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ABSTRACT Neutron scattering and nuclear magnetic resonance relaxation experiments are combined with molecular
dynamics (MD) simulations in a novel, to our knowledge, approach to investigate the change in internal dynamics on substrate
(camphor) binding to a protein (cytochrome P450cam). The MD simulations agree well with both the neutron scattering, which
furnishes information on global flexibility, and the nuclear magnetic resonance data, which provides residue-specific order
parameters. Decreased fluctuations are seen in the camphor-bound form using all three techniques, dominated by changes
in specific regions of the protein. The combined experimental and simulation results permit a detailed description of the dynam-
ical change, which involves modifications in the coupling between the dominant regions and concomitant substrate access
channel closing, via specific salt-bridge, hydrogen-bonding, and hydrophobic interactions. The work demonstrates how the
combination of complementary experimental spectroscopies with MD simulation can provide an in-depth description of func-
tional dynamical protein changes.
INTRODUCTION
Cytochrome P450s are essential hemoprotein monooxyge-
nases that catalyze a large variety of biochemical reactions
involved in carcinogenesis, drug metabolism, lipid and
steroid biosynthesis, and degradation of pollutants in higher
organisms (1). The chemical reactions catalyzed include
hydroxylation, sulfoxidation, epoxidation, dehalogenation,
deformylation, dealkylation, and C-C coupling (2).

Cytochrome P450cam (CYP101), an enzyme from
Pseudomonas putida that catalyzes the regio- and stereo-
specific hydroxylation of camphor, has long served as
a model system for P450s (3). Early x-ray crystal structures
of CYP101 exhibited only slight differences in the protein
backbone of the substrate-free and camphor-bound forms,
with a root-mean-square deviation of 0.5 Å (4,5). In both
forms, the active site is buried with no channel open to
the protein surface and this led to a long-standing question
as to how the substrate accesses the buried protein active
site. Numerous experimental and theoretical studies have
been performed to address this problem (6), and camphor
analog ligands with synthetic molecular wires have also
been designed to probe the substrate access channel (7–9).

Very recent CYP101 structures, obtained by crystallizing
the protein under conditions different from those used in
Poulos et al. (4,5), showed that substrate-free CYP101
adopts an ‘‘open’’ conformation in which the F/G loop, F,
and G helices are retracted from the B0 helix, leading to
an open channel between them (Fig. 1 a) (10). In contrast,
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the camphor-bound form of the protein was found in a
‘‘closed’’ conformation as previously observed (10). X-ray
structures of CYP101 bound by camphor analogs with
molecular wires also revealed an intermediate ‘‘partially
open’’ conformation (9). These crystallographic studies of
CYP101 indicate that the channel can open and close to
allow substrate entry and product egress.

Molecular dynamics (MD) simulations have been applied
to characterize the location of substrate access, product exit,
and water diffusion channels in several cytochrome P450
enzymes (6,11–15). Random expulsion and steered MD
simulations, applying external forces on the substrate,
were used to probe substrate exit pathways (11,12). The pre-
dicted pathways were found to correlate with regions of
CYP101 that display high x-ray crystallographic tempera-
ture factors (13).

The crystallographic, biochemical, and computational
studies performed so far have provided evidence of func-
tional structural flexibility of CYP101, and it is likely that
dynamic modulation of specific regions in CYP101 is
required for substrate binding. However, direct experimental
characterization of CYP101 flexibility and quantitative
measurement of the relative contribution of these regions
to the global dynamical changes is lacking.

Experimental methods such as neutron scattering and
nuclear magnetic resonance (NMR) spectroscopy have
proven to be useful tools for investigating the dynamics of
biological molecules (16–18). Neutron-scattering probes
atomic motions over timescales of ~10�1�104 ps and
~1–10 Å length-scales and has been widely used to charac-
terize the global dynamics of proteins, hydration water,
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FIGURE 1 (a) Superposed x-ray crystal structures of substrate-free (dark-gray/blue) and camphor-bound (light-gray/red) CYP101, depicting the five

regions listed in Table 1 for which significant dynamic changes are observed between the two protein forms. The five regions are labeled individually in

the camphor-bound form. (b) Comparison of neutron dynamic susceptibility measured over a broad energy range for the two protein forms. The wings

of the susceptibility peak observed in the BASIS instrumental energy window are supplemented by the data taken from HFBS in the low-energy range

and CNCS in the high-energy range. (c) Comparison of the dynamic susceptibility for the two protein forms calculated from MD simulations over the

same energy range.
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membranes, and even entire cells (19–22). The incoherent
scattering cross-section of hydrogen atoms is ~40 times
larger than that of other atoms, and as hydrogen atoms are
distributed nearly homogeneously within proteins, neutron
scattering provides a global picture of the protein internal
dynamics. Furthermore, the time and space domains probed
by neutron scattering are well covered by contemporary MD
simulation techniques. The neutron dynamic structure factor
can be computed from atomic MD trajectories and com-
pared with experimental data quantitatively (23). Contribu-
tions of the measured neutron scattering spectra can be
decomposed, enabling a direct interpretation of the neutron
scattering experimental data. NMR, in contrast, can be
used to extract dynamic information in a residue-specific
manner on the nanosecond timescale from a variety of
NMR spin-relaxation experiments (17,24,25). NMR spin-
relaxation measurements thus provide a good indication of
the conformational mobility of specific regions in a protein
and can be used to validate the potential of MD simulations
on a residue level. Visualization of the corresponding
dynamics at atomic detail is also possible using MD simula-
tions (26) and is especially valuable when the experimental
NMR data available are sparse. NMR and MD can be used
in conjunction by comparing order parameters of NMR
spin-relaxation measurements with those calculated from
MD simulations.

In this study, we present a novel, to our knowledge,
combined approach incorporating MD simulation with
neutron scattering and NMR to obtain a multifaceted
insight into the dynamic modulation of CYP101 upon
substrate binding. The neutron scattering is used to mea-
sure the global flexibility and the NMR for local fluctua-
tions, and then both are compared to MD simulation. The
results from all three techniques are found to agree, and
lead to a coherent, distinct picture of dynamical changes
in the protein on substrate binding. This picture in-
volves coupled dynamical changes of specific regions in
Biophysical Journal 103(10) 2167–2176
the protein, potentially permitting adaptive modulation
of the channel dynamics to accommodate a variety of
substrates.
MATERIALS AND METHODS

Neutron scattering and NMR experiments

Expression and purification of camphor-bound CYP101 followed methods

described previously (27) and the substrate-free sample was prepared by

extensive dialysis of camphor-bound protein with multiple buffer

exchanges using substrate-free buffer, followed by gel filtration chromatog-

raphy to ensure complete removal of the camphor. Quasielastic neutron

scattering experiments were performed on hydrogenated CYP101 hydrated

to h ¼ 0.4 g D2O/g protein for both substrate-free and camphor-bound

CYP101 using three neutron-scattering instruments, i.e., the NG2 high-

flux backscattering spectrometer (HFBS) at the Center for Neutron

Research at National Institute of Standards and Technology), and the Back-

scattering Spectrometer (BASIS) (28) and Cold Neutron Chopper Spec-

trometer (29) at the Spallation Neutron Source (SNS) at Oak Ridge

National Laboratory. NMR relaxation measurements were carried out on

substrate-free and camphor-bound CYP101 to determine 15N T1 and T2

relaxation times, which along with 15N-{1H} nuclear Overhauser effects

were used to calculate order parameters of individual residues using

a model-free formalism (24). Details of experimental procedures and data

analysis are described in the Supporting Material.
Molecular dynamics simulations

MD simulations were performed with NAMD2 (30) by using the 3L61

x-ray crystal structure for substrate-free CYP101 and 3L63 for the

camphor-bound form (10,31). A schematic representation of the two struc-

tures is shown in Fig. 1 a. The CHARMM22 force field (32) was used for

the protein and the TIP3P model (33) for water molecules. Standard

CHARMM force-field parameters (32) were used for the heme group

including an explicit Fe-S bond to Cys357, except that the atomic partial

charge of the SG atom in Cys357 was adjusted to �0.07e to account for

the resting state of CYP101 in both substrate-free and camphor-bound

forms (34). CHARMM parameters for camphor were obtained from

Schöneboom et al. (35). MD simulations were carried out for both protein

forms in aqueous solution as well as in hydrated powder. The simulations of

the hydrated powder exhibit results similar to those of the aqueous solution
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in terms of the protein regions that show significant dynamic changes

between the two protein forms. Hence, for consistent comparison with

the experimental data, neutron scattering spectra and NMR backbone order

parameters were both calculated from the hydrated powder simulations

with 100-ns product MD trajectories. Details of the simulations are

provided in the Supporting Material.
Calculations of neutron spectra and NMR order
parameters from MD simulations

The neutron incoherent intermediate scattering function, Iinc(q,t), was

calculated from 100-ns production MD trajectories by using the SASSENA

program (36) as

Iincðq; tÞ ¼ 1

N

X
i

b2inc
�
e�iq$Rið0Þeiq$RiðtÞ�; (1)

where binc is the incoherent neutron scattering length of atom i, Ri(t) is the

position of atom i at time t, and N is the number of atoms. Iinc(q,t) was Four-
ier-transformed to the experimentally measurable dynamic structure

factors, Sinc(q,u):

Sincðq;uÞ ¼ 1

2p

ZN

�N

dte�iutIincðq; tÞ: (2)

Sinc(q,u) was used to calculate the dynamic susceptibility, c00(q,n) via
c00ðq; nÞ ¼ Sincðq;uÞ
nBðuÞ ; (3)

where nB(u) ¼ (eZu/kT �1)�1 is the Bose temperature factor and u ¼ 2pn.

For decomposition of neutron scattering spectra in terms of protein regions
(Table 1), residues corresponding to each selected region (e.g., 78–105 in

the B/C loop) were chosen from the MD trajectories and used to calculate

Iinc(q,t) using Eq. 1, which was then converted to Sinc(q,u) and c00(q,n) for
further analysis.

For NMR protein-backbone order parameters, the autocorrelation func-

tion Ci (t) of normalized N�H bond vectors e
.

i were first calculated as

CiðtÞ ¼
D
P2

�
e
.

iðt þ t0Þ$ e.iðt0Þ
�E

; (4)

where P2(x) ¼ 1/2(3x2 � 1) is the second-order Legendre polynomial and

h,i denotes a time average over the MD trajectory. The order parameters
were then obtained by fitting Ci (t) as its long-time limit (24,37) via

CiðtÞ ¼ S2i þ
�
1� S2i

�
e
�t=ti : (5)

Because there is no overall translation/rotation for the protein simulated in

hydrated powder, 100-ns product MD trajectories were divided into 10
TABLE 1 Change in the integral of quasielastic neutron dynamic s

Region Residues Number of H values

B/C loop 78–105 161

F/G loop 186–193 43

b5 sheet 385–400 88

b4 sheet 305–313 59

I-helix kink 243–254 78

Total of the above — 429

Remainder protein — 2121

Entire protein 1–414 2550

These are for various regions in substrate-free CYP101, relative to the camphor-b

MD simulations.
equal time windows and each of them was used to calculate Si
2 directly. Re-

ported order parameters correspond to the mean of the ten Si
2 values and the

error bars correspond to their standard deviation.
RESULTS

Quasielastic neutron scattering

Quasielastic neutron scattering experiments were performed
on substrate-free and camphor-bound CYP101 hydrated to
h z 0.4 g D2O/g protein at 300 K by using three neutron
instruments with different energy resolutions. These are
HFBS at 1 meV, BASIS (28) at the SNS at 3.5 meV, and
CNCS (29) at the SNS at 25 meV (see experiment details
in the SupportingMaterial). These instruments cover a broad
energy range from 1 meV to 1.6 meV, corresponding to
10�1�103 ps timescales. It is informative to present the
neutron scattering spectra as the imaginary part of dynamic
susceptibility c00(q,n). Because this allows direct identifica-
tion of relaxation amplitudes in the protein from the distinct
spectral peaks (nmax) and the associated relaxation times, t
are then given by (2pnmax)

�1 (19). The value c00(q,n) can
be obtained by dividing the experimentally measured
dynamic structure factors, S(q,u), by the Bose temperature
factor (see Materials and Methods).

Fig. 1 b combines c00(q,n) from all three neutron scat-
tering instruments. For both substrate-free and camphor-
bound CYP101, a broad peak is seen at nmax z 3.5 GHz
(E ¼ 14.5 meV). The characteristic relaxation time is
t z 45 ps for both protein forms. However, c00(q,n) of
substrate-free CYP101 is of higher intensity at the peak
position, and the integral of c00(q,n) over the quasielastic
energy range (2–200 meV) is 4.8 5 0.5% greater than the
camphor-bound form.

The room temperature measurements of S(q,u) measured
on the three instruments are shown in Fig. S2, a, b, and c,
respectively, in the Supporting Material. Substrate-free
CYP101 possesses higher quasielastic intensity than the
camphor-bound form on all three instruments, consistent
with the above results for c00(q,n). Quasielastic scattering
arises from diffusive dynamics. Hence, the results indicate
that, on the ~10�1�103 ps time- and ~1–10 Å length-scales,
substrate-free CYP101 undergoes larger-amplitude diffusive
usceptibility c00(q,n) and dynamic structure factor S(q,u)

c00(q,n) Relative increase (%) S(q,u) Relative increase (%)

8.8 5 0.6 13.5 5 1.1

6.1 5 1.6 9.4 5 2.3

6.7 5 0.4 7.5 5 0.8

5.0 5 1.0 6.1 5 1.4

4.6 5 0.3 5.4 5 0.3

6.8 5 0.7 9.4 5 1.1

0.5 5 0.03 0.9 5 0.04

3.3 5 0.1 2.6 5 0.1

ound form over energy range 2–200 meV (i.e., 0.5–50 GHz) calculated from

Biophysical Journal 103(10) 2167–2176
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dynamics than does the camphor-bound form. This conclu-
sion was confirmed by an analysis of S(q,u) as fitted by the
sum of a d-function and a Kohlrausch-Williams-Watts func-
tion plus background (38), from which the obtained elastic
incoherent structure factor of substrate-free CYP101 is found
4.35 0.4% lower than that of the camphor-bound form (see
Fig. S2 e in the Supporting Material). Hence, both the elastic
and quasielastic neutron scattering indicate that the diffusive
dynamics of substrate-free CYP101 is distributed over
similar relaxation times, but is larger in amplitude than the
camphor-bound form.

The value c00(q,n) calculated from the MD simulations of
the two protein forms is plotted in Fig. 1 c. The simulation-
derived c00(q,n) exhibits a similar peak (albeit somewhat
sharper) at a comparable frequency of nmax z 3.2 GHz
(t z 50 ps) as the experiment. Again, the substrate-free
CYP101 susceptibility peak is of larger amplitude than that
of the camphor-bound form. Integration of c00(q,n) over
energy range 2–200 meV yields that the quasielastic neutron
scattering of substrate-free CYP101 is 3.35 0.1% greater in
amplitude than that of camphor-bound CYP101, in quantita-
tive agreement with the experimental results.
NMR protein backbone order parameters

Examination of two-dimensional 15N-1H TROSY-HSQC
NMR spectra of substrate-free and camphor-bound CYP101
revealed that the backbone amide resonances exhibit
major chemical shift and line-width changes for several
residues between the two protein forms (see Fig. S3). The
most prominent spectral changes are for resonances corre-
sponding to residues in the B0 helix, the F/G loop, the b5
sheet, and the I-helix kink near the active site, signifying
conformational/dynamic changes in these regions. Apart
from being shifted, resonances for most residues in the B0

helix (e.g., 90–96) are also markedly broadened, indicating
corresponding increased fluctuations.
FIGURE 2 Comparison of backbone order parameters between substrate-free

by-residue basis. Order parameters were derived for the two protein forms usin
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To characterize the local dynamic differences between
substrate-free and camphor-bound CYP101, NMR 15N
T1,T2 relaxation measurements were performed to obtain
generalized squared-backbone-order parameters (S2) (for
experiment details, see the Supporting Material). Although
limited backbone assignments (39) and resonance overlap
prevented NMR measurements for many residues in the
protein, NMR backbone-amide order parameters were able
to be determined from heteronuclear relaxation experiments
for ~100 residues in both the substrate-free and camphor-
bound forms and these residues fortuitously correspond to
most of the substrate-binding regions in CYP101. NMR
order parameters were also calculated from MD simulations
as the long time-limit of the autocorrelation function of
normalized N�H bond vectors (Eq. 5), for which example
fits of Tyr78 and Gln388 are shown in Fig. S5.

Fig. 2 shows a comparison of the NMR protein backbone-
order parameters between substrate-free and camphor-
bound CYP101 as obtained from both experiment and
simulation. On average, substrate-free CYP101 exhibits
lower values of order parameters compared to camphor-
bound CYP101, indicating overall increased dynamics in
the substrate-free form, similar to the observations from
the neutron-scattering experiments. Further analysis of the
order parameters permits us to identify key regions exhibit-
ing significant differences in protein dynamics between the
two protein forms. Indeed, in both experiment and simula-
tion, significantly lower order parameters are found in
substrate-free CYP101 for residues 78–105 in the B/C
loop, 243–254 in the I-helix kink near the active site, and
385–400 in the b5 sheet. A small but significant decrease
in the average order parameters is also seen in residues
186–193 in the F/G loop and 305–313 in the b4 sheet,
although the agreement between experiment and simulation
in these regions is imperfect, especially for the b4 sheet.
Taken together, the MD and NMR results indicate that
five key regions in CYP101 exhibit increased dynamic
(dark-gray/blue) and camphor-bound CYP101 (light-gray/red) on a residue-

g (a) experimental NMR data and (b) MD simulations.
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fluctuations between the two protein forms: the B/C loop
containing the B0 helix, the F/G loop, the I-helix kink near
the active site, and the b4 and b5 sheets.
Decomposition of neutron-scattering spectra

Contributions to the quasielastic neutron scattering spectra
of the above five protein regions that exhibit largest
differences between substrate-free and camphor-bound
CYP101 in the NMR order parameters were calculated as
described in Materials and Methods. As shown in Fig. 3,
whereas the dynamic susceptibility c00(q,n) of substrate-
free CYP101 is closely similar to that of the camphor-bound
form for the remainder of the protein (Fig. 3 a), for the five
regions themselves it is significantly higher in intensity
(Fig. 3 b). For the remainder of the protein, the integral of
c00(q,n) over the quasielastic energy range 2–200 meV of
substrate-free CYP101 is only 0.5% greater than the
camphor-bound form, whereas it is ~7% greater from the
five high-flexibility regions (Table 1). Similar results were
obtained for the integral of S(q,u). Hence, the difference
between the quasielastic neutron spectra also originates
mainly from increased flexibility of these five regions in
substrate-free CYP101.

The dynamical contributions to c00(q,n) from the five
regions were examined more closely. It has been shown
that c00(q,n) of a globular protein can be decomposed into
three classes of motion: methyl rotations, localized diffu-
sion, and nonmethyl jumps (40). The methyl rotations in
substrate-free and camphor-bound CYP101 possess very
similar dynamic susceptibility spectra (Fig. 3 c), peaked at
nmax z 3.2 GHz and yielding an average relaxation time
t z 50 ps. Based on the fact that the rotation of methyl
groups usually follows an Arrhenius temperature depen-
dence, t ~ t0 exp(DE/kT) with t0 ~ 0.18 ps (41), the above
methyl relaxation time corresponds to an average rotational
barrier of DE ¼ 3.3 kcal/mol, in agreement with the
~3 kcal/mol barrier obtained previously (41,42). In contrast
to the similarity of c00(q,n) for methyl rotations, c00(q,n) from
the localized diffusion and nonmethyl jumps is significantly
larger in substrate-free CYP101 than the camphor-bound
form over the entire energy range (see Fig. 3 d). Hence,
the increased dynamics in substrate-free CYP101 in the
five selected regions arises mainly from jump motions
(conformational transitions) and localized diffusion, but
not methyl rotations.
Dynamic differences between substrate-free
and camphor-bound CYP101

The average structures and atomic root-mean-square fluctu-
ations of camphor-bound and substrate-free CYP101 calcu-
lated from the MD simulations are illustrated in Fig. 4,
a and b, respectively. In camphor-bound CYP101, flexibility
is observed in only the F/G loop and the b4, b5 sheets
(Fig. 4 a). In the substrate-free form, flexibility is increased
in these three regions, and significantly higher fluctuations
are also visible in the B/C loop that contains the B0 helix
and the I-helix kink near the active site (Fig. 4 b).

Further analysis of MD simulations also revealed that
the putative substrate access channel width (defined by the
distance between Ser190 in the F/G loop and Pro89 in the
B0 helix) retains a value of ~15 Å in the camphor-bound
form with relatively small fluctuations (~0.9 Å), whereas
FIGURE 3 Decomposition of total dynamic

susceptibility of substrate-free (dark-gray/blue)

and camphor-bound (light-gray/red) CYP101 into

contributions from: (a) protein without the five

regions listed in Table 1, (b) the five regions

only, (c) methyl rotations in the five regions, and

(d) the five regions with methyl rotations removed.

Biophysical Journal 103(10) 2167–2176



FIGURE 4 Average structures of (a) camphor-

bound and (b) substrate-free CYP101 obtained

from MD simulations colored by atomic root-

mean-square fluctuations in a grayscale (color-

scale online: 0 Å, blue; midpoint, white; and

1.2 Å, red). The structures are rotated from

Fig. 1 a so as to look down the I-helix for better

viewing of the five regions. Time series of back-

bone traces of the five protein regions during

100-ns MD trajectories of (c) camphor-bound

and (d) substrate-free CYP101 in a grayscale

(color-scale online: 0 ns, blue; midpoint, white;

and 100 ns, red). The closed 3L63 crystal structure

is shown as reference. (e) Key salt-bridge,

hydrogen-bonding, and hydrophobic interactions

in CYP101, in which the five regions are shown

similar to Fig. 1 a.
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in the substrate-free form the channel width is larger
(~19.5 Å on average), and exhibits significantly larger fluc-
tuations, sampling the range ~18–22 Å (see Fig. S6 a). Thus,
the increased global amplitudes manifested in the quasielas-
tic neutron scattering are translated into larger channel-
width fluctuations in substrate-free CYP101 (see Fig. 4, c
and d). Moreover, in the simulation of substrate-free
CYP101, the F and G helices move closer to the B0 helix
by ~1 Å and ~2 Å, respectively, relative to the initial config-
uration. However, on average these two helices are still
~3.5 Å and ~2.2 Å, respectively, away from their positions
in the closed crystallographic conformation (see Fig. S6
b). We therefore surmise that in substrate-free CYP101,
although the channel samples a wide variety of values
between the fully open and partially open conformations,
it has not reached the partially open state as defined in
Lee et al. (9) (for analysis details, see section SIII.3 in the
Supporting Material), and the closed conformation is not ac-
cessed by the substrate-free form.
Biophysical Journal 103(10) 2167–2176
Detailed analysis of the five flexible protein regions iden-
tified above allows us to pinpoint changes in specific inter-
actions responsible for the dynamic differences between the
two forms. There are a number of salt-bridge, hydrogen-
bonding, and hydrophobic interactions in and around the
putative substrate access channel of CYP101 that connect
the five regions, maintaining a scaffold that dynamically
couples the motion as shown in Fig. 4 e. These interactions
have been previously suggested to play important roles in
the stability and function of CYP101 (9,43,44). The key
interactions involved comprise side-chain salt bridges and
hydrogen bonds connecting the F-helix to the I-helix
and the F/G loop (Arg186-Asp251 and Arg186-Asp182), the
G-helix to the B0 helix (Asp97-Lys197 and Asp97-Tyr201),
and the hydrogen bond between the side chain of Arg186

and the carbonyl oxygen of Val396 that connects the F-helix
to the b5 sheet. In addition, there are several hydrophobic
interactions that connect the B0 helix to surrounding struc-
tural elements including the G-helix (Ala95-Phe193) and b5
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sheet (Phe87-Ile395). Distances and fluctuations of the above
specific interactions are listed in Table 2 and time series of
the distances are plotted in Fig. S8. In the substrate-free
form, the interaction distances and the corresponding fluctu-
ations are significantly higher. Hence, upon loss of camphor,
a weakening is observed of these interactions connecting the
five structural elements.

The disorder in the B0 helix observed in the crystal struc-
ture of substrate-free CYP101 is also seen in the MD simu-
lation, with several residues in the helix exhibiting increased
fluctuations. However, no information on changes in
specific interactions involving residues in this functionally
important region is available from the crystal structures
(Table 2), as the electron density for these residues is not
visible. The MD simulation throws light on the dynamics
of this region. In camphor-bound CYP101, Tyr96, located
at the C-terminus of the B0 helix, is oriented toward the
active site, making a strong hydrogen bond with the oxygen
atom of the camphor. However, removal of the hydrogen
bond in the substrate-free form leads to fluctuation of
Tyr96 side chain between the active site and the channel
opening, occasionally forming a hydrogen bond with the
carbonyl oxygen atom of Met184 (see Fig. S7). This signif-
icantly increased conformational flexibility of Tyr96 in
substrate-free CYP101 is consistent with severe line-broad-
ening observed for the resonance of this residue in the NMR
spectrum. Similar NMR line-broadening in the substrate-
free form was also observed for several other residues in
the B0 helix that are involved in interactions with the G-helix
as described above, including Ala95 and Asp97, supporting
the existence of the increased associated fluctuations
observed in the simulation.
TABLE 2 Characteristic distances of residue pairs in the x-ray crys

camphor-bound CYP101 for key salt-bridge, hydrogen-bonding, and

Distance* (Å)

Camphor-bound

3L63 crystal Simulation

Arg186-Asp182z 4.56 4.56 5 0.22

Arg186-Asp251z 3.97 3.93 5 0.07

Arg186-Val396x 2.83 2.82 5 0.12

Asp97-Lys197z 3.58 3.39 5 0.55

Asp97-Tyr201x 2.83 3.25 5 0.36

Ala95-Phe193{ 4.78 4.91 5 0.30

Ser83-Asp104x 3.10 3.32 5 0.88

Phe87-Gln317x 2.87 2.88 5 0.09

Arg90-Gly315x 2.91 5.58 5 0.97

Arg90-Gln317x 3.37 3.60 5 0.13

Distance fluctations are also given above in the simulations. Note that the indivi

(carbonyl oxygen), Asp97 (side chain) and Tyr201 (-OH group), Ser83 (side chain

Arg90 (side chain) and Gly315 (carbonyl oxygen), and Arg90 (backbone nitrogen

*The distance is calculated among the centers of the charged groups for ionic p

doubly protonated His, whichever is closer to the negatively charged residue in th

Ala and Cg for Phe), and donor-acceptor for hydrogen-bonding interactions.
yBecause residues 90–97 and 104 are missing in the 3L61 crystal structure, the
zSalt-bridge interactions.
xHydrogen-bonding interactions.
{Hydrophobic interactions.
In substrate-free CYP101, increased distances and fluctu-
ations were also observed in the simulation for several
hydrogen bonds that help stabilize the B/C loop in the
camphor-bound form. These include the hydrogen bonds
between the side chains of Ser83 and Asp104 and between
the backbone oxygen of Phe87 and the side chain of
Gln317 (see Fig. 4 e and Fig. S9). Furthermore, the C-
terminus of the B/C loop (just before the beginning of
the C-helix) was observed to be highly fluctuating in the
substrate-free form (Fig. 4 a), owing to the breaking of
the hydrogen bond between Ser83 and Asp104 (Table 2).
Finally, in substrate-free CYP101, Arg90 present at the
beginning of the B0 helix was found to extend its side chain,
exhibiting dynamic interactions with surrounding residues
Gly315 and Gln317, and the hydrogen-bonding interactions
involved are weaker than those in the camphor-bound
form (Table 2), which greatly contributes to the higher flex-
ibility of the b4 sheet in the substrate-free form.
DISCUSSION

Although structural studies of various P450s in presence of
various substrates have been performed previously and
provide a qualitative indication of which regions in a
protein are disordered through crystallographic temperature
factors (7–10,45), the relative contributions of specific
regions to dynamic changes of a P450 induced by substrate
binding have not been characterized in detail. NMR spec-
troscopy can potentially provide such dynamic information
on an atomic level, although it can be challenging to
collect extensive data (especially involving side chains)
on proteins as large as P450s and only sparse data are
tal structures and MD simulations of substrate-free and

hydrophobic interactions

Substrate-free

Region(s) involved3L61 crystaly Simulation

4.66 5.97 5 1.85 F-helix, F/G loop

5.63 4.44 5 1.13 F-helix, I-helix

9.78 6.84 5 1.89 F-helix, b5 sheet

— 4.18 5 1.20 B0 helix, G-helix
— 4.68 5 1.94 B0 helix, G-helix
— 5.86 5 1.04 B0 helix, G-helix
— 9.87 5 2.64 B/C loop

3.06 3.80 5 1.76 B/C loop, b3 sheet

— 8.07 5 1.48 B0 helix, b3 sheet
— 5.14 5 1.12 B0 helix, b3 sheet

dual hydrogen bonds are identified between Arg186 (side chain) and Val396

) and Asp104 (side chain), Phe87 (carbonyl oxygen) and Gln317 (side chain),

) and Gln317 (side chain).

airs (i.e., Cg for Asp, Cd for Glu, Nz for Lys, Cz for Arg, and Nd or Nε
for

e ionic pair), centers of side chains for hydrophobic interactions (i.e., Cb for

corresponding distances are not given.
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usually available due to limited assignments and resonance
overlap (39).

This situation is likely to be exacerbated in human P450s
where the complexities are magnified due to increasing size
and limited solubility of the proteins. Such systems would
largely benefit from the synergistic use of spectroscopic
and simulation techniques in characterization of dynamical
amplitudes, timescales, and coupling, especially in the
context of drug design. The incorporation of MD simulation
augments the information that can be extracted from NMR
and neutron scattering spectra by identifying which parts of
the protein are involved in short-timescale (ps-ns) diffusive
motions in a quantitative manner. In turn, the use of comple-
mentary experimental techniques alleviates force-field limi-
tations and model approximations inherent to MD, allowing
a more complete and reliable physical picture to be obtained
of both the global structural flexibility and local fluctuations
in the protein.
Conformations accessible to CYP101
for substrate binding

Recently solved x-ray crystal structures of CYP101 with
and without camphor show that significant conformational
differences are present between the two forms of the protein
(10). The crystal structures, along with additional structures
of CYP101 with camphor ligand analogs, indicate that
the putative substrate access channel of CYP101 can adopt
open, partially open, and closed conformations which
allow closing of the channel via a multistep closure pathway
involving movements of the F- and G-helices (7–10).
Studies performed here also support the presence of distinct
conformations in solution for the substrate-free and
camphor-bound forms, based on the large chemical shift
changes and exchange-broadening observed for several resi-
dues in the two-dimensional 15N-1H HSQC NMR spectra of
the two forms.

These changes are found to be specific to substrate access
regions involving the F/G loop, the B/C loop containing the
B0 helix, and the b4 and b5 sheets, similar to those regions
identified in the crystal structures. In the present MD simu-
lations, the camphor-bound CYP101 clearly stays in the
closed conformation with only small deviations around the
average channel opening, whereas in the substrate-free
form the channel opening exhibits large fluctuations and
decreases by ~3 Å on average during the course of the simu-
lation (see Fig. S6 a), consistent with a transition toward the
partially open conformation from the open conformation in
substrate-free CYP101. These results are in at least qualita-
tive accord with recent adaptive accelerated MD simulations
(14), which suggested that, when initiated from the open
conformation, substrate-free CYP101 rapidly fluctuates
back and forth between open and partially open conforma-
tions, but never to the closed conformation. However, longer
direct MD simulations would be required to observe full
Biophysical Journal 103(10) 2167–2176
conversion between the two conformations, as the timescale
of this process is likely to be considerably larger than that
simulated here (approximately microseconds). These results
suggest that binding of diverse substrates to CYP101 may
proceed partially via conformational selection of appro-
priate conformational substates sampled by the substrate-
free form, but may, depending partially on the substrate
shape and size, also involve induced fit.
Contribution of CYP101 structural flexibility
to substrate adaptation

Both NMR and neutron scattering demonstrate that sub-
strate-free CYP101 exhibits globally increased dynamics
relative to the camphor-bound form. Decomposition of the
neutron spectra using MD revealed that the underlying basis
for this higher flexibility is the increased jump motions and
localized diffusions of the nonexchangeable hydrogen
atoms (e.g., Tyr96 shown in Fig. S7) within the five protein
regions important for substrate binding (i.e., the B/C and
F/G loops, the I-helix kink near the active site, and the b4
and b5 sheets). These sample a larger conformational space
in substrate-free CYP101 (see Fig. 4 d) due to weaker salt-
bridge, hydrogen-bonding, and hydrophobic interactions.
This higher structural flexibility of substrate-free CYP101
leads to an increase in the number of accessible conforma-
tions for binding of diverse substrates, as has previously
been observed from x-ray crystallography (10), fluorescence
(46), Fourier transform infrared spectroscopy (47), and
MD simulations (13,48), as well as studies on other P450s
(45,49).

The overall architecture of the above five regions identi-
fied here is highly conserved among P450s (45,50), suggest-
ing a common mode for P450 substrate binding that
involves dynamic modulation of coupled flexible regions
via a network of key residue interactions (see Fig. 4 e and
Table 2. Based on our observations that the inherent flexi-
bility of the substrate-free form is mediated by these
interactions, we hypothesize that coupled conformational
transitions related to diffusive motions might be function-
ally important in substrate adaptation. These transitions
may be modified in strength depending on the type of
substrate, thus enabling the recognition and adaptation
of substrates of varying shape and size. In the case of
CYP101, the effects of camphor binding are likely trans-
mitted throughout the flexible protein regions upon forma-
tion of a hydrogen bond between the –OH group of Tyr96

and the oxygen atom of camphor, with concomitant reduc-
tion in fluctuations and structural ordering of the B0 helix.

Indeed, the largest dynamic changes as discerned from
the decomposition of the neutron scattering spectra are
observed for the B/C loop containing the B0 helix (Table 1)
and are likely to be a primary dynamic determinant in
inducing the closure of the substrate access channel. This
is done by strengthening the residue interactions between
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the B0 and G helices (e.g., Asp97-Lys197, Asp97-Tyr201, and
Ala95-Phe193 in Table 2), which in turn leads to further
closure of the F/G loop and the F-helix. Strengthening of
the interactions between the b5 sheet and the F-helix in
the camphor-bound form (the Val396-Arg186 hydrogen
bond in Table 2) results in the b5 sheet moving in concert
with the F-helix, accompanied by changes in the I-helix
kink region. The B0-helix perturbation can also be trans-
mitted to the b4 region via Phe

87 and Arg90, which primarily
interact with Gly315 and Gln317 from the b3 sheet (near
C-terminus of the b4 sheet) through weak hydrogen-bonding
interactions (Fig. 4 e). Such weak interactions between the
B/C loop and the b3, b4 sheets are also found in several other
P450s, and are often replaced by hydrophobic interactions
(50–52). We therefore anticipate similar dynamic coupling
of the flexible regions in other P450s.
CONCLUSION

This article demonstrates how the combination of comple-
mentary global (neutron) and local (NMR) experimental
spectroscopies with MD simulation can provide a detailed
description of changes in protein dynamics accompanying
changes in functional states. This type of information is
particularly valuable in cases where it may not be feasible
to crystallize and solve large numbers of structures, both
in substrate-free form and with various substrates or
substrate analogs. Although it has been possible to solve
multiple structures of CYP101 (7–10), the problem is often
encountered in the case of human P450s. Hence, the appli-
cation of the methodology presented in this article may be of
particular help in drug design against these targets.
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