference cuvette. The
differences in the absorbances between approximately 428 nm and approx-
imately 405 nm at various concentrations of added RTV (0.1-20 uM) were fitted
with the Michaelis-Menten equation using GraphPad Prism5 software (San Diego,
CA) to obtain the K value.

Reversible Inhibition of CYP2B6 by RTV. For the studies on the reversible
inhibition by RTV, various concentrations of EFC (1, 2.5, 5, 10, 25, and 50 uM)
were prepared and incubated with increasing concentrations of RTV (0, 0.1, 0.3,
0.6, and 1 uM) for 5 min and the reactions were then initiated by adding 200 uM
NADPH and the HFC product was measured fluorometrically as described. The
kinetic parameters, K, and k., were fitted using the Michaelis-Menten equation
and the K; was obtained by global fitting to a mixed-model inhibition equation
using GraphPad Prism5 software.

LC-MS/MS Analysis of Metabolites and the GSH Conjugate Formed
during Metabolism of RTV. Samples containing 250 pmol CYP2B6, 250
pmol CYP3A4, or 3 mg human liver microsomes in 250-ul reaction mixtures
were prepared as described above. The samples were incubated with 40 uM
RTV with or without | mM NADPH at 37°C for 20 min and the reactions were
then terminated by the addition of 1 ml acetonitrile. The mixtures were

>
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centrifuged at 13,200 x g at room temperature for 10 min. The supernatants
were dried under N, gas and resuspended in 100 ul of 50% methanol. The
samples were analyzed on a C18 reverse-phase column (Luna, 3 um, 4.6 x 100
mm; Phenomenex) with solvent A (0.1% acetic acid/water) and solvent B
(0.1% acetic acid/acetonitrile). The column was eluted with 30% B for 5 min
and then with a linear gradient to 40% B over 15 min and then it was increased
linearly to 90% B over 15 min at a flow rate of 0.3 ml/min. The column effluent
was directed into the ESI source of a LCQ mass spectrometer (Thermo Fisher
Scientific). The ESI conditions were as follows: sheath gas flow rate, 90
arbitrary units; auxiliary gas, 30 arbitrary units; spray voltage, 4.5 kV; capillary
temperature, 170°C; capillary voltage, 30 V; and tube lens offset, 25 V. Data
were acquired in positive ion mode using Xcalibur software (Thermo Fisher
Scientific) with one full scan followed by two data-dependent scans of the most
intense and the second most intense ions.

Results

Identification of the Metabolites of RTV by LC-MS/MS
Analysis. The major metabolites of RTV produced by human liver
microsomes and expressed by CYP3A4 were previously reported
(Kumar et al., 1996; Koudriakova et al., 1998). The major metabolites
formed by CYP2B6 and CYP3A4 in a reconstituted system were
characterized and compared in the present study (Fig. 1). The ex-
tracted ion chromatogram for the protonated molecular ion of RTV is
at m/z 721, which eluted at 33 min. For CYP3A4, four ions with m/z
values of 580, 582, 737, and 707, corresponding to metabolites a, b, c,
and d, respectively, were observed. For CYP2B6, metabolites a and ¢
were observed. The MS/MS spectrum for each of these precursor ions
is displayed in Fig. 2. The four metabolites of RTV and the major
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Fig. 4. Determination of the kinetic values and the partition ratio for CYP2B6 during inactivation by RTV. (A) The time- and concentration-dependent inactivation of
CYP2B6 by RTV. The reconstituted system was incubated with 0 (@), 0.5 uM (H), 1 uM (A), 3 uM (V), 10 uM (@), and 20 uM (O) RTV. Aliquots were removed at the
times indicated and assayed for residual EFC deethylation activity as described in the Materials and Methods and shown in Fig. 3A. The catalytic activity at time zero was
used as the 100% control to calculate the initial rate constants for the inactivation (kps) for each concentration of RTV. (B) Fitting of the initial rate constants as a function of
the RTV concentrations to the Michaelis-Menten equation. The Ky and kj,. values were determined to be 0.9 uM and 0.05 min ' (C) Determination of the partition ratio for
2B6 inactivation by RTV. The percentage of remaining catalytic activity was determined as a function of the molar ratio of RTV to CYP2B6 as described in the Materials
and Methods. The partition ratio was estimated from the intercept of the linear regression line from the lower ratios of RTV to 2B6 and the straight line obtained from the
higher ratios of RTV to 2B6. The data represent the average of two separate experiments done in triplicate that did not differ by >10%.
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fragment ions of each metabolite are in agreement with previous
studies (Kumar et al., 1996; Koudriakova et al., 1998). The chemical
structures of the four metabolites and RTV as well as the sites of
fragmentation are displayed in Fig. 3. Metabolite a (m/z 580) is from
deacylation of RTV, metabolite b (m/z 582) is from N-dealkylation of RTV,
metabolite ¢ (m/z 737) is from hydroxylation at the isopropyl side chain of
RTV, and metabolite d (m/z 707) is from N-demethylation of RTV.

Kinetic Values for the Inactivation of CYP2B6 by RTYV. The
inactivation of the CYP2B6-catalyzed EFC deethylation by RTV was
measured using various concentrations of RTV and various time
points for each concentration. As shown in Fig. 4A, the inactivation
of CYP2B6 was time and concentration dependent and required
NADPH. Linear regression analysis of the time course data was used
to estimate the initial rate constants (k,,) for the inactivation of
CYP2B6 by the various concentrations of RTV. The kinetic values
were obtained by fitting the ks values at the various concentrations of
RTV to the Michaelis-Mention equation (GraphPad Prism 5). The K,
Kinact» and 11, were determined to be 0.9 uM, 0.05 min~"!, and 15 min,
respectively (Fig. 4B). These results indicate that RTV is a mecha-
nism-based inactivator of CYP2B6.

Partition Ratio for the Inactivation of CYP2B6 or CYP3A4 by
RTV. CYP2B6 or CYP3A4 was incubated with various concen-
trations of RTV for 30 min in order for the inactivation to reach
completion. The percentage of activity remaining was plotted as a
function of the molar ratio of inactivator to P450 (Fig. 4C). The
partition ratio was estimated from the intercept of the linear regression
line obtained from the lower ratios of RTV to P450 with the straight
line derived from higher ratios of RTV to P450. Using this method,
the partition ratios were estimated to be approximately 3 for CYP2B6
(Fig. 4C) and approximately 1 for CYP3A4 (data not shown).

Reversible Inhibition of CYP2B6 EFC Deethylation Activity by
RTYV. Using EFC at varying concentrations (1-50 uM) as a substrate,
the rates of HFC formation were determined in the presence of various
concentrations of RTV (0-1 uM) (Fig. 5A). The K, and k., values
were determined from the data in Fig. SA by fitting to the Michaelis-
Menten equation using GraphPad Prism5 software and, as shown in
Table 1, as the RTV concentration increased, the K, increased, but the
ko decreased. Therefore, the K; value (0.33 uM RTV) was obtained
by fitting the data using nonlinear regression for mixed-type inhibition
as described in the Materials and Methods. To better visualize the
inhibition, a Dixon plot of 1/k.,, versus the RTV concentrations is
presented to show mixed-type inhibition with a K; value of
approximately 0.3 uM for the RTV (Fig. 5B). The K; values obtained
from the two methods are in relatively good agreement.

Difference Spectrum for the Binding of RTV to CYP2B6. The
binding of RTV to CYP2B6 induced a change in the absolute spectrum
with an increase in the maximum wavelength of absorption of
approximately 5 nm (Fig. 6A). Fig. 6B shows the difference in the
absorbance spectra for the addition of increasing concentrations of
RTV. These results, with a peak at approximately 428 nm and a trough
at approximately 405 nm, indicate that RTV is a type II ligand for
CYP2B6. The K for the binding of RTV to CYP2B6 was determined
to be 0.85 uM by fitting the data from Fig. 6B to the Michalis-Menten
equation (inset) as described in the Materials and Methods.

Modification of the Prosthetic Heme during Inactivation of
CYP2B6 by RTYV. The reaction mixtures incubated with 10 uM RTV
in the absence (control) or presence (inactivated) of NADPH for
10 min were analyzed by HPLC to determine the extent and nature of
heme modification. The column eluates were monitored at 400 nm. As
shown in Fig. 7A, there was an approximately 50% decrease in the
prosthetic heme after the inactivation of CYP2B6, but no heme adduct
could be observed.
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Fig. 5. Studies on the reversible inhibition of CYP2B6-catalyzed EFC O-
deethylation activity by RTV. (A) Determination of the inhibition of CYP2B6 by
RTV at varying concentrations of EFC. The RTV concentrations were 0 (@),
0.1 uM (), 0.3 uM (A), 0.6 uM (V), and 1 uM (#). The presented data were fitted
to the Michaelis-Menten equation and the calculated kinetic parameters, K;;, and K,
are shown in Table 1. The apparent K; for RTV was determined to be 0.33 uM by
nonlinear regression fitting to the equation for mixed-type inhibition. (B) Dixon plot
of the data in Fig. 4A. The concentrations of EFC are 1.0 uM (@), 2.5 uM (H),
5.0 uM (A), 10 uM (V), 25uM (¢, and 50 uM (O). The apparent K; (approximately
0.3 uM RTV) was estimated from the intersection of the lines obtained at various
concentrations of EFC.

Investigation of the CYP2B6 Apoprotein Modification by RTYV.
Using the same conditions for inactivation as for heme analysis, the
mass of the apoprotein before and after inactivation was determined
by ESI-LC-MS analysis. As shown in Fig. 7B, the control CYP2B6
apoprotein exhibited a mass of 54453 = 10 Da and the RTV-
inactivated CYP2B6 apoprotein exhibited a mass of 54451 * 8 Da
without showing an additional peak that would have been expected as
a result of the formation of a protein adduct. These results suggest that
significant covalent modification of the apoprotein by a reactive
intermediate did not occur. Under these conditions, the catalytic
activity of the inactivated sample decreased approximately 50%,

TABLE 1

K., and k., values for the CYP2B6-catalyzed deethylation of EFC in the presence
of RTV

The EFC concentrations used were 1, 2.5, 5, 10, 25, and 50 uM.

RTV K Keat
uM wM min~!
0 1.83 0.80
0.1 2.05 0.67
0.3 2.47 0.54
0.6 2.68 0.44
1.0 4.00 0.37
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the plot were 0.16, 0.5, 1.67, 5.4, 15.4, and 20 uM. The data points were fit to the Michaelis-Menten equation. The K, was estimated to be 0.85 uM RTV.

suggesting that the loss of catalytic activity was due primarily to the = with previous reports, the kinetic values of Kj and kip. were
heme modification. determined to be 0.05 uM and 0.1 min ', respectively, indicating that

Heme Modification after RTV Inactivation in CYP3A4. RTV is a potent mechanism-based inactivator of CYP3A4 in a
Although RTV has previously been shown to be a potent reconstituted system used in our laboratory (data not shown). Using
mechanism-based inactivator of CYP3A4, the ability of RTV to act as  the same procedure as described for CYP2B6, CYP3A4 was incubated
a mechanism-based inactivator in a CYP3A4 reconstituted system was ~ with 2 uM RTV for 10 min in the absence or presence of NADPH and
investigated as described in the Materials and Methods. In agreement  then analyzed by HPLC. An approximately 50% decrease in prosthetic
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Fig. 7. HPLC separation of the CYP2B6 prosthetic heme group after inactivation by RTV. (A) HPLC elution profiles monitored at 400 nm for the prosthetic heme in the
absence or presence of NADPH. (B) The deconvoluted mass spectra of CYP2B6 incubated with RTV in the absence or presence of NADPH. The experimental procedures
are described in the Materials and Methods.
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heme eluting at 26.0 min was observed in the RTV-inactivated
CYP3A4 with the formation of a heme adduct eluting at an
approximately 31.5 min but not in the control sample (Fig. 8A).
Magnified views of the control and inactivated samples are also
displayed to better show the peaks for the heme-protein adduct. Fig.
8B shows the chromatogram of the sample monitored at 220 nm
demonstrating that CYP3A4 also elutes at 31.5 min. Furthermore,
analysis of the two peaks using a photodiode-array detector coupled to
HPLC shows that the wavelength for the maximal absorbance of the
native heme eluting at 26.0 min is approximately 398 nm, whereas the
peak eluting at 31.5 min exhibits maximal absorbance at approxi-
mately 278 nm (apoprotein) and approximately 397 nm (heme) (Fig.
8C). The peak at 31.5 min could be due to formation of a covalent
bond between the prosthetic heme and the apoprotein or to the
presence of a dissociable modified RTV-heme adduct that coelutes
with the apoprotein. In most cases, the maximal absorption spectrum
of a dissociable heme adduct is red-shifted by 5-10 nm, whereas the
maximal absorption spectrum of the native heme is approximately 398 nm
(Lin and Hollenberg, 2007; Lin et al., 2009). The same retention time
for the heme adduct and the apoprotein and the evidence of two
maximal absorbances of this peak at approximately 278 nm and
approximately 397 nm suggests that this peak probably is due to
crosslinking of the prosthetic heme moiety to the apoprotein during
the mechanism-based inactivation of CYP3A4 by RTV. Similar types
of crosslinking were previously reported by Osawa and Pohl (1989).
Similar to CYP2B6, modification of the apoprotein by RTV was not
observed for the inactivated CYP3A4 (data not shown).

LC-MS/MS Analysis of the RTV-GSH Conjugate Formed by
CYP3A4 and Human Liver Microsomes. To identify the reactive
intermediate formed during the metabolism of RTV by CYP2B6,
CYP3A4, and human liver microsomes, incubations were performed
in the presence of 10 mM GSH and the RTV-GSH conjugates were
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characterized by LC-MS/MS analysis as described in the Materials
and Methods. The extracted ion chromatogram for the GSH conjugate
with a precursor ion at m/z 858 shows a single peak eluting at 28.9 min
for the RTV-inactivated CYP3A4 sample (Fig. 9A). The MS/MS
spectrum of this RTV-GSH conjugate is displayed in Fig. 9B. The
major fragment ion at m/z 840 is from the loss of water, the fragment
ion at m/z 783 is from the loss of Gly (75 Da), the fragment ion at m/z
729 is from loss of Glu (129 Da), and further loss of water leads to
formation of the ion at m/z 711. All of these fragment ions indicate that
GSH is a component of the RTV-GSH conjugate (Baillie and Davis,
1993). It is worth noting that the fragment ions of the RTV-GSH
conjugate at m/z 551, 525, 507, 426, and 311 are also observed in the
MS/MS spectra of metabolite b (MH" ion at m/z 582) as shown in
Fig. 2. These results facilitate the identification of the chemical
structure for the reactive intermediate. The molecular mass of the GSH
conjugate is equivalent to the sum of GSH plus the proposed reactive
metabolite intermediate; thus, the mass of the reactive intermediate
would be 550 Da (858 — 308 Da). Moreover, previous studies have
demonstrated that p-chlorophenyl isocyanate forms a conjugate with
GSH (Jochheim et al., 2002; Chen et al.,, 2009). Therefore, we
hypothesize that the reactive metabolite is an isocyanate intermediate
formed by the loss of the “HN-CHj;” moiety from metabolite
b. However, the chemical mechanism for the formation of the
isocyanate intermediate is not clear and other possibilities for the
formation of reactive intermediates trapped by GSH cannot be
excluded. It will be of interest to further investigate other possibilities
including an imine or a hydroxamic acid as the reactive intermediate.
The proposed structure for the RTV-GSH conjugate eluting at 28.9 min
is shown in Fig. 9C. The sites for the MS/MS fragmentation are indi-
cated by the dashed lines. The RTV-GSH conjugate formed by human
liver microsomes incubated with RTV and NADPH is essentially the
same as this (data not shown). However, the formation of a RTV-GSH

Native heme at 26 0 min

398 nm
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) profiles monitored at 400 nm for prosthetic heme in the
g \\\ absence or presence of NADPH. Magnified views for
the elution times from 24 to 34 min are displayed on the

31.5min
Heme-Protein adduct

+NADPH JMM
g

Relative Absorbance (400 nm)

Heme-Protein adductat 31.5 min

right, showing formation of a heme-protein adduct
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Fig. 9. LC-MS/MS analysis of the GSH conjugate formed during the metabolism of RTV. The reaction mixture containing CYP3A4 was incubated with RTV in the
presence of NADPH and the reactive intermediate(s) were trapped with 10 mM GSH. The reaction mixture was analyzed for GSH conjugates as described in the Materials
and Methods. (A) The extracted ion chromatogram of the only GSH conjugate observed eluting at 28.9 min with the MH" ion at m/z 858. (B) The MS/MS spectrum of the
GSH conjugate from (A). (C) The proposed structure of the RTV-GSH conjugate based on the MS/MS spectrum. The dashed lines indicate the sites of fragmentation. The
MS/MS spectrum was obtained in the positive mode and analyzed using the Xcalibur software package.

conjugate by CYP2B6 was not sufficient for the accurate MS/MS
spectrum analysis (data not shown).

Identification of a Stable Metabolite Formed from the Iso-
cyanate Intermediate of RTV formed by CYP3A4 and Human
Liver Microsomes. To investigate the possibility that an isocyanate
intermediate formed during the metabolism of RTV by CYP3A4 and
human liver microsomes can lead to the formation of the RTV-GSH
conjugate, the formation of a possible stable metabolite was
investigated. The stable amine metabolite, which can be formed from
hydrolysis followed by loss of CO, from the isocyanate intermediate,
was shown to be formed from isocyanate intermediates such as
p-chlorophenyl isocyanate (Jochheim et al., 2002; Chen et al., 2009).
The mass of the stable amine metabolite is expected to be 26 Da
(+ HyO — COy) less than the isocyanate intermediate; thus, the molecular
ion would be at m/z 525 Da. The extracted ion chromatogram at m/z
525 shows one major metabolite, which eluted at 31.8 min as shown in
Fig. 10A. The MS/MS spectrum of the ion at m/z 525 is shown in Fig.
10B. Several fragment ions in this MS/MS spectrum are in common
with the precursor ions for the metabolite with m/z 858 and m/z 525
such as the ions at m/z 311, 410, 426, 481, and 507. Fig. 10C shows
the structure proposed for the stable amine metabolite with a MH™ ion

at m/z 525 and the sites of fragmentation are indicated by the dashed
lines.

Discussion

RTV is an important and widely used PI for anti-HIV therapy. RTV
is a potent inhibitor and a mechanism-based inactivator of CYP3A4;
therefore, it is used at low doses (100-300 mg) in combination with
other PIs to boost their bioavailability and therapeutic effect (Foisy
et al., 2008; Hull and Montaner, 2011; Kirby et al., 2011a,b). The
crystal structures of the CYP3A4-RTV complex and a CYP3A4-RTV
analog complex were recently reported. These studies provided the
first functional and structural insights into the interaction of RTV with
CYP3A4 and demonstrated the relative importance of heme co-
ordination and nonbonded interactions (Sevrioukova and Poulos,
2010, 2012). The interactions of RTV with CYP3A4 at the in vivo
levels are complex and involve multiple modes of interaction,
including inhibition, inactivation, and induction (Kirby et al.,
2011b). To complicate the interaction potential even further, RTV
induces expression of other drug-metabolizing P450s including
CYP1A2, CYP2B6, and CYP2C9 (Kharasch et al., 2008; Kirby et al.,
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Fig. 10. LC-MS/MS analysis of the stable amine metabolite formed during the metabolism of RTV. (A) The extracted ion chromatogram of the stable amine metabolite
eluting at 31.8 min with the MH" ion at m/z 525. (B) The MS/MS spectrum of the metabolite. (C) Proposed structure of the stable amine metabolite. The dashed lines indicate
the sites of fragmentation. The MS/MS spectra were obtained in the positive mode and analyzed using the Xcalibur software package.

2011a). Additional studies in an animal model demonstrated that
the toxicity of RTV may be due to its bioactivation (Li et al.,
2011). Since the inhibition and induction of CYP2B6 by RTV has
been demonstrated, we investigated the metabolism of RTV by
CYP2B6 and the ability of RTV to act as a mechanism-based
inactivator.

Two major metabolites are generated as a result of metabolism of
RTV by CYP2B6. The first is formed through deacylation of RTV
(metabolite a) and the second results from hydroxylation of the
isopropyl-thiazole group (metabolite c). These two metabolites were
identified by comparing the retention times and MS/MS spectra to the
four major metabolites formed by CYP3A4 (Kumar et al., 1996;
Koudriakova et al., 1998). At this time, RTV appears to be the largest
compound that can be metabolized by CYP2B6.

The apparent K; and ki, values for inactivation by RTV are
0.9 uM and 0.05 min~ ', respectively, and the partition ratio is
approximately 3. These results indicate that RTV is an efficient
mechanism-based inactivator of CYP2B6. In addition, RTV is
a mixed-type inhibitor of CYP2B6. The K; was determined to be at
approximately 0.3 uM RTV. The inhibitory potency is the same order
of magnitude as three relatively potent and selective inhibitors of
CYP2B6 [4-benzylpyridine, 4-(4-chlorobenzyl)pyridine, and 4-(4-
nitrobenyl)pyridine (Korhonen et al., 2007)] and four clinically
important drugs [clopidogrel, clotrimazole, sertraline, and ticlopidine
(Talakad et al., 2009)]. RTV produced a type II difference spectrum
with the K of 0.85 uM. RTV was previously characterized as a type 1l
ligand for CYP3A4 and the thiazole nitrogen was proposed to be
critical for ligation to the heme iron (Kempf et al., 1997; Sevrioukova
and Poulos, 2010). Whether RTV binding to CYP2B6 involves the
same ligation of the thiazole nitrogen to the heme iron as in CYP3A4
is not clear.

In spite of the widespread use of RTV in anti-HIV therapy and the
numerous studies of its metabolism in vivo and in vitro, the molecular
mechanism by which RTV is a mechanism-based inactivator of
CYP3A4 has not been determined (Koudriakova et al., 1998; Ernest
et al., 2005; Sevrioukova and Poulos, 2010). Here, HPLC and LC-MS
analysis revealed that inactivation is due to heme destruction and there
is no significant modification of the apoprotein during RTV-mediated
inactivation of either CYP2B6 or CYP3A4. The reconstituted systems
used for these studies contained only P450 and CPR without the
addition of cytochrome bs. Because the heme moieties of P450 and
cytochrome b5 coelute during HPLC analysis, cytochrome b5 was not
added to the reconstituted systems to avoid interference from the heme
moiety of cytochrome bs (Lin et al., 2002). Therefore, we can
conclude that heme destruction is the predominant mechanism
contributing to the mechanism-based inactivation for both CYP3A4
and CYP2B6.

The formation of a heme-protein adduct was observed during the
mechanism-based inactivation of CYP3A4 by RTV. Although the
conversion to the heme adduct does not appear to be quantitative with
respect to heme loss, it is possible that more adduct may have been
formed initially but was not stable during the HPLC analysis under
acidic conditions. We proposed that the heme adduct formed during
the mechanism-based inactivation of CYP3A4 by RTV forms
a covalent crosslink with the apoprotein. Osawa and Pohl (1989)
proposed two mechanisms for the covalent binding of heme to
apoprotein. The first pathway involves reaction of a substrate radical
with the heme prosthetic group to form an activated cation heme
intermediate which could then covalently bind to the side chain of
a polar amino acid in the protein active site. In this case, the reactive
intermediate formed from RTV would be attached as part of the heme-
protein adduct. The second possible pathway leading to the formation
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Fig. 11. Scheme showing the P450-catalyzed bioactivation of RTV to the isocyanate intermediate and the reaction with GSH to form RTV-GSH conjugate or the further

hydrolysis to stable amine metabolite (Jochheim et al., 2002; Chen et al., 2009).

of the protein-bound heme adduct involves the initial attack of the
reactive substrate radical on the protein to form an amino acid radical
that can then react to form a covalent adduct with the heme moiety. In
this case, there would be no reactive intermediate of RTV attached to
the heme-protein adduct. Because we were not able to obtain sufficient
quantities of the heme-protein adduct of CYP3A4 formed during the
inactivation to analyze the modified protein by mass spectrometry, we
were not able to ascertain which mechanism contributes to the
formation of the heme-protein adduct. This is the first report of the
formation of a heme-protein adduct during the inactivation of any
human P450 by RTV.

It has been suggested that the presence of both the thiazole and
the isopropyl-thiazole group as well as the formation of a reactive
intermediate during metabolism are required for RTV to inactivate
CYP3A4 (Kempf et al., 1997; Koudriakova et al., 1998; Sevrioukova
and Poulos, 2010). By trapping the reactive intermediates of

mechanism-based inactivators of P450s as their GSH conjugates, we
previously identified the reactive intermediates responsible for
mechanism-based inactivation of P450s by a number of compounds,
including 17a-ethynylestradiol, bergamottin, mifepristone, and terz-
butylphenylacetylene (Kent et al., 2006; Lin et al., 2009, 2011, 2012).
Using our previous experimental procedures, an RTV-GSH conjugate
with its MH™ ion at m/z 858 was identified after incubation of RTV
with both CYP3A4 and human liver microsomes in the presence
NADPH and GSH. Based on the fragmentation patterns observed on
LC-MS/MS analysis and the identification of a stable amine
metabolite with its MH" ion at m/z 525, we propose that the reactive
intermediate formed after bioactivation of RTV is an isocyanate. Fig.
11 shows the pathway for the formation of isocyanate from RTV, the
further formation of a GSH conjugate, and the formation of the stable
amine metabolite after hydrolysis and loss of CO,. This is the first
report of trapping of a reactive metabolite of RTV and the formation of
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a stable amine metabolite during RTV metabolism by a human P450
as well as by human liver microsomes. In addition to reacting with
GSH or undergoing hydrolysis, isocyanate intermediates can also
carbamoylate proteins; thus, isocyanates formed by hydrolysis of
isothiocyanates have been implicated as being the reactive species
leading to mechanism-based inactivation of human and rat P450s
(Goosen et al., 2001; Moreno et al., 2001). Because neither a dissociable
heme adduct nor an apoprotein adduct could be identified, the mass of
the reactive intermediate contributing to the mechanism-based in-
activation of CYP2B6 and CYP3A4 by RTV cannot be elucidated.
However, isocyanates were implicated to play roles in the hypersen-
sitivity of the skin and respiratory tract and have the potential to result in
toxicity (Goossens et al., 2002; Jochheim et al., 2002; Liu and
Wisnewski, 2003). It was reported that adverse effects including
hepatotoxicity and skin hypersensitivity were observed after HIV
patients were treated with RTV (Floridia et al., 2004; Bruno et al.,
2006). We propose that an isocyanate intermediate forms during the
metabolism of RTV by human liver microsomes. Perhaps this
isocyanate intermediate may play a critical role in the adverse effects
associated with RTV treatment.

In conclusion, RTV is a mechanism-based inactivator of CYP2B6.
It is the largest clinically used drug (molecular mass of 721 Da)
metabolized by CYP2B6 that has been identified thus far. Heme
destruction is the primary mechanism responsible for the mechanism-
based inactivation of both CYP2B6 and CYP3A4. In addition,
formation of a protein-bound heme adduct was observed after
inactivation of CYP3A4 by RTV. Since depression, cardiovascular
diseases, and other complications frequently accompany HIV infection
(Ferrando et al., 1997; Avants et al., 1998; Greenblatt et al., 1999;
Hesse et al., 2001; Daali et al., 2011), it is likely that HIV patients may
take drugs preferentially metabolized by CYP2B6, including bupro-
pion, prasugrel, or methadone. Therefore, concomitant use of drugs
metabolized solely or primarily by CYP2B6 may require dosage
adjustment to prevent toxicity in RTV-treated patients with HIV.
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