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Abstract The binding of camphor to cytochrome P450cam has
been investigated by steady-state and time-resolved tryptophan
fluorescence spectroscopy to obtain information on the substrate
access channel. The fluorescence quenching experiments show
that some of the tryptophan residues undergo changes in their
local environment on camphor binding. The time-resolved
fluorescence decay profile gives four lifetime components in the
range from 99 ps to 4.5 ns. The shortest lifetime component
assigned to W42 lies close to the proposed camphor access
channel. The results show that the fluorescence of W42 is greatly
affected on binding of camphor, and supports dynamic fluctua-
tions involved in the passage of camphor through the access
channel as proposed earlier on the basis of crystallographic,
molecular dynamics simulation and site-directed mutagenesis
studies. ß 2000 Federation of European Biochemical Soci-
eties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Cytochrome P450 enzymes are hemeprotein monooxyge-
nases that catalyze the oxidation of a variety of hydrophobic
compounds of xenobiotic and endogenous origin [1,2]. Cyto-
chrome P450cam (P450cam) is a 45 kDa polypeptide chain con-
taining a single ferric protoporphyrin IX, which catalyzes the
stereospeci¢c hydroxylation of camphor to 5-exo-hydroxy-
camphor at the expense of 1 mol each of NADH and dioxy-
gen [3]. The ¢rst step in the catalytic cycle of P450cam involves
binding of camphor, which is associated with the expulsion of
the water molecule coordinated at the sixth position of the
heme iron and a consequent change in the heme spin state
from low spin to high spin [4]. Such a change in the axial
ligation and spin state brings about changes in the conforma-
tion of the enzyme, which triggers its interaction with the
redox partners [5].

Hydroxylation of camphor by P450cam involves transfer of
an oxygen atom to it through the redox catalytic cycle of the
heme active site. The substrate binding site lies in close prox-
imity of the heme moiety. The X-ray crystal structures of
camphor-free [6] and camphor-bound [7] P450cam have been
reported (Fig. 1), which show that the heme moiety in P450cam

is buried V20 Aî deep inside the enzyme, isolated from the

solvent. There is considerable interest in the camphor access
channel for the entry of the substrate into the active site of
P450cam. Poulos et al. [6,7] have addressed this problem and
have observed that the crystal structures of P450cam do not
de¢ne an open cleft at the molecular surface for the entry of
substrate into the active site region of P450cam. A small open-
ing at the molecular surface near the active site was proposed
but it was considered to be too small to accommodate cam-
phor. Poulos et al. [6,7] have further suggested that the cam-
phor access channel in P450cam undergoes dynamic £uctua-
tions to enable the camphor molecule to enter the active
site. Molecular dynamics simulation studies based on the ther-
mal motion pathway analysis [8,9] have indicated that the
camphor access channel in P450cam is lined by aromatic resi-
dues (Y96, F87, Y29 and F193) and involves motion of the
£exible F-G helix-loop-helix segment of the enzyme (Fig. 1).
Three regions, namely, the helix BP, the loop joining helices F
and G and the salt bridge Asp-251^Arg-186, have been im-
plicated for the access of the substrate to the active site on the
basis of crystallographic, molecular dynamics simulation and
site-directed mutagenesis studies [8^11].

The structural data show that P450cam has ¢ve tryptophan
residues (W42, W55, W63, W374 and W406), among which
W42 is nearest to the proposed camphor access channel (Fig.
1). The intrinsic £uorescence of the indole moiety of trypto-
phan residue is very sensitive to its environment and has been
extensively used to probe conformational/dynamical changes
in proteins [12]. Any structural or dynamic £uctuations in-
volved in the passage of the substrate through the access
channel would a¡ect W42 because of its vicinity to the pro-
posed camphor access channel. Thus, the £uorescence proper-
ties of W42 residue in absence and presence of the substrate
can provide information on the structural £uctuations involv-
ing entry/passage of the substrate through the proposed access
channel. These considerations have led us to carry out steady-
state and time-resolved tryptophan £uorescence studies on the
camphor-free and camphor-bound P450cam. Our studies sup-
port dynamic £uctuations in the helix BP region and opening
of the camphor access channel next to the F-G loop on bind-
ing of camphor, as proposed earlier [6,7].

2. Materials and methods

2.1. Materials
DEAE Sepharose, Q Sepharose, Sephadex G10 column, N-acetyl-

tryptophanamide (NATA) and acrylamide were purchased from Sig-
ma. Potassium iodide (KI) was obtained from E. Merck. All other
chemicals were of analytical grade.

2.2. Protein puri¢cation
Pseudomonas putida P450cam was overexpressed in Escherichia coli
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and puri¢ed according to the reported method [13]. The enzyme prep-
aration was stored at 320³C in 1 mM camphor and 40 mM phos-
phate, pH 7.4, solution containing 50% glycerol.

2.3. Steady-state £uorescence spectroscopy
Steady-state £uorescence measurements were done on a Spex Fluo-

rolog-1681T spectro£uorometer. The £uorescence excitation wave-
length was kept at 295 nm and the measured £uorescence intensity
(Fobs) after the addition of a quencher was corrected for the enzyme
dilution and inner ¢lter e¡ect as described earlier [12]. The tryptophan
£uorescence quenching experiments were performed using acrylamide
(neutral quencher) and KI (ionic quencher) as described earlier
[14,15].

2.4. Time-resolved £uorescence spectroscopy
The time-resolved tryptophan £uorescence studies were carried out

with a synchronously pumped cavity-dumped mode-locked picosec-
ond dye laser (Rhodamine 6G) set up, equipped with time-correlated
single photon counting device described elsewhere [16]. Width of the
dye laser pulse was typically 4 ps and the half-width of the instrument
response function was typically about 100 ps. The tunable output of
dye laser was frequency-doubled to generate the ultraviolet beam at
295 nm, which was used to excite the samples. Emission pro¢les were
collected at the magic angle (54.7³) of emission polarizer to avoid any
contribution from anisotropy. Protein samples (5 WM) in 40 mM
potassium phosphate bu¡er pH 7.4 were used for the time-resolved
£uorescence measurements.

Fluorescence decay curves were deconvoluted with the excitation
function and the £uorescence intensities were analyzed. The ampli-
tudes and lifetimes were determined by applying an iterative reconvo-
lution using non-linear least square regression by Marquardt's algo-
rithm for parameter optimization [17]. Analysis of the £uorescence
decay pro¢les was also carried out by the maximum entropy method
(MEM) using 150 lifetime components ranging from 0.01 to 10 ns
uniformly distributed in a logarithmic time scale [18,19].

The decay-associated emission spectra (DAS) of tryptophan £uo-
rescence were computed from the steady-state spectra and the time-
resolved £uorescence decay parameters Ki(V) and di(V) at emission
wavelengths ranging from 310 to 375 nm [20,21].

2.5. Fluorescence energy transfer
The tryptophan £uorescence of the hemeproteins is dominated by

fast decay kinetics with lifetime components in the subnanosecond
range [22]. The e¤ciency of energy transfer (E) depends on the dis-
tance (R) and the relative orientation of heme and tryptophan resi-
dues [12,22], and is related by the Eq. 1:

E � R6
o

R6 � R6
o
� 13

d da

d d
�1�

where, ddaand ddrepresent the lifetime of tryptophan in presence and
in absence of heme, respectively. Rois the distance for 50% energy
transfer e¤ciency. Rowas calculated using the following relation:

Ro � �JU 2Qdn34�1=6U9:79U103 �A �2�
where J is the spectral overlap integral of the normalized emission
spectrum of the donor tryptophans and absorption spectrum of the
acceptor heme. The value of overlap integral was found to be
3.7U10314 cm3 M31, as calculated by the reported method [23,24].
n (n = 1.4) is the refractive index of the medium. Qd is the quantum
yield of tryptophan (Qd = 0.13) in absence of any quencher [14]. U2 is
the orientation factor of the tryptophan^heme transition moments
and is de¢ned by the direction of the transition moment of the donor
(tryptophan) and acceptor (heme). U2 can be computed for the heme-
proteins using their atomic coordinates, and the experimentally ob-
served lifetimes can be correlated to the structural disposition of their
tryptophan residues [25].

3. Results and discussion

The £uorescence emission spectrum of P450cam shows a
broad peak at 325 nm indicating relatively non-polar average
environment around the ¢ve tryptophan residues of P450cam

with a dielectric constant similar to p-dioxane and butyl ether

[26]. The addition of camphor to the camphor-free P450cam

causes very little change in its peak position though its £uo-
rescence intensity decreases by 1.6 times. This decrease in £uo-
rescence intensity may be attributed to the increase in the
overlap integral, due to blue shift of the Soret band (from
417 nm to 392 nm) on binding of camphor to camphor-free
P450cam. The relative quantum yields for camphor-bound and
camphor-free P450cam measured using NATA as reference
were found to be similar (0.019 þ 0.001). The £uorescence
quantum yields for tryptophan in hemeproteins are generally
low [27] as compared to their apo proteins, due to e¤cient
energy transfer from tryptophan residues to the heme.

The tryptophan £uorescence quenching experiments with
acrylamide and KI were done to determine surface accessibil-
ity of the tryptophan residues of P450cam and its complex with
camphor. Acrylamide is a hydrophobic and neutral quencher,
whereas KI is an ionic quencher. Fig. 2A shows that Stern^
Volmer plot of acrylamide quenching is linear for both cam-
phor-free and camphor-bound enzyme, indicating that all the
¢ve tryptophan residues are accessible to acrylamide. The plot
for KI with both camphor-free and camphor-bound enzyme
shows downward curvature at higher concentration of KI
(Fig. 2A). KI being an ionic quencher cannot penetrate into
the hydrophobic core of the protein. The percentage of the
total £uorescence quenched by KI was found to be 17 þ 1% as
only part of the tryptophan £uorescence is quenched. The
fraction of tryptophan accessible to ionic quencher (KI) was
calculated from a Lehrer plot (Fig. 2B) [14,15], and found to
be 0.16 and 0.28 for camphor-free and camphor-bound
P450cam, respectively. This suggests that on binding of cam-
phor some of the tryptophan residues become accessible to the
quencher due to changes in their local environment. The
Stern^Volmer quenching constant (Ksv) with acrylamide was
found to be larger for camphor-free P450cam (1.45 M31) than
for camphor-bound P450cam (0.72 M31), indicating greater
£uctuations in the camphor-free enzyme, which facilitates dif-
fusion of acrylamide inside the enzyme [28]. The large de-
crease in Ksv upon binding of camphor to P450cam may arise
due to decrease in local dynamic £uctuations of camphor en-
try channel owing to speci¢c protein^substrate interactions

Fig. 1. Schematic structure of camphor-bound cytochrome P450cam.
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[6], and/or from the decrease in £uorescence quenching of
W42 lying in the vicinity of proposed substrate entry channel.

Fig. 3 shows a typical time-resolved £uorescence decay pro-
¢le of the camphor-bound cytochrome P450cam. The £uores-
cence decay curves for both camphor-free and camphor-
bound P450cam were best ¢tted to a sum of four exponentials,
as judged by random residuals distribution, autocorrelation
function and M2 minimization criteria. The £uorescence life-
times (their amplitude in parentheses) obtained for the cam-
phor-bound enzyme were d1 = 0.099 (55%), d2 = 0.27 (42%),
d3 = 1.18 (2%), d4 = 4.49 ns (1%) and those for the camphor-
free enzyme were d1 = 0.126 (57%), d2 = 0.29 (40%), d3 = 1.23
(2%), d4 = 4.47 ns (1%), respectively. The two faster lifetime
components (d1 and d2) account for almost 97% of the ob-
served £uorescence. The longest lifetime component (d4) may
be due to presence of non-heme impurities [29]. The binding
of camphor to camphor-free P450cam thus greatly a¡ects the
shortest lifetime component (d1) and decreases it by 27%
(from 0.126 to 0.099 ns), whereas the other lifetime compo-
nents are not signi¢cantly a¡ected.

The validity of the four exponential model to analyze the
£uorescence decay data was further checked using MEM
[18,19]. The MEM simulation for both camphor-free and
camphor-bound enzyme was found to give similar lifetime
distributions, with bericenters of four distinct classes around

0.1, 0.3, 1.7 and 4.8 ns (data not shown). These values are
almost identical to the lifetimes obtained by the discrete anal-
ysis method.

The bimolecular rate constant for acrylamide quenching of
camphor-free and camphor-bound P450cam was calculated us-
ing Ksv and the average lifetimes of the tryptophans in both
camphor-free and camphor-bound P450cam. These rate con-
stants were found to be 5.5U109 and 2.7U109 M31 s31 for
camphor-free and camphor-bound P450cam, respectively. Such
a high bimolecular rate constant for P450cam supports dynam-
ic £uctuation in the enzyme as quenching of tryptophan £uo-
rescence by acrylamide would require penetration of acrylam-
ide through channels in the protein matrix.

The DAS of the individual lifetime components of the cam-
phor-bound and camphor-free enzyme are almost identical.
The £uorescence emission maxima are known to be dependent
on the hydrophobicity of tryptophan environment [12]. The

Fig. 2. (A) Stern^Volmer plots for tryptophan £uorescence quench-
ing of camphor-bound cytochrome P450cam by acrylamide and KI.
(B) Lehrer plot for tryptophan £uorescence quenching of camphor-
bound cytochrome P450cam by acrylamide and KI. The Stern^Volm-
er and Lehrer plots for camphor-free cytochrome P450cam are not
shown.

Fig. 3. Time-resolved £uorescence decay of camphor-bound cyto-
chrome P450cam (a) and the instrument response function (b). The
solid line through the decay curve shows the four exponential ¢t.
The upper curve in the ¢gure shows the weighted residual [Fcal(t)^
Fexp(t)] plot illustrating the accuracy of the exponential ¢t.

Fig. 4. Variation of distance of di¡erent tryptophans from heme
with U2 (orientation factor). The point where the heme^tryptophan
crystallographic distance (horizontal line) and calculated distance
(lines labeled d1, d2 and d3) intersect shows the U2 value for the par-
ticular residue and is indicated by arrows.
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emission maxima for individual lifetime components V(di)
were found to be V(d1) = 320, V(d2) = 327, V(d3) = 330 and
V(d4) = 340 nm. This indicates that the shortest lifetime com-
ponent (d1) originates from tryptophan that is buried in the
core of the enzyme and is not accessible to the solvent, while
other lifetime components may originate from tryptophan res-
idues that are completely or partially accessible to the solvent.

The position and orientation of the tryptophan residues
with respect to heme were correlated to experimentally ob-
served individual lifetime components using Eqs. 1 and 2).
The relative orientation of heme and tryptophan chromo-
phores is expressed through the orientation factor U2 (see
Section 2). Fig. 4 shows variation of the tryptophan^heme
energy transfer distance with the orientation factor U2. The
horizontal lines in the plot represent the crystallographic dis-
tances of the ¢ve tryptophans from heme (W42: 17.3 AAî ,
W55: 27.6 Aî , W63: 26.2 Aî , W374: 24 Aî and W406: 30.1
Aî ), as determined from the atomic coordinates of P450cam

[7] (using the program Biosym MSI Inc.). The distances be-
tween heme and di¡erent tryptophan residues (labeled d1, d2

and d3) were calculated using Eqs. 1 and 2) for possible values
of U2. The values of U2 vary from 0 to 4 depending on the
relative orientation of tryptophan and heme. The extreme
values of U2 = 0 and U2 = 4 represent perpendicular and paral-
lel orientation of heme and tryptophan dipoles with respect to
one another, respectively. The line labeled d1 intersects the
horizontal line corresponding to W42 at a value of U2V0.8,
which is in agreement with the crystallographic data [7].
Therefore, the shortest lifetime component (d1) is assigned
to W42. W42 is buried in the core of the enzyme and is closest
to the substrate access channel. Our results show that its £uo-
rescence is greatly a¡ected by the binding of camphor and
provide experimental support to the dynamic £uctuations in-
volved in the entry/passage of camphor through the proposed
camphor access channel next to the £exible F-G helix-loop-
helix segment. The other lifetime components may be assigned
to the remaining four tryptophan residues (W55, 63, 374 and
406). However, unlike W42, the assignment of the lifetimes of
these tryptophan residues may not be unambiguous. More-
over, the £uorescence of these four tryptophan residues does
not change signi¢cantly upon binding of camphor because the
segments of enzyme containing them are far removed from the
substrate access channel.
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