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Abstract

Despite recent advances in atomic level understanding of drug and inhibitor interactions with
human cytochromes P450, the decades-old questions of chemical and structural determinants of
hydrocarbon binding are still unanswered. (+)-a-Pinene is a monoterpene hydrocarbon that is
widely distributed in the environment and a potent P450 2B inhibitor. Therefore, a combined
biophysical and structural analysis of human P450 2B6 interactions with (+)-a-pinene was
undertaken to elucidate the basis of the very high affinity binding. Binding of (+)-a-pinene to the
P450 active site was demonstrated by a Type | spectral shift. Thermodynamics of ligand binding
were explored using isothermal titration calorimetry and compared to those of P450 2A6, which is
much less flexible than 2B6 based on comparison of multiple X-ray crystal structures. Consistent
with expectation, entropy is the major driving force for hydrocarbon binding to P450 2A6, as
evidenced by the calorimetric results. However, formation of the 2B6-(+)-a.-pinene complex has a
significant enthalpic component. A 2.0 A resolution crystal structure of this enzyme ligand
complex reveals that the highly plastic 2B6 utilizes previously unrecognized rearrangements of
protein motifs. The results indicate that the specific components of enthalpic contribution to ligand
binding are closely tied to the degree of enzyme flexibility.

INTRODUCTION

Cytochromes P450 (P450, EC 1.14.14.1) comprise a superfamily of heme-thiolate enzymes
that oxidize a diverse range of endogenous chemicals, pharmaceuticals, and xenobiotics.!
Utilizing molecular oxygen and NADPH in conjunction with an oxidoreductase, P450
enzymes catalyze a diverse variety of chemical reactions, the most common being
monooxygenation.2 This reaction generally increases the water solubility of the target
compound. Over the past decade, structural analysis of human and other mammalian P450s
has provided crucial insights into the determinants of potent and selective binding of a
variety of drugs.3-6 Despite the broad range of substrates, the P450 fold is highly conserved
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within the superfamily.37 Adaptation to molecules upon ligand binding reflects the notable
plasticity of some of these enzymes.

Members of the P450 2B subfamily were among the first mammalian microsomal P450s
isolated and characterized and have served as a model for investigation of mechanisms of
gene activation mediated by drugs and other exogenous compounds and for exploration of
the structural plasticity of mammalian drug metabolizing P450s.8% In humans, 2B6 is found
in the liver, lung, kidney, and brain, and it prepares a chemically diverse set of compounds
for clearance in addition to metabolizing many endogenous compounds.1911 P450 2B6 also
exhibits potent inhibition by a wide variety of compounds ranging from 4-(4-
chlorophenyl)imidazole to itraconazole.12:13

Biochemical and biophysical investigations of this subfamily of enzymes have focused on
protein-ligand and protein-protein interactions and the catalytic mechanisms of mammalian
monooxygenases.®14 In addition, the discrete amino acid substitutions responsible for
marked species differences seen across the P450 2B subfamily have been established.14
Enzyme plasticity has also been demonstrated by X-ray crystallography, isothermal titration
calorimetry (ITC), and hydrogen-deuterium (H-D) exchange coupled to mass spectrometry
(DXMS).%14 Structural studies of P450s 2B have focused on either imidazole inhibitors or
tightly binding drugs. Furthermore, a recent report described a possible mechanism by
which the structurally plastic P450 2B enzymes are able to bind large molecules.®
However, it remains unclear how a single enzyme can bind molecules across a wide range of
sizes (M, roughly 80 — 800) with similar high affinity.

At present, the factors governing how individual human P450s bind and oxidize
environmentally important small molecules, such as organic solvents or certain natural
products, are poorly understood. Previous reports indicated that cyclohexane, r-hexanes, and
several monoterpenes were metabolized by P450 2B enzymes.16-18 Monoterpenes and their
oxygenated derivatives are found in numerous plant oils. These hydrocarbons are used as
odorants, solvents, and as treatment components in alternative medicine, and monoterpene
emissions from terrestrial plants play a major role in atmospheric chemistry.19.20
Additionally, monoterpenes may be prototypical plant toxins that were among the major
driving forces of the evolution of multiple P450s in mammals, including those involved in
drug metabolism.?1

With this in mind, we initiated structural and biophysical studies of the interaction of (+)-a-
pinene (Figure 1) with 2B6. Spectral binding titrations and ITC demonstrated the high
affinity of (+)-a-pinene for 2B6, and the thermodynamic behavior was compared with that
of the more rigid P450 2A6. A 2.0 A resolution X-ray crystal structure of 2B6 in complex
with (+)-a-pinene provides insight into structural adaptations required for 2B6 to bind small
hydrocarbons. After three decades of investigation, the first structure of a human drug
metabolizing P450 complexed with a pure hydrocarbon is presented.

EXPERIMENTAL SECTION

Chemical Reagents

(+)-a-Pinene and (+)-3-carene were obtained from Sigma-Aldrich (St. Louis, MO). CHAPS
(3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate) was purchased from
Calbiochem (EMD Chemicals, San Diego, CA). CYMAL-5 (5-cyclohexyl-1-pentyl-B-D-
maltoside) was acquired from Anatrace (Maumee, OH). Nickel-nitrilotriacetic acid (Ni2*-
NTA) affinity resin was from Thermo Scientific (Rockford, IL). Macroprep CM cation
exchange resin was received from Bio-Rad Laboratories (Hercules, CA). Amicon
ultrafiltration devices were from Millipore (Billerica, MA). The pGro7 plasmid was from
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Takara Bio (Shiba, Japan). Escherichia coli IM109 and TOPP3 cells were from Stratagene
(La Jolla, CA). 3(R)-Hydroxy-7(R),12(R)-bis(ethyloxy)-cholane (234-chol) is a custom-
made facial amphiphile.22 All protein figures were created using PyMOL.23 All chemical
structures were created using MarvinSketch v. 5.10.3, 2012, ChemAxon (http://
www.chemaxon.com).

Protein Expression and Purification

Cytochrome P450 2B6 was expressed in £. coli IM109 cells using the pKK2B6dH (Y226H/
K262R) plasmid and the pGro7 plasmid, containing the GroEL/ES chaperone pair, as
previously described.1%24:25 For purification, the pellet was resuspended in 10% of the
original culture volume in buffer containing 20 mM potassium phosphate (pH 7.4 at 4 °C),
20% (v/v) glycerol, 10 mM 2-mercaptoethanol (BME), and 0.5 mM phenylmethanesulfonyl
fluoride (PMSF). The resuspended cells were further treated with lysozyme (0.2 mg/mL)
and stirred for 120 min at 4 °C, followed by centrifugation for 30 min at 7500 x gin a JA-14
rotor in a Beckman Coulter Avanti J-26 XPI Centrifuge. After decanting the supernatant,
spheroplasts were resuspended in 5% of the original culture volume in buffer containing 500
mM potassium phosphate (pH 7.4 at 4 °C), 20% (v/v) glycerol, 10 mM BME, and 0.5 mM
PMSF and were sonicated for 3 x 45 s on ice. CHAPS was added to the sample at a final
concentration of 0.8% (w/v), and the sample was allowed to stir for 90 min at 4 °C prior to
ultracentrifugation for 45 min at 245,000 x g using a fixed-angle Ti 50.2 rotor in a Beckman
Coulter Optima L-80 XP Ultracentrifuge. The P450 concentration was measured using the
reduced CO difference spectra from the resulting supernatant.28

The supernatant was applied to a Ni2*-NTA column. The column was washed with buffer
containing 100 mM potassium phosphate (pH 7.4 at 4 °C), 100 mM NaCl, 20% (v/v)
glycerol, 10 mM BME, 0.5 mM PMSF, 0.5% (w/v) CHAPS and 5 mM histidine, and the
protein was eluted using buffer containing 10 mM potassium phosphate (pH 7.4 at 4 °C),
100 mM NaCl, 20% (v/v) glycerol, 10 mM BME, 0.5 mM PMSF, 0.5% (w/v) CHAPS, and
50 mM histidine. The P450 containing fractions were pooled, diluted to reduce ionic
strength with buffer containing 5 mM potassium phosphate, pH 7.4 at 4 °C, 20% (v/v)
glycerol, 1 mM ethylenediaminetetraacetic acid (EDTA), 0.2 mM dithiothreitol (DTT), 0.5
mM PMSF and 0.5% (w/v) CHAPS, and loaded onto a Macroprep CM-Sepharose column.
The cation exchange column was washed using low salt buffer containing 5 mM potassium
phosphate (pH 7.4 at 4 °C), 20% (v/v) glycerol, 1 mM EDTA, and 0.2 mM DTT. The
protein was eluted using the wash buffer with 500 mM NaCl. The P450 fractions were
pooled, and the concentration was measured using the reduced CO-difference spectra.26
Cytochrome P450 2A6 was expressed in JIM109 E. coli using the pCW2A6dH plasmid
obtained from Dr. Eric Johnson at the Scripps Research Institute (La Jolla, CA) and as
described above for P450 2B6.

Spectral Binding Titrations

The absorbance spectra were measured with an MC2000-2 multi-channel CCD rapid
scanning spectrometer (Ocean Optics, Dunedin, FL, USA) equipped with one absorbance
and one fluorescence channel, a pulsed Xe-lamp PX-2 light source, and a home-made
thermostated cell chamber with a magnetic stirrer. A semi-micro quartz cell with a stirring
compartment (10 x 4 mm light path) from Hellma GmbH (Millheim, Germany) was used in
the titration experiments. All titration experiments were carried out at 25 °C with continuous
stirring in buffer containing 50 mM potassium phosphate (pH 7.4 at 4 °C), 500 mM NaCl, 1
mM EDTA, and 1 mM tris(2-carboxyethyl)phosphine (TCEP). Ligand was dissolved in
acetone, and total solvent concentration at the end of each titration was less than 1%. A
baseline was recorded between 350 and 700 nm using this buffer. A spectrum was recorded
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after the addition of protein to the buffer. Spectra were recorded after the addition of
aliquots of ligand to the sample cuvette.

Data Analysis

Principal component analysis (PCA) combined with least-squares approximation of the
spectra of principal components with a linear combination of appropriate prototype spectral
standards was used to interpret changes in absorbance spectra in spectral titration
experiments, as previously described.2’:28 The spectral standards used in the titrations
included the spectra of ferric high-spin, ferric low-spin, and ferric P450 states obtained for
full length P450 2B4.28 The spectral dissociation constants (Ks) were generally obtained by
fitting the data to the equation for ligand binding for high affinity ligands 2A A = (A Anax/
[Eo])((Ko + [10] + [£o]) = (Kb + [o] + [Eol)® — 4L Eo][/o])/2) where A Amay is the maximum
change in the fraction of high-spin P450, £ is total enzyme concentration, and £ is total
inhibitor concentration when data are normalized to total P450 concentration using
SPECTRALAB.2" Data for (+)-3-carene binding to 2B6 were fit to the Hill equation.

Dynamic Light Scattering

Prior to ITC experiments, the aggregation state of P450 2A6 and 2B6 in solution was
measured by Dynamic Light Scattering (DLS), as previously described.?® The buffer
contained 50 mM potassium phosphate (pH 7.4 at 4 °C), 500 mM NaCl, 1 mM EDTA, and 1
mM TCEP. Positive controls were bacterial cytochrome P450 eryF (P450gyF), since it is
known to be monomeric in solution, and rabbit P450 2B4, since it is known to be
monomeric in this buffer.39 Experiments were performed on a Zetasizer Nano-ZS (Malvern
Instruments, Worcestershire, UK) instrument. The results were analyzed using the Zetasizer
software, assuming a viscosity and refractive index of water to approximate the solution
conditions. Due to the estimations made to calculate the hydrodynamic radii and the
molecular weight of the aggregate, they should be considered approximate.

ITC Experiments and Data Analysis

ITC experiments were performed on a VP-ITC calorimeter (MicroCal, Inc.). The volume of
the calorimetric cell is 1.4 mL, and the titrations in this paper were conducted by adding the
titrant in steps of 10 pL. Experiments were performed at 25 °C with a 180 s initial delay. All
solutions were thoroughly degassed to prevent bubble formation in the cell from stirring.
Freshly prepared 2B6 was dialyzed extensively against degassed buffer containing 50 mM
potassium phosphate (pH 7.4 at 4 °C), 500 mM NaCl, 1 mM EDTA, and 1 mM tris(2-
carboxyethyl)phosphine (TCEP), as previously reported for rabbit 2B4.30 The protein
concentration was 10 wM, and the ligand concentration was 25 M. Cold methanol was
added to a final concentration of 2 % immediately prior to temperature equilibration. Ligand
stock solutions were prepared in 100 % methanol. Care was taken to prevent methanol
evaporation from each of the solutions. The stability and CO binding properties of the
protein were not altered in the buffer containing 2% methanol for the duration of the ITC
experiments. Protein and ligand samples were quickly preincubated to the required
temperature using a ThermoVac (MicroCal, Inc.) and loaded into the calorimetric cell and
titration syringe, respectively. The titration cell was stirred continuously at 305 rpm.
Reference titrations were carried out by injecting each ligand into buffer alone in the
calorimetric cell, and heat of dilution was subtracted from the ligand-protein titration data.
The binding isotherms were best fit to a one-set binding site model by Marquardt nonlinear
least-squares analysis to obtain the binding stoichiometry (N), association constant (Ka), and
thermodynamic parameters of the interaction using ORIGIN, Version 7. Fitting of the data
to a two-site model or sequential binding model did not improve the fit and yielded
unreasonable error values. When total heme protein concentration was used to calculate
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enthalpic changes, thermodynamic parameters remained unchanged, but the stoichiometric
ratio decreased ~20% for 2B6 and ~10% for 2A6. This observation is consistent with the
proposal of Muralidhara et al. that the 1:1 stoichiometric binding ratio represents the active
pool of P450 determined by reduced CO difference spectra, as shown in the binding of
imidazole ligands to rabbit P450 2B4.30

Protein Crystallization and Data Collection

Following purification, the pooled protein was diluted to a final concentration of 18 wM in
50 mM potassium phosphate (pH 7.4 at 4 °C), 500 mM sucrose, 500 mM NaCl, 1 mM
EDTA, and 0.2 mM DTT. The ligand (dissolved in acetone) was added to the protein
solution to a final concentration of 180 M. In order to prevent the evaporation of the
volatile monoterpene, the solution was confined in a 50 ml plastic centrifuge tube with
minimum void space above the surface of the liquid prior to incubating overnight at 4 °C on
ice. This 2B6 (+)-a-pinene complex was concentrated until the protein concentration
reached 280 M and was supplemented with 4.8 mM Cymal-5, 1 mM (+)-a-pinene, and
0.028% (w/v) 234-chol. The sitting-drop vapor diffusion method was used to screen
crystallization conditions using the Hampton Research Crystal Screen HR2-110. Crystals of
2B6 with (+)-a-pinene were obtained at 18 °C after incubating the protein in a 1:1 ratio with
the precipitant solution containing 0.1 M HEPES sodium pH 7.5 and 1.4 M sodium citrate
tribasic dihydrate for 3-4 days. Crystals were soaked in the above screen solution containing
20% (v/v) sucrose and 0.1 mM (+)-a-pinene for 30 seconds before flash freezing them in
liquid nitrogen. Crystallographic data were collected remotely at Stanford Synchrotron
Radiation Lightsource (SSRL) beam line 7-131 using 1° oscillations over 240 frames and 10
s exposures using a Quantum 315 CCD detector at 100 K. Crystals of 2B6 (+)-a-pinene
diffracted to 2.0 A resolution and data were integrated using iMOSFLM 32 and scaled using
SCALA in CCP4 33,

Structure Determination and Refinement

RESULTS

The structure of 2B6 in complex with (+)-a-pinene was determined using the coordinates of
the 2B6-4CPI structure (PDB ID: 3I1BD) as a starting model in the molecular replacement
program Phaser from the CCP4 software suite. The solvent content, as determined by the
Matthews coefficient analysis, was 61.7% assuming the presence of one molecule in the
asymmetric unit. The output model from Phaser, with the space group P3,21, was subjected
to rigid body and restrained refinement in REFMAC. The model was built manually in
COOT 34 using F,-F,and 2F,-F, electron density maps contoured at 3o and 1o,
respectively. PRODRG server was used to make the library description for (+)-a.-pinene.3°
Iterative refinement was continued until the R-factor and R¢yee Stopped improving. The
model was validated by MOLPROBITY?3¢, which ranked the structure in the 98t percentile
among structures of comparable resolution. There were no Ramachandran outliers or bad
bond lengths or angles in the final model. The crystal structure contained a total of 375
molecules of water, three molecules of CYMAL-5 detergent, one molecule of sucrose, and
protein residues from 28 to 492 with the terminal residue being the first histidine of the C-
terminal 4-His-tag. Coordinates and structure factors were deposited in the Protein Data
Bank (PDB ID: 4191), and the refinement statistics for the above structure are summarized
in Table S1.

Binding of (+)-a-pinene to 2B6 produced a pronounced Type | spectral shift, with an
increase at 390 nm and a decrease at 417 nm, indicating an increase in the high-spin fraction
of the enzyme (Figure S1). The spectral dissociation constant (Ks) of (+)-a-pinene binding
to 2B6 was 0.38 + 0.23 M with a maximal increase in the fraction of high-spin P450 of
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49.3 £ 11.0 % (Table 1). While the binding affinity of this small hydrocarbon for 2B6 is
similar to previously reported values for 4-CP1 (0.19 M), ticlopidine (0.30 .M), and
clopidogrel (0.10 wM), (+)-a-pinene produces a much greater change in the fraction of high-
spin P450 than the latter two compounds (>49 % vs. 2 — 4 %).37:38 The very high affinity
binding of (+)-a-pinene is remarkable for a compound containing no apparent functional
groups to interact with the enzyme. Furthermore, the maximal binding affinity at 298 K of
(+)-a-pinene for 2B6 predicted from its experimentally determined octanol/water
partitioning coefficient (logP) of 4.4439 and based solely on enthalpy of desolvation would
be —1.364xlogP (~ -6 kcal/mol, ~39 wM). This calculated value differs from the
experimentally derived spectral binding affinity by about one hundred-fold.

These results suggested that hydrophobicity (and hence entropy) alone cannot account for
the binding affinity. Therefore, thermodynamic contributions of (+)-a-pinene binding to
2B6 were explored by ITC. ITC provides direct measurement of heat changes in a system,
and analysis of binding isotherms provides the values of thermodynamic parameters. This
technique has previously been used to analyze ligand binding to P450s eryF, 2B4 and
3A4.4041 A representative binding isotherm of 2B6 titrated with (+)-a-pinene (Figure 2A)
shows the decrease in exothermic heat of binding (¢pper panel) and the integrated enthalpic
changes for each injection fit to a one-site binding model (/fower panel). Thermodynamic
constants are reported in Table 1. The stoichiometric binding ratio was 1:1; the Kp value
was ~0.22 wM. Dynamic light scattering (DLS) experiments revealed no significant effect of
the ligand on 2B6 in the conditions utilized for the ITC experiments (Table S1).

Binding of a second hydrocarbon, (+)-3-carene (Fig. 1), to 2B6 was investigated by spectral
titration and 1TC to verify ligand binding and the contributions of enthalpy to ligand
binding, respectively (Table 1). This monoterpene produces a Type | spectral shift upon
binding to 2B6 with an Ssg of 1.60 + 0.14 M and 42.5 + 3.4 % maximal increase in high-
spin P450 content. A representative ITC binding isotherm is shown in Figure 2B, and the
thermodynamic constants are contained in Table 1. The stoichiometric binding ratio was 1:1,
and the Kp was 1.74 £ 0.72 M. As with (+)-a-pinene, binding of (+)-3-carene to 2B6 is
driven primarily by enthalpy.

The results of hydrocarbon binding to 2B6 indicate that enthalpy drives formation of these
complexes, in contrast to the prevailing opinion in the P450 field that favorable entropy is
the critical factor. However, binding behavior with a more rigid P450, namely P450 2A6
(2A6), was explored to assess the role of enzyme flexibility in the thermodynamics of
binding. While substrates of 2A6 or 2B6 are weakly basic or neutral in nature*2 and have
overlapping ranges of relative molecular masses (2A6 M, = 136 - 265; 2B6 M, = 86 - 450),
2A6 substrates tend to be more hydrophilic than those of 2B6 (average logP of 1.50 versus
2.70) and usually contain two hydrogen bond acceptors versus a single acceptor.42
Furthermore, QSAR studies indicate that the inhibition potency of 2A6 substrates and
inhibitors is governed by hydrogen bond formation with the active site residue N297 and
lipophilicity of the active site.*3 Conversely, P450 2B ligand potency has been correlated to
compound lipophilicity, molecular size, and relative molecular mass.*3 As for
monoterpenoids, some substrate overlap is seen. 2A6 is reported to metabolize alcohols,
such as (+)-fenchol, and ketones, such as (-)-verbenone and (=)-fenchone, whereas 2B6
metabolizes ketones, including (-)-verbenone and (-)-fenchone, and hydrocarbons,
including (-)-a-pinene.17:44-46

Spectral titrations of 2A6 with (+)-a.-pinene yielded a K5 of 34.20 £ 7.21 pM and a 78.5 +
2.1 % maximal increase in high-spin P450 content (Table 1). A representative ITC binding
isotherm is shown in Figure 2C, and the thermodynamic constants are contained in Table 1.
The stoichiometric binding ratio was 1:1, and the Kp was ~0.17 wM. DLS confirmed that
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the aggregation state of 2A6 was unchanged by the addition of (+)-a-pinene in the
conditions used for ITC (Table S1). As expected, binding of (+)-a-pinene to 2A6 is entropy
driven, demonstrating a striking difference between hydrocarbon binding to the more rigid
2A6 and more flexible 2B6.

Because of the high affinity of (+)-a-pinene for 2B6, the significant change in heme iron
spin state, and the intriguing results of initial thermodynamic measurements, we solved an
X-ray crystal structure of a (+)-a-pinene 2B6 complex (PDB ID: 4191) (See Table S2 for
collection and refinement data). An unbiased electron density for the ligand was clearly
observed and subsequently modeled in the active site near the heme (Figure 3A). Residues
within a 5 A radius of the ligand include 1101, 1114, F115, F206, S294, F297, A298, T302,
L363, V367, and V477 (Figure 3B); these amino acids were previously identified in the
active site of several complexes of 2B6 or 2B4.°

While 2B6 metabolism of (+)-a-pinene has not yet been reported, metabolism of its
enantiomer, (-)-a-pinene, yields (-)-#rans-verbenol via hydroxylation at C4 and (-)-
myrtenol by hydroxylation at C1, but no ratio of products was indicated.}” The closest atom
of (+)-a-pinene (C1g in Figure 1) to the heme iron was located at a distance of 4.8 A, which
would be conducive to production of myrtenol. Initial experiments demonstrated that (+)-a-
pinene tripled NADPH consumption by a reconstituted system containing P450 2B6 from 16
to 52 nmol/min/nmol with no change in hydrogen peroxide formation (7 nmol/min/nmaol).
These data clearly demonstrate rapid formation of the reactive oxygen complex of P450 2B6
in the presence of (+)-a-pinene. However, the distribution between product formation and
uncoupling to water remains to be determined.

The 2B6 (+)-a.-pinene structure was nearly identical to two previously solved 2B6
complexes (4-benzylpyridine (4-BP) and 4-(4-nitrobenzyl)pyridine (4-NBP)),%” similar to
one (4-(4-chlorophenyl)imidazole),3’ and significantly different from the fourth
(amlodipine).1® These complexes, in decreasing extent of similarity based on the RMSD of a
C, overlay with the (+)-a-pinene are: 4-BP (0. 17 A) > 4-NBP (0.28 A) > 4-CPI (0.63 A) >
amlodipine (1.05 A). Marked differences were noted upon comparison of the (+)-a.-pinene
and the amlodipine complexes (Figure 4A). Specifically, locations of the H-helix and the H-
I loop were as much as 6 A apart, and the F-G cassette shifted up to ~3.5 A. Furthermore,
the A-, B’-, and C-helices and the B4-loop shifted by 1.5-2.5 A. Rearrangements of two
phenylalanine residues (F206 and F297) also contributed to a more compact active site in
the (+)-a-pinene complex, with F206 moving in and F297 moved out. The organization of
these side chains is similar to the arrangement seen in the complexes of 2B6 with 4-BP and
with 4-NBP.#” The combined effect of these shifts was to close the active site around the
relatively small monoterpene compared to the space needed for the much larger amlodipine.

DISCUSSION

Precedent for the apparent enthalpically driven binding of (+)-a-pinene to 2B6 can be found
in studies of other proteins with occluded hydrophobic pockets, in which favorable enthalpy
from van der Waals interactions between protein and bound ligand is a major contributor to
binding free energy.48-50 In the case of 2B6, the ability of the protein to maximize such
interactions by changing its conformation to conform closely to the (+)-a.-pinene molecule
likely contributes to the favorable enthalpy. An alternate explanation is that the favorable
entropy does not reflect the binding event per se. Rather, as found in a recent report by
Gilson and coworkers® of long time scale molecular dynamics simulation of protein-ligand
interactions, the thermodynamics of global protein conformational changes can mask the
thermodynamics of local phenomena, including protein-ligand binding. These
conformational changes could release water from one or more small hydrophobic pockets
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where the water is confined and unable to make its full complement of hydrogen bonds. One
such pocket seen in multiple X-ray crystal structures of 2B6 is that occupied by CYMAL-5
in the (+)-a-pinene complex (4191) and comprising residues A176, C180, F188, F195,
M198, L199, F202, 1241, Y244, 1245, F296, and T300 within 5 A of the CYMAL-5
molecule. Release of water from such a hydrophobic pocket could produce a significant
enthalpic boost to binding.

Smaller contributions to differences from the expected thermodynamics of ligand binding
could also be explained by alterations in the disruption of ordered waters in the active site.
In mouse major urinary protein, which binds a broad array of small hydrophobic ligands,
gains in solute-solute dispersion energy are not offset by interactions between solvent and
binding-site residues prior to association.*8 In the case of 2B6, favorable solute-solute
enthalpy is what appears in the enthalpy-driven thermodynamic signature of monoterpene
binding. It was also of interest to compare our ITC results with a previous proposal of
Backes et al. that aromatic hydrocarbon binding to P450s is a combination of the ligand
being forced from an aqueous environment (“push”) and being drawn into the hydrophobic
active site of the enzyme (“pull”).>2 With 2B6, the hydrophobic nature of the monoterpene
would provide the “push” from solution, and the sum of the protein dynamics, the exclusion
of water from the active site of the enzyme upon (+)-a-pinene binding, and the hydrophobic
nature of the active site could be responsible for the “pull” phenomenon.

Comparison of X-ray crystal structures of 2B6 in complex with ligands of varying sizes
shows significant conformational flexibility, with up to 1.05 A difference between the two
most divergent structures and likely greater plasticity in solution. 2A6 is much more rigid,
displaying ~0.34 A RMSD difference between the two most different structures, those
containing coumarin (1210)%3 and pilocarpine (3T3R)>#; this enzyme is also likely more
rigid than 2B6 in solution. In the case of 2B6 and 2A6, the more plastic enzyme displays the
unexpected driving force of enthalpy for hydrocarbon binding, while the less plastic protein
exhibits the expected entropy-driven binding profile. This observation would support the
inference that conformational changes following (+)-a-pinene binding to 2B6 are probably
drowning out the contributions of binding per se. In addition, the free energy of (+)-a-
pinene binding and resulting association/dissociation constants are similar in the case of 2B6
and 2A6 (Table 1). The AHand TA Sfor 2B6 are both —9 kcal/mol relative to 2A6. A crude
interpretation of this information would suppose that the “direct” interaction of (+)-a-pinene
with 2B6 is about the same as that with 2A6, and the difference in binding thermodynamics
reflects the differences in conformational adjustment upon ligand binding between the two
enzymes.

For hydrocarbon binding to 2B6, dissociation constants measured by spectral transition are
similar to those from ITC; however, the Ks for (+)-a-pinene binding to 2A6 is three orders
of magnitude higher than the Kp from ITC. The low to high spin transition in P450s usually
occurs when the sixth coordination site of the heme is opened by loss of water.5® Protein
rearrangement restricts solvent access and organizes the heme iron, molecular oxygen, and
the substrate in close proximity to each other, facilitating catalysis and minimizing side
reactions, such as peroxide or superoxide production. In this light, (+)-a-pinene or (+)-3-
carene binding to 2B6 probably leads to a compaction of the active site that causes the
dissociation of water from the heme due to ligand proximity. Since 2A6 has demonstrated
less conformational flexibility, the compression of the active site is likely not as great upon
(+)-a-pinene binding. In addition, (+)-a-pinene is unable to interact with N297 in 2A6,
leading to a less restricted orientation of the ligand in the active site and making dissociation
of the heme water ligand less likely. Moreover, interaction of water with N297, T305 and
the heme iron could create a more ordered lattice in 2A6 than found in the interaction of
water with T302 and the heme iron in 2B6. Based on all these considerations, the tight
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binding of (+)-a-pinene indicated by ITC may not lead to a spin shift, which is observed
instead at much higher concentrations.

Differences in secondary structure arrangement were seen among the 2B6 complexes with
(+)-a-pinene (4191), 4-CPI (3IBD), and amlodipine (3UAS5). Major differences in the
overall conformation of two of these structures are highlighted by overlays (Figure S2). The
distance of residues 296 - 306 from the heme differs significantly among the three 2B6
structures, in decreasing order: 4191 > 3IBD > 3UAG5 (Figure 4B). In order to analyze the
differences in secondary structure arrangement in the 2B6 complexes, we mapped onto the
2B6 (+)-a-pinene complex the difference in H-D exchange rate between ligand-free 2B4
and its tBPA complex.2® We used 2B4 as a surrogate because of the overall similarity
between the structures of 2B6 and 2B4 when complexed with the same ligand and
availability of the H-D exchange data with 2B4.6 Furthermore, the 2B6 (+)-a.-pinene
complex and the 2B4-tBPA structure are fairly similar (0.64 A RMSD, Figure 5A).
Differences in placement of secondary structure ele-ments in 2B6 structures (Figure S2)
map nicely to the DXMS data from 2B4 (Figure 5B). Specifically, slowing of the H-D
exchange rate, shown in shades of blue, is found in the same parts of 2B4 that show the
greatest differences between the amlodipine and (+)-a-pinene complexes of 2B6. Changes
along the I-helix are likely due to the compact structure of the 2B4-tBPA complex.

In summary, the widely distributed monoterpene (+)-a-pinene was shown to bind tightly to
both 2B6 and 2A6, and (+)-3-carene was shown to bind tightly to 2B6. However, using ITC
as a probe of the thermodynamic profile of ligand binding revealed the strong contribution
of enthalpy in the case of 2B6 and entropy with 2A6. This difference in thermodynamic
contributions of entropy and enthalpy is likely due in part to the difference in enzyme
plasticity. Concurrently, an X-ray crystal structure of a 2B6 (+)-a.-pinene complex
highlighted the structural plasticity of 2B6. Furthermore, changes in H-D exchange rates in
2B4 and observed structural rearrangements in 2B6 correspond to the same regions of the
protein, reinforcing the validity of conclusions made from comparison among X-ray crystal
structures of 2B6. Due to the hydrophobic nature of many P450 substrates and of many
P450 active sites, the fact that many hydrophobic associations in solution do not have an
entropy-driven thermodynamic signature should also extend this possibility to these
enzymes.®’ Determination of thermodynamic contributions of ligand binding to P450
enzymes appears to depend not only upon ligand and active site hydrophobicity but also
upon how the architecture of the active site lends itself to solvation. Apparently, 2A6 is
more solvated than 2B6, where Van der Waals interactions dominate small hydrocarbon
binding.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
P450 cytochrome P450
ITC isothermal titration calorimetry
H-D hydrogen-deuterium
DXMS hydrogen-deuterium exchange coupled to mass spectrometry
CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate
CYMAL-5 5-cyclohexyl-1-pentyl-R-D-maltoside
Ni2*-NTA nickel-nitrilotriacetic acid
234-chol 3(R)-Hydroxy-7(R),12(R)-bis(ethyloxy)-cholane
BME 2-mercaptoethanol
PMSF phenylmethanesulfonyl fluoride
EDTA ethylenediaminetetraacetic acid
DTT dithiothreitol
TCEP tris(2-carboxyethyl)phosphine
PCA principal component analysis
DLS dynamic light scattering
SSRL Stanford Synchrotron Radiation Lightsource
PDB Protein Data Bank
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Figure 1.
Molecular representations of (+)-a-pinene and (+)-3-carene.
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Figure 2.

Typical calorimetric titrations (upper panels) and resulting integrated binding isotherms with
the best fit to the single site binding model (lower panels) of (+)-a-pinene (A) or (+)-3-
carene (B) binding to 2B6 or (+)-a-pinene binding to 2A6 (C) at 25 °C are shown.
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Figure 3.

Unbiased electron density map and the active site residues of P450 2B6 in complex with (+)-
a-pinene. (A) An unbiased F,-F,omit map in brown contoured at 3o surrounds the (+)-a-
pinene molecule (blue). (B) Active site residues located within 5 A from (+)-a.-pinene (blue
sticks) are shown in green sticks in divergent stereo view.
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Figure 4.

Structural differences revealed upon comparison of 2B6 (+)-a.-pinene complex and
amlodipine complex. A) Active site of 2B6 (+)-a-pinene (orange) and 2B6 amlodipine
(green) complex structures. B) Rearrangement of the I-helix among the 2B6 amlodipine
(BUAD5, orange), 4-CP1 (3IBD, blue), and (+)-a-pinene (4191, green) complexes.
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Figure 5.
Avreas of P450 2B4 showing significant changes in H-D exchange rate are also those

showing significant structural movement among conformations represented in the crystal
structures of 2B6 as seen from the side (left) and from above the heme (right). A) Overlay of
2B6 complexed with (+)-a-pinene (green) and 2B4 labeled with £BPA (3R1A, blue); and
B) Data for differences in the H-D exchange rate between 2B4 without ligand and
covalently labeled with fertbutylphenylacetylene (#BPA) at the 10000s time point are
mapped onto the 2B6 (+)-a.-pinene complex.%8
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Thermodynamic Parameters of Interaction Derived from ITC and Spectral Titrations

Enzyme | AH AS AG N K 1 Ks AF}, (%)
kcal/mol cal/mol/K kcal/mol unitless D -6
( ) | ( ) | ( ) | ( ) (106 M) (1076 M)
2A62 38 (2.3)4 18.2 (7.3) -9.3(0.2) 1.0 (0.0) 0.17 (0.05) | 34.20(7.21) | 78.5(2.1)
2862 -13.1(2.3) | -12.1(9.4) -9.4(1.0) | 0.9(0.2) 0.22 (0.17) | 0.38 (0.23) 49.3 (11.0)
2863 -6.3(2.2) 3.2(2.3) -75(1.4) 1.2 (0.3) 1.82(0.61) | 160 (0.14) * | 425 (3.4)

'ZKA_:L from ITC

2(+)-a—pinene

3(+)—3—carene

Values represent mean of at least three unique experiments. The standard deviation is displayed in parentheses.

*
Measured using the Hill equation giving the S50 with n=2.
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