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ABSTRACT. The role of protein structural flexibility and substrate dynamics in catalysis by cytochrome
P450 enzymes is an area of current interest. We have addressed these in cytochrome(P45Qam)

and its Y96A mutant with camphor and its related compounds using fluorescence spectroscopy. Previously
[Prasad et al. (200BEBS Lett477, 157-160], we provided experimental support to dynamic fluctuations

in P45Q.m and substrate access into the active site region via the channel next to the flexiBle F
helix—loop—helix segment. In the investigation described here, we show that the dynamic fluctuations in
the enzyme are substrate dependent as reflected by tryptophan fluorescence quenching experiments. The
orientation of tryptophan relative to heme)(for W42 obtained from time-resolved tryptophan fluorescence
measurements show variation with type of substrate bound to.RA&0ggesting regions distant from
heme-binding site are affected by physicochemical and steric characteristics/prutegtrate interactions

of P45Q.nm active site. We monitored substrate dynamics in the active site region otR4B0time-
resolved substrate anisotropy measurements. The anisotropy decay of substrates boung.tm&iéa6

that mobility of substrates is modulated by physicochemical and steric characteristics/psotestrate
interactions of local active site structure, and provides an understanding of factors controlling observed
hydroxylated products for substrate bound R45@omplexes. The present study shows that R450

local and peripheral structural flexibility and heterogeneity along with substrate mobility play an important
role in regulating substrate binding orientation during catalysis and accommodating diverse range of
substrates within P45, heme pocket.

Cytochrome P450 enzymes (P450s8ye heme protein  P450 heme pocket (substrate diversity). Interestingly, topol-
monooxygenases that metabolize a wide variety of physi- ogy, structural fold, and the heme-binding core structure
ologically important compounds vital to life of most organ- among microbial and mammalian P45@s 4) seem to be
isms from protists to plants to mafi)( P450s monooxy-  conserved along with structural constraints for restricted
genate multitude of substrates that are involved in physiologi- water access to heme to avoid conversion of activated
cally important processes such as steroid metabolism, pro-dioxygen to superoxide or peroxide during catalysis. The
carcinogen activation, fatty acid metabolism, and xenobiotic regions associated with substrate binding and recognition in
(drug and pollutant) detoxification1{ 2). Such broad P450s are believed to be helices A, B, B, and G and
substrate diversity and the structural determinants for sub-their adjacent loopsj. The mutation of amino acid residues
strate specificity/product control in P450s remain among the within these regions has been shown to confer new substrate
critical unresolved questions in P450s. Understanding of specificities onto P450s or alter its stereo- and regioselectivity
substrate specificity/product control in P450s is very impor- (1, 6). Very recently, Winn et al.9) based on molecular
tant in deciding whether a specific compound will be a dynamic simulation studies proposed that the substrate access
substrate for a given P450 enzyme, or for the design andchannel to the P450 active site may dynamically modulate
construction of P450 enzymes with tailored substrate speci-substrate binding. The crystal structures of R458nd P450
ficities, and for the prediction of potential toxic interactions. 2C5 show disorder/flexibility in the +G region @, 7).
Several studies have attempted to understand the factors, sucRecently, Dunn et al.8) showed using ruthenium-linker
as structural flexibility/dynamics and substrate mobility, that substrates bound to P45Qthat large changes in peripheral
might control substrate binding orientation during catalysis enzyme structure (F and G helices) are coupled to confor-
and accommodation of diverse range of substrates within mational changes in the active site residues (I helix) and
flexibility in the F/G helix region. Such structural flexibility
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molecule and S atom of Cys-357 in the fifth and sixth in P45Q.m has not been reported so far. Camphor and its
coordination positions, respectivel§Qq, 11). P45Q.n cata- related compounds (norcamphor, adamantone, and fenchone)
lyzes the stereo- and regiospecific hydroxylation of camphor are fluorescent27). The depolarization of fluorescence of
to 5-exo-hydroxycamphor at the expense of one mole eachorganic molecules in liquids is one of the powerful techniques
of NADH and dioxygen 12). In addition to camphor for the investigation of the tumbling or rotational motion of
derivatives and the closely related tricyclic molecules ada- the molecule on the picosecond to nanosecond time scale
mantane and adamantanone, R45Mas been shown to (28). The time-resolved fluorescence anisotropy directly
oxidize unrelated compounds such as styrene and its derivaimonitors the reorientation of the emission transition dipole
tives, ethylbenzene, nicotine, and polycyclic aromatic hy- moment of the fluorophore and hence is best suited for the
drocarbons such as naphthalene and pyrers). Itis likely investigation of its local molecular dynamics near the active
that such substrate diversity for P450arises due to protein  site. The stereo- and regiospecificity for the substrate
structural flexibility, such that P4%Q, can be modified to hydroxylation in P45Q, is likely to be dependent on the
accommodate various substrates in multiple orientations. rotational freedom of the substrates (camphor, adamantone,
Recently (4), we successfully utilized the intrinsic fluores- thiocamphor, norcamphor, and fenchone) and its potential
cence of the indole moiety of tryptophan residue to provide for multiple binding orientations. In view of this, we utilized
experimental support to structural flexibility/dynamic fluc- the fluorescence properties of camphor and related com-
tuations in P45Qm and substrate access into the active site pounds to probe the local environment of the substrate and
region via the channel next to the flexible-& helix—loop— its dynamics in P45Q@., In the present work, the fluorescence
helix segment. Among the five tryptophan residues in properties of both tryptophan and substrate in R450
P45Q.m W42 is closest to the substrate access channelprovide information on the role of protein and substrate
located between the'Bielix and the flexible FG helix— dynamics in regulation of substrate hydroxylation, diversity,
loop—helix segment. Thus, the fluorescence properties of and product control for this enzyme.
W42 residue in the presence of substrates with varied
physicochemical/proteinsubstrate interaction of P4&Q MATERIALS AND METHODS
active site can provide information on the effect of local ~ Materials. DEAE Sepharose, Q Sepharose, Sephadex G10
active site structure in regulating structural flexibility/ column, NATA, acrylamide, norcamphor, thiocamphor,
fluctuations involving entry/passage of the substrate throughadamantone, and fenchone were purchased from Sigma-
the access channel. Considering this, we investigated theAldrich Co. Potassium iodide was obtained from E. Merck.
structural flexibility of P45@.m in various substrate (sub-  All other chemicals were of analytical grade.
strates: norcamphor, thiocamphor, fenchone, and adaman- Protein Purification.The recombinant forms d¢?seudomo-
tone) bound forms and camphor-bound Y96A P420sing nas putidaP45Q.mwere overexpressed Bscherichia coli
tryptophan fluorescence spectroscopy. and purified according to the reported meth@®)( The

The crystal structure of P45@, has been solved at high  enzyme preparation was stored-20 °C in 1 mM camphor
resolution in the substrate-free form, and in the forms in and 40 mM phosphate, pH 7.4 solution containing 50%
which the enzyme is bound to a number of substrates andglycerol.
inhibitors (L, 11, 15, 16). The crystal structure shows that Steady-State Fluorescence SpectroscSpmady-state fluo-
camphor binds in the heme pocket in a single and orderedrescence measurements were done on Spex Fluorolog-1681T
conformation and various proteisubstrate interactions, spectrofluorometer. The fluorescence excitation wavelength
namely, hydrogen bonding between the camphor carbonylwas kept at 295 nm and the measured fluorescence intensity
oxygen and the hydroxyl group of tyrosine 96, specific (Fopg after the addition of a quencher was corrected for the
hydrophobic contacts between the methyl groups of camphorenzyme dilution and inner filter effect as described earlier
and valine 295, 247, place 5-position of camphor skeleton (30). The tryptophan fluorescence quenching experiments
above the heme iron. Removal of these interactions by eitherwere performed using acrylamide (neutral quencher) and
mutating specific amino acids on the enzyme or appropriate potassium iodide (ionic quencher) as described earliér (
substitution of substrate leads to hydroxylated products at 31).
multiple positions {, 17, 18). The substrate mobility in the Time-Resaled Fluorescence Spectroscopyhe time-
active site region of the enzyme has been proposed to playresolved fluorescence lifetime and anisotropy decay mea-
an important role in positioning the substrate within the active surements were carried out on a time-correlated single photon
site and determining regiospecificity of substrate hydroxy- counting device coupled with a picosecond laser described
lation (19, 20). The involvement of the mobility of substrates elsewhere 32). The exciting laser source was frequency
in P450 catalytic function has been proposed based on kinetictripled output (885 nm, fundamental) of a mode locked
analysis of the hydroxylation involving deuterium kinetic picosecond Ti-sapphire (Tsunami Spectra Physics, USA)
isotope effectsq1), deuterium magic angle spinning studies laser pumped by a diode pumped CW Nd-Vanadate laser
(22), high pressure23), and FTIR studies on CO bound (532 nm) (Millennia X, Spectra Physics, USA). The pulse
P450s 24). Substrate docking algorithms and molecular width of the exciting laser pulse was typically-2 ps. A
dynamics simulation studie&, 20, 25, 26) propose a degree  pulse repetition of 82 MHz was reduced to a repetition rate
of plasticity in P45@,, active site and substrate motions, to of 800 kHz/4 MHz using a pulse selector (model 3985
control substrate hydroxylation and for accommodating a Spectra Physics USA) for our measurements. The ultraviolet
diverse range of substrates within the active site. Even thoughbeam at 295 nm excited the samples. A Schott WG 320
substrate mobility in P45@,has been the subject of several cutoff filter was used to remove any scattering from samples
studies 19—26), direct observation of substrate motion and at wavelengths below 320 nm. The instrument response
possible correlation of substrate mobility to product control function (IRF) was recorded using a nondairy creamer
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scattering solution and the apparatus response was checkednd is related by eq 3:
by measuring the lifetime of NATA, before the start of

sample data acquisition. Protein sampled @ xM) in 40 Rg Tya
mM, pH 7.4 potassium phosphate buffer were used for the == c=1-— 3)
time-resolved fluorescence measurements. For fluorescence RT+R, Ta

lifetime measurements, the emission profiles were collected
from the sample through the emission polarizer oriented at where 74, and t4 represent the lifetime of donor in the
the magic angle (54°F with respect to the excitation presence and in the absence of acceptor, respectiRgly.
polarizer to avoid any contribution from anisotropy. For time- the distance for 50% energy-transfer efficiend was
resolved anisotropy experiments, fluorescence decays werecalculated using the following relation:

collected with the emission polarizer kept at parallglgnd

perpendicularl() orientations with respect to the excitation R,=(J KZQd n9)Y x 9.79x 10°A (4)
polarizer. These polarized components were corrected for
the G factor of the instrument. G factors for the different
emission wavelengths were determined by the tail-matching
method 83) using NATA for which the rotational correlation
time (~56 ps) is much faster than its fluorescence lifetime
(~3 ns). G factor for the protein samples were measured by
collecting I for the time,t; x G, wheret is the time for
which I, was collected.

The fluorescence decay curves were analyzed by the bes
fit to the deconvolution of instrument response function with
a theoretical decay function composed of a discrete sum of
exponentials, given by the following equation:

whereJ is the spectral overlap integral of the normalized
emission spectrum of the donor (tryptophans) and absorption
spectrum of the acceptor (heme), and was calculated by the
reported method38). n (n = 1.4) is the refractive index of
the medium.Qq is the quantum vyield of tryptophai®f =
0.13) in absence of any quench&dy), «? is the orientation
actor of the tryptophan-heme transition moments and is
efined by the direction of the transition moment of the donor
(tryptophan) and acceptor (heme). It varies from 0 to 4
depending upon their relative orientatioB0(. x? can be
computed for the heme proteins using their atomic coordi-
_ nates, and the experimentally observed lifetimes can be
I = zkak exp(-tr) @ correlated to the structural disposition of their tryptophan
. . . . residues §9).
vyherek |s_th_e numbgr of d|scret.e exponent_lals required to The analysis of time-resolved fluorescence anisotropy
f.'t the emission profllg. To obtain th_e amplltudes:k)( and. decayr(t) was carried out using the two polarized decdys,
Ilfet|_mes (@, an lterative reconvolu,tlon was applied using andly collected with the emission polarizer oriented parallel
nonlinear regression and Marquardt’s algorithm for parameter _ - 4 perpendicular to the excitation polarizé@) These two

](c)ptlm|rz]at|0n d64). The g;)or(]jness_ %f tfgje flt_(\;vasl gpnf_lgmgd polarized decays are related to the total intensity detay
rom the randomness of the weighted residual distribution, 54 e anisotropy decayt) according to the following
autocorrelation function and with & value close to unity. equations:

The fluorescence decay profiles were also analyzed
independently by the maximum entropy method (MEM)

using 150 lifetime components ranging from 0.01 to 10 ns L) = %I O[1 + 2r(1)] (5)
uniformly distributed in the logarithmic time scale. This

method is an unbiased way of data analysis in the sense that 1) = 1I(t)[1 —r(®)] 6)
it provides a continuous distribution of lifetimes without - 3

assuming any model or mathematical functi®@s)( MEM

initially starts with a flat distribution of amplitudes; that is, Here, the intensity decdyt) is a multiexponential function
each lifetime has equal weighting in the beginning and arrives given by eq 1. The fluorescence anisotropy in the case of
at the amplitude distribution that best describes the observedproteins comes from two independent motions: rotational
experimental fluorescence intensity decay. The optimization dynamics of the entire protein (global motion) and segmental
of the amplitude distribution is carried out in successive dynamics of the fluorophore (local motion). Assuming that

cycles by minimizing the? and maximizing the entropa the segmental motions occur independent of the overall
The expression used f@ is the Shannon-Jaynes entropy protein rotation, the anisotropy decay functigft) can be
function 36), which is represented as the product of these separate procdgses (
Anisotropy decay function(t) that was used to analyze the
S= —Zpi logp, (2) experimental anisotropy data is expressed by eq 7.
wherep; = o; /Y o rit) = rOZfi exp( t/p) (7)
|

Fluorescence resonance energy transfer (FRET) is a
distance-dependent excited-state dipalgole interaction
in which the emission of one of the fluorophore (donor) is whererg is the time zero anisotropy (initial anisotropy),
coupled to the excitation of another (acceptor). It occurs which can vary between 0.4 antD.2; ¢ (i = 1 and 2) are
primarily because the acceptor dipole interacts or resonateshe rotational correlation times associated with the “local”
with the donor dipole. FRET can be used to estimate the and “global” rotations, respectively, afidi = 1 and 2) are
distance of the fluorophore from the acceptor group. The the fractional changes in anisotropy associated witand
efficiency of energy transfeE) depends on the distande)( ¢, respectively. Goodness of the fit was determined based
and the relative orientation of donor and accep@t), 37), on random distribution of the weighted residuaj$yalue,
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FiIGURE 1: Steady-state tryptophan fluorescence spectradf15 wavelength (nm)
adamantone-bound cytochrome P4&@n 40 mM, pH 7.4 phos- FicURe 2: Steady-state fluorescence spectra ghfree camphor
phate buffer. Excitation wavelength was kept at 295 nm. (solid line), camphor bound to wild-type P45Q (dash line), and
camphor bound to Y96A P45Q, (dotted line) in 40 mM, pH 7.4
Table 1: Fluorescence Parameters for Camphor and Related phosphate buffer.
Compounds in Ethandl 130
Substrates Aex Aem % . A)
1.25 1
(nm) (nm) (ns)
1.20 4
Camphor 298 417 3.68 o
Fo/F 1.15 1
Adamantone 299 420 5.32 o 110 1
g;r 1.05
Norcamphor 298 420 6.69
0\: é 1.00 T T T
0.0 0.1 0.2 0.3
Fenchone 300 421 2.34 o [Acrylamide])/M
% 1.06
@ dexs Aem €Xcitation and emission wavelengths; fluorescence 1.05 4 ®
lifetime. ’

1.04 4 (]
and a good fit of the calculated anisotropy function with the 103 | -
experimental data. Fo/F s

1.02
RESULTS

o 1.01 A
The tryptophan fluorescence emission spectra of substrate
bound P45Q,complexes (substrates: camphor, adamantone, 1-0000 v 02 o
thiocamphor, norcamphor, and fenchone) show a broad peak ' ’ KI/M ' ’

around 325 nm similar to one reported earlier for substrate-
Ficure 3: Stern-Volmer plots for tryptophan fluorescence quench-

fre‘? and camphor-bounq e.nzymla4x. Figure 1 shows a ing of adamantone-bound cytochrome P4y acrylamide (A)
typical fluorescence emission spectrum for adamantone-gnqg k| (B).

bound P45, Camphor and related compounds (norcam-
phor, fenchone, adamantone) show weak fluorescence, sincéinear, whereas that for Kl with substrate-bound enzyme
it arises due to the carbonyl— s* forbidden transitions  shows a downward curvature at higher concentration of Kl
(27, 41). The fluorescence emission spectrum of the free (Figure 3). The SternVolmer constantsKsy), fraction of
substrates, such as camphor, adamantone, norcamphor, angyptophan accessible to Kf,) and the bimolecular rate
fenchone (Table 1), shifts to 430 nm on their binding to wild- constant for acrylamide quenching)were calculated from
type P45Q,, Figure 2 shows the typical red shift for SV and Lehrer plots andld, 30, 31) are listed in Table 2.
camphor emission maxima (from 417 to 430 nm) on binding  Time-resolved fluorescence studies were carried out to
to wild-type P45Qm obtain fluorescence lifetimes for both tryptophans and
The use of quenchers with varying properties such as substrates in P45Q—substrate complexes. An unusually
acrylamide (neutral) and potassium iodide, Kl (ionic) can large Franck Condon shift 100 nm) for camphor and its
provide information about the environment of the fluoro- analogues allowed us to measure substrate fluorescence
phore. We performed tryptophan quenching experiments onindependent of tryptophan. A deconvolution of substrate-
P45Qar—substrate complex with norcamphor, fenchone, bound P45@Qfluorescence emission spectrum indicated that
thiocamphor as substrates and camphor-bound Y96A mutantemission wavelength around 470 nm had tryptophan fluo-
of P45Q.m The Stera-Volmer (SV) plots for acrylamide  rescence comparable to background counts. The fluorescence
quenching in P45Q.—substrate complexes was found to be intensity decay for tryptophans (325 nm), free substrate (417
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substrate complexes [substrates: adamantone (PDB: 5CPP),

Table 2: Steady-State Fluorescence Quenching Condtants )
norcamphor (PDB: 7CPP) and thiocamphor (PDB: 8CPP)]

__acrylamide by the reported method 4), and these are listed in Table 5.
pasQ (,\|,<|3V1) ('\';qfllgl) |(<|\I/| [%)v . We monitored rotational dynamics of camphor and related
an 2 substrates (norcamphor, adamantone, fenchone) in.2450
wild-type substrate-free 1.45 5.64 013 016 gnd its Y96A mutant. The steady-state anisotropy or
m:g:ggg fﬁomc‘;m%ﬁgﬁggun d g'gg i'ié g'% g'ég above substrate-bound P4&pcomplexes was calculated by
wild-type norcamphor-bound ~ 1.21 509 054 049 computing the integrated area of parallel and perpendicular
wild-type fenchone bound 0.93 4.35 0.38 0.41 components of the steady state emission spectra. The initially
wild-type adamantone bound ~ 0.81 3.61 025 031 created anisotropy at zero time)is observed asssin the
Y96A camphor-bound 0.92 4.82 035 032 apsence of depolarizing rotational diffusion and is given by
aKs: Stern—Volmer constantfy fraction of tryptophan accessible  the relation
to KI.
2(3 cod a
g s o= B(T) ®)
g o
j wherea is the angle between the excitation and emission

transition dipoles. The value af, varies from 0.4 ¢ = 0)
25000 to —0.2 (@ = 90°) depending on the excitation and emission
wavelengths. The typical value ai for substrate like
camphor was found to be 24at 295 nm (excitation) and
417 nm (emission) wavelengths. The value rgf was
measured for all the above substrates in glycerol since

20000 -

o 15000 1 glycerol provides a rigid environment and eliminates depo-
§ larizing rotational diffusion. The values ofs andr, were
© L0000 | also calculated from the time-resolved polarized decay data,

and the results were in agreement with those obtained from
the steady state study. The valuesg@andr, obtained from

5000 1 (a) steady-state experiment are listed in Table 6.
@) The fluorescence anisotropy decay of substrates in water
01— . . : and ethanol was observed to be single exponential with a
0 2 4 6 8 rotation correlation in the range of 3%5 ps. The time-
Time (ns) resolved anisotropy decaft) for substrates in P459,could

FicURE 4: Time-resolved decay of camphor in cytochrome R450  Not be described adequately by a single exponential function.
(a) and the instrument response function (b). The solid line through Simultaneous analysis of the parallel and perpendicular
the decay curve shows the four exponential fit. The upper panel in components for all substrate-bound P45@omplexes using
the figure shows the weighted residudcd(t) — Fex(U] plot egs 5 and 6, respectively, satisfactorily fitted with a double
illustrating the accuracy of the exponential fit. : ) . .

exponential rotational correlation model. Figure 6 shows the

nm), and substrate in P45@bound forms (470 nm) were typical parallel and pe_rpendi.cular components of timg-
collected at magic angle polarization with an excitation "eSolved fluorescence intensity decay of norcamphor in

wavelength at 295 nm. The fluorescence lifetime for the free P45QamWhich were collected by G-factor matching. A two
substrates (camphor, norcamphor, adamantone, and fen_exp_onentlal fit to the anisotropy decay is shown as an !nset
chone) was found to have a single component in the rangeto_ Flgure_) 6. Thg values for substrate_ rotat_lon correlation times
of 2.3-6.7 ns (Table 1), and the values are in agreement with their relative amplitudes are listed in Table 6.

with those reported earlier2{). The fluorescence decay

curves of the tryptophans and substrates in B45@ubstrate DISCUSSION

complexes were best fitted to a sum of four exponential, as The emission maximum for tryptophans in proteins varies
judged by random residual distribution, autocorrelation from 310 to 360 nm depending on their solvent accessibility
function, andy? minimization criteria (Figure 4). The decay and the dielectric constant of the mediud®); The observed
curves were also analyzed by maximum entropy method emission peak position for tryptophans in substrate-bound
(MEM) to check the validity of the discrete exponential P45Q,n complexes indicates a relatively nonpolar average
model, and the results were found to be in agreement. Figureenvironment around the five tryptophan residues with
5 shows the typical MEM analysis of the substrate fluores- dielectric constant similar tp-dioxane and butyl ethedp).
cence intensity decay for camphor in P450The lifetime Other cytochrome P450s, such as R4k0 P450scc, and
components and the amplitudes for the tryptophan andP45Q;; show emission maxima around 330, 332, and 342

substrates fluorescence are listed in Tables 3 and 4. nm, respectively43). The fluorescence emission spectrum
We have recently reportedl4) the assignment of the of camphor and its related compounds exhibit a broad
shortest tryptophan lifetime component)(in P45Qam to structureless emission with a maximum around 420 nm

W42 by correlating tryptophan disposition relative to heme (Table 1). The observed large difference in energy between
(x?) to its experimentally observed individual lifetime the Franck-Condon maxima for absorption and emission
components (using egs 3 and 4) in camphor-bound B450 in these ketones might arise due to significant differences
We determined the values ef for W42 in other P45Qr between the geometry of ground and excited statds The
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Ficure 5: Amplitude profile of the distribution of substrate
fluorescence lifetimes obtained for best MEM fit of fluorescence
decay of camphor in cytochrome P45

Table 3: Tryptophan Fluorescence Decay Parameters Recovered by
Exponential Analysis

71 (ns) 12(ns) 73(NS) 74(ns)

P45Qam (amp) (amp) (amp) (amp) 7av(nSs)

wild-type substrate-free 0.126 0.29 1.23 4.47 0.257
_ 67 (40 @ @

wild-type camphor-bound 0.099 0.27 1.18 4.49 0.236
_ _ G5 (42 @ (@

wild-type thiocamphor-bound 0.076 O. 1.22 432 0.229
_ G4 3 @ @

wild-type norcamphor-bound 0.068 0.29 1.20 4.23 0.235
_ (61) (@6 @ @)

wild-type fenchone bound 0.072 0.26 1.16 4.41 0.214
_ 56 (1) @ @

wild-type adamantone bound 0.100 0.23 1.21 452 0.225
(52) (45 @ @

Y96A substrate-free 0.079 0.28 1.19 4.97 0.229
68 (B9 @ @

Y96A camphor-bound 0.045 0.28 113 45 0.191
63 (B39 @ O

at (ns): lifetime component; amp: amplitude.

Table 4: Substrate Fluorescence Decay Parameters Recovered by
Exponential Analysis

71(NS) 72(NS) 73(NS) 74(NS)
substrate/P45Qn (amp) (amp) (amp) (amp)
camphor/wild-type 0.065 0.29 2.52 6.4
_ (51) (40) (6) ©)
adamantone/wild-type 0.069 0.29 2.15 6.2
(51) (40) 4 (5)
camphor/Y96a 0.110 0.35 2.31 6.6
. (54) (37) (6) 3)
norcamphor/wild-type 0.096 0.35 2.82 6.3
_ (54) (36) (6) 3)
fenchone/wild-type 0.106 0.34 2.28 6.6
(57) (36) (4 3)

at (ns): lifetime component; amp: amplitude.

spectral distribution of camphor and related compounds
shows unusual similarity among themselves (Table 1) and
also with other carbonyl compound45j, suggesting that

the emission process is localized in their carbonyl moiety.

Prasad and Mitra

Table 5. Tryptophan Orientation Facte) for W42 in
P45..—Substrate Complex

K2

P45Qam exp cal
wild-type camphor-bound 0.78 0.75
wild-type adamantone-bound 0.49 0.42
wild-type norcamphor-bound 0.69 0.65
wild-type thiocamphor-bound 0.65 0.62

Table 6: Steady-State and Time-Resolved Fluorescence Parameters
for Substrates in Cytochrome P45@

¢1(ns)  ¢2(ns)
substrate/P45@n (amp)  (amp) L (exp) k{exp)
camphor/wild-type 0.27 25 0.084 0.061
(40) (60) +0.004 +0.001
adamantone/wild-type 0.28 26 0.095 0.072
(45) (55)  +0.005 =+0.001
camphor/Y96A 0.12 29 0.12 0.064
(49) (51)  +0.01  +0.001
norcamphor/wild-type 0.100 25 0.106 0.045
(45) (55) +0.003  +0.002
fenchone/wild-type 0.112 24 0.127 0.060
47) (53) +0.001  +0.001

a¢i: rotation correlation timer,: initial anisotropyfss steady state
anisotropy.
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Ficure 6: Polarized components of fluorescence decay of nor-
camphor-bound cytochrome P4%Q parallel component (a),
perpendicular component (b) along with instrument response
function (c). The bottom panels show the weighted residuals for
the two polarized decays. The anisotropy decay calculated from
the two polarized decays is shown in the inset of the figure in the
top panel.

96 in P45Q,m because emission maximum for camphor in
camphor-bound Y96A mutant of P45 (which lacks a
hydrogen bond between carbonyl of camphor and Tyr 96)

The fluorescence emission spectrum of the free substrategloes not show any red shift relative to emission maxima of

shows a red shift on binding of P45@ This may be
attributed to a solvent specific interaction, arising due to

camphor (Figure 2), thougKy for camphor in wild-type
P45Qam (1.1 uM) and Y96A mutant (3.4«M) are compa-

hydrogen bonding between carbonyl of the substrate and Tyrrable.
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The quenching of fluorescence requires molecular contactthat the two faster lifetime components éndz,) account
between the quencher and the fluorophore in either groundfor almost 97% of the observed tryptophan fluorescence in
or excited state. Fluorescence quenching methods have beesubstrate-free and substrate-bound R45These lifetime
extensively used to obtain information on the accessibility components represent a conformation in which the heme and
of fluorophores to quenchers, ligand binding reactions, the tryptophan residues are aligned in such a way that the
conformational changes, dynamic fluctuations in proteins, energy transfer to heme is most efficient. The nanosecond
and protein folding mechanism80@). The Stern-Volmer lifetime componentsrg andz,) possibly arise due to presence
plots for substrate-bound P45Q complexes (Figure 3)  of small amounts of apoprotein, free substrate, or disordered
indicate that all five tryptophan residues are accessible to conformers where tryptophan interactions are different with
acrylamide, whereas only a fraction of tryptophans is its neighbors%4, 55). We observe from Table 3 that binding
accessible to Kl which being an ionic quencher cannot of substrate to substrate-free P4a0greatly decreases the
penetrate into the hydrophobic core of the protein. We shortest lifetime component,f), the decrease being as large
observe that the fraction of tryptophan accessible to Kl as 64% for camphor-bound Y96A P45Q On the other
increases on binding of substrates to the substrate-freehand, the other lifetime components are not significantly
enzyme (Table 2). This suggests that, on binding of substrateaffected on binding of substrate.
to the enzyme, some of the tryptophan residues become Table 5 shows that the? for W42 in P45Q..i—substrate
accessible to the quencher, as in the case of camphor-boundomplexes match with their reported crystallographic data.
enzyme 14), due to changes in their local environment. Table This reconfirms that the shortest lifetime componeny s
2 shows that botiKs, and k, are larger for substrate-free  contributed by W42 and the location of the substrate access
P45Qa.mthan for substrate-bound P45Q indicating greater ~ channel is between'Bhelix and the flexible FG helix—
fluctuations in the substrate-free enzyme, which facilitates loop—helix segment, as reported earliet4). Although
diffusion of acrylamide inside the enzymé6j. On binding P45Q.m bound to camphor and other structurally related
of substrates such as thiocamphor (having weak hydrogencompounds are structurally similar, and their -tfpeme
bond between carbonyl and Tyr 96), norcamphor (with distances are also similar, a variation #f for W42 is
absence of hydrophobic contacts between substrate 8,9,10ebserved (Table 5). This suggests that the orientation of W42
methyl and Leu244Val247 cleft) or camphor-bound to is affected by the nature of proteisubstrate interaction.
Y96A P45Q.m (N0 hydrogen bond between carbonyl and The regions distant from heme active site are affected by
Y96), the value of bothKs, and k, increase relative to  physicochemical and steric characteristics/protsimbstrate
camphor-bound P45%9, (Table 2). This indicates that the interactions of P45Q, active site, and both local and
dynamic fluctuations of the enzyme increase on alteration peripheral enzyme structures are coupled. Similar observation
of active site protein substrate interactions in R450t has was reported by Dunn et aB)(in ruthenium-linker substrates
been shown that alteration of active site protein substrateto P45Q,, where the authors observe that large changes in
interactions in P45Qny affects both binding of substrate and peripheral enzyme structure (F and G helices) are coupled
its hydroxylation {, 17, 47). Correlating these tKsy brings to conformational changes in the active site residues (I helix).
out the importance of dynamic properties/flexibility of The observed structural heterogeneity of the local active site
P45Qamin controlling substrate binding and hydroxylation. and substrate dependent structural flexibility with energeti-
The observed value dfsy in norcamphor-bound P45@Q,is cally low-lying structural states for P45@ can be important
much higher than camphor-bound P430and is comparable  in regulating binding orientations for substrate during
to substrate-free P45Q,(Table 2). It has been reported that catalysis and accommodating diverse range of substrates in
the enzyme-substrate dissociation constant in norcamphor P45Q,,heme pocket. Such structural flexibility is important
(Kp = 150uM) is about 100 times larger than camphip( since, apart from hydrogen bonding interaction between
= 1.1 uM) (47). Also, norcamphor is hydroxylated at substrate and Tyr 96, relatively unspecific weak hydrophobic
multiple positions in contrast to a single hydroxylated product interactions govern the binding of substrates to R45iD
obtained for camphor. Considering these together, largerthe active site regionsg).
dynamic fluctuations exhibited by norcamphor-bound R450 Our observation of multiexponential fluorescence decay
may allow the substrate to attain alternate binding orienta- for substrates bound to P45@Q (Table 4) indicates confor-
tions during hydroxylation. The observed substrate dependenimational heterogeneity in P4&@ heme pocket. Table 4
dynamic fluctuations (even for closely related substrates) shows that the two faster lifetime components &nd 7»)
indicate existence of variable and flexible structural states for substrate in the P45Q-bound complexes account for
in P45Qam This may allow P45Q, to accommodate and  almost 91% of the observed substrate fluorescence. The
oxidize different substrates in multiple orientations. fluorescence decay of heme proteins is dominated by fast

The fluorescence decay for tryptophan residue is known energy transfer/decay kinetic3Q; 37). Fast energy transfer
to be multiexponential in single as well as multiple tryp- between substrate and heme will dominate the fluorescence
tophan containing proteins including several heme proteins decay of the substrate bound to P450Therefore, the fast
(48) such as cytochrome oxidase 49), HRP 60), hemo- lifetime components in the subnanosecond range (especially
globin (561), and P450s (e.g., P45, P450scc, and P450) 71) arise purely due to bound substrate. However, other
(43) attributed to multiple conformations of tryptophan lifetime componentst andzs) may not be unambiguously
residue in the ground state&bd) or multiple structures/  assigned as they are contributed by small amounts of free
conformational states of the proteif3j. Efficient energy substrate, apoprotein, or disordered conformers where sub-
transfer between tryptophan and heme dominates the tryp-strate interactions are different with its neighbdsd, (55).
tophan fluorescence decay in heme proteins with lifetime The short lifetime components,(and ) for camphor in
components in the subnanosecond rai3gg Table 3 shows  P45Q.mare similar to those observed for adamantone-bound
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P45Q.m However, these lifetime components substantially
increase (as large as 54%7g) on binding of norcamphor,
fenchone to wild-type P45Q, or camphor to Y96A mutant

Prasad and Mitra

was found to be 18 ns, which is in agreement with the
observed value of 25 ns.
Table 6 shows that the shorter correlation time in R450

of P45Q.n The efficiency of the energy transfer between varies with the substrate bound to P4g0However, binding
the substrate and heme will be dependent on their relativeof substrates does not affect the longer correlation time
distance and orientation (see Materials and Methods). Theindicating no change in the overall volume or shape of the
substrates such as camphor, norcamphor, adamantone, angrotein molecule. The short correlation time for camphor
fenchone are held by Tyr 96 (via hydrogen bonding inter- bound to P45Q,is comparable to adamantone in P450
action) in a similar orientation relative to hem&7( 58). but decreases by about 2.6 times in norcamphor and fenchone
Hence, the observed increase in the lifetime components ( bound P45, or when camphor is bound to the Y96A
andr,) for norcamphor/fenchone bound to wild-type P420  mutant of P45Q,, This indicates that the internal rotational
or camphor to Y96A mutant of P45@, can be attributed to  diffusion of substrate (in the latter case) becomes faster and
increase in their relative substratekeme distance. Such an less hindered. The local mobility in P4&Q is therefore
increase in distance has been reported by crystallographicsubstrate dependent, and increases with loss of any of the
studies $8), which show substrates such as norcamphor bind protein—substrate contacts in P45Q We observe that the
to P45Q,mabout 0.9 A further from heme than camphor and regiospecificity of hydroxylation is modulated by combina-
adamantone. tion of interactions, and neither the existence of a hydrogen
Fluorescence anisotropy measurements reveal the averagbond nor the magnitude of van der Waals interactions alone
angular displacement of fluorophore that occurs betweenis sufficient to determine the mobility of substrate in active
absorption and subsequent emission of a photon, and providesite of P45@, The results were further interpreted in light
information on the rotational dynamics of the fluorophore. of available P45Q—substrate complex structuresg| to
The anisotropy measurements have been extensively utilizedrationalize the observed hydroxylated products and product
in studying denaturation, association, and internal dynamicscontrol in P45@,, Using the X-ray structural data, the
of proteins 80). However, use of such measurements for disposition of different amino acid residues in the active site
correlation of enzyme activity and product control to region of camphor, adamantone, and norcamphor bound
fluorophore (substrate) rotational mobility is raf9). P45Qamis shown in Figure 7. Figure 7a,b shows that R450
The fluorescence anisotropy in proteins, characterized by holds both camphor and adamantone in similar rigid con-
two distinct correlation times, comes from two independent figuration. Primary positions (methyl groups) in these
motions: rotational dynamics of the entire protein and substrates are expected to be much less reactive toward
segmental/local dynamics of the fluorophore. The local hydrogen abstraction. The other positions such as bridgeheads
dynamics of the fluorophore can involve fluorophore dynam- (tertiary carbon) cannot achieve planarity following hydrogen
ics with or without a segment of the polypeptide. The local abstraction, making them much less prone to hydroxylation
dynamics is generally described by the “wobbling-in-cone” (17). Among other positions capable of hydroxylation in
model (60) where the fluorophore can wobble freely within camphor, the 3-carbon isto deactivating carbonyl and the
a cone of semi angle related to the order of its environment. 6-carbon is sterically blocked by the 10-methyl (Figure 7).
Table 6 shows that two types of rotational correlation times In adamantone, 4- and 6-carbon secondary positions less
define the dynamics of the motion of this system: the one reactive than 5-carbon tertiary positions. The restriction in
of short correlation timeg;) ranging from 280 to 100 ps, the movement of these substrates due to presence of
and the other of large correlation time,) of about 25 ns. hydrophobic interactions in addition to the carbonyl hydrogen
The longest correlation time4) in P45Q.mhas been ascribed  bond with Tyr 96 in P45Q, results in exposure of only the
to the “global” rotational motion of the protein molecule as 5-carbon of camphor and adamantone (which is their most
a whole, and the short correlation timefs)(to segmental  reactive position) to the oxyferryl intermediate of P4ap
and local dynamics of the substrate in the active site regionsexplaining the experimentally observed 100% 5-exo hy-
of P45Qam ¢ can be independently calculated using Stekes  droxylated product obtained for ther).
Einstein relation (eq 9) by assuming the shape of the protein  The structural data show that norcamphor has more
to be spherical: rotational space in the heme pocket than camphor and
adamantone in P45%, (58). Table 6 shows that the rate of
internal rotational diffusion is smaller for norcamphor relative
to camphor and adamantone in P4i0heme pocket,
indicating considerable movement of norcamphor during
catalysis. P45Qm can neither allow truly free and random
access of the enzymatic hydrogen abstractor to all parts of
norcamphor, nor does it severely restrict its movement; it is
anchored to P45@y only through its carbonyl oxygen. The
hydrogen bond between norcamphor and Tyr 96 would not
be affected by the rotations of norcamphor about the axis
passing through and parallel to the carbonyl double bond
(Figure 7c). However, any other rotations would necessarily
disrupt such anchoring. Considering the rotations in nor-
camphor along the carbonyl double bond, the oxy-ferryl
intermediate of norcamphor-bound P4a0would be ex-
posed its to 3-, 5-, and 6-carbons for hydroxylation. Among

¢, = VKT 9)
whereg, is the rotational correlation time, is the viscosity

of the mediumk is the Boltzmann constant, aridis the
absolute temperatur®}, is the hydrated molecular volume
of the protein, which can be calculated using the following
equation 10 §1)

_M(+h

Vi, N

(10)

where, M is the molecular weight of the proteil\ is

Avogadro’s numbery is the partial specific volume, arfd
is the degree of hydration. The value ¢f was calculated,
taking v = 0.748 cn¥/g, h = 0.2 cn¥/g, M = 45 kDa, and
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FiGurRe 7: Schematic representation of the active site structure of
(a) camphor (CAM, PDB code: 2CPP); (b) adamantone (ADM,
PDB code: 5CPP); (c) norcamphor (NCM, PDB code: 7CPP)-
bound cytochrome P45, generated from their crystal structure.
The location of the hydrogen bond between substrate and Tyr 96
is shown as black dotted line.

these positions, the 3-carbon positioncigo deactivating

carbonyl and hence is less reactive than the secondary

positions 5- and 6-carbons. Since norcamphor is very mobile
in the heme pocket, the probability of hydroxylation at both
5-and 6-carbon is almost equal. This provides explanation
for the experimentally observed hydroxylated products for
norcamphor: 5-exo (45%), 6-exo (47%), and 3-exo (8%)
(18). The above discussion clearly brings out the importance
of substrate mobility in controlling hydroxylation of substrate
and product formation in P45Q,

CONCLUSIONS

The fluorescence properties of both tryptophan and

substrate provide information on the substrate dependent

Biochemistry, Vol. 41, No. 49, 20024507

dynamics in P45Q, The results show that the dynamic
fluctuations in the enzyme are substrate dependent as
reflected by tryptophan fluorescence quenching experiments.
The observed substrate-dependent structural flexibility can
allow this enzyme to accommodate and oxidize diverse range
of substrates. The orientation of tryptophan relative to heme
(«?) for W42 obtained from time-resolved tryptophan fluo-
rescence measurements show variation with type of substrate
bound to P45Q suggesting regions distant from heme-
binding site are affected by local active site protesuibstrate
interactions. Both local and peripheral enzyme structures in
P45Q.mare coupled. The anisotropy measurements provide
experimental observation of substrate mobility in P450
The results indicate that mobility of substrates is modulated
by local active site structure and provide understanding of
factors controlling observed hydroxylated products for
substrate-bound P4&Q complexes. Time-resolved fluores-
cence decays for substrates in P4RGsuggest structural
heterogeneity in P45, which along with substrate mobility
can play an important role in regulating orientations for
substrate binding during catalysis and for accommodating
diverse range of substrates in P43theme pocket.
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