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ABSTRACT:. Cytochrome P450’s (P450's) catalyze the oxidative metabolism of most drugs and toxins.
Although extensive studies have proven that some P450’s demonstrate both homotropic and heterotropic
cooperativity toward a number of substrates, the mechanistic and molecular details of P450 allostery are
still not well-established. Here, we use UV/vis and heteronuclear nuclear magnetic resonance (NMR)
spectroscopic techniques to study the mechanism and thermodynamics of the binding of two 9-amino-
phenanthrene (9-AP) and testosterone (TST) molecules to the erythromycin-metabolizing bactegigl P450
UV/vis absorbance spectra of P4Pdemonstrated that binding occurs with apparent negative homotropic
cooperativity for TST and positive homotropic cooperativity for 9-AP with Hill-equation-derived
dissociation constants &fs = 4 and 20QuM, respectively. The broadening and shifting observed in the
2D-{*H,>N}-HSQC-monitored titrations 3PN-Phe-labeled P4%Qwith 9-AP and TST indicated binding

on intermediate and fast chemical exhange time scales, respectively, which was consistent with the Hill-
equation-deriveds values for these two ligands. Regardless of the type of spectral perturbation observed
(broadening for 9-AP and shifting for TST), tAeN-Phe NMR resonances most affected were the same

in each titration, suggesting that the two ligands “contact” the same phenylalanines within the active site
of P45Qr This finding is in agreement with X-ray crystal structures of bound Bg¢=§howing different

ligands occupying similar active-site niches. Complex spectral behavior was additionally observed for a
small collection of resonances in the TST titration, interpreted as multiple binding modes for the low-
affinity TST molecule or multiple TST-bound P45@ conformational substates. A structural and energetic
model is presented that combines the energetics and structural aspects of 9-AP and TST binding derived
from these observations.

Cytochrome P450’s (P450%)catalyze the oxidative  to the observed cooperativity. Thus, the study of cooperativity
metabolism of most drugs and toxir®.(Extensive studies  in P450’s presents a complicated scientific problem but an
with mammalian P450’s have shown that a significant subsetimportant one because of the obvious implications that
of these enzymes (3A4 and 2C9) exhibit both homotropic allostery may have in drugdrug interactions and, conse-
and heterotropic allosteric effects toward a number of quently, for the development of experimental methods able
substrates3, 4). These allosteric effects require that multiple to predict drug incompatibilities.

substrates or a substrate and an effector be simultaneously Established methods used in the study of allostery of P450
bound to the P450. However, the mechanisms by which metabolism include X-ray crystallography, deuterium kinetic
multlple |Igand blndlng alters rates of individual steps in the isotope effects] and UV/vis Spectroscopy_ These methods
P450 reaction cycle are incompletely characterized. The P450have provided valuable structural and mechanistic insight
reaction cycle is complex, and in every step of the cycle, into substrate binding5j, substrate-dependent heme spin-
local changes in the active site occur and might be connectedsiate change (UV/vis)B}, and regioselectivity of substrate
oxidation (deuterium effects)7)]. Solution-state nuclear
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been investigated with 1D and 2B NMR spectroscopy,  P45Q.r Ligand-induced spin states and spin-state equilibria
providing insight into the structure of the P4&Q ligand- of the P450 heme were probed with UV/vis spectroscopy.
binding site ). In addition, heteronuclear NMR methods Structural and dynamic aspects were probed with NMR.
have been applied to monitor the formation of the R450 When the sequential-ordered binding model presented above
putidaredoxin complex, and perturbations in the R4R0 is fit to the ligand-induced changes observed with these
structure upon addition of putidaredoxin have been correlatedspectroscopic techniques, a structural and energetic model
with the elements that control molecular recognitid®)( for homotropic cooperativity in TST and 9-AP binding to
These studies point to the utility of NMR-based techniques P45Q.r could be derived.
for studying P450 allostery.

Whereas the ultimate goal of any NMR study probing MATERIALS AND METHODS

P450 allostery is to provide a detailed picture of mammalian Preparation of the Mutant F86YThe mutant P45,

P450 metabolism, mammalian cytochrome P450’'s (denoted . : o i
as CYP instead of P450) have proven notoriously difficult F86Y was F“ade using the QuikChange site-directed mu
tagenesis kit (Stratagene, La Jolla, CA).

to solubilize in monomeric forms, at least at the high . e
. : ' : Expression and Purification of°N-Phe-Labeled and
concentrations required for NMR. Model bacterial systems
g Y Unlabeled P45Q,r. The °N-Phe-labeled P4%Q was

have therefore been used in their place. R¢58 a bacterial d usina the bTrc99 ol d i DL-39

P450 that shows both excellent solubility and aggregation expresseh. using t eEp r:C ; hP asrr:! SéStﬁ’rrllzm %, an

properties, as well as cooperativity of substrate binding. It ggxostgop II_C strlaln oEscherichia coli(tyr " 'hV } a;gc_-).

has been used as a model for cooperativity in CYP3A4-( Ix 50 mL cultures were grown overnignt at n

14), which is the major drug metabolizing isoform in humans m.od|f|ed M9 minimal media (Redfield media) supplemented

(15, 16). P45Q,,= metabolizes just one natural substrate (6- With trace metals, 4% glucose, aftN-Phe (Cambridge
Isotope Labs). These starter cultures were then used to

deoxyerythronolide B or 6-DEB), but it has been observed . | 1L . | " . |
to exhibit allosteric behavior in the binding of several ligands, 'Noculate sx1 L expression cultures. The expression cultures
ere allowed to continue to incubate at 3Z until they

including 9-aminophenanthrene (9-AP), androstenedione, and" . .
testosterone (TST)H( 13, 14). P45Q.r thus constitutes an reaghed~1 ODkoo At t.hat po".’“z cell_s were induced by
excellent model P450 system for biophysical and, specifi- adding IPTG andé-ammolevuhmc acid, each at a stock
cally, NMR analysis. Moreoever, the P45 crystal struc- concentration of 0.5 M, to a final concentration of 1 mM.
ture is the only X-ray crystal structure of P450 to show two | € incubation temperature was reduced tGpand the
ligands that are bound in the active sif. ( cultures were incubated for a further 24 h, at which time
Two ligands were selected for analysis: 9-AP, a type-Il (€Y Were harvested. _ _
binder, and TST, a type-I bindeb,(13, 17). These ligands P45Q.yr was purified as described previously by &4.
were selected on the basis of previous studies indicating T"€ mass was confirmed for the labeled and unlabeled
cooperative binding to P45 and X-ray crystal structures ~ P49Qyr by LC/ESEMS analysis, which was performed on
demonstrating two ligand molecules bound within the active- & Micromass Quattro Il tandem quadrupole mass spectrom-
site pocket §, 13, 17). In addition, 9-AP and TST display  ©ter coupled to a Shlmadzu'LC. An R2 reverse-phase LC
substantial differences in affinity for P45@ (Ks (Hill) = column was used for separation. The mass spectrometer was
7.8 uM for 9-AP andKs (Hill) = 410 M for TSTY? (17) run in elecf[rospray-lomzatlon mode (ESI) at a cone voltage
and exhibit different spin effects on the P450 heme of 55 V, with a source block temperature of 100 and a
environment. 9-AP, a type-Il ligand, coordinates directly to desolvation temperature of 35C. The molecular weight
the central F& and converts the small amount of high-spin  ©f the*™N-Phe-labeled and unlabeled P43Qwas determined
heme in the unliganded P450 to low spit8). In contrast, {0 be 44 968 and 44 985, respectively. The purity of R450
TST, the type-I ligand, displaces the water that is coordinated Was determined by SDSPAGE analysis to be-95%. The
to the central F¥ and shifts the heme to a high-spin state concentration and purity of P450 was determined using UV/

(17). vis spectroscopy of the CO reduced, reduced wig9% in
At least two molecules of the ligand, in this study, 9-Ap the P450 form. _
or TST, are believed to occupy the P45@active site Absorbance Spectroscopyhe absorbance experiments

simultaneously §, 17). The simplest model for binding of ~ Wwith CYP3A4 were performed using a Cary 3E absorbance
two ligands to P45Q is the sequential-ordered binding Spectrophotometer (Varian Scientific Instruments, Inc., Lake
mechanism, shown to be valid for CYP3A4 with TSI8(  Forest, CA) or an Olis Modernized Aminco DW-2 (Olis,
19) and shown below for the ligand (L), the first binding Inc., Bogart, GA) as previously describe@1(-23). All
constant Ks), and the second binding constank) samples contained 100 mM phosphate (pH 7.4) and were
performed at 25C.
Absorbance spectra were deconvoluted into their low- and
high-spin components and the broadband using the
. . multiple-peak fitting package of Igor Pro 5.0 (Wavemetrics,
In our stu_dy, UVivis and NMR—based.techmques W€ nc., Lake Oswego, OR) in a similar fashion as described
cpmblned with computer mod(_elllng to delineate the mecha- for P45Q.am and CYP3A4 18, 24). The relative areas under
nism of homotropic cooperativity of 9-AP and TST for  {hage peaks were calculated and compared to the low-spin

reference spectra to estimate percentages of low and high
2The Ks derived from the Hill equation is not a true dissociation spin.

constant. Therefore, the abbreviatiods (Hill), will be used to .

differentiate between Hill-equation-deriveds values andKs values If the ligands of P45Q,r have a strong effect on the

determined by model fitting. extinction coefficients of the low-spin Soret band, which is

Kg aKg
[P450]= [P450L] ==[P450L-L]
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the case for P45Qin the presence of 9-AP, then the method H and*N radio frequency power of 57 dB (i.ex17 W)
described above will not work. However, the low- and high- and 56 dB, respectively, withN decoupling during acquisi-
spin Soret of the ligand-bound P45 can be compared to  tion at a decoupling power of 42 dB. Further details of the
the low- and high-spin Soret peaks of P450with known NMR experiment can be found in r&6.

percentages of low and high spin (e.g., P4pOwithout Simulations of the NMR and Absorbance Daiehe
ligands). Therefore, the areas of Soret peaks of R#atth changes in the absorbance spectra were fit, using GEPASI
known percentages of high and low spin were compared with (27—29). The fits were based on the sequential-ordered
the area of the corresponding peaks in R4bOwith binding model, the simplest model to fit the data, which has
saturating ligand, using the relationship between the areasalready been demonstrated for CYP3A48,(19)

under these peaks and their spin-state equilibribap().

Kspin is related to the concentration of low spin and high P450<L_S P450L °‘<:,KS P450L L

spin by the following relationship, where HS high spin,

LS = low spin: Ky k,
P450‘k_,_1) PA450L ?2 P450L-L

[HS] _ % HS
KSPIN_ [LS] - % LS (1) k_l
Kspin is related to the areag\(s = area under high-spin Ks K, ©
Soret band;Ais = area under low-spin Soret ban@; =
constant) under the Soret bands by the following: K.,
aKs= e (7)
Aus _ Pus 2
Kspn+—=C— (2) )
Ass Ass The actual concentrations of [P450], [P4B[) [P450-L -
) . ) L], and [L] were determined using the rate equations below,
Using the above relationshi@;, Ksein, Aus’, andAs' from - aiher than equilibrium equations, such as the AdBiuling
the P45Q=with unknown percentages of low and high spin, - gquation. The equilibrium equations cannot be used to
denoted by a prime (i.e’), can be compared t€, Kspin, accurately determine th&s values, when the [P450]
Ans, andAs of the P45Qyr with known percentages of low  cqncentration is high with respect to te. The [P450] was
and high spin high with respect tds for the absorbance experiment with
CA. CAg 9AP and the NMR experiments. Therefore, the steady-state
- solutions using the rate equations were used to determine
As B As ®) theKs values, which allows for an accurate measurement of

the Ks values regardless of the [P450]. Below are the rate
equations that were used to determine the steady-state
Let us assume that the effect of the ligand is the same concentrations of [P450], [P49(, [P45C-L L], and [L], on
affect on the extinction coefficients of the low- and high- the basis of the sequential-ordered binding mechanism
spin Soret bands d€ ~ C', then
a[P450L]

Koo = Ko Dhs A w o lPASOIIL T klPasoL) -
SPIN SPINA &' As k_,[P450L] — k_,[P450L][L] (8)

- =
KSPIN KSPIN

From this, the high spin and low spin can be calculated J[PA50L L]

= k,[P450L L] — k_,[P450L-L] (9
., _%HS = %HS _ 100— %LS ot ! ] 2 1 ©)

Ksen =96 LS~ 100-%HS %Lls O oL
This method allows one to calculate the % low spin and 5t k_y[P4SOL] + k_,[P450L L] — ky[P450][L] —
% high spin without using a low-spin control. However, a k,[P450L][L] (10)
standard sample with known % low spin and % high spin
must be used. The effect on the spin state of the first ligand versus the

NMR SpectroscopyAll NMR spectra were obtained at  second ligand on P45¢: is not expected to be identical.

25°C on a Varian Unity Inova 500 MHz NMR spectrometer, Therefore, the changes in the absorbance spectra are likely
equipped with a VariadH{**C/*N} triple resonance (TR)/  to have this relationship

pulse-field-gradient (PFG) probe (Varian, Inc., Palo Alto,

CA). All NMR data sets were processed on a Silicon A= 0,[CYP-L] + 0,[CYP-L-L] (11)
Graphics O2 workstation (Silicon Graphics, Inc., Mountain

View, CA) using the NMRPipe System Softwa25] or on whereA = amplitude of the absorbance change= spin

a personal computer with MestreC version 3.992 (MestreC, coefficient of [CYPL], o, = spin coefficient of [CYFL-

A Corug, Spain). Two-dimensiongM,'>N}-heteronuclear ~ L].

single-quantum coherence (HSQC) NMR spectra with water  The spin coefficients are related to the fractional change
suppression by gradient selection were carried out at variousin the spin state. To be consistent, a positive spin coefficient
concentrations of 9-AP and TST in 50 mM phosphate (pH (o > 0) represents a shift to the high-spin state, while a
7.4, 25°C) in 10% DO. These spectra were obtained at a negative spin coefficiento( < 0) represents a shift to the
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low-spin state. The fractional change of the spin state can 0.06
be determined with A |

o, 0.04 /

=— 12
k! loy| + |0y (12)

0.02- ,. g 000
0.2 ] -0.02
-0.04

f

AA434414
o o
o O
N B

fSZ |0,1| + |O_2| (13) 0.00--’ ' '3 0 42%"':)50 500
0 5 10 15 20
wherefs, = fractional change in the spin state by the first 9-AP (uM)
ligand andfs, = fractional change in the spin state by the
second ligand. 14 B
The steady-state concentrations determined from the rate
equations as described in ref8—29 were inputed into eq ol
11. The values determined by simulations of the absorbance s
spectra, using eq 11, were also fit to the NMR titration data §1
as a cross-check for consistency between the two methods = n=1.4 £0.2
used to probe for binding. Ks=4.2+0.7 uM
-24
RESULTS 10 05 00 05 10 15
log([S])

UV/Vis-Monitored Titration of P45Qr with Ligands, FiGure 1: Equilibrium binding titration of P45Q,r with 9-AP by
9-AP, and TSTDifference spectroscopy of the UV/vis Soret  Uvvis difference absorbance spectroscopy. A (inset) shows the
bands ¢390-420 nm) of P450’s in the presence and individual absorbance difference curves at a range of 9-AP
absence of ligands has been used previously to determiné?ﬂ%i””itﬂns in n]?igz%molars. Ashowsftgi%bsorbance difference
the effect of the Iigand on the local heme. enyironment of %icromolars. nén ig a H%Fp?ct)ta;ﬁgﬁgig of B. CTOP?ece[r;’tgt(I)(]mvsv;g
P450 (8, 30). A difference spectrum showing increases at approximately 1uM for these experiments.
>420 nm and decreases<e890 nm reflects a ligand-induced
shift of the P450 heme to the low-spin state, which is often
characterized by the direct association of a nitrogen or ool A
oxygen of the ligand to the heme. On the other hand, a
difference spectrum showing decreases>d20 nm and S
increases at390 nm reflects a ligand-induced shift of the 2
P450 heme to the high-spin state, which is associated with { 01
the ligand’s displacement of the water that is bound to the
heme.

Figure 1 shows 9-AP-induced changes on UV/vis differ-

T

57350 375 400 425 450 475
A (nm)

ence spectra of P45¢. Figure 1A (inset) shows the 0 100 200 300 400 500 600 700
absorbance difference of the Soret region observed between Testosterone (uM)
P45Q.r at various concentrations of 9-AP minus P4%0

without 9-AP ([P45@,r + 9-AP] — [P45Q.yd). There is an 051 B

absorbance decrease at approximately 414 nm and an

absorbance increase at 434 nm, consistent with the ligand —
shifting the P45@yr heme into the low-spin statd ). The i
difference in the amplitudes between 434 and 414 nm as a =
function of the 9-AP concentration is shown in Figure 1B 2

with the fit of the sequential ordered binding model as a n=0.89:0.13

= +
solid line. The Hill plot analysis of Figure 1A is shown in -2.01 K;=230£44.54M
Figure 1B. TheKs (Hill) =4 + 0.7uM and then = 1.4 £+ 00 05 10 15 20
0.2 were extracted from this plot and agree with previous log[S]

results Ks (Hill) = 7.8uM, n = 1.62 (L3)]. —_ o .
. . - Ficure 2: Equilibrium binding titration of P45Q, with TST by
Figure 2 shows TST-induced changes on UV/vis difference UVis difference absorbance spectroscopy. A shows the individual

spectra of P45Qr. The absorbance difference plotted in  apsorbance difference curves at a range of TST concentrations in
Figure 2A (inset) shows an absorbance increase at 388 nnmicromolars. B shows the absorbance difference of-38820 nm

and an absorbance decrease at 420 nm, consistent with &f P45Q.rat a range of TST concentrations in micromolars. C is
TST-induced shift of the P450 heme to the high-spin state 2 Hill plot analysis of B. The [P450] was approximately. for
: . .~ these experiments.

(17). The difference between these wavelengths is shown in
Figure 2A (7). A fit of the simulation based on the
sequential-ordered binding model is shown in Figure2f ( Hill analysis, and the binding was considerably weaker
and the Hill plot analysis is shown in Figure 2B. than for 9-AP Ks (Hill) = 230+ 44.5uM]. These results

The ligand-induced spin-state shift was found to have are in qualitative agreement with previous binding results
apparent negative cooperativity € 0.89 + 0.13) by the [Ks (Hill) = 410uM] (17).
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_ The HiII_p!ot analysis is us_e_ful for prov_iding_a ql_JaIitative Table 1; % Low Spin and High Spin in P45@ with TST and
view of affinity and cooperativity yet provides little informa-  9.AP Compared with the Quantities of % Low Spin and High Spin
tion about the individual binding events. However, simulating in CYP3A4 with TST

the UV/vis difference of P450’s to models that reasonably % low spin % high spin |A% spin stat&
represent the binding can provide important insights into P45Q,,+ (unbound) 93 -

binding and allostery. The dissociation constards énd p45QzF+ TST 75 25 18%
oKs) determined from a simulation can provide the thermo- P45Q.-+ 9-AP 97 3 4%
dynamic information about the predominant binding steps CYP3A4 (unbound) 83 17

and the coupling free energy between these steps, which igCYP3A4+ TST 50 50 33%
itself a useful measure of cooperativity (see the Discussion). *A% spin state was determined by taking the absolute value of the
A simulation of data in Figure 1B based on a sequential- dlfferencbe between ligand-bound P450 or CYP and ligand-free P450
ordered binding mechanism (see the Materials and Methods)Or CYP.? Values taken from rets.
is shown as a solid line in Figure 1B. From the simulation,
the Ks and aKs were determined to be 13.48 1.45 mM Figure 3A shows the low- and high-spin Soret bands in
and 2.014+ 0.99uM. The spin coefficients were determined the presence of 22 mM aniline, which will be assumed to
to be —0.0598+ 0.00359 and-0.0595+ 0.00573 foro; be ~100% low spin. The) band and low-spin Soret bands
ando, respectively, because 9-AP is a low-spin ligand (recall were found at 360 and 423 nm, respectively.
thato < 0 corresponds to a low-spin transition, as explained  Figure 3B shows the low- and high-spin Soret bands in
in the Materials and Methods). The fractional contribution the absence of ligands. Deconvoluting the spectrum reveals
of each bound state, P4%0and P456L-L, toward shifting that it is comprised of the three expected components: the
the heme to the low-spin state was aboutd50-8% (i.e., 0 band, the low-spin band, and the high-spin Soret bands.
50% per binding event). These peaks were found at 360, 394, and 418 nm, respec-
Simulations of the TST-induced absorbance changes intively. Assuming that the aniline sample (in Figure 3A)
Figure 2B of P45@,r show theKs = 286 4+ 19.7 uM and represents~100% low spin, we determined the low-spin
aKs = 795 + 41.2 uM for the first and second binding, —concentration in these samples to©83% (and therefore,
respectively. The spin coefficients wese= 2.5 x 104 + 100% — 93% = 7% high spin). We compare this result to
1x 105ando; = 1.8 x 104 + 2 x 10°%, giving a the low-spin concentration determined for CYP3A4 in the
fractional change of,, = 57.5 + 6.4% andf,, = 42.5 + absence of ligands (% low spi 83%) (18, 32).
7.6%, respectively. Because the “first” ligand elicits an  Figure 3C shows the affect of close to saturating TST
apparent stronger spin-state change on average, it is likely(640uM) on the absolute absorbance spectrum of R450
to be bound closer to the heme than the “second” ligand. Deconvolution of the spectrum revealed the same three peaks
The simulations and the Hill analysis, however, provide no at 360, 393, and 418 nm but with a decrease in the low-spin
information of the binding mechanism for the apparent Soret band and an increase in the high-spin Soret band. Using
negative cooperativity. The apparent negative cooperativity P45Qyrwith aniline as a low-spin control, P45@ with TST
could be the result of noninteracting (independent) binding was found to have 75% low spin and therefore 25% high
sites, where there is a relatively tight and weak binding site, spin. A high-spin concentration of 7% in the absence of TST
or “classical” negative cooperativity, where one site reduces versus 25% in the presence of TST means that TST induces
the binding affinity for the second site. Regardless of the a modest 18% increase in high spin. This is a much smaller
actual binding mechanism, the fact is that the ligand increase than was observed for CYP3A4 (17% high spin in
distribution between binding sites at low [TST] would behave the absence of TST versus 50% high spin in the presence of
functionally as negative cooperativity in both cases. In other TST = 33% increase in high spin}L§).
words, TST would preferentially bind to the relatively tight Figure 3D shows the affect of saturating 9-AP on the
binding site over the weak binding site at low [TST]. absolute absorbance spectrum of R4sQvith a 6 band,
Peak Fitting Analysis of UV/Vis Absorbance Peaks of high-spin Soret, and low-spin Soret at 385, 402, and 423
P45Q.yrin the Presence of TST and 9-AFhe absolute UV/  nm. There is a 50% decrease in area of the low-spin Soret
vis Soret (325-500 nm) region of P450’s can be deconvo- peak, which would normally indicate a decrease in the low-
luted into ad band, a low-spin Soret, and high-spin Soret spin concentration. If there were a decrease in the low-spin
bands. The low-spin and high-spin Soret bands have beenconcentration, a corresponding increase in the high-spin
assigned to the low- and high-spin states of the P450 heme concentration would result. Instead, there is a 75% decrease
respectively. On the other hand, theband has not been in the high-spin Soret band, a counterintuitive result.
assigned an obvious function in the literature. With appropri- However, because the decrease in the area of the high-spin
ate controls, peak fitting can be used to determine the Soret peak (i.e., 75%) is greater than the decrease in the area
concentration of low and high spin in the sample as pre- of the low-spin Soret peak (i.e., 50%), the relative change
viously described(8). Knowing these relative concentrations in area between low spin and high spin suggests a shift to
is critical for interpreting NMR data because increasing the low spin, which is in line with expectations. Because of these
concentration of high spin can lead to paramagnetic broaden-effects on the P45Qr Soret bands by 9-AP, the relative
ing and shifting {, 31), which contribute to (and thus be concentration of low spin in the P4§@ with 9-AP cannot
misinterpreted as) the diamagnetic exchange broadening ande directly determined from the low-spin Soret of P40
chemical shifting caused by ligand binding to the P450. The with saturating aniline as is possible with P450with TST
% low spin and % high spin calculated from the Soret bands or without ligands. Therefore, the concentration of low spin
of P45Qyr with and without saturating ligands are shown and high spin in P45Q¢ with 9-AP was determined by
in Table 1. comparing the areas of the low- and high-spin Soret peaks
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Ficure 3: Change in the high-spin concentration of P4a0determined by absorbance spectroscopy. Curve fitting of the absorbance

spectra of P45Q,r with (A) aniline (R = 0.99), (B) no ligandsR = 0.98), (C) close to saturating TST (i.e., 64®1) (R= 0.97), and (D)

saturating 32«M 9-AP (R = 0.99) was used to determine the relative change in % low spin and high spin. The experimental data is shown

asMll, and the fit is shown as-. The Gaussian curves used to fit the experimental data are shown Bshows a comparison of P45@
(—) and CYP3A4 {(-+) at near saturating TST.

of P45Qr with 9-AP to P45@yr without ligands (see the  Scheme 1: Active Site of P450s Showing Important
Materials and Methods, eqs—¥). From this analysis, Active-Site Phe’s and the Phe’s from Related Structures
P45Q,,+ with 9-AP was found to have 97% low spin and A v F78  piez
3% high spin, which is a very small 4% change in the spin “%
state.

Electron paramagnetic resonance (EPR) spectroscopy og
P45Q.r was performed a5 K to determine if the analysis F86 F243
above was correct, i.e., that the heme of R4bWas indeed  F72
shifted to the low-spin state upon binding of 9-AP. As
expected, no EPR high-spin signal from P4a0in the .
presence of 9-AP was observetl@K (data not shown). F109 Mg F350
These EPR results support the UV/vis data and are consisten e,
with 9-AP shifting the P45Q,r to >93% low spin. F344

Further evidence of the small spin state changes in the
presence of these ligands is demonstrated in Figure 3E. C
Figure 3E compares the absolute absorbance of CYP3A4
(—) and P45Qy¢ (+++) normalized to the CYP3A4 high-spin
Soret band in the presence of close to saturating TST. The *.
amplitude of the absorbance &390 nm shows that the
concentration of high spin is clearly higher for CYP3A4 than
for P45Q,y at similar TST concentrations. e

2D-{*H,**N} -HSQC-Monitored Titration of P45Q¢ with : 2
Ligand 9-AP.P45Qr contains 17 phenylalanine residues,
8 of which are in the active-site pocket (F72, F78, F86, F109,
F167, F243, F344, and F350 in Scheme 1). Their proximities . Ay | 1oortant Phe’s from the 9-AP-bound P reen
to bound ligand and/or heme suggest that these Phe,ssign(iﬁgantl?/ shifted Phe’s from the ketoconazole-bﬁic(ig%ﬁ(%lft)e’)
participate in the formation of the P4&@—ligand complex, (33), Phe’s from the CYP3AA4 structure (red) 45) that overlap with
either directly via ring stacking to the aromatic portions of the active-site Phe’s of P4§@- Also, shown is the heme (yellow).
the bound ligand or indirectly via conformational rearrange- (B) 9-AP (orange) bound to P45 with the heme (yellow) and the

. . . - active-site Phe’s (gray). (C) Androstenedione (orange) bound to.450
ments in the active-site pocket that accompany bindfg ( with the heme (yellow) and the active-site Phe’s (gray). (D) Ketokona-

33, 34). Interestingly, site-directed mutagenesis of R450  zole (orange) bound P45¢- with the heme (yellow) and the active-
to P45Q,r (F78W) decreases the degree of cooperative site Phe’s (gray).

s < heme.:
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P) P12 [ Ficure 5: Equilibrium binding titration of P45Q,r with TST by
STy ; 2D NMR spectroscopyH 2D-{1*N,'H}-HSQC correlation spectra
~- - 115.0 (500 MHz) obtained at 298 K of 283M P45Qr in the absence
@ ° & b of a ligand (black) and after the addition of about 6 molar equiv
P i (1.7 mM) of TST (red). Arrows denote the chemical shifts seen
P3 P68 ' pg - 1200 with peaks P2, P6, P9, and P12. Peak P12 is absent at TST
\" K o " ; concentrations greater than 4.4 molar equiv (1.2 mM).
=7 125.0
f HSQC spectrum, although not all of these 17 Phe’s manifest
. r 130.0 equal resonance intensity. The decreased resonance intensities
C ’ of P12 and P13, for example, may result from conformational

U averaging in the protein, paramagnetic broadening of the one
900 850 800 750  7.00 unpaired electron associated with the low-spin state, or amide
"H ppm exhange with the bulk water. Candidates for paramagnetically

Ficure 4: Equilibrium binding titration of P45Q,r with 9-AP by broadened resonances include F109, F344, and F350, situated

2D NMR spectroscopyH 2D{**N,*H}-HSQC correlation spectra  closest to the heme (Scheme 1).
(500 MHz) obtained at 298 K (2%C) of 200uM P45Qr (A) in .
the absence of a ligand and after the addition of about 1 (B) and 2  Parts B and C of Figure 4 show the ZEH-**N}-HSQC-

(C) molar equiv of 9-AP. All peaks are labeled in A. The positions Monitored titrations of PN-Phe] P45@yr after ~1 and~2
of peaks P2, P6, P9, and P12 are marked in B and C. molar equiv of the 9-AP, respectively. The additiefh equiv
of 9-AP (Figure 4B) does not lead to shifting in the positions

behavior exhibited by this enzyme, supporting a possible Of the resonances but, instead, to significant losses in the
participation of F78 in the binding of the second 9-AP ligand "&Sonance intensity, a function of line broadening. The peaks
to P45Qye (14). most affected, P2, P6, P9, and P12, lose almost all of their
On the basis of the studies outlined above, we uniformly intensity at 2 equiv 9-AP. Table S1 in the Supporting
incorporatedsN-labeled Phe as a probe of changes in the Information lists the intensities for each peak in the titration
chemical environment and dynamics of the P4&@ctive- ~ that were measured from the peak height.
site pocket that accompany binding of the ligand. The 2D-{'H,'>N}-HSQC-Monitored Titration of P45Qr with
selective labeling and detection of oritfiN-Phe residues in  Ligand TST.Two-dimensional*H,**N}-HSQC-monitored
the 2D{'H,">N}-HSQC spectrum of !fN-Phe] P45@r titrations of [*N-Phe] P45@, with TST were also per-
reduces the spectral complexity of the NMR data and allows formed. Figure 5 plots the HSQC spectrum of the free
a simplified mapping of the binding events. oxidized form of [5N-Phe]P45@y (in black contours)
The HSQC spectrum of the free oxidized form &N- overlayed with the HSQC spectrum of the oxidizéeNF
Phe] P45@r is shown in Figure 4A. ThéN-Phe amide Phe]P45Q,rin the presence of 12.0 molar equiv TST (TST/
resonances appear well-dispersed in both dimensions, indi-P45Q,,s = 12.0) (in red contours). The spectrum clearly
cating that P450,r remains properly folded and active under displays the 14 resonances (labeled-P14 in the figure).
the NMR working conditions. The spectrum clearly displays Also clearly discernible is the contribution of the two
14 resonances (labeled PR14 in the figure). The peaks overlapping Phe amide resonances to peaks P5 and P8. These
labeled P5 and P8 are composed>df overlapping peaks. overlapped resonances shift independently of each other in
Therefore, most if not all of the 17 phenylalanines in the the presence of TST, leading to a “double-lobe” appearance
P45Q,, protein are accounted for as separate peaks in thein the bound spectrum.
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5N ppm peak was found in the HSQC spectrum denoted by an
: asterisk, which was insensitive to TST. Table S2 in the
[ Supporting Information lists thtH and*®N chemical shifts

[ 115.0 for each peak in the titration.

Assignment of F86YOnly one Phe mutant was found to
[ be amenable to NMR analysis, F86Y. F86Y binds 9-AP
-120.0 (Ks = 5 uM versusKs = 4 uM for WT; data not shown),

I suggesting a properly folded active site. Unsurprisingly, the
I cooperativity with 9-AP is significantly decreased for F86Y,
P3 N 1250 with n = 1.1 for the mutant versus= 1.4 for the wild type

© - - (data not shown).

[ 1300 Figure 6 is the 20-°N,'H}-HSQC spectrum of théN-

o - Phe-labeled F86Y P45Q- mutant. All peaks are at their WT

I chemical shifts, barring some subtle spectral differences

— related to folding and solubility issues. The exception is P12

9.00 8.50 8.00 7.50 7.00 (absent in the dashed circle in Figure 8). The continued

"H ppm absence of this peak in different fresh NMR sample$idf

FIGURE 6: Two-dimensional-1®N,'H}-HSQC correlation spectra  Phe-labeled F86Y, coupled with the persistence of all other

of the P45@,,r F86Y mutant at 298 K. The spectrum shows all of peaks in an otherwise “WT-like” spectrum, allows P12 to

the peaks, except P12, which is shown by a dashed circle. be assigned to F86. The fact that P12, a peak significantly
P5, P8, and P11 exhibit complex spectral behavior by Proadened and shifted in the 9-AP and TST titrations, likely

decomposing into smaller peaks. An expanded region of the COrrésponds to an active-site phenylalanine involved in ligand
HSQC spectrum of Figure 5 is presented in the Supporting Pinding, suggests that the ligand-induced NMR perturbations
Information as Figure S1 to illustrate the complicated spectral 0bserved in the HSQC spectra are localized to the active
behavior of P5. P5 breaks into multiple components at TST/ Sité and are not global in nature.

P45Q,, > 1.0, while P6 remains a single peak throughout  Analysis of “Binding Niches” for 9-ARersus TSTFigure

the titration. P5 continues to disperse to 12 equiv of TST 7 presents plots of the spectral changes (i.e., broadening for
with roughly 6 components. The striking feature of the 9-AP and shifting for TST) observed for P45@ in the
dispersal is that the total number of peaks resolved including, presence of 9-AP and TST. Figure 7A plots changes in peak
P5, P8, and P11, are greater than the total number of Phe’dntensities §1 = I7e¢ — |boundin arbitrary units, wherd™e =

in P45Q,,r implying that there are different bound/confor- the peak intensity at 9-AP/P45@ = 0, and |Pound =
mational states of TST (see the Discussion). An anomalousthe peak intensity at 9-AP/P45@( ~ 2) measured in the
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FiIGURe 7: Quantitative changes in the P4gPspectra in the presence of 9-AP (A and C) and TST (B and D). (A) Absolute value change
of the peak intensity of P45Qk versus the peak number in the presence of 9-AP. (B) Weighted avAragebserved for P45Qin the
presence of TSTAOa = [AdniH? + (Ad1n/5)7] Y2, whereAd = diee — Obouna@Nddiree is the chemical shift at TST/P450: = 0, anddpound

is the chemical shift at TST/P4&Q: = 12.0 (see ref85 and36). (C) Absolute intensity of 9-AP peaks with respect to molar equivalents
of 9-AP. (D) Adnn with respect to molar equivalents of TST, whexéyy represent®nu free — Onmbound The peaks P2, P6, P9, P12, and
P14 are color-coded.
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Ficure 8: Plot of free energyAG) as a function of the binding
event between P456- P450L and P456L — P450L-L. The free
energies of binding of the first and second T¥) &and 9-AP ()

to P45Qyr Also shown are the free energies of binding the first
and second TST in CYP3A4).

HSQC-monitored titration of'fN-Phe] P45@y+ with 9-AP.
Figure 7B plots the weighted average of the chemical shift
[ASay = [ASNH? + (AS=n/5)A Y2, whereAd = §iree — Gbound
oe = the chemical shift at TST/P450-= 0, andoPeund=

the chemical shift at TST/P4§Q- = 12.0 (see refs35

and 36)] measured in the HSQC-monitored titration of
[*°N-Phe]P45@y+with TST. With the exception of P5, which

is comprised of two overlapping resonances and therefore
subject to some error in the intensity measurement, the
binding of 9-AP and TST to P4%Qr leads to significant

perturbations of the same 4 Phe’s, those corresponding to

P2, P6, P9, and P12. This remarkably similar collection of

“most perturbed peaks” suggests that 9-AP and TST share

similar “binding niches”. In other words, 9AP and TST that
are bound in the active site interact with the same Phe’s.

Simulations of the spectral changes observed for R450
in the presence of 9-AP and TST were performed next,
using the concentrations of P453@ used in the NMR
experiments (i.e., 200 and 2@01) and the parameters (i.e.,
Ks, aKs, 01, and o) determined from the UV/vis analysis
(Figures 1 and 2).

For 9-AP, the amplitudes of P2, P6, P9, and P12 decreasey

asymptotically to 0 intensity at 2 equiv 9-AP in a manner
that is consistent with intermediate exchange with respect
to the chemical shift. The asymptotic behavior is consistent
with the high protein concentration used in these experiments
(i.e., [P45Qyd = 200 uM) (for a review, see reB7). The
simulation of 9-AP binding was normalized to the data
points (=) and shows a reasonable fit, suggesting that the
exchange of 9-AP is in a range of intermediate exchange,
where the relationship between the enzyraabstrate com-
plex and resonant peak amplitude is relatively linear
(38—40).

For TST, the shifting observed for P2, P6, P9, and P12,
which is characteristic of fast exchange with respect to the
chemical shift, also appears to fit well to the simulations,
which would be expected for this exchange regirB8—

40). In addition, the appearance of peak dispersal from our
analysis of P5 (Figure S1 in the Supporting Information) at
greater than 1 equiv TST suggest binding of multiple TST
molecules. The peaks continue to shift up to 12.0 molar equiv

Biochemistry, Vol. 45, No. 6, 2006.681

TST, where the P45@Q¢ binding site is primarily saturated,
although precipitation was observed at lower concentrafions.

DISCUSSION

Several ligands are known to exhibit homotropic and
heterotropic cooperativity in binding to P45@ (5, 13, 17),
and thus, P45Qr has been deemed a useful model for
cooperativity in P450’s and CYP’s. Although a couple of
X-ray crystal structures of P450- have been solved with
ligands that exhibit homotropic cooperativitg){ little is
known about the dynamics and energetics of the ligands that
exhibit homotropic cooperativity.

Dynamics of 9-AP and TST Binding to P45P. Spectral
perturbations observed in the ZBH,'*N}-HSQC-monitored
titration of [**N-Phe]P45@y+ with 9-AP showed decreases
in the resonance intensity, as a function of the 9-AP
concentration. This loss of intensity is unlikely as a result
of paramagnetic broadening effects, associated with the
unpaired electron(s) of the heme, because there is only a
4% increase in low spin in the presence of 9-AP (see the
Results). Paramagnetic broadening of the peaks would be
more expected for a shift to the high-spin state, where the
total number of unpaired electrons increasesirthermore,
F86 (assigned to P12 on the basis of mutagenesis), which
lies 16 A from the heme P&, would not be expected to be
paramagnetically broadened but, nevertheless, exhibits strong
line broadening in the presence of 9-AP. Together, these
results infer that the peak broading observed in the 2D-
{*H,">N }-HSQC-monitored titration offN-Phe]P45@yr
with 9-AP is primarily due to intermediate chemical ex-
change on the chemical-shift time scaled(~ kex, Where
Ao = the chemical-shift difference between ligand-bound
and ligand-free states atg = the chemical-exchange rate)
(41-43).

In contrast, the spectral perturbations observed in the 2D-
{*H,*N}-HSQC-monitored titration of N-Phe]P450,¢
with TST showed shifting in the position of the resonances
as a function of the TST concentration. The shifting of most
of the peaks is consistent with a fast exchange on the
chemical-shift time scaleA90 < ke, Where A6 = the
chemical-shift difference)4l—43). However, the complex
ispersion observed for P5, P8, and P11 may represent a
slow conformational exchange on the NMR time scéle|
43). The assumption of an intermediate exchange for the
9-AP titration but a fast exchange for most of the peaks in
the TST titration is supported by the value of e (Hill)
values of the two ligands for P4§{: (Ks = 4—7.8 uM for
9AP versuKs = 200-410uM for TST,; this study and refs
13and17).

3No precipitate was noticeable in the NMR tube until TST/
P45Q.r > 4. The precipitate is believed to consist of mainly TST
because the 2D-HSQC spectra did not show any sign of £450
aggregation (as would be indicated by a loss of resonance intensity,
uniform line broadening of protein resonances, or the appearance of
visible protein aggregates in the bottom of the tube).

4The degree of paramagnetic relaxation elicited on nearby nuclei
scales to the total number of unpaired electrons associated with the
metal center. F¥ in its high-spin state has five unpaired electrons,
whereas F& in its low-spin state has only one unpaired electron.
Paramagnetic broadening of NMR resonances is therefore highly
pronounced in the HSQC spectra of proteins of high-spin iron centers,
as shown in the 234H,>N}-HSQC of myoglobin ).
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Phenylalanines Play an Important Role in 9-AP and TST  Unfortunately, no crystal structure of P43p has been
Binding.Despite the differences in relative affinities between solved without a ligand bound. Protein crystals produced in
9-AP and TST, which gave rise to different spectral the absence of a ligand were needles of poor diffraction
perturbations (broadening for 9-AP and shifting for TST) quality (Dr. J. R. Cupp-Vickery, personal communication).
and different homotropic cooperative behavior, the collection This may suggest that the structure is different in the absence
of resonances most perturbed by the binding of 9-AP versusof a ligand, because we might expect PgzQo crystallize
TST was the same in each titration (P2, P6, P9, and P12).well in the absence of a ligand, if the structures were

The X-ray crystal structures of P4&5@ with 9-AP, identical. However, a comparison of P4gPcrystal struc-
androstenedione, and ketoconazole were compared to elutures with different ligands bound show modest displace-
cidate the important Phe’s in the P45Pactive site §, 20, ments of the active-site Phe’s from one ligand to the next

33, 34). Scheme 1 shows the Phe’s of P450(9-AP), and no changes in the backbone or side-chain positions of
P45Q+(androstenediong)and P45@,/ketoconazole that  Phe’s removed from the active site. These results suggest
were deemed to be in the active sifg 20, 33, 34). While that global conformational changes induced by ligand bind-
no crystal structures exist for the P458(TST), complex, ing, if indeed present, are modest.
the structural and chemical similarities between TST and TST Adopts Multiple Binding Modes in the P450Active
androstenedione suggest that two molecules of TST mightSite. As discussed in the Results, several peaks including
bind in a similar mode and interact with the same Phe’s as P5 exhibit complicated spectral behavior throughout the TST
do the molecules of androstenedione. This model of TST titration, breaking up into multiple components at TST/
binding alludes to a potential mechanism for the apparent P45Q,,+ > 1.0. This complex spectral behavior suggests that
negative cooperativity observed in the absorbance titrations.the bound TST molecule(s) are experiencing heterogeneity
The TST closest to the heme (proximal TST), which binds in the chemical environment on the NMR time scale, caused
tightest, forms the binding site for the TST furthest from by the sampling of distinct conformational substates and/or
the heme (distal TST). When the binding site for the distal different modes of binding within the P4 active site. A
TST is formed, the proximal TST can “reduce” the binding comparison of the X-ray crystal structures of the ketocona-
affinity of the second TST for P45Qe In this case, TST  zole versus DEB-bound P45@ shows that some of the
exhibits “classical” homotropic negative cooperativity. active-site Phe’s are capable of undergoing significant
Quialitative inspection of ligand-bound P45@structures conformational changes to accommodate different ligands
reveals that 9-AP and androstenedione occupy similar niches(5, 33). These crystal structures then support the existence
within the P45@yractive site, while the bulkier ketoconazole of distinct conformational substates for the P4g0Oactive
appears to occupy a larger part of the active site, interactingsite 33). Additionally, the observation of chemical hetero-
with F72 and causing conformational changes in F167 and geneity but only for TST/P45%Q¢ > 1.0 is supportive of
F243. 9-AP and androstenedione molecules that are proximalmultiple binding modes for the second bound molecule of
to the heme are closest to F350, F109, and F344, whichTST. This second TST likely occupies the same niche as
reside on the opposite side of the hent®. (9-AP and the 9-AP furthest from the heme, because the most per-
androstenedione molecules that are distal to the heme ardurbed peaks (i.e., P2, P6, P9, and P12) are the same in the
close to F78 and F865). Because the strongest spectral 9-AP versus TST titrations. Moreover, different binding
perturbations would be expected for these Phe’s, these aranodes are consistent with the weak binding of the second
clearly candidates for P2, P6, P9, and P12. Already, P12 TST that was determined through simulation (i@Ks =
has been assigned F86, on the basis of our own mutagenesig95 uM).
studies. The F86 ring stacks along with F78 to 9-AP or  Thermodynamics of 9-AP and TST Binding to R450
androstenedione, which is structurally similar to TST, mole- The energetics of homotropic cooperativity can be best
cules furthest away from the heme in the crystal structure understood in terms of the free energias3(values) of the
of the P45@,+/(androstenediongand P45@,#(9-AP), (5). individual binding events and the difference in the free
9-AP and TST May Exert Local and Global Conforma- energies AAG values). Calculated\G values have been
tional Changes in P45Q¢. The remarkable similarity in  useful previously in delineating the mechanism of TST
the identities of the peaks most perturbed in the NMR binding to CYP3A4 18). The AAG, which is also known
titrations of P45Qy= (P2, P6, P9, and P12) suggests that 9-AP as the coupling free energy, can be used as a measure of
and TST share a similar “binding niche”, i.e., that they come cooperativity and reflects the energetic coupling between two
into contact with the same Phe’s in the P4a0active site. binding events. The coupling free energy is superionto
While it is tempting to conclude that the most perturbed values determined from the Hill analysis because the
resonances correspond to active-site Phe’s only (and thecoupling free energy is a value of the magnitude of
tentative assignment of P12 to F86 supports this line of cooperativity between binding events, whileis a fitting
thinking), the possibility of global conformational changes parameter that is generally believed to be related to the
affecting Phe’s far removed from the active site cannot number of binding sites. For positive cooperative binding,
categorically be ruled out. This is especially true given the the coupling free energy is negative, and for apparent
large number of shifted peaks observed in the HSQC- negative cooperative binding, the coupling free energy is
monitored titrations of PN-Phe]P45Qyr with TST (Figure positive.
6). Indeed, practically all peaks in the HSQC spectrum  The calculated\G and AAG values are shown in Figure
experience some chemical shifting, even if the effect is subtle, 8 with the AG plotted as a function of the binding event.
indicating that binding of TST to P45Q-exerts subtle global ~ The points indicate the relative binding affinities of the
changes to the chemical environments of Phe’s far removedaveraged predominate binding mode(s), and the lines indicate
from the active site. that there is a relationship between the two binding events.
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Positive cooperativity is represented by a negative slope,is available free of charge via the Internet at http:/
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