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Abstract

To understand the molecular basis of sequential N-dealkylation by cytochrome P450 2B enzymes,
the binding of amidopyrine (AP) as well as the metabolites of this reaction, desmethylamidopyrine
(DMAP) and aminoantipyrine (AAP), were studied using the X-ray crystal structure of rabbit
P450 2B4 and two nuclear magnetic resonance (NMR) techniques: saturation transfer difference
(STD) spectroscopy and longitudinal (T1) relaxation NMR. STD NMR of AP and its metabolites
bound to P450 2B4 were similar, suggesting that they occupy similar niches within the enzyme’s
active site. The model-dependent relaxation rates (Ry;) determined from T, relaxation NMR of AP
and DMAP suggest that the N-linked methyl is closest to the heme. To determine the
orientation(s) of AP and its metabolites within the P450 2B4 active site, distances calculated from
the relaxation rates were used to constrain the metabolites to the X-ray crystal structure of P450
2B4. Simulated annealing of the complex revealed that the metabolites do indeed occupy similar
hydrophobic pockets within the active site, while the N-linked methyl(s) are free to rotate between
two binding modes. From these bound structures, a model of N-demethylation was developed,
where the N-linked methyl functional groups rotate between catalytic and non-catalytic positions.
This study is the first to provide a structural model of a drug and its metabolites complexed to a
cytochrome P450 based on NMR and to provide a structural mechanism for how a drug can
undergo sequential oxidations without unbinding. The rotation of the amide functional group
might represent a common structural mechanism for N-dealkylation reactions for other drugs such
as the local anesthetic lidocaine.
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SUPPORTING INFORMATION STATEMENT: Figure S1 shows the results of a simulation of rayg, rapp and Rp of a dynamic
phenyl molecule near to a heme. Figure S2 was used to determine fast exchange conditions and shows the difference in NMR peak
positions of DMAP in the presence of oxidized and reduced P450 2B4. Details of the simulation and analysis of Figure S2 are in the
results of the Supporting Information. Table S1 of the Supporting Information are additional force field parameters that were used for
the MD simulations and the energy minimization to ligate the C436 to the heme. Scheme S1 shows the organic synthesis scheme of
DMAP. This material is available free of charge via the Internet at http://pubs.acs.org.
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The mammalian cytochrome P450 (P450) 2B enzymes are responsible for the detoxification
and elimination of a wide range of drugs from coumarins to amphetamines (1). P450
catalyzed N-dealkylation is one of the main reaction pathways of these enzymes and occurs
through a single electron oxidation or hydrogen abstraction mechanism (2—4). Drugs such as
the antidepressant sertraline and the anorectic drug benzphetamine are N-dealkylated in a
single step (4, 5), while the local anesthetic lidocaine is sequentially N-dealkylated in a
multi-step process (6). The later pathway leads to complicated metabolic profiles and
distorted kinetics that often stymies predictions of in vitro and in vivo metabolism (7, 8).

Studies of sequential P450-mediated N-dealkylation reactions have successfully identified
and characterized intermediates within a number of metabolic pathways (9). Kinetic isotope
effects (2), redox potential (10) and radical probes (3, 11) have highlighted possible reaction
mechanisms for the individual steps. X-ray crystal structures of P450 2B4 (1) and P450 2B6
(12) have helped to explain the broad substrate specificity of these enzymes and have also
shown that these enzymes have considerable plasticity. Unfortunately, these X-ray crystal
studies were limited to tight binding ligands, so the relationship between the X-ray crystal
structures and weakly-bound N-dealkylated P450 2B substrates remains less clear.

Therefore, the non-steroidal anti-inflammatory drug (NSAID) amidopyrine (AP) was
analyzed by NMR and used as a model compound for the N-dealkylation reactions. This
drug was selected because it has been studied extensively in a variety of P450 2B enzymes
and because the products and N-dealkylated intermediates can be easily obtained or
synthesized (13-16). The products and N-dealkylated intermediates may also be easily
obtained or synthesized. Additionally, AP and its metabolites have low affinities for the
enzyme (17-19), and are therefore likely to be in fast exchange with the P450 2B active site,
which was a requirement for the NMR experiments.

Scheme 1 illustrates the N-demethylation reactions of AP by P450 2B enzymes (13). AP
(Scheme 1A) is demethylated oxidatively to DMAP, which is shown in Scheme 1B. Because
of weak binding, DMAP can either be released from the enzyme (20), or undergo a second
demethylation resulting in aminoantipyrine (AAP, Scheme 1C). After release from the P450
active site, AAP is acetylated by the cytosolic arylamine N-acetyltransferase (NAT2) to
form acetylaminoantipyrine (21) and eliminated.

The interactions of AP, DMAP and AAP, which will be referred to as AP and its
metabolites, were examined with the rabbit P450 2B4 isoform for the following reasons. To
begin with, the P450 2B4 enzyme has been the focus of a number of biochemical and
biophysical studies (e.g. 22). Of the mammalian P450s, the most ligand-bound X-ray crystal
structures have been solved for this enzyme (e.g. 23). Unlike the truncated constructs, which
are available for most other mammalian P450s, the truncated variant of P450 2B4 (24) used
in this study is monomeric and soluble, making it more amenable to NMR analysis.

The interaction of AP and its metabolites with P450 2B4 was investigated using two NMR
techniques: saturation transfer difference (STD) and longitudinal (T;) relaxation. Distances
calculated from the T relaxation were used to constrain molecules within the active site of
P450 2B4. A simulated annealing simulation of the complex was performed to ascertain the
time-dependent positions of the metabolites. This combination of results provided, for the
first time, the basis of a structural model of P450 2B-catalyzed N-dealkylation reactions.

Biochemistry. Author manuscript; available in PMC 2012 March 29.
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Materials and Methods

Materials

Unless otherwise specified, all the chemicals were purchased from Sigma-Aldrich (St.
Louis, MO). 4-Aminoantipyrine hydrochloride was purchased from Acros Organic (Geel,
Belgium). The materials used for the protein purification were the same as described
previously (12, 23).

Synthesis of Desmethylamidopyrine (DMAP)

The synthesis of DMAP is shown in Scheme S1 in the Supporting Information. The products
of the reactions were analyzed by 1H and 13C NMR using a JEOL 500 MHz (JEOL Ltd.,
Tokyo, Japan) NMR spectrometer and a 100 MHz Varian NMR spectrometer (Varian, Inc.,
Palo Alto, CA), respectively. First, the compound 4-aminoantipyrine hydrochloride (1.916
g, 8 mmol, 1) was dissolved in 80 mL of CH3Cl and diisopropyl ethylamine (1.8 mL, 8
mmol) was added dropwise. When the starting material was completely dissolved (3 min),
acetic anhydride (1.51 mL, 16 mmol) and NiCl, (0.056 g, 0.24 mmol) were added. The
reaction progress was monitored by thin-layer chromatography (TLC) with a mobile phase
comprised of a 9:1 mixture of ethyl acetate and methanol mixture for 10 min. After the
reaction was completed, the product was dried under vacuum. The acetylated product 2 was
purified by flash-chromatography, using a CombiFlash Companion System (Teledyne Isco,
Inc., Lincoln, NE) on silica gel with ethyl acetate and methanol gradient. The yield of the
resulting white powder was 1.916 g (98.5%): IH NMR (500 MHZ, CDCl3) 5 (s, 1H), 7.48-
7.43 (m, 2H), 7.36 (dd, J = 1.1, 8.4 Hz, 2H), 7.30 (dt, J = 1.1, 8.5 Hz, 1H), 3.08 (s, 3H), 2.21
(s, 3H) and 2.07 (s, 3H) ppm; 13C NMR (100 MHz, CDCl5) 5 170.86, 161.16, 152.19,
134.68, 129.08, 126.61, 123.97, 113.21, 35.35, 21.04, 13.89.

Compound 2 (0.98 g, 4 mmol) and NaH (60% oil by wt., 0.288 g, 4.8 mmol) were placed in
a two-neck round bottom flask under nitrogen and dry THF was added. The reaction mixture
was cooled to 0°C and methyliodide (0.3 ml, 4.8 mmol) was added. The reaction was
brought to ambient temperature overnight. Solvent was removed under vacuum and the
methylated product 3 was purified by flash-chromatography using a CombiFlash
Companion System on silica gel with a ethyl acetate and methanol gradient. The yield of 3,
which was a yellow oil, was 0.89 g (86%): 1H NMR (100 MHz, DMSO-dg) & 7.53-7.94 (m,
2H), 7.37-7.75 (m, 3H), 3.13 (s, 3H), 2.96 (s, 3H), 2.22 (s, 3H), 1.83 (s, 3H); 13C NMR (400
MHz, DMSO-dg) 6 170.86, 161.16, 152.59, 134.68, 128.08, 126.61, 123.97, 113.21, 135.35,
121.04, 13.99, 10.08.

Compound 3 (0.89 g, 3.4 mmol) was refluxed in 30 mL of water containing 0.57 mL (6.8
mmol) of HCI overnight. The solution was neutralized with NaHCO3 and lyophilized.
DMAP (4) was purified by flash-chromatography using CombiFlash Companion System on
C-18 column with H,O and methanol gradient. The yield of 4 was 0.63 g (85%) and the
purity of the resulting yellow oil was >95% by NMR: 1H NMR (500 MHz, CDCl3) § 7.49-
7.40 (m, 4 H), 7.24 (ddd, J = 1.4, 2.9, 7.5 Hz, 1H), 2.86 (s, 3H), 2.82 (s, 3H), 2.25 (s, 3H).

Protein Expression and Purification

The N-terminal truncated P450 2B4 with an H226YY mutation to prevent dimerization (25)
was expressed in Escherichia coli TOPP3 cells as described previously (23). Protein
purification was carried out essentially as in (12). The P450 concentration was measured
using reduced P450 with CO (CO-reduced) difference spectra and a molar extinction
coefficient of 91 mM~1 cm™1 (26). The purity of the enzyme judged from sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and A417/A2g ratios was >95%.

Biochemistry. Author manuscript; available in PMC 2012 March 29.
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Binding Titrations of AP, DMAP and AAP to P450 2B4

The UV-visible spectra of P450 2B4 in the presence of AP and its metabolites were
measured with a S2000 single channel charged-coupled device (CCD) rapid scanning
spectrometer (Ocean Optics, Inc., Dunedin, FL.) with L7893 deuterium and halogen light
source with fiber optic cable (Hamamatsu, Inc., Bridgewater, NJ) (27). All titrations were
performed in 500 mM potassium phosphate buffer (KPi), pH 7.4. Because of interference in
the absorbance spectra from DMAP, titrations with the metabolite were performed at
concentrations of P450 2B4 of 20 uM or greater in 0.5 or 0.1 cm path length cuvettes. The
concentration-dependent titration curves were fit with the scientific analysis package Igor
6.1 (Wavemetrics, Inc., Lake Oswego, Oregon) to the equation for the equilibrium of
bimolecular association (28):

([EI+[LI+K)) - \/([E]+[LJ+KD)2 —4[E][L]
A=A max +Offset
2[E] (1)

where A is the absorbance amplitude in units of molar extinction coefficient (uM~1 cm™1),
Amax is the maximum absorbance amplitude in units of molar extinction coefficient (uM™1
cm™1), E is the enzyme concentration, L is the ligand concentration, Kp is the dissociation
constant and an Offset is a constant that compensates for small errors in the absorbance
measurement, but was always close to 0. In addition to fitting the titrations, the absolute
absorbance spectrum of P450 2B4 with saturating concentrations of the AP and its
metabolites were fit by least squares method using software written in the Python
programming language (Version 2.6) to a linear combination of low spin (LS), LS with
imidazole (LSimidazole), high spin (HS) and ferric P420 (P420) heme spectral standards as
described previously (29, 30). The LSimidazole Spectral standard represents the model heme
spectrum for a nitrogenous ligand coordinated to the heme.

Longitudinal (T1) Relaxation and Saturation Transfer Difference (STD) NMR of AP and its
Metabolites Bound to P450 2B4

NMR experiments were performed on a 600 MHz Bruker Avance I11 (Bruker Daltonics Inc.,
Billerica, MA, USA) with a three-channel (*H,13C,15N) cryoprobe at 25°C. A relaxation
delay of 15 and 30 s was used for the oxidized and reduced anaerobic samples, respectively.

T, relaxation measurements were employed to orient metabolites of AP in the active site of
P450 2B4 as described previously (e.g. 31, 32). It was measured using a 180° inversion
recovery pulse followed by WATER suppression by GrAdient Tailored Excitation
(WATERGATE) (33) or excitation sculpting (12). Details of the inversion recovery
experiment are described in (34). The inversion recovery pulse program and parameters
were obtained from Dr. Gerhard Wagner’s pulse sequence library at
http://gwagner.med.harvard.edu/intranet/nmr/wwwpslib/GW _pulse_relax.html. For these
experiments, P450 2B4 was dialyzed once against 500 mM KPi at pH 7.4 and then twice
against deuterated 500 mM KPi, pH 7.4. NMR samples had 1.0 mM of each of the
molecules and 40 uM of the dialyzed P450 2B4 in 500 KPi at pH 7.4 with 99% DO as the
lock solvent. Paramagnetic samples with the P450 2B4 heme in the Fe3* state were prepared
by purging the sample under a flow of argon in a sealed 5 mm NMR tube for 2 h.
Diamagnetic samples with the P450 2B4 heme in the Fe?* state were obtained by gently
bubbling the sample under CO for ~2 min and then reducing it with dithionite prior to
purging with argon for 2 h. For both paramagnetic and diamagnetic samples, a BD anaerobic
indicator strip (BD Biosciences, San Jose, CA, USA) was used to ensure an anaerobic
environment of the samples. Samples that became aerobic during the experiment, as judged
by the anaerobic indicator strip, were excluded from the analysis. Shifts in the NMR peaks

Biochemistry. Author manuscript; available in PMC 2012 March 29.
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of AP and its metabolites in the presence of oxidized and reduced P450 2B4 showed that the
binding of these ligands was in fast exchange (see the Results and Figure S2 of the
Supporting Information).

STD NMR has previously been used to probe the interactions of ligands to proteins by
selective excitation of the protein that is transferred to the ligand (35, 36). In this study, the
technique was used to map the interactions of AP and its metabolites to P450 2B4. A
saturation transfer pulse sequence was used (35) with a WATERGATE or excitation
sculpting (33, 37) pulse sequence following the train of 50 ms saturation pulses. Details of
the pulse sequence and parameters can be found in (35). Diamagnetic samples were
prepared as described above, except that the samples contained 500 mM KPi, pH 7.4 with
10% D,0. The percent of STD (%STD) transfer was calculated by dividing the amplitude of
the STD NMR peaks against the analogous peaks in the WATERGATE NMR spectrum
under the same conditions. The %STD was monitored over time and fit to a single
exponential function in Igor Pro 6.1.

Background Subtraction, and Deconvoluting NMR Spectra

NMR data were processed using the NMR processing software package iNMR
(http://lwww.inmr.net). NMR peaks of AP and its metabolites were initially assigned using
the TH proton NMR spectrum of AP in CDCl3 from the Spectral DataBase System for
organic compounds (SDBS) and using NMR Predictor (38). The final NMR peak
assignments were determined using the NMR peak positions, the integrated intensities of the
NMR peaks and the splitting of the NMR peaks. The NMR spectra were then translated into
ASCII text format and imported into the scientific analysis package lgor Pro 6.1. The
background and baseline were subtracted from the NMR spectra using software written in
the Python programming language and integrated into Igor Pro 6.1. The NMR spectra were
then fit to a linear combination of gaussian, lorentzian or voigt line shapes (39-42) using the
multiple peak fitting package of Igor Pro 6.1 and a least-squares fitting program written in
Python using the numpy Python module. These fitted curves were used as standards for the
singular value decomposition (SVD) analysis.

Singular Value Decomposition (SVD) Analysis for the T, Relaxation and STD NMR

experiments

SVD analysis with standards was used to measure the amplitudes of the NMR peaks from
the T relaxation and STD NMR experiments (43-46). The SVD algorithm was written in
Python using the numpy Python module and integrated into Igor Pro 6.1. This method
gauged the peak amplitude more accurately than measuring the peak amplitude directly or
integrating the peak. The SVD-derived amplitudes for the T1 relaxation and STD
experiments were fit to a single exponential function in Igor Pro 6.1. The derived fitting
parameters provided the %STDyax for the STD experiments and the relaxation rates for the
T1 relaxation experiments.

Calculating the Apparent Distances (rapp) from the T, Paramagnetic Relaxation Rates (Rp)

The T, paramagnetic relaxation rate (Rp) was experimentally determined by measuring the
differences between the NMR longitudinal relaxation rate between oxidized P450, where the
heme was in the Fe3* state, and reduced P450, where the heme was in the Fe?* state. This
relationship can be represented mathematically by Rp = Rre3+ — Rco-Fe2+, Where Rp is the
paramagnetic relaxation rate, Rges+ is the relaxation rate of the oxidized P450 and Rco-peo+
is the relaxation rate of CO-reduced P450. The model-dependent relaxation rate (Ryy) is
dependent on the fraction of ligand bound to the protein and can be expressed
mathematically as Rp=aRp, Where o is the fraction of ligand bound with respect to total
ligand concentration ([L]) and Ry, is the model-dependent relaxation rate. For a single

Biochemistry. Author manuscript; available in PMC 2012 March 29.
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ligand binding model, a is equal to ([E]/(Kp+[L]), assuming a single ligand binding model.
The paramagnetic relaxation rate is related to distance by the Solomon-Bloembergen
equation (SI Units) (34, 47-50):

3t 61,

1 2 ’+l+ 2 2+1 2.2
+Hwy —wp)T7 WTe I+ (wy+w,) T (2)

T

C C C

2 (/ﬂ);yigfuﬁS(SH)

P15 \4n

6
Tapp

where pg is the magnetic permeability of free space, yy is the nuclear gyromagnetic ratio, ge
is the electronic g-factor, ug is the Bohr magneton, rap is the apparent time-averaged
electron-nuclear distance, t¢ is the correlation time for the nuclear-electron interaction
vector, which is dominated by the electron spin relaxation rates, S is the electronic spin
quantum number, and oy and og are the radial frequencies of the nucleus and electron,
respectively. The S(S+1) term accounts for the fractional spin state of the P450. For mixed
spin state systems (51), S(S+1) is equal to 8.75f45+0.75f 5, where fyg and f_ g are the
fraction of high spin (HS) and low spin (LS) (52, 53).

Eq 2 neglects chemical equivalence of the protons with the implicit assumption that all
protons associated with an NMR peak are exactly the same distance from the heme.
Chemical equivalence has been treated previously for parallel and perpendicular orientations
of P450-bound aromatic functional groups (51, 54), but never generalized for P450s. The
relationship between the rap, and the distances of the individual protons are shown below
with n and r,, representing the number and the distances of those chemically-equivalent
protons, respectively.

1¢ 1
-6 _ 2: 6.1 -6
Yapp= ; Iy = ;rmin
0 3)

The rmin is the minimum distance of a proton from group of chemically-equivalent protons.
In eq 3, the ryin ° is approximately equal to the sum of r, 8, since longer distances have a
negligible contribution to the sum. The relationship between Rp and Ry, is simply:

1
R,,:;()/R,,

(4)

The Effect of Ligand Dynamics on Rp, rapp and rayg

Because of ligand dynamics and the fast exchange requirement for these measurements, the
distances calculated from this analysis are not likely to represent absolute distances, but
time-averaged distances weighted toward the shortest distance. In this study, the time
averaging of distances of mobile nuclei and paramagnetic species was accomplished using
the ensemble approach (46, 55, 56). The time-dependent ensemble averaging equations of
the Rp, R and rapp are shown in eq 5, where Aty is the fraction of time, t is the total time
and f; is the fraction of time at an individual distance. The left part of eq 5 shows that Rp is
linearly related to the individual relaxation rates, whereas the rapp has rb dependence in the
right part. This will skew rap, toward the shortest distance, whereas the Rp and Ry will
remain linear. For a molecule that fluctuates, the average distance (rayg, €q 6) is quite
different than rapp, which is shown below. Like Rp and Ry, the rayq is linear with respect to
the individual distances (ry) in contrast to rapy. To demonstrate the effect of time averaging
0N Iapp, @ simulation of rapp, rayg and Rp is presented in the Supporting Information.

Biochemistry. Author manuscript; available in PMC 2012 March 29.
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Molecular Docking using Distance-Restrained Simulated Annealing of AP and its
Metabolites to P450 2B4

Distance-restrained simulated annealing, which is a type of molecular dynamics (MD)
simulation, is a tool commonly employed in the refinement of NMR structures and
complexes (57, 58). The technique was used here to determine the preferred orientations of
the molecules in the active site of the X-ray crystal structure P450 2B4 (PDB ID: 1SUO,
(59)) using the distances calculated from the Rps as described for other systems (60-62).
Residues that were missing from the X-ray crystal structure were added using the homology
modeling program Modeller (63) and the amino acid sequence of the truncated construct of
P450 2B4 (59). AP and its metabolites were each then manually docked into the X-ray
crystal structure of P450 2B4 without ligands using the PyMOL Molecular Graphics
System, Version 1.2r2 (Schraédinger, LLC.). Distance-restrained simulated annealing and
energy minimization of P450 2B4 and the substrates was performed with the software
package Groningen MAchine for Chemical Simulation (GROMACS) Version 4.07 (64).
The complexes of the AP and its metabolites and P450 2B4 were simulated with the
GROMOS 96 53a6 force field (65). A derivation of the force field parameters and charges
of the heme with a spherical iron in the GROMOS 53a6 forced field are described in (66).
The particle-mesh Ewald (67) method was used for electrostatics with position restraints
placed on the a-carbon backbone during the simulated annealing. The molecules were
restrained to P450 2B4 using the NMR calculated distances from Table 1. A time constant
of 50 ps was applied to the distance restraint to allow the molecule to move in the active site
during the simulation, since the calculated distances reflect multiple orientations of the
substrates in the P450 2B4 active site. Prior to the simulation, the molecule was energy
minimized using the steepest descent method to eliminate Van der Waals contact. The
system was then heated to 800 K and cooled to 300 K in 150 ps and allowed to equilibrate
for 100 ps at 300 K. Snapshots of the molecules bound to P450 2B4 were taken during the
last 50 ps of the MD simulation and used to show the binding modes of the molecules.

Results and Discussion

UV-visible Spectroscopy of P450 2B4 in the Presence of AP and its Metabolites

The P450 heme absorbance spectrum is sensitive to ligand binding and solution conditions
and is composed of overlapping spectra of the HS (+5/2) and LS (+1/2) states of the heme.
The fraction of LS and HS was estimated using heme absorbance standards as described in
the Materials and Methods (29, 30). The binding affinity was determined directly by
monitoring ligand-induced heme absorbance changes with absorbance difference spectra
(26, 68) or indirectly by analyzing competition with benzphetamine (BP) (69).

Figure 1 shows the absolute absorbance spectra of P450 2B4 with fits to absorbance
standards in the presence of saturating AP, DMAP, AAP or BP. In all cases, the correlation
coefficient was >0.997, indicating very accurate fits. The concentration of P420 by fitting
was < 20% in all the samples. In the absence of ligands, the %LS and %HS determined from
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the absolute absorbance spectrum in Figure 1A were 77% and 23%, respectively. In the
presence of saturating BP (Figure 1B), HS increased by 20% to 43%. The increases in HS
generally indicate displacement of the heme-bound water (70). In contrast, AP induces very
little change in the spin state of the P450 2B4 heme. The %LS increased less than 2% to
79%. It is unclear from the analysis whether the small increase in %LS is due to stabilization
of a heme-bound water, weak interaction with AP or merely an artifact of fitting. The effects
of saturating DMAP on the P450 2B4 heme absorbance were more dramatic. The fit of the
absolute absorbance spectrum revealed an increase of 11% in the HS state to 34%,
indicating displacement of heme-bound water. The best fits of the absolute absorbance
spectrum of P450 2B4 in the presence of the product AAP were obtained with LS,
LSimidazole @nd HS standards. Because of similarities between the LSjmigazole ahd P420
spectral standards, [P420] could not be accurately measured in this case. Therefore, the %LS
should be considered approximate. The %LS and %L Simidazole Was approximately 41%
each, indicating an incomplete shift to 82% LS by weak interaction of the ligand (71) or
stabilization of the heme-bound water complex (72).

Figure 2 shows the UV-visible analysis of P450 2B4 in the presence of the AP, DMAP,
AAP or the probe substrate BP. BP caused an increase at 386 nm and decrease at 421 nm in
the difference spectra (Figure 2A) that was characteristic of a type-1 absorbance difference
spectra (68). The resulting binding curve was fit to eq 1 with a Kp of 34 uM + 10 uM and a
AAmax 0f 0.014 + 0.003 uM~1ecm™1, which is in line with previously estimated Kps for BP
of 40-121 uM (4, 22, 73).

In contrast, the absorbance changes of P450 2B4 in the presence of AP were quite minute
(Figure 1C), so the binding of AP was analyzed indirectly using BP as a probe substrate.
Figure 2B shows the affect of AP on the Kp of BP. Increasing the [AP] causes a linear
increase in Kp of BP to 1.7 mM = 0.2 mM at 64 mM AP. By linearly extrapolating through
the points, a Kp of 2.0 + 0.1 mM was estimated, which correlates well with Ky, values
obtained from AP kinetics of ~2 mM (17, 18).

The absorbance difference spectra of P450 2B4 in the presence of DMAP are shown in the
left panel of Figure 2C. DMAP induced a type | absorbance change with increases and
decreases at 383 nm and 419 nm, respectively (68). Fitting the binding curve to eq 1 gives a
Kp and AAmay 0f 3.2 £ 0.6 mM and 0.015 + 0.008 pM~1ecm™1, respectively and is very
similar to values determined previously (19).

The difference spectra of P450 2B4 in the presence of AAP showed a decrease at 411 nm
and an increase at 434 nm that was characteristic of type Il absorbance difference spectra
(68). A Kp of 2.6 + 0.4 mM and AApzx 0f 0.0080 + 0.0002 puM~1cm™1 were estimated from
fitting the binding curve.

NMR Assignment of AP and Its Metabolites

Figure 3 shows the 1D TH NMR spectrum of DMAP showing seven well-defined NMR
peaks. Three NMR peaks, two triplets and one doublet, in the aromatic region of the
spectrum between 7 and 8 ppm were assigned to the phenyl ring of DMAP. One triplet was
centered at 7.60 ppm (J = 7.4 Hz), while the other triplet was centered at 7.55 ppm (J = 7.3
Hz) with half the peak area of the first triplet. From the splitting and the relative area of the
NMR peak centered at 7.6 ppm, it was assigned to the protons at positions 3’ and 5’ on the
phenyl ring. This triplet is most likely a doublet of doublets, since in equivalent nuclei flank
the protons at these positions. By process of elimination, the peak at 7.55 ppm was assigned
to the proton at position 4'. The remaining protons at 2" and 6’ of the phenyl ring were then
assigned to the doublet centered at 7.39 ppm (J =7.4 Hz). In contrast, the methyl groups of
the pyrazolone ring formed singlets in the NMR spectrum. The peak areas of these singlets
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were virtually identical. No additional peaks reflecting contamination from the amidopyrine
metabolites were observed. From the NMR spectrum of AP in the SBDS database, the
methyl groups at positions 1 and 5 were assigned to 3.14 and 2.30 ppm, respectively. The
remaining methyl at position 4, which is metabolized by P450 2B4, was assigned to the
NMR peak centered at 2.64 ppm and is upfield of the analogous peak in the AP NMR
spectrum that was centered at 2.68 ppm in this study (data not shown) and at 2.784 ppm in
the SDBS database. The amide proton of the desmethylamido group was absent from the
NMR spectrum because of exchange broadening. NMR spectra of AP and AAP were
virtually identical with small deviations in the peak positions, so they were given the same
relative assignments (data not shown).

Saturation Transfer Difference (STD) NMR to Probe the Interaction of AP and its
metabolites and Diamagnetic P450 2B4

Saturation transfer difference (STD) NMR has been used to probe ligand-protein interaction
for drug screening, epitope mapping and fragment-based drug design for ligands with Kps in
the 10s of nM to mM range (35, 74, 75). The efficiency and the degree of saturation transfer
depends on the orientation and position of the ligand with respect to the protein. In this
study, STD NMR was used to probe the interaction of the molecules with CO-reduced P450
2B4 and was complementary to the T relaxation measurements.

Figure 4 shows the analysis of the AP, DMAP and AAP by STD NMR. The STD NMR
spectrum of DMAP with 2 seconds saturation is shown in Figure 4A. The STD NMR
spectrum looked distinctly different from the 1H proton NMR spectrum shown in Figure 3.
These differences indicated specific interactions between DMAP and P450 2B4. Most
noticeably, the methyl NMR peaks numbered 1, 4 and 5 were no longer of equal amplitude.
The N-linked methyl at position 1 had the strongest STD signal over the other two peaks. To
determine the maximum amount of saturation, %STD was monitored as a function of time.
Figure 4B shows %STD for the NMR peak of the N-linked methyl at position 4. Because the
maximum %STD (%STDyax) was not achieved with 2 s of saturation and longer saturation
could potentially damage the cryoprobe, the %STDyax Was estimated by fitting to a single
exponential function. The function fits to the curve with a saturation transfer rate of ~0.5
sec! and a STDyax Of 6.3%:+0.3%.

Figure 4C shows the %STDyax for the NMR peaks of AP, DMAP and AAP. The relative
amplitudes of %STDyax Were similar for all the ligands, suggesting that they occupy
similar niches within the P450 2B4 active site. The %STDyax Was highest for the N-linked
methyl at position 1 on the pyrazolone ring for all the molecules with values between 30 and
40%. In contrast, the other methyls had the weakest interaction with %STDpax under
12.6%. The saturation transfer between the phenyl ring protons and P450 2B4 was
intermediate with %STDpax between 12-20%.

T, Relaxation NMR was used to Estimate the Orientation of AP and its Metabolites in the
P450 2B4 Active Site

A waterfall representation of individual 1D proton NMR spectra that comprise the Ty
relaxation NMR experiment (Figure 5) shows that at short inversion recovery times the
peaks are positive, but decrease as the inversion recovery time is increased. At long
inversion recovery times, the absolute amplitude is similar to that at short inversion recovery
times, but in the opposite direction. In Figure 5B, the 1D proton NMR spectrum and at an
inversion recovery time of 10 s were fit by the least squares method to NMR peak standards
(e.g. 76). In all cases, the residuals from the data and the fit were minute with the correlation
coefficients were 0.98 or greater. Using the simulated peaks and the NMR spectra, the
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inversion recovery time was analyzed using the SVD method and fit to a single exponential
function in Figure 5C with a %2 of 6.4 x 1074,

Table 1 shows the relaxation rates and calculated distances that were determined from the
SVD analysis. The first three columns show the Rges+, Rre2+.co and the difference, which
is the Rp. Because of chemical equivalence, Ry values in column 4 were calculated from the
Rp using eq 4. The rates varied as much as 5 fold between protons. Using the Solomon-
Bloembergen equation (eq 2) and treatment described in Materials and Methods, rapp and
I'min Were calculated and shown in the last two columns. Taken together, the distances can
vary as much as 4 A depending on the orientation of the ligands in the active site. Because
of the r® distance dependence, chemical equivalence and time averaging, the rapp from the
relaxation will be less dispersed and less sensitive to orientation than Ry.

Because of higher sensitivity of Ry, with respect to orientation and position of AP and its
metabolites, the Ry of these molecules was analyzed in Figure 6 with respect to the 4’
proton of the phenyl ring. Positive and negative values indicate that the proton is closer and
farther from the heme than the 4’ proton, respectively. Large differences in %ARy, for some
of the protons on the phenyl and pyrazolone rings suggest that at least one axis of each of
these groups was perpendicular to the heme. Consistent with metabolism of the N-linked
methyls of AP and DMAP, this functional group was closest to the heme with relaxation
rates that were 50-200% greater than Ry, of protons on the phenyl ring. For these molecules,
the %AR), of the 2'/6’ protons and methyl at position 1 were also similar, indicating that
they were relatively parallel to the 4’ proton. In contrast, the %AR, of the 3'/5" proton and
the methyl at position 5 of DMAP was parallel like AAP, while the methyl at position 5 was
farther away from the heme for AP. Unfortunately, because of chemical equivalence and
time averaging, this analysis provided no information on how these molecules are
specifically sequestered in the P450 2B4 active site or its relationship to the STD NMR.

Models of AP and its metabolites bound to P450 2B4

To determine the orientation of AP and its metabolites within the active site, the molecules
were restrained in the active site of P450 2B4 using the distances calculated from the Rps.
Simulated annealing of the complex was used to identify binding site(s) of these molecules.

The MD snapshots of the last 50 ps at 300K are shown in Figure 7 for AP, DMAP and AAP.
In all cases, they occupy similar niches within the P450 2B4 active site, which correlates
well with the similarities of the ligands” STD NMR spectra. The phenyl group fits into a
crevasse formed by seven hydrophobic residues: V104, F108, 1114, F115, L238, F297 and
V367. The phenyl group of chlorophenyl imidazole inhibitors in the X-ray crystal structures
of P450 2B4 and 2B6 interact with similar residues, but lies perpendicular to the orientation
of the phenyl group in the AP and its metabolites (12, 59, 77). Mutating V367 causes
significant changes in the binding affinity and metabolic profiles of testosterone and BP (22,
78). The methyl at position-1 on the pyrazolone ring binds in a hydrophobic pocket formed
by 1101, V104, 1209 and VV477. This is the same pocket occupied by chlorines of the
chlorophenyl imidazole inhibitor bound X-ray crystal structures (12, 59, 77). The methyl at
position 5 interacts with a wider hydrophobic pocket formed by residues F206, 1209, V477
and G478. The V477F mutant has strong effects on the regioselectivity of the enzyme
toward testosterone (78). The oxygen at position 3 of the pyrazolone does not directly
interact with any residues, but forms a hydrogen bond with water in the active site for all
three ligands.

The most significant differences in the interactions of these molecules with P450 2B4 were
at the site of metabolism. In the AP-bound model (Figure 7A), the dimethylamido group at
position 4 on the pyrazolone ring rotates in the MD simulation. During the rotation, one of
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the methyls interacts with three residues (i.e. A298, 1363 and the methyl of T302) that are
near the heme. The 1363 residue is the least conserved of these residues. The 1363A
mutation, which is found in rat P450 2B2 (79), increased metabolism of the enzyme toward
testosterone and altered its stereo- and regio-selectivity toward the ligand (78). On the other
hand, mutating T302 to an alanine inhibited dealkylation of BP and 7-ethoxy-4-
trifluoromethyl coumarin (22, 78). The other methyl interacts with F206 and the
hydrophobic section of the side chain of E301 with the carboxylic acid functional group
facing away from molecule. These methyls form a diagonal with respect to the heme plane,
where the amidomethyl bond is positioned within ~7A.

The methyl of the desmethylamido group of DMAP also rotates freely in the MD simulation
(Figure 7B). Like AP, the methyl interacted with A298, T302 and 1363. In this orientation,
the amide of DMAP formed hydrogen bonds with the carbonyl backbone of F297 and the
hydroxyl of T302. The 4-CPI molecule in the P450 2B6 X-ray crystal structure has similar
interactions with residues within the P450 active site (12). The imidazole functional group
of 4-CPI in the X-ray crystal structure of P450 2B6 is hydrogen bonded to the carbonyl
backbone of A297 and the hydroxyl of T302 (12).

The amide functional group of AAP remains relatively fixed during the MD simulation
(Figure 7C). The group forms a hydrogen bond with the oxygen on the pyrazolone
functional group. AAP either interacted weakly with the heme or form hydrogen bonds with
a heme-bound water, which was consistent with the ligand-induced shift of the P450 2B4
heme to LS (see Figures 1E and 2C).

The Mechanism of AP Metabolism

Based on the distance-restrained models presented in Figure 7, a mechanism for AP
metabolism is proposed in Scheme 2. AP and its metabolites occupy very similar
hydrophobic niches within the P450 2B4 active site. The N-linked methyls of
dimethylamido group rotates freely in AP in Scheme 2A between non-catalytic and catalytic
positions. The methyl in the noncatalytic position interacts with F206 and E301, while the
other methyl binds to hydrophobic pocket formed by A298, 1363 and T302 into a catalytic
position, where it is demethylated to DMAP. Because DMAP binds weakly, the molecule
can migrate out of the active site. If the molecule remains bound or rebinds, DMAP can
assume a catalytically inactive orientation with the N-linked methyl of DMAP in Scheme 2B
interacting with F206 and E301. Rather than unbinding and rebinding into a catalytically
active orientation, which is energetically unfavored and inefficient, the methyl rotates, until
it binds to the hydrophobic pocket near to the heme in Scheme 2C. To stabilize the
molecule, the amide of DMAP forms hydrogen bonds with backbone of F297 and a
hydroxyl of T302 and the molecule is demethylated again to form AAP in Scheme 2D. The
amide of AAP is stabilized by a hydrogen bond to the oxygen of the pyrazolone ring. Both
the hydrogen and the oxygen interact weakly with either the heme or an intervening heme-
bound water. AP or the intermediate DMAP exchanges with AAP and the process is
repeated. This model may also explain the sequential metabolism of tighter binding ligands
such as lidocaine (6) by allowing the rotation and metabolism of the N-linked alky! groups
without unbinding.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

AAP aminoantipyrine

AP amidopyrine

BP benzphetamine

P450 cytochrome P450

P450 2B4 cytochrome P450 2B4

P450 2B6 cytochrome P450 2B6

CCD charged-coupled device

DMAP desmethylamidopyrine

HIV human immunodeficiency virus

HS high spin

IUPAC International Union of Pure and Applied Chemistry

KPi potassium phosphate

LS low spin

NAT2 arylamine N-acetyltransferase

NMR nuclear magnetic resonance

NSAID non-steroidal anti-inflammatory drug

P420 ferric P420

Rm model-dependent relaxation rate

Rp paramagnetic relaxation rate

SDBS Spectral DataBase System for organic compounds

STD saturation transfer difference

T, relaxation longitudinal T4 relaxation

TLC thin-layer chromatography

WATERGATE WATER suppression by GrAdient Tailored Excitation
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Figure 1. Least-Squares Fitting of the Absolute Absorbance Spectra of P450 2B4 with AP,
DMAP, AAP and BP
The spectra (gray lines), fits (thick black lines) and standards (dotted lines) are shown with
A) no ligands, B) 256 uM BP, C) 15 mM AP, D) 24 mM DMAP and E) 15 mM AAP. The
P450 2B4 concentration was 74 uM for the spectra with DMAP and 5 uM for the rest of the
samples. The high spin (HS), low spin (LS), ferric P420 (P420) and LS with imidazole
(LSimidazole) UV-Vvisible heme absorbance standards are labeled.
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Figure 2. Analysis of UV-visible Absorbance Changes of P450 2B4 in the Presence of A) BP, B)
AP, C) DMAP and D) AAP

Difference spectra and binding curves of the P450 2B4 heme with BP, DMAP and AAP are
shown in the left and right panels, respectively. Panel B shows the effect of AP on the Kp of
BP (squares) with an extrapolated line used to estimate the Kp. The concentration of P450
2B4 was 5 uM in the presence of AP and AAP. Because of interference from the DMAP
absorbance, the UV-visible spectra were measured at 20 uM P450 2B4 and 74 uM P450 at
<24 mM and 24 mM DMAP, respectively. The binding curves in the right panels were made
by monitoring the maximum heme absorbance change as a function of ligand concentration.
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Figure 3. 1D IHNMR Spectrum of 1.0 mM DMAP in 99% D,O
The peaks are labeled according to Scheme 1B.
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saturation time. C) %STDpax Vversus proton peaks for AP (black), DMAP (gray) and AAP

(white).
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Figure 5. NMR relaxation of 1 mM DMAP in the presence of 40 pM reduced P450 2B4

A) Waterfall graph of the 1D proton NMR spectra at various inversion recovery times with
the background and baseline subtracted. B) 1D proton NMR spectra at inversion recovery
time of 10 s (10 s) with least squares fit (fit) and residual (res). C) SVD analysis of the N-
linked methyl peak at position 4 as a function of inversion recovery time.
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Figure 6.

Relative % differences in the Ry (ARpm%) of AP (black), DMAP (gray) and AAP (white).
The ARy % was calculated with respect to the 4’ proton of the phenyl ring.
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Figure 7. Distance-restrained model of A) AP, B) DMAP and C) AAP to P450 2B4
The left column shows the MD snapshots of these molecules. To differentiate the protein
residues from the ligand, the carbons are colored green and orange, respectively. The heme
is colored red. For clarity, only one of the MD snapshots of P450 2B4 is shown and residues
1101, V477 and G478 are hidden from view. On the right column are cartoon representations
of the figures that are shown on the left. The heme is labeled and shown as a circle and a
line. Hydrogen bonds are represented by dotted lines.
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C
@\'& P450 2B @\%\CH P450 2B @\/&'\Q

Scheme 1. Metabolism of amidopyrine

A) Amidopyrine (AP), B) desmethylamidopyrine (DMAP) and C) aminoantipyrine (AAP)
are shown. The International Union of Pure and Applied Chemistry (IUPAC) numbering of
the pyrazolone and the phenyl ring are shown in B).
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Scheme 2.

Cartoon model of AP metabolism. The diagram shows A) AP, B) DMAP in a catalytically-
inactive position, C) DMAP in a catalytically-active position and the product AAP. The
thick lines denote hydrophobic crevasses and pockets of P450 2B4, while dashed lines are
hydrogen bonds between residues of P450 2B4 and DMAP. The catalytic and non-catalytic
positions of the methyl are labeled in A). The heme is labeled and is shown as a circle and a
line.
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