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Abstract: Conformational flexibility and cooperativity in ligand recognition are two key aspects of the catalytic
diversity of cytochrome P450 enzymes. In this study, we dissect the ligand binding stoichiometry and
energetics of the soluble bacterial P450eryF by isothermal titration calorimetry (ITC) using three allosteric
and two non-allosteric ligands of diverse chemistry. Complementary spectral binding studies and sequential,
two-ligand docking simulations were performed to help assign the binding sites. Binding of 4-phenylpyridine
(4-PP) or 4-(4-chlorophenyl)imidazole (4-CPI) showed 1:1 stoichiometry in ITC, consistent with the lack of
cooperativity observed in spectral binding studies. The larger ligands 9-aminophenanthrene (9-AP),
1-pyrenebutanol (1-PB), and a-naphthoflavone (ANF) show cooperative spectral binding and yielded 2:1
stoichiometry. The associated thermodynamic parameters for the sites were calculated using a sequential
binding mechanism. The binding constant (Kp) for the first site was almost two times lower than that of the
second site for all three compounds. Ligand binding at site 1 was entropically favored, whereas binding at
site 2 was weak and entropically unfavorable. Simulations showed that two molecules of 9-AP, ANF or
1-PB can be adequately docked to two individual sub-sites within a large binding pocket. The absence of
hydrophobic tethering and ligand stacking are consistent with the single low affinity binding site observed
for 4-CPI and 4-PP. Competitive binding studies with P450eryF preloaded with either 1-PB or ANF showed
a decrease in the affinities for 9-AP at both the sites, with large entropy—enthalpy compensation, indicating
the ability of the binding pocket to accommodate two ligands of diverse chemistry and enable cooperativity.

Introduction understanding drugdrug interactions and predicting drug

Cytochromes P450 (P450s) are among the most catalytically Incompatibilities. The prevailing hypothesis is that the P450s
diversified protein molecules, with the ability to catalyze €Xhibiting cooperativity bind multiple (at least two) ligands in
selective oxidative reactions on a wide variety of substrates ©N€ large binding pocket, in which a loose fit of the first
despite a conserved tertiary foldn addition to broad substrate molecu_le requires binding of _an_addltlonal ligand for effective
specificity, the cooperativity in substrate recognition and Catalysis:** However, the binding of an effector away from
metabolism exhibited by many mammalian (3A4, 2C9, 1A2, the active site has also been suggested for CYP3AX;7and
2D6, and 2B6) and bacterial (P450eryF) P450s is a phenomenorp'r?Ct evidence for a distal binding S|te_ for progesteror_1e was
of added complexity that is not well understood. Despite the derived by X-ray crystallograprﬁn_'he persistent conformational
rapidly increasing knowledge of the three-dimensional structures Netérogeneity related to the oligomeric state of CYP3A4 in

of mammalian P450%;° cooperativity remains a challenge in  Selution adds additional complexity to the analysis of coopera-
tivity. 19721 Recently, our laboratory employed innovative FRET
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in CYP3A4 and P450eryF. Using these methods, a stoichiometry calorimetric sensitivity and data analysis have enabled innova-
of 1:1 for the binding of bromocriptine to CYP3A4 and 1:2 for tive solution conditions to be applied to the proteligand
the binding of 1-PB to CYP3A4 and pyrenemethylamine to system??-37 Recently we employed ITC for the first time to
P450eryF was determin@g?23 the P450 system to monitor the solution thermodynamics of
To circumvent some of the complications inherent in studying ligand interaction in CYP2B42 The remarkable flexibility of
CYP3A4, the soluble bacterial P450eryF has been utilized in the CYP2B4 active site in binding inhibitors of different ring
numerous studies as a model system of an allosteric enzymechemistry and side chain was elucidated using the thermody-
The mechanism of cooperativity in P450eryF has been studiednamic signature derived from ITC in conjunction with X-ray
using a variety of techniques such as X-ray crystallography, crystal structure$>9.38
FRET, site-specific mutagenesis, BVis spectroscopy, and Here we use ITC to dissect the stoichiometry and energetics
NMR.224-29 Our laboratory recently determined affinities of the of P450eryF cooperativity using ligands of diverse chemistry:
two binding sites for the allosteric substrate 1-PB at two different three bulkier ligands (1-PB, 9-AP, and ANF) and two smaller
ligand-enzyme ratios, and a sequential binding mechanism wasligands (4-PP and 4-CPl) that induce either type-l or type-ll|
proposed® Recently, NMR methods were used to probe the spectral changes. 4-PP and 4-CPI showed only one binding site,
mechanism of cooperativity exhibited by P450eryF upon 9-AP whereas the three bulkier ligands showed perfect 2:1 binding
(type-Il) or testosterone (type-1) bindif§.Both compounds stoichiometry. The results revealed 2-fold greater binding
perturbed the same phenylalanine residues, suggesting theffinity at the first site than at the second site and were consistent
presence of two “binding niches” within a large binding pocket, with a sequential binding mechanism. The Hill coefficients
remarkably consistent with the crystal structut€@mn the basis derived by spectral titrations werel.7 for the three bulkier
of the simulated values of two binding constants, positive ligands, indicating the prominent allostery. Competitive binding
homotropic and negative homotropic cooperativity were sug- studies confirmed that all these ligands bind to the same binding
gested for 9-AP and testosterone, respectiveur previous pocket but with different affinity. The binding events for 1-PB
spectral studies with P450eryF suggested positive cooperativitywere strongly hydrophobic and driven by favorable entropy,
for testosteroné However, it is not apparent either from crystal whereas 9-AP and ANF interactions were enthalpically driven.
structures or from NMR studies which site is the high or low Molecular docking simulations were used to localize the sites
affinity one in P450eryF. In the case of testosterone, Roberts and assign thermodynamic signatures derived from ITC, show-
et al. observed that interaction at the high affinity binding site ing the flexibility of the binding pocket residues in accom-
was able to elicit a change in spin state, suggesting binding modating two allosteric ligands in two sub-sites of a large and
closer to hemé? Conversely, our studies with 1-PB showed rigid binding pocket to bring about allostery.
that the low-to-high spin shift occurred only upon binding of a
second molecule to a lower affinity site, at least at low ionic Materials and Methods
strer?gth?.8 The mok_ecul_ar details of the mech_anism of allostery  \1aterials. TCEP, EDTA, PMSF, 9-AP, ANF, 4-PP (Sigma-Aldrich
require further elucidation to understand the interplay and nature chemical Co., St Louis, MO), 1-PB (Molecular Probes Inc., Eugene,
of these binding sites. Hence, it is essential to directly measureory, and 4-CPI (Maybridge Chemical Co., Cornwall, UK) were used
the two binding constants and the associated energetics in @as obtained. All the other chemicals used were of analytical grade.
single experiment using ligands of varying chemistry and also  protein Expression and Purification. P450eryF and the P450eryF
to determine/assign the location based on the energetic compat{S93C/C154S) mutant were expressedEscherichia cof*28 and
ibility. Isothermal titration calorimetry (ITC) is the method of purified as described previously for CYP2B4vith minor modifica-
choice to examine the complete thermodynamics of pretein tions. Briefly, the protein was extracted in 20 mM HEPES buffer
ligand interactions in solution, because ITC directly measures containing 1 mM DTT, 1 mM EDTA, 500 mM NaCl, 1 mM PMSF,
the enthalpy of bi-molecular interaction and is independent of @"d 20% glycerol, pH 7.4. Protein-bound Ni-NTA resin was washed
the accompanying spectroscopic changes. This method is bein wice with the above buffer (without EDTA) and the buffer containing

extensively and successfully used in combination with structural 0 mM histidine, and eluted with 5070 mM of histidine. The fractions
y Y having an A.7A2go ratio above 1.8 were subjected to SDS-PAGE and

lnformat|0|.1 asa m.ajor tool in strucgl;re-based drug d'SCO_Very pooled according to homogeneity. The protein was dialyzed extensively

research in a variety of systerffs3? Recent advances in  against the buffer (without PMSF) to remove histidine and stored at

—80 °C after flash freezing in liquid nitrogen. Glycerol was removed,
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noted. The P450 concentration was measured by reduced CO differencainreasonable errors in the thermodynamic parameters. For the competi-
spectra using an extinction coefficient of 91 miem. tive binding studies, the protein was preloaded with ligand (1-PB or
Analytical Ultracentrifugation Experiments. Sedimentation veloc- ANF) to 2:1 stoichiometry before titrating into the competing ligand
ity runs were performed using a Beckman-Coulter model XLA (9-AP) in the sample cell, and data were analyzed using a sequential
analytical ultracentrifuge at 60 000 rpm and 2Q, as described binding model. Similar thermodynamic parameters were obtained for
previously® but in the absence of detergent. Ligand-free or ligand- 4-PP binding in both direct and reverse titration modes using P450
bound P450eryF was loaded into two different 3 mm double sector concentrations derived from CO-difference spectra, confirming that only
guartz cells with a respective blank sector containing buffer and equal P450 &95%) out of total hemoprotein is actively involved in ligand
concentration of ligand. Samples were spun at 60 000 rpm and werebinding, similar to prior results with CYP2B%.
monitored simultaneously at 417 and 280 nm. A &8l protein Molecular Docking Simulations. A homology model of the 9-AP-
concentration and a 2-fold molar excess of ligands were used. Partialbound P450eryF mutant structure was built with MODELI*ERy
specific volumes, solvent density, and viscosity were calculated using replacing Ser-93 with Cys and Cys-154 with Ser and showed an rmsd
SEDNTERP prograr® of 0.24 A. The structure was energy minimized using 30 000 steps of
Ligand Binding by Equilibrium UV —Vis Difference Spectral NAMD“? to remove bad steric contacts. The final structure, which
Titration. Difference spectra were recorded usingM of P450eryF showed an rmsd of 0.84 A with the original structure (pdb: 1EGY),
on a Shimadzu-2600 spectrophotometer at’@5 Protein sample (3 was used for docking simulations. Automated docking simulation of
mL) was divided into two matched quartz cuvettes, and a baseline wasligands was performed using AUTODOCK 3.0.5 to search for the
recorded between 350 and 500 nm. Difference spectra were recordedninimum energy conformations and the ligand orientations according
following the addition of a series of 2L aliquots of ligand (stock to the Lemarckian Genetic Algorith Kollman-united atom charges
concentration was 1 mM of 9-AP, 2 mM each of 1-PB and ANF, all were assigned to the protein using AUTODOCKTOOLS, and the
in ethanol; 1 mM each of 4-CPI and 4-PP in 2.5% ethanol) to the sample charges for the heme were assigned as described previdixgking
cuvette and the same amount of ethanol to the reference cuvette. Foisimulations were also performed on the original structure (pdb: 1EGY)
the competitive binding experiments, P450eryF was saturated with a by removing the two bound 9-AP molecules. All ligands (9-AP, 1-PB,
20- to 30-fold molar excess of 1-PB, ANF, or 9-AP before titrating ANF, 4-CPI, and 4-PP) were docked sequentially to the structure using
against the competing ligand. TBg and Hill coefficient were obtained two 40 x 40 x 40 point grids with a spacing of 0.375 A, centered
by a fit of differential absorbance to the Hill equation in the case of around the nitrogen of bound 9-AP molecules-#.8,10.5,11.5 A for
9-AP, 1-PB, and ANF, whereas the data were fit to the Michaelis  the first site (closer to heme) and13.1,10.2,16.9 A for the second
Menten equation to derivKs in the case of 4-CPI and 4-PP  site (away from heme). The larger grid used allows torsional flexibility

(KaleidaGraph, Synergy Software). of a ligand to find the minimum energy position, since the protein
Isothermal Titration Calorimetric (ITC) Experiments and Data flexibility is limited and the decrease in the grid size did not alter the
Analysis. ITC experiments were performed on a VA C calorimeter docking conformation or energy. The first docked molecule of the

interfaced with a computer for data acquisition and analysis using Origin minimum energy ensemble was always retained within the grid while
7 software (Microcal Inc., Northampton, MA) as described previously docking the second ligand. A total oF3.0 unique minimum energy

for CYP2B4-ligand interactioribut with modifications in the titration ensembles that exhibited less than 1.0 A in positional rmsd were selected
mode and data analysis. Here the experiments were carried out in twofor each ligand at both sites, and the lowest energy configuration was
different titration modes. In the direct titration mode, more soluble selected for further analysis. Docking of ligands to the first and the
ligands (2 mM of 4-CPI or 4-PP) were placed in the syringe and titrated second sites showed one major conformation with lowest energy for
against P450eryF (60M) in the sample cell. In the reverse titration  all the ligands, although the energy differences between the top two
mode, the sparingly soluble ligand (360 uM of 9-AP, 1-PB, and clusters of allosteric ligands at the second site was minim@l3 kcal/
ANF) was placed in the sample cell and titrated with P450eryF (500 mol). Amino acid side chains withi4 A of thedocked positions were
uM) in the titration syringe. A typical titration schedule included mapped. Molecular structures of ligands were modeled and the charges
addition of 3-4 uL per injection of titrant with 26-30 injections spaced were assigned using PRODRG seffédavapcl.bioch.dundee.ac.uk/

at 4-5 min intervals. The titration syringe was continuously stirred at programs/prodrg/).

305 rpm, and the cells were thermostated at@5For the first injection
only, 0.5-1 uL of titrant was added, and the corresponding data point

was deleted from the analysis. Reference titrations were carried outby | 1c and Spectral Studies with Ligands that Exhibit No

injecting each titrant (either ligand or protein) into buffer alone in the Cooperativity. All the experiments in this study were performed

calorimetric cell, and heat of dilution was subtracted from the pretein . .

. o using a P450eryF (S93C/C154S) mutant that retains the key

ligand titration data. . . . L L
functional properties of the wild type and exhibits similar

The binding isotherm for 4-PP was also obtained in the reverse e : o o
titration mode by titrating P450eryF into 4-PP in the sample cell. The cooperativity?® Besides imidazoles, pyridines are another

data obtained both in “direct” and “reverse” titration modes were best Prominent class of nitrogen heterocycles that show type-Ii
fit to single-class of binding sites model yielding perfect 1:1 stoichi- binding with P450s. Here we have used 4-PP and 4-CPI as
ometry (N = 1) and similar thermodynamic parameters. The binding representative small compounds from each class to characterize
isotherms of 9-AP, 1-PB, and ANF were fit to a single-class of binding the binding interactions. Binding of these ligands to P450eryF
site models to accurately determine the stoichiométjly The known induced type-1l spectral changes characterized by an absorbance

cooperative binding nature of these ligands from spectral studies enabledminimum at 413 nm and a maximum at 431 nm, which is
curve-fitting of the data using a two-site sequential binding model to
determine the thermodynamic parameters for the two interacting sites. (41) pam, T. K.; Roy, R.; Page, D.; Brewer, C.Biochemistry2002 41, 1359-
Otherwise, if the two binding sites are non-identical, calorimetric studies 1363. )

alone cannot determine whether the sites are independent or interact{ﬁg Eg:{é f‘{. %Eggle”ﬁeT'Blﬁghgﬂaﬁlka?lorihl-ggir?ﬁ:} 7;%3&550)/ A Krawetz
ing.4241|n addition, a curve fit to a two-independent classes of binding N.; Phillips, J.; Shinozaki, A.; Varadarajan, K.; Schulten,J.Comput.

_ o o v Phys.1999 151, 283-312.
site model or a sequential binding model for more than two sites yielded (44) Morris, G. M. Goodsell, D. S.; Halliday, R. S.; Huey, R.; Hart, W. E.;

Bellew, R. K.; Olson, A. JJ. Comput. Chenil998 19, 1639-1662.

Results

(39) Lebowitz, J.; Lewis, M. S.; Schuck, Protein Sci.2002 11, 2067-2079. (45) Helms, V.; Wade, R. GBiophys. J.1995 69, 810-824.
(40) Wiseman, T.; Williston, S.; Brandts, J. F.; Lin, L-Nnal. Biochem1989 (46) van Aalten, D. M.; Bywater, R.; Findlay, J. B.; Hendlich, M.; Hooft, R.
179 131-137. W.; Vriend, G.J. Comput. Aided Mol. Ded.996 10, 255-262.
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Figure 1. Calorimetric and spectral binding studies with 4-PP and 4-CPI. Calorimetric enthalpy signals (upper panel) and the resulting binding isotherm
(lower panel) are shown for direct (A) (4-PP in syringe) and reverse (B) (4-PP in cell) titration of 4-PP with P450eryF. The 4-CPI titration (slivest) is

in C. The binding isotherm was best fit to single-class of binding site model (solid line) yielding 1:1 stoichiometry in all the cased| dfezence

spectra upon binding (Inset a) and the resulting binding data fit to Michadisten equation (Inset b) are shown for 4-PP and 4-CPl in A and C, respectively.
The binding parameters obtained are listed in Table 1. The calorimetric heat of dilution upon injegtirgagh of 0.6 mM P450eryF to the buffer in the
calorimetry cell is shown as Inset (a) of B, indicating no possible protein oligomer formation-a0.6.5nM protein concentration used in the reverse
titrations.

indicative of nitrogen ligation to the heme iron as shown in yielded unreasonable error in stoichiometry and thermodynamic
inset a of Figure 1A and Figure 1C for 4-PP and 4-CPI, parameters. The results of ITC experiments are summarized in
respectively. A plot of differential absorbance vs ligand Table 1. A clear 1:1 stoichiometry was observed for both 4-PP
concentration is shown as inset b of the respective figures. Theand 4-CPI with the respectivi€p values of 15 and 2&M.
Ksvalues were 4.2 and 9:/M for 4-PP and 4-CPI, respectively.  Striking differences were seen in the energetics, as 4-PP binding
The AAnmax for 4-PP binding was almost 2-fold higher than that is enthalpically driven A4H = —19 kcal/mol), whereas 4-CPI
observed for 4-CPI binding. is entropically favorableAS = 41 cal/mol/K).

Prior to ITC experiments to determine the thermodynamic  The allosteric ligands used in this study were sparingly
parameters of ligand binding, the monomeric state of P450eryF soluble, and hence it was necessary to standardize the reverse
at high concentration (660M) was confirmed by sedimentation titrations keeping the ligand in the cell and protein in the syringe.
velocity experiments with and without various ligands used in This approach was first validated with 4-PP. A typical reverse
this study. A representative pattern is shown witlSamlue of titration involving injection of 4 uL aliquots of 500 uM
3.1 £ 0.1 for ligand-free and 9AP-bound forms (Figure S1, P450eryF to 4M of 4-PP in the cell at 28C (upper panel),
Supporting Information). All sedimentation experiments were together with the nonlinear least-squares fit of the enthalpy data
simultaneously monitored at 280 nm, yielding similar results to “single-class of binding site” model (lower panel) are shown
as the measurements at 417 nm. The monomeric state at highn Figure 1B. A clear 1:1 stoichiometry with similar thermo-
protein concentration (0-50.6 mM) was confirmed indirectly ~ dynamic parameters as the direct titrations was obtained, as
from the lack of heat of probable protein dissociation observed shown in Table 1.
when protein at high concentration (0.6 mM) was titrated against ITC and Spectral Studies with Ligands that Exhibit
buffer in the calorimetric cell, as shown in inset a of Figure Varying Degrees of Cooperativity. Binding of 9-AP to
1B. The enthalpic changes were similar to buffbuffer P450eryF induced a typdl spectral change, whereas 1-PB and
titrations. ANF binding yielded a type-I spectral change, as shown in inset

The calorimetric data for 4-PP and 4-CPI binding to P450eryF a of Figure 2A, B, and C, respectively. The plots of differential
are shown in Figures 1A and C, respectively. A typical absorbance (peak and trough) against ligand were sigmoidal and
calorimetric titration, which consisted of adding aliquots were fit to the Hill equation. Th&yand Hill coefficient values
of 2 mM ligand to 60uM of P450eryF at 25C, together with derived for 9-AP, 1-PB, and ANF binding were 2.9, 4.9, 9.8
the nonlinear least-squares fit of the data are shown. The uppeM, and 1.75, 1.98, 1.85, respectively.
panels in each figure exhibit a monotonic decrease in the heat The number of binding sites and the associated thermody-
of binding (exothermic with 4-PP and endothermic with 4-CPIl) namic parameters were directly determined using ITC in the
with successive injections until saturation is reached. The lower reverse mode, as shown in Figure 2A, B, and C, respectively,
panels show the integrated enthalpic changes for each injection for 9-AP, 1-PB, and ANF. The upper panels exhibit a monotonic
which fit to the single-class of binding-site model (solid line). decrease in the heat of interaction (exothermic for 9-AP and
Fitting of integrated enthalpic data to two-classes of binding- ANF, endothermic for 1-PB) with successive injections until
site models or to a two-site sequential binding-site model each saturation is reached. The lower panels show the integrated

2018 J. AM. CHEM. SOC. = VOL. 129, NO. 7, 2007



Thermodynamics of Ligand Binding Allostery in P450eryF

ARTICLES

Table 1. Thermodynamic Parameters of Ligand Interaction with P450eryF Derived from ITC and Spectral Titrations

isothermal titration calorimetry

spectral titrations

ligand N2 Kax 1074 (M) AG (kcall mol) AH (kcall mol) ASE (call mol/ K) Hill coefficient Sso0r Ks (uM)
4-PP - 4.2+0.3
direct 0.98+ 0.02 6.4+ 0.2 —6.5+0.1 —-18.8+1.4 —41.1+25
reverse 0.95% 0.07 8.2+ 0.5 —6.7£0.3 —16.5+1.9 —39.1+ 2.9
4-CPI 1.15+ 0.08 3.6+ 0.2 —6.2+0.3 6.0+ 1.0 41.0+ 2.8 - 94+1.0
ANF 20+0.1 1.85+0.14 9.8+ 0.2
ANF, 8.3+ 05 —6.7+ 0.3 —16.6+ 3.5 —33.2+ 35
ANF, 3.7+£05 —6.2+0.3 7.0+ 25 445+ 5.5
1-PB 1.9+ 0.1 1.98+0.11 4.9+ 0.1
1-PBy 9.8+ 3.5 —6.8+0.3 3.9+ 0.1 35.9+24
1-PB 41+04 —6.3+ 0.3 4.3+ 0.1 355+ 25
9-AP 2.1+0.1 1.75+ 0.06 2.9+ 0.1
9-AP; 19.5+0.4 —-7.2+0.3 —5.3+0.2 6.4+ 1.5
9-AP, 9.1+ 0.2 —6.7+£ 0.3 —6.2+15 1.9+ 0.1
9-AP° 20+£0.1 2.04+0.21 3.2+ 0.1
9-AP;P 4.6+ 0.5 —6.4+0.5 —6.3+ 2.5 —0.36+ 0.02
9-AP,° 7.2+0.5 —6.6+ 0.6 —-5.8+2.5 2.56+ 0.02
9-AP° 22+0.1 1.83+ 0.06 1.5+ 0.1
9-AP;© 1.4+0.1 —5.7+0.1 —87+11 —275+ 15
9-AP,¢ 0.2+0.1 —4.6+2.2 —167+ 57 —547+ 125

aObtained by a curve fitting to a single class of binding sites mdU@IAP binding to P450eryF prebound with ANFO-AP binding to P450eryF
prebound with 1-PBYAG = —RTIn K, € AS= (AH — AG)/T.
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Figure 2. Calorimetric binding data of 9-AP (A), 1-PB (B), and ANF (C) with respective spectral data as insets. The calorimetric enthalpy changes (upper
panel) and the resulting integrated enthalpy data (lower panel) fit to a sequential two-site binding model (solid line) are shown. Only 1-PB binding i
endothermic. All titrations were carried out in the reverse-mode keeping the ligand in the cell and the P450eryF in the syringe (see Method} fbneletail
equilibrium difference spectra (Inset a) show type-Il binding for 9-AP and type-I binding for both 1-PB and ANF. The spectral data were fit to the Hill
equation, yielding a sigmoidal pattern (Inset b) indicative of cooperative ligand binding. The binding parameters obtained from ITC andtsgiemtisal ti

are listed in Table 1.

enthalpic changes for each injection, which fit to a “sequential and 24uM for 1-PB; and 1-PB, and 12 and 27ZM for ANF;
binding sites” model (solid lines) with two sites. Fitting of and ANF. Only in the case of 9-AP were both enthalpy and
enthalpic data to a simple “two sets of independent sites” model entropic changes favorable for binding at both the sites. The
yielded a poor fit with unreasonable error in the stoichiometry asymmetric titration peaks with large peak area observed for
and thermodynamic parameters. In addition, although studieseach injection of 1-PB and ANF (upper panels of Figure 2B
performed at lower ionic strength £ 0.029 M) verified the and C) in contrast to 9-AP (upper panel of Figure 2A) reflect
2:1 stoichiometry of 9-AP, 1-PB, and ANF, clear evaluation of a weak and slow binding process. The binding parameters
the interaction thermodynamics was not feasible due to the obtained are listed in Table 1, and the thermodynamic signatures
complex nature of the binding isotherms (data not shown).  dissected for the two sequential binding sites along with the
The absence of biphasicity in the binding curves of interaction single-binding site ligands (4-CPI and 4-PP) are shown in Figure
enthalpy with 9-AP, 1-PB, and ANF indicates cooperativity 3. The chemical structure of the respective ligand is also
between the two ligand binding sites, although it is not very included. All three allosteric ligands are structurally planar and
apparent from the calorimetric data alo¥elThe dissociation have minimal or no flexibility, with the number of rotatable
constants obtained are 5 and AN for 9-AP; and 9-AR, 10 bonds being 0, 1, and 3 for 9-AP, ANF, and 1-PB, respectively.
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15 T . I with the increase in protein (prebound with ANF or 1-PB)
10 b : | 3 concentration, and the lower panels represent the integrated
s L ] binding enthalpy fit to a “sequential binding site” model with

two sites. The binding enthalpy for each injection in the case
0

that of P450eryF-ANF complex was almost 2-fold lower than
observed with the unliganded protein titrated with 9-AP (Figure
2A), clearly indicating competition for the same binding pocket.
However, the cumulative enthalpy of the two sites remained
similar with decreased free energy and was compensated largely
by unfavorable entropy (Table 1). Th€p for 9-AP; was
increased to 21 and 7M, respectively, in P450eryF prebound
with ANF and 1-PB. The respective values for the 9ARre
Figure 3. Thermodynamic signatures of ligand binding. Th& (green), 14 and 500uM. The enthalpy-entropy compensation values

AH (blue) and—TAS(red), obtained for ligand binding site/s (site 1: solid " PR : : ;
bar, site 2: crossed bar) on P450eryF by ITC experiments are shown for for the competitive binding are listed in Table 1, which clearly

different ligands. The data were obtained from the fit of a sequential two- indicate the competition of allosteric ligands for the same
site binding model for 9-AP, 1-PB, and ANF and single-site model for binding pocket irrespective of the ligands being type-I or type-
4-PP and 4CPI. The chemical structures of ligands (ChemDraw Ultra 7.0, || pinders.

Cambridgesoft) are shown in respective insets.

kcalimol

4PP  4CPI  9-AP  1-PB ANF

Molecular Docking Simulations. The ITC experiments

Competitive Ligand Binding to the Allosteric Sites.Several clearly demonstrated two binding sites for allosteric ligands but
crystal structures of P450eryF have showed the existence ofd® notindicate which site is closer to the heme. We performed
two ligand molecules bound to the protein, although there is d0cking simulations to probe and assign the possible structural
no structural evidence that the binding site would accommodate0cation of the two binding sites for 9-AP, 1-PB, and ANF. To
two dissimilar ligand€:4748As 9-AP binds with loweKp and evaluate the accuracy of the AutoDock program in predicting
more favorable energetics than 1-PB or ANF (Table 1), we the ligand binding modes at allosteric sites of P450eryF, we
examined 9-AP binding to P450eryF presaturated with 1-PB &xamined the relative positions of two docked 9-AP molecules
or ANF and monitored the spectral and enthalpic changes asWith respect to the bound conformations of 9-AP in the X-ray
shown in Figure 4A and B, respectively. Binding of 9-AP to crystal structure at the first (closer to heme) and second (away
P450eryF presaturated with ANF also induced a type-II spectral from heme) sites. (pdb: 1EGY). The two 9-AP molecules were
change (Figure 4A, inset a-1) with AAnax Similar to that sequentially docked and differed with an rmsd of only 0.5 A at
observed for 9-AP binding to unliganded protein (Figure 2A, thefirstsite and 2.2 A at the second site from the location seen
inset a). The resulting binding curve also exhibits cooperativity in the crystal structure (data not shown). We used the homology
with a Hill coefficient of 2.04 and & value of 3.2uM (Figure mod_el of the 893C_:/0154S mutant (_used in all the so_Iu_tlon
4A, inset a-3). Conversely, when ANF (weaker binder) was studies) as a docking template. It differed from the original
competed with P450eryF presaturated with 9-AP, no type-l Structure with an rmsd of only 0.83 A. The homology model
change was observed (Figure 4A, inset a-2) in contrast to SUperimposed on the original structure and the relative position
unliganded protein (Figure 2C, inset a). Competitive binding Of the two large 40< 40 x 40 grids placed at the distal end of
of 9-AP to the protein presaturated with 1-PB did induce a the heme used for docking simulation are shown in Figure 5A.
typical type-1l change (Figure 4B, inset b-1) but with large The first 9-AP molecule was docked in a perfect conformation
spectral interference from the type-l change caused by theWith the free nitrogen of 9-AP facing the heme iron at 2.05 A
prebound 1-PB. The resulting binding curve also showed a distance, which is favorable for producing a type-Il spectral
sigmoidal pattern (Figure 4B, inset b-3). In contrast, 1-PB did change. The docked 9-AP conformation was similar to the one
not induce any significant type-l spectra when competed with seen in the first site of the crystal structure with the same contact
P450eryF prebound with 9-AP (Figure 4B, inset b-2). However, residues. The second 9-AP molecule was then docked and
competitive binding of 1-PB to the protein prebound with ANF  assumed a favorable conformation slightly different from the
showed a type-l spectra and a sigmoidal binding curve with one seen in the crystal structure at the second site (about 4 A
the Hill coefficient and S5 values of 1.3 and 8.5uM, shifted toward the I-helix). A representative position of 9-AP
respectively (Figure S2, Supporting Information). ANF binding from an ensemble of minimum energy conformations at the first
to protein prebound with 1-PB showed only minor spectral and second site are shown in Figure 5B, and the surrounding
changes. residues withi 4 A distance are listed in Table S3 (Supporting

Competitive binding studies using ITC were feasible only nformation).

with 9-AP, as the binding of this ligand to the protein saturated ~ The minimum energy conformation for 1-PB at the first site
with either ANF or 1-PB produced reliable interaction enthalpy was 2.92 A from the heme iron, and the plane of pyrene ring
and good binding isotherms. A typical calorimetric profile of was at about a 20angle with the heme plane, favorable for
1-AP binding to P450eryF saturated either with ANF or 1-PB van der Waals contacts. The butanol side chain makes contact
is shown in Figure 4A and B, respectively. The upper panels with Val-237 and Leu-238 on the I-helix, which is favorable
represent the monotonic decrease in the enthalpy of interactionfor a strong hydrophobic interaction. The second 1-PB molecule
was docked almost parallel to the heme plane at a distance of

(47) Cupp-Vickery, J. R.; Garcia, C.; Hofacre, A.; McGee-Estrada] Klol.

Biol. 2001, 311, 101—110.

(48) Nagano, S.; Cupp-Vickery, J. R.; Poulos, T.JLBiol. Chem2005 280,

22102-22107.
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4.5 A from the heme iron and interacts with three hydrophobic
residues (Val-237, Leu-391, and Leu-392). Interestingly, the
1-PB docked at the second site lies almost parallel at 2.8 A
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Figure 4. 1TC and spectral studies of competitive ligand binding to P450eryF. The calorimetric enthalpy changes (upper panel) and the resulting integrated
enthalpy data (lower panel) fit to a sequential two-site binding model (solid line) for 9-AP binding to P450eryF prebound with ANF (A) or 1-PB (B) to 2:1
stoichiometry are shown. The corresponding equilibrium difference spectra (Inset a-1, b-1) and resulting binding data fit to the Hill eqeated, (Hr3)

are shown. In the reverse spectral titration, the binding of ANF to P450eryF prebound with 9-AP (Inset a-2) and 1-PB to P450eryF prebound with 9-AP
(Inset b-2) did not induce significant spectral changes. The binding parameters obtained are listed in Table 1.

distance above the 1-PB molecule docked at the first site that exhibits cooperativity and serves as an excellent model to
favoring strong hydrophobig-stacking interactions. A repre-  understand the molecular mechanisms of such processes in
sentative position of 1-PB from an ensemble of minimum energy mammalian systenmis224950Recently, studies from our labora-
conformations at the first and second sites is shown in Figure tory and others have utilized various spectroscopic methods to
5C. Docking of the first molecule of ANF produced a minimum establish ligand binding stoichiometry and binding affinities at
energy conformation similar to 9-AP but at a distance of 2.98 two different sites in P450eryF and P450 3%&4£328.29Here
A from the heme iron. The location and conformation of this we report the direct dissection of two dissociation constants and
ANF molecule result in possible interactions with all the 9-AP their energetics for either type-1 or type-Il compounds that
binding residues and additional nonhydrophobic residues of theexhibit cooperativity and 2:1 binding stoichiometry with
B—C loop. However, ANF docked at the second site was farthest P450eryF. The two smaller type-1l compounds studied bind only
of all ligands (5.9 A from heme iron and heme plane) and with 1:1 stoichiometry. The thermodynamic data derived using
positioned almost perpendicular to the first ANF molecule with ITC supported by spectral studies of cooperativity were assigned
very strong hydrophobic interaction with more than six very energetically with ligand binding sites from docking simulations.
hydrophobic residues. A representative position of ANF from  The thermodynamic signatures derived from ITC experiments
an ensemble of minimum energy conformations at the first and are shown in Figure 3. The interaction of 9-AR driven by
second sites is shown in Figure 5D, and the surrounding residuesmore favorable enthalpic and entropic contributions compared
within 4 A distance are listed in Table S3. The docking free with 9-AP,, probably as the result of nitrogen coordination to
energy of the most favored ligand conformation for the first the heme iron. Interaction at 9-AF enthalpically driven with
site was about 1.2 kcal/mol lower than the second site, for all favorable hydrophobic interaction but largely compensated by
three allosteric ligands. entropy. The thermodynamic signature of 1:P&d 1-PB
Docking simulations were performed in a similar way with binding is typical of a strong, hydrophobically dominated
the two smaller ligands (4-CPI and 4-PP) that showed 1:1 process with positive enthalpic changes. Binding of AMi&s
binding stoichiometry and no cooperativity. In both cases, the an enthalpically favorable, whereas ANWas a entropically
nitrogen of the first molecule (imidazole of 4-CPI and pyridine driven hydrophobic interaction, producing the opposite ther-
of 4-PP) is positioned close to the heme iron. However, the modynamic signature. Thép; (e.g., ANR) obtained was lower
second ligand molecule was docked next to the first ligand in than theKp> (e.g., ANR) for all three allosteric ligands. The
the large space between the I-helix and® loop with much values obtained for 1-PB were higher than the ones obtained
lower docking energy. For both the ligands, the tethering effect previously by FRET-based spectral titrations at low ionic
of contact residues was absent at the first site, as opposed tcstrength?’:28 Under similar buffer conditions, ougs, values

the allosteric ligands. determined by spectral titration for all the ligands were also
_ _ lower than the respectiiép values determined by ITC (Table
Discussion 1). Such discrepancies between spectral and calorimetric

Cooperativity of P450s in substrate metabolism and ligand (49) Yoon, M. Y.; Campbell, A. P.; Atkins, W. MDrug Metab. Re. 2004 36,
indi - ; 219-230.
b|nd|r_1g confpunds pred"?“on of druQ _metabonsm and dqu (50) Hutzler, J. M.; Hauer, M. J.; Tracy, T. Brug Metab. Dispos2001, 29,
drug interactions. Bacterial P450eryF is the only soluble P450 1029-1034.
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Figure 5. Molecular docking simulations. Structure of P450eryF bound with two 9-AP molecules (pdb: 1EGY) (gray) superimposed on the simulated
homology model of P450eryF (S93C/C154S) (green) is shown (A). The structures differ with an rmsd of 0.83 A and a slightly bent I-helix. The swapped
residues, Ser 93 (black) and Cys154 (blue), are indicated. The 4@ x 40 point grids used for docking simulation at the first site (blue) and second site
(green) are shown. Using the energy minimized homology model, two molecules of the allosteric ligands, 9-AP (B), 1-PB (C), and ANF (D), and the
non-allosteric ligands, 4-PP (E) and 4-CPI (F), were sequentially docked to two sites. A representative conformation from the minimum enehgy ensemb
is shown in each case for the first site (blue) and second site (green). Heme (red), contacts residues (blue), and the hydrophobic cluster ohethe top of t
second site (orange) are shown and are labeled only in (F) for clarity. The original positions of the two 9-AP molecules seen in the crystal stalsture ar
shown (yellow B) The molecular graphic snap shots were generated using Py®IOL.

measurements have been observed in many preligand independent of accompanying spectral and/or spin changes
interaction systen#$®! including our previous studies of and gives a better picture of the ligand binding
CYP2B4 interaction with seven different imidazole inhibit®#s. process3.4041,51

Because ITC works on the principle of heat exchange, it
measures the cumulative effect of a variety of reactions (51) Luque, I.; Freire, EPROTEINS: Str. Fun. Ger2002 49, 181—-190.
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Two dissociation constants have been obtained by variety of in ITC experiments. The positivAH is indicative of strong
techniques for binding of several allosteric ligands to P450eryF, hydrophobic interaction of both 1-RBand 1-PB and is
and there is also crystallographic and NMR evidence for two supported by docking results where the first binding site involves
binding sites>?8.2°However, it is not been possible to draw a close interaction with Val-237 and Leu-238 and the second with
correlation in terms of assigning affinities to the location of Leu-391 and Leu-392 (Table S3). The van der Waals stacking
the binding sites. Although both 1-PB and testosterone are type-lwith the heme plane at the first site and-astacking interaction
substrates of P450eryF, binding of 1-PB to the high affinity between the two 1-PB molecules (2.8 A distance) adds to the
site does not induce a spin transit®nwhereas an opposite  hydrophobicity of the binding sites. Similar pyrene stacking
effect was reported for testosterotieThis may reflect slight interactions were observed spectroscopically and by the atypical
differences in the proximity of the ligand molecule closest to enzyme kinetics of pyrene hydroxylation by CYP3&#8
the heme and the ensuing ability to displace the water moleculeBinding of ANF; and ANF, produced opposite thermodynamic
coordinated as the sixth ligand to heme iron, as clearly shown signatures, which correlate nicely with the docked conforma-
by a series of crystal structures of PA50CAM bound with tions. The first site for ANF is relatively far from the heme
substrate analoguéd53Alternatively, the high affinity binding  plane (4.6 A) and favorable for hydrophobic interaction with
of 1-PB may occur at a site much more distal to the heme than Leu-391 and Leu-392 (Table S3). At the second site, the ANF
in the case of testosterone. interaction predominantly involves possible aromatic stacking

Molecular docking simulations were done to facilitate as- with the first ANF and the surrounding hydrophobic residues.
signment of the two binding affinities to the probable location Calorimetric data also suggest that the interaction of AN&s
on P450eryF. Initially, to evaluate the degree of conformational dominated by an entropically driven hydrophobic interaction.
change upon binding of ligands of different chemistry and size, The docking energies are lower for the first site than the second
we calculated the accessible polar and apolar surface area ofite with all three ligands, also implicating the first site as the
the one-ligand bound (6-deoxyerythonolide; pdbs: 10OXA, high affinity site. These data are consistent with the conclusions
1780, 178Q and ketoconazole; pdb:1JIN) and two-ligand bound from crystallographic and spectral studies that the binding of a
(9-AP; pdb: 1EGY and androstenedione; pdb: 1EUP) forms second ligand brings about homotropic cooperativity by de-
of P450eryPP* Remarkably, the ratio of polar to apolar surface creasing the effective size and increasing the hydrophobicity
area remained around 41:59 in all cases, in spite of big vs smallof the large binding pocké?42°
ligand and one vs two ligand-bound forms. This observation = The thermodynamic signatures of competitive binding also
along with the crystallographic data suggests a large andsubstantiate a single large binding pocket of P450eryF in
structurally rigid binding pocket of P450eryFas opposed to  solution, where the affinity for 9-AP decreases in the presence
the flexible binding pocket observed with CYP2B4 in solution of 1-PB or ANF and with a very large unfavorable entropy in
or crystal structure$>938However, because there is no ligand- the case of displacement of two 1-PB molecules. This competi-
free structure of P450eryF, our observations in no way preclude tion was difficult to dissect by spectral titration and Hill plot
any possible conformational change upon binding of the first analysis due to overlapping type-I and type-Il signals. In the
ligand molecule. Relative rigidity of the binding pocket can also case of 9-AP competing with ANF prebound to P450eryF, the
be evaluated by the comparison of thermodynamic and simula- inhibition is reflected byKp values derived by ITC for the two
tion data of the 4-CPlI interaction with P450eryF and CYP2B4. sites and also thé&s values from the Hill plot. The clear
4-CPI binds weakly to P450erylAAG = 2.1 kcal/mol) with competition observed with P450eryF is in contrast to previous
positive as opposed to the negative enthalpic changes observedbservations with CYP3/4-5% suggesting a crucial role of the
in CYP2B438 The spectral titration data showed a more than oligomerization and conformational heterogeneity of CYP3A4
2-fold lower AAnax for 4-CPI binding to P450eryF compared in modulating substrate bindirig.2!* The solution thermody-
with CYP2B4. In docking simulations, 4-CPI was not clearly namics and docking simulation data reported here for P450eryF
tethered by the residues in the binding pocket of P450eryF, cumulatively suggest that both binding sites are sub-sites of a
similar to 4-CPI docked to the open form of the CYP2&4. large single binding pocket. lonic tethering and electrostatic
Interestingly, the 4-CPI docking energies for these two structures steering mechanisms were proposed to play an important role

were identical {-6.2 kcal/mol) and higher than the perfectly
tethered docking-€7.2 kcal/mol) conformation in the closed
form of CYP2B4°

in the modulation of substrate and water accessibility, thereby
regulating allostery in P450eryFand substrate binding in
P450carf? and CYP2B4! The lack of cooperativity upon

In simulations with 9-AP, 1-PB, and ANF, the first ligand binding of small ligands (4-CPI and 4-PP) to P450eryF (this
was invariably docked near the heme (the first site), whereas study) and the very large ligand bromocriptine to CYPZA4
the second ligand was more distal (the second site). Thesuggests the importance of a conformational rearrangement of
interaction of 9-AP at the first site was dominated by the the binding pocket in cooperativity. Recent NMR studies
nitrogen-heme iron interaction, whereas binding at the secondconcluded that testosterone (type-I) and 9-AP (type-Il) binding

site involves favorable hydrophobic interaction with four
hydrophobic residues and also with the first 9-AP molecule,
compatible with the energetics observed for 9:ARd 9-AR

(52) Raag, R.; Poulos, T. IBiochemistryl989 28, 917—922.

(53) Raag, R.; Poulos, T. IBiochemistry1991, 30, 2674-2684.

(54) Fraczkiewicz, R.; Braun, W1. Comp. Chem1998 19, 319-333.

(55) Dabrowski, M. J.; Schrag, M. L.; Wienkers, L. C.; Atkins, W. M.Am.
Chem. Soc2002 124, 11866-11867

(56) Jushchyshyn, M.; Hutzler, M. J.; Schrag, M. L.; Wienkers, L.Agch.
Biochem. Biophys2005 438 21-28.

(57) Domanski, T. L.; He, Y. A,; Khan, K. K.; Roussel, F.; Wang, Q.; Halpert,
J. R.Biochemistry2001, 40, 10150-10160.

(58) He, Y. A,; Roussel, F.; Halpert, J. Rrch. Biochem. Biophy2003 409,
92—-101.

(59) Tsalkova, T. N.; Davydova, N.; Halpert, J. R.; Davydov, DBRichemistry
2007, 46, 106-119.

(60) Wade, R. C.; Gabdoulline, R. R.; Ludemann, S. K.; LounnasPMc.
Natl. Acad. Sci. U.S.A1998 95, 5942-5949.

(61) Davydov, D. R.; Hui Bon Hoa, G.; Peterson, J.B\ochemistryl999 38,
751-761.

(62) Delano, W. LThe PyMol User's ManualDelano Scientific: San Carlos,
CA, 2004.
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to P450eryF perturbed the same residues, forming two distinct phine; CYP or P450, cytochrome P450; EDTA, ethylenedi-
“pinding niches” within a single pocké&?.The favorable entropic ~ aminetetraacetic acid; PMSF, phenylmethylsulfonylfluoride;
changes observed for site 1 (Table 1) with 9-AP and 1-PB ITC, isothermal titration calorimetryAG, change in free energy;
reflects local restructuring of the binding pocket, as the entropy AH, change in enthalpyAS change in entropyKp, dissociation
derived from the flexibility of these planar ligands is highly constant.

limited. A ligand-free structure of P450eryF would certainly ) )
be |nva|uab|e |n C|ar|fy|ng th|s issue_ ACknOWledgment. ThIS WOI’k was Supported n pal‘t by

In conclusion, we employed the calorimetric approach research grants from the Robert A. Welch foundation (H-1458)
described previously to study CYP2B4 flexibility in ligand and NIH (GM54995) and by NIEHS Center Grant ES06676.
binding to dissect the ligand-binding allostery in P450eryF with Computational time was provided by the National Center for
sparingly soluble hydrophobic ligands. The thermodynamic Supercomputing Applications (MCB0O50038N). We thank Chris-
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P450s, especially to CYP3A4 and CYP2C9 in solution or in
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chiometry and allostery to drugdrug interactions and conse-
quently to develop methods to predict drug incompatibilities.
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