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ABSTRACT: Removal of substrate (+)-camphor from the active site of cytochrome P450.,,
(CYP101Al1) results in nuclear magnetic resonance-detected perturbations in multiple regions of the
enzyme. The "H—"°N correlation map of substrate-free diamagnetic Fe(II) CO-bound CYP101A permits
these perturbations to be mapped onto the solution structure of the enzyme. Residual dipolar couplings
(RDCs) were measured for "N—"H amide pairs in two independent alignment media for the substrate-
free enzyme and used as restraints in solvated molecular dynamics (MD) simulations to generate an
ensemble of best-fit structures of the substrate-free enzyme in solution. Nuclear magnetic resonance-
detected chemical shift perturbations reflect changes in the electronic environment of the NH pairs, such

as hydrogen bonding and ring current shifts, and are observed for residues in the active site as well as in

hinge regions between secondary structural features. RDCs provide information about relative orientations of secondary
structures, and RDC-restrained MD simulations indicate that portions of a f-rich region adjacent to the active site shift so as to
partially occupy the vacancy left by removal of the substrate. The accessible volume of the active site is reduced in the substrate-
free enzyme relative to the substrate-bound structure calculated using the same methods. Both symmetric and asymmetric
broadening of multiple resonances observed upon substrate removal as well as localized increased errors in RDC fits suggest that
an ensemble of enzyme conformations are present in the substrate-free form.

ver the years, the concept of molecular recognition

between enzyme and substrate has evolved significantly.
The early idea of lock-and-key recognition," in which rigid body
shape complementarity and specific interactions were assumed
to dominate the process, later gave way to the concept of
induced fit, in which the free energy change associated with
binding drives conformational changes favoring transition state
stabilization.” In recent years, improved simulation methods,’
variable-temperature X-ray crystallography,”® and nuclear
magnetic resonance (NMR)®” have demonstrated that proteins
exist as ensembles of conformers that interconvert on a range of
time scales. This has led to the concept of preexisting enzyme
conformational ensembles, in which substrate binds to the
appropriate enzyme conformers present in solution, thereby
shifting the equilibrium of the remaining substrate-free
conformations toward those that most effectively stabilize
bound substrate.® The distinction between the induced-fit and
preexisting equilibrium models is subtle, but important.
Induced fit implies that the free energy change upon substrate
binding is sufficiently large to drive changes in protein
conformation, while the equilibrium ensemble model assumes
only that the productive binding conformer must be stabilized
upon substrate binding relative to other members of the
ensemble. Implicit in this argument is that to destabilize the
ground state of bound substrate relative to the transition state
of the reaction to be catalyzed, further conformational changes
are required to reach the catalytically competent enzyme
conformation. These further changes could be the result of low-
frequency (high-barrier) motions intrinsic to the bound form or
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might be driven by the binding of a second species (effector) to
the enzyme—substrate complex.

We have used NMR to detect such a high-barrier
conformational change in substrate-bound cytochrome
P450,,, (CYP101Al) that is driven by the binding of an
effector protein putidaredoxin (Pdx).” Pdx is a required
component of the reconstituted CYP101Al enzyme system:
Even if all other components are present, no turnover is
observed in the absence of Pdx.'” Other groups have also
reported the formation of a transient species upon addition of
Pdx to substrate-bound CYP101Al under turnover condi-
tions."" We have provided experimental evidence that Pdx
binding converts a substrate-bound but catalytically inactive
form of the enzyme to the catalytically competent form via the
isomerization of a single Ile—Pro peptide bond from trans or
distorted trans to cis.""> Recently, we described the use of one-
bond 'Dyy residual dipolar couplings (RDCs) as restraints in
solvated molecular dynamics simulations of reduced substrate-
and carbonmonoxy-bound CYP101Al to characterize the
accessible substrate-bound conformations of the precatalytic
form of CYP101A1 in solution.'*

In this work, we turn our attention to the ensemble of
conformations accessible to this enzyme in the absence of
substrate. We used chemical shift perturbations observed in
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TROSY-"N—'H HSQC spectra of substrate-depleted samples
of reduced and CO-bound CYP101A1 to identify regions of the
enzyme structure that are sensitive to substrate binding. We
then measured 'Dyy RDCs for these samples in two
independent aligned media (liquid crystal and phage). Using
these RDCs as restraints in fully solvated molecular dynamics
simulations, we identified ensembles of equilibrium conforma-
tions for the substrate-free enzyme with reasonable fits to the
experimental restraints. A subset of RDCs, often assigned to
NH pairs near the ends of helices or in regions of poorly
defined secondary structure, were outliers from the best-fit
alignment tensors but could not themselves be reliably fit to
alternative tensors, suggesting that some secondary structures
are subject to fraying in the substrate-free enzyme.

B EXPERIMENTAL PROCEDURES

Expression and Purification of CYP101A1. The C334A
CYP101AI mutant plasmid was transformed in Escherichia coli
NCMS533 competent cells by electroporation. The C334A
mutant is spectroscopically and enzymatically identical to the
wild type but does not form dimers in solution and therefore is
more suitable for NMR characterization than the wild-type
enzyme."> Uniformly '*N-labeled CYP101A1 was expressed in
M9 minimal medium containing "NH,CI as the sole nitrogen
source and trace metals at 37 °C. Kanamycin (50 pg/mL) and
chloramphenicol (2S5 pg/mL) were used for strain selection and
plasmid maintenance, respectively. The heme precursor J-
aminolevulinic acid (70 mg/L) and camphor (3 mM) were
added to the medium 10 min prior to induction of expression
of CYP101Al by addition of solid IPTG (isopropyl f-p-1-
thiogalactopyranoside) to a final concentration of 1 mM. The
cells were incubated for an additional 12 h after being induced
at 37 °C. The collected cells were suspended in buffer [SO mM
Tris-HCl (pH 7.4), 100 mM KCl, and 1 mM (1R)-
(+)-camphor] and lysed via sonication. The protein purification
that followed included a protamine sulfate cut to precipitate
nucleic acids and a 70% ammonium sulfate cut to precipitate
CYP101AlL. The resulting precipitate was dissolved in fresh
buffer and desalted by dialysis against buffer containing 50 mM
Tris-HCl (pH 7.4), 100 mM KCl, and 1 mM (1R)-
(+)-camphor at 4 °C for 18 h total (1 L of buffer for 6 h
followed by transfer to another liter of fresh buffer for an
additional 12 h). The protein was then passed through an
anion-exchange column (DEAE-Sepharose fast flow resin) and
eluted with a salt gradient (S0 to 300 mM KCl). Fractions with
an Asg/A,g of >0.8 were collected and concentrated before
the protein was passed through a P-100 size exclusion column
at 4 °C equilibrated with a buffer containing 50 mM Tris-HCl
(pH 7.4), 100 mM KCl, and 1 mM (1R)-(+)-camphor. Further
details concerning protein expression and purification details
have been published previously.'® Protein purity was assessed
spectroscopically with an Ajy,/A,g, ratio of at least 1.3.

Removal of Substrate and Sample Preparation for
NMR Experiments. Samples of camphor-free CYP101A1 were
prepared as follows. CYP101A1 (400 xL, 0.5 mM) in standard
camphor-containing buffer was diluted to 15 mL in camphor-
free buffer [SO mM Tris-HCI (pH 7.4) and 50 mM KCl] and
then reconcentrated to a final volume of 400 L. This process
of dilution and concentration into a camphor-free buffer was
performed a total of five times. The removal of camphor from
the enzyme was facilitated by reducing the KCl concentration.
In the final dilution step, NMR buffer was used for dilution [50
mM Tris-HCl (pH 7.4) and 50 mM KCl in a 90:10 H,0/D,0
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mixture]. The protein was then transferred to a septum-sealed
reaction vial and flushed with CO for 10 min. The protein was
then reduced with a freshly prepared solution of 250 mM
Na,5,0, in 1 M Tris-HCI buffer (pH 8.0) that was added in 1
uL aliquots. Typically, a total of 8—9 uL of the 250 mM
Na,$,0, solution would be added to completely reduce ~350
UL of 0.45 mM protein. The protein has a cherry-red color
once it is CO-bound and reduced. The reduced protein was
anaerobically transferred to a susceptibility-matched NMR tube
(Shigemi, Inc., Allison Park, PA).

Alignment of CYP101A1 in a C12E5/Hexanol Mixture
for RDC Measurements. A 10% (w/w) solution of
pentaethylene glycol monododecyl ether (C12ES, >98%,
Sigma-Aldrich) in degassed NMR buffer [SO mM Tris-HCI
(pH 7.4) and SO mM KCl in a 90:10 H,0/D,O mixture] was
prepared and vortexed to ensure homogeneity. From this stock
solution, 180 uL was transferred into a septum-sealed reaction
vial, and the aliquot was flushed with carbon monoxide for 10
min. Normal hexanol was added (anhydrous, >99%, Sigma-
Aldrich) in small aliquots (as small as 0.5 yL when nearing the
nematic phase) and the solution vortexed after each addition.
Over the course of hexanol addition, the solution turned from
clear to biphasic and then to clear again, and finally, the
solution becomes opalescent when the proper molar ratio of n-
hexanol to C12ES is reached. The final addition of hexanol, and
resulting transition to opalescence, is dependent on temper-
ature. As such, it is important to keep the temperature of the
solution at 298 K (the temperature used for the NMR
experiments) during the period of addition and after the proper
CI12ES:hexanol molar ratio has been reached. The final
C12ES:hexanol molar ratio was determined to be 0.8S,
consistent with the literature.'” Reduced and CO-bound wild-
type (WT) CYP101A1 (0.4 mM, 180 uL), in NMR buffer, was
added to the C12ES/hexanol mixture (1:1, v/v) under nitrogen
in a glovebag. [Note that at this point it was sometimes
necessary to flush the vial containing the mixture with CO and
to add an additional 2—3 uL of 250 mM Na,S,0, in 1 M Tris-
HCI buffer (pH 8.0) to the sample to ensure that the protein
remains reduced and CO bound.] After being mixed, the
solution was transferred into a susceptibility-matched NMR
tube, and the sample was placed into a 298 K constant-
temperature bath for 15 min to ensure proper equilibration. All
steps involving the C12ES/hexanol mixture were performed at
room temperature (typically 20—25 °C). The sample was then
placed in the NMR magnet, and alignment was monitored
using the residual quadrupolar splitting of the buffer *H signal
(28.8 Hz after ~'/, h); the acquisition of data began after no
further changes occurred in the observed splitting.

Alignment of CYP101A1 in Pf1 Filamentous Phage for
RDC Measurement. The Pfl phage/protein solution was
prepared by first flushing a septum-sealed reaction vial
containing 100 uL of a S0 + 4 mg/mL solution of PfI
bacteriophage (Asla Biotech Ltd., Riga, Latvia) with CO for 10
min. Then, in an anaerobic chamber, reduced and CO-bound
WT CYPI0IAL (0.4 mM, 410 yL), in NMR buffer [50 mM
Tris-HCl (pH 7.4) and 50 mM KCl in a 90:10 H,0/D,0
mixture], was added to the phage solution. The mixture was
again flushed with CO, and an additional 3 yL of 250 mM
Na,$,0, in 1 M Tris-HCI buffer (pH 8.0) was added to ensure
that the protein remained both reduced and CO-bound.
Finally, the phage/protein sample was gently mixed by rotation
before being transferred anaerobically to a susceptibility-
matched NMR tube. The final phage concentration was 9.8
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Figure 1. Chemical shift perturbations observed in 'H—'N TROSY-HSQC spectra upon removal of substrate from reduced and CO-bound
CYP101ALl displayed as a function of sequence and secondary structure. Both 'H (orange bars) and "*N (green bars) shifts are shown, so the y-axis
value is the sum of perturbations in inverse seconds (hertz) observed in both dimensions for a given correlation. Secondary structural features with
which perturbed residues are associated are indicated above, with the solid arrow representing S-structure, zigzag green lines helix, and straight blue
lines loop or irregular structure. Secondary structural features are named using the conventions of Poulos et al.*" The Ax Cys label refers to Cys 357

and Leu 358.

mg/mL. Alignment was monitored using the residual
quadrupolar splitting of the buffer *H signal (8.0 Hz after
~'/, h), and the acquisition of data began after no further
changes occurred in the observed splitting.

NMR Experiments and Data Analysis. All NMR data
were acquired on a Bruker Avance spectrometer operating at
800.13 MHz (*H) and 81.08 MHz (*N) equipped with a TXI
cryoprobe and pulsed field gradients. NMR data acquisition and
analysis were performed as described previously.'* RDCs were
measured in both alignment media using the combined results
of TROSY and semi-TROSY experiments as adapted from
Weigelt et al,,'® in which peaks are offset from each other by
Yy in the 'H dimension of two-dimensional 'H—'N
correlation experiments. A data set acquired in the absence of
alignment media was used to obtain the reference coupling for
a given correlation. Previously published assignments for
CYP101A1 were used to identify peaks in each spectrum."
Data sets were processed identically in TopSpin (Bruker
Biospin) and imported and analyzed in SPARKY."

Molecular Dynamics Simulations. In our previous
work,'* we applied RDCs measured in two independent
media as restraints in fully solvated molecular dynamics (MD)
simulations to calculate solution structural ensembles for
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reduced substrate- and carbonmonoxy-bound CYP101Al.
The conformation with the lowest total violation energy was
identified, and the coordinates were deposited as RCSB Protein
Data Bank entry 2L8M. That structure, with substrate camphor
removed, was used as the starting point for this work. The
substrate-free 2L8M structure was solvated with 22170 TIP3P
water molecules and sufficient K™ and CI” ions to maintain the
same ionic strength used in the NMR experiments. A 30 A
distance was maintained between the enzyme and the solvent
box edge. Simulations were performed with the Amber 10
package,”® using the ff03 force field as detailed previously."* A
preliminary refinement employed 552 total RDC N—-H
restraints, 277 measured in Pfl medium and 275 in a
C12ES/hexanol mixture, representing approximately 70% of
the polypeptide backbone. During the refinement, a +3 Hz
uncertainty was imposed by penalizing calculated couplings
outside that range, with a penalty function proportional to
(Dey1e Dgp,)’. Alignment tensors were calculated by
minimizing the initial structure, while keeping the atoms with
restraints frozen. After minimization, the temperature was
increased in three cycles, from 0 to 50 K, from 50 to 100 K, and
from 100 to 300 K, with a 5 kcal mol™" A~ harmonic constant.
The density was equilibrated through a fixed-pressure run with
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a relaxation time of 0.2 ps. Once volume and pressure were
equilibrated, a 100 ps constant-volume molecular dynamics was
performed. Then a 2 ns molecular dynamics simulation at 300
K was performed. The largest deviations from experimental
RDC values in the resulting ensemble were identified and cross-
checked with experimental data sets, to rule out assignment
errors or incorrect RDC measurements. This process was
repeated iteratively until violations plateaued with a final set of
478 RDC restraints (250 corresponding to Pfl medium and
228 to C12ES/hexanol medium).

The final refinement was performed as described above,
starting from the results of equilibration runs using the final
RDC restraint set."* A 2 ns production molecular dynamics
simulation at 300 K was performed. During this simulation,
trajectories were saved every picosecond, yielding an ensemble
of 2000 conformers. RDC values were calculated every 200 ps;
these values were averaged and the averages compared with the
set of experimental values.

B RESULTS

Chemical Shift Perturbations upon Removal of
Substrate from CYP101A1. Two-dimensional '‘H—'>N
TROSY-HSQC correlation experiments were performed with
both oxidized and reduced samples of CYP101Al from which
substrate was removed to identify those regions of the enzyme
that are most affected by substrate. The results of experiments
with oxidized substrate-free enzyme will be reported elsewhere;
however, Figure 1 provides a summary of the observed
perturbations as a function of sequence for the reduced CO-
bound enzyme, while Figure 2 shows the largest perturbations
superimposed on the structure. Figure 3 shows examples of the
observed shifts for two residues, the axial heme iron ligand Cys
357 and the adjacent Leu 358. Both of these correlations are
shifted well upfield of typical amide 'H shifts by ring current
shielding from the adjacent heme porphyrin macrocycle. These
residues are among those that exhibit significant shifts upon
substrate removal (Figure 1). Where distinct correlations can
be assigned for a particular residue to the substrate-free and
bound forms, there does not appear to be a lower chemical shift
limit beyond the natural line width and digital resolution
allowing distinguishability, meaning that chemical exchange of
substrate between free and bound forms is slow on the 'H
chemical shift time scale (<30 s™'). Where comparison is
possible, the half-height 'H line width of the substrate-free
correlation typically exceeds that of the substrate-bound form
by ~10 Hz. Furthermore, the broadening of substrate-free
correlations is often asymmetric, suggesting that multiple
conformers with different populations in slow exchange on
the chemical shift time scale are contributing to the observed
correlation in the substrate-free form. These observations will
be addressed more completely in a report on local dynamics as
measured by H—D exchange and '°N relaxation in oxidized and
reduced substrate-free CYP101A1 (M. J. Young et al,
manuscript in preparation).

The structural distribution of amide NH correlations that are
affected by the absence of substrate is intriguing (Figure 3). As
expected, many of the affected residues are in or adjacent to the
active site, with the largest identifiable perturbations to residues
in the I helix that form the I helix “kink”, into which the axial
CO (or 0O,) fits in the closed structure.*' Perturbations in the I
helix are quite localized, with Gly 243, Leu 244, Gly 248, and
Thr 252, all of which lie on the active site edge of the I helix,
being strongly affected, while Leu 245, Val 247, Gly 249, and
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Figure 2. Chemical shift perturbations observed in '"H—'*N TROSY-
HSQC spectra upon removal of substrate from reduced and CO-
bound CYP101Al superimposed on the solution structure 2L8M."*
Only those residues for which N—H correlations distinct from those of
the substrate-bound form are observed are highlighted. Residues
colored magenta exhibit shifts of >40 Hz in either the 'H or *N
dimension, while smaller shifts are colored red. (a) Distal view (active
site cavity toward the reader) with perturbed secondary structural
features or residue IDs labeled using the conventions of Poulos et al.*!
(b) Proximal view, rotated slightly for the sake of clarity.

Asp 251 show smaller perturbations. Residues at the C-terminal
end of the B helix and B'=C loop are also affected, although to
a lesser extent. Within the B’ helix, only Ala 95 shows clear
evidence of doubling, while Phe 98 and Ile 99, which form part
of the B'—C turn loop, are more strongly perturbed. However,
Asp 97, the C-terminal residue of the B’ helix, is severely
broadened in the absence of substrate, suggesting that this end
of the B’ helix is sampling multiple conformations. This is in
agreement with crystallographic studies showing fraying and/or
loss of the B’ helix in substrate-free structures.”*

The secondary structure forming part of the active site of
CYP101Al that exhibits the most widespread chemical shift

dx.doi.org/10.1021/bi300007r | Biochemistry 2012, 51, 3383—3393
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Figure 3. Chemical shift perturbations observed in "H—"*N TROSY-HSQC spectra in camphor-depleted samples of reduced CO-bound CYP101A1
for heme axial cysteine ligand C357 (left) and adjacent L358 (right). Correlations marked C357N—H and L358N—H are at the positions observed
for camphor-bound CYP101Al and are assigned to residual camphor-bound enzyme. Those peaks marked as C357dN—H and L358dN—H are
shifted relative to their positions in camphor-bound enzyme and are assigned to the camphor-free form.

perturbations is the S sheet (Figure 2a), which was found to
be more disordered in solution than in crystallographic
structures even in the presence of substrate.”® Substrate-free
CYP101A1I crystallographic structures also show a less ordered
BS region compared to what is observed in substrate-bound
forms.”** Although only the side chain of Ile 395, which lies
on the turn between the two S strands, directly contacts
substrate in crystallographic structures, residues on both
strands, including His 391, Gly 394, Val 396, Gly 398, and
Gln 400, are perturbed in the absence of substrate.

External to the active site, sizable (i.e., >40 Hz in either
dimension) chemical shift perturbations are most often found
in hinge regions and points of contact between secondary
structural elements that are themselves affected by the absence
of substrate as determined by RDC-restrained MD simulations
(vide infra). Such “hinge” residues include Ala 65 (f/1—B helix),
Ser 83 (B—B' loop), Ile 160, which sits on the E helix at the
junction between the F and I helices, Glu 172 and Gln 183
(beginning of the F helix and F helix—FG loop junction,
respectively), His 270 (between the I and ] helices), and Thr
376 (near the end of the L helix). However, not all observed
perturbations fall into this category. The largest perturbations
to residues not directly adjacent to the active site are observed
in the K’ helix, including Leu 324, Ser 325, Gly 326, and Leu
327. The K’ helix acts as a flexible link between the 3 sheet
bordering the active site and the proximal f-meander and was
also found to be the most responsive to the binding of modified
substrate outside of the active site.”*

Besides the K’ helix, the other secondary structure external to
the active site with resonances most uniformly perturbed by
substrate removal is in the 1 sheet. Asn 59, which forms part
of the turn between two strands of the f1 sheet, shows the
greatest sensitivity to the absence of substrate and forms part of
the proposed entrance to the active site.'*”>*® Asn 59 is
spatially adjacent to Pro 89 at the base of the B’ helix and to
Tyr 29, which stabilizes the otherwise unsolvated cis
conformation of the Ile 88—Pro 89 bond by a hydrogen
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bond between the Tyr 29 side chain phenolic OH and the
carbonyl oxygen of Ile 88.>' We have proposed that the same
Tyr 29 phenolic OH stabilizes the transition state for effector-
induced isomerization of the Ile 88—Pro 89 bond, modulating
access to the active site.'>'> Also perturbed in the 1 sheet are
His 61, Ile 64, and Ala 6S. The strand from His 61 to Ala 65 is
adjacent to the 3 sheet, and chemical shift perturbations in this
region indicate changes in hydrogen bonding within the 1
sheet or with the adjacent 3 strand. As will be seen (vide
infra), the 3 sheet is among the most structurally displaced
secondary structural features in CYP101Al.

RDC-Restrained Molecular Dynamics Simulations. A
total of 250 RDCs determined from alignment in PfI and 228
RDCs from a C12ES/hexanol medium were used as restraints
in fully solvated molecular dynamics simulation. During the 2
ns production MD simulation, RDC values were calculated
from saved trajectories every 200 ps; the values were averaged
at the end of the run and the averages compared with
experimental RDCs. Figure 4 shows the fit between
experimental values and values calculated using independent
alignment tensors for each medium (Table 1). The fit is fairly
good, with a linear R* correlation of 0.66 in both media when
all RDC restraints are considered. Removal of selected
restraints with the largest restraint violations (>6 Hz) from
the calculation (31 from Pfl and 37 from CI12ES/hexanol)
yields considerably better fits for both data sets (R ~ 0.77) (see
Figure 4). Careful re-examination of experimental data confirms
that this group of outlying RDC values was correctly assigned
and measured, and those with the largest violations appear to
be local perturbations, with many of them located at the
beginning or end of helices. These include Ala 95 at the C-
terminus of the B’ helix, Glu 107 initiating the C helix, Thr 192
initiating the G helix, and Ala 284, which forms part of a bend
near the N-terminus of the K helix. Other NH correlations
showing significant deviations from predicted 'Dyy values
include Glu 262 in the I helix at a pivot point involving the S
sheet, Val 295 in the 3 sheet, Arg 342 in the f-meander, and

dx.doi.org/10.1021/bi300007r | Biochemistry 2012, 51, 3383—3393
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Table 1. Alignment Tensors Calculated for Structure REP1
and Used for Fitting of RDCs As Shown in Figure 4“

alignment tensor (PfI phage)

41.876 12486 9.176
12.486 —66.966 1.108
9.176  1.108  25.090
alignment tensor (C12ES/hexanol)
41.876 12.486 9.176
12.486 —66.966 1.108
9.176  1.108  25.090

“Cartesian tensor elements are scaled by 10° according to AMBER
convention. For a complete description of the fitting procedure and
generation of alignment tensors, see the Amber 10 manual *°

Leu 356 immediately preceding the axial heme ligand Cys 357.
A simulation restrained only by the subset of large violation
RDCs performed (i.e., with the main body of RDC restraints
turned off) did not result in a reasonable fit of those RDCs to a
single set of alignment tensors, so it is unlikely that they
represent a single alternative conformational ensemble. Instead,
the positions of many residues showing larger violations near
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the beginning or end of helices or at pivot points between
secondary structures suggest that fraying or movement may be
occurring on the time scale of the RDC measurement. Only five
RDCs assigned to a given residue from both data sets were
excluded in both improved fits (residues 34 and 36 prior to the
A helix, residue 59 in the f1 loop, residue 70 near the N-
terminus of the B helix, and residue 230 in the H—I loop).
However, the arbitrary cutoff used for determining which RDCs
would not be included in the improved fit shown in Figure 4
may disguise correlations between outliers in the two data sets.
The absence of significant chemical shift perturbations
associated with the presence of the aligning medium would
seem to rule out an alternative explanation of the anomalous
RDC values, that is, direct interaction between the aligning
medium and the protein at these sites.

From the ensemble, the conformer with the lowest restraint
violation energy was identified (REP1). The root-mean-square
deviation (rmsd) of REP1 with respect to the other members of
the ensemble is 0.9 A, while the rmsd with respect to the
average structure is 0.6 A; therefore, one can safely consider
REP1 as being representative of the ensemble. In Figure Sa,
REPI is superimposed on substrate-bound structure 2L8M.
Residues in REP1 showing significant structural deviations from

dx.doi.org/10.1021/bi300007r | Biochemistry 2012, 51, 3383—3393
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Figure 5. (a) Substrate-bound 2L8M (green) aligned by Ca atoms on
REP1 (cyan), identified as the substrate-free structure with the lowest
RDC restraint violation energy. (b) Close-up of the same super-
position highlighting the displacements of the heme, the B—B’ loop,
including Phe 87, and the f3—4 domain. (c) rmsd values between the
two structures per residue.

those of 2L8M include Ser 32—Leu 34 and Gln 39 in the turn
region preceding the A helix and Pro 105—Glu 107 in the B'—C
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loop. At the N-terminus of the D helix, residues Met 121,Val
123, and Val 124 show significant displacements upon removal
of camphor, and these displacements are transmitted to a lesser
extent along the D helix and the C-terminus of the C helix.
However, the largest overall displacement of secondary
structure (Figure Sc) occurs for residues Tyr 78—Phe 87 in
in the B—B’ loop in tandem with the $3—p4 sheet complex,
residues 299—315. These structures are displaced as a unit,
moving the side chain of Phe 87 into the active site (Figure Sb).
In camphor-bound 2L8M (and other camphor-bound
structures), the side chain of Phe 87 is a primary substrate
contact. In the substrate-free form, the side chain of Phe 87
occupies some of the volume normally occupied by substrate
(see Figure 6). To a lesser extent, the side chains of I helix

| helix

Figure 6. Contraction of the active site in REP1 (green) from the best-
fit backbone alignment to 2L8M (cyan). Camphor from 2L8M is
shown as a van der Waals dot surface. The camphor-bound 2L8M
structure is colored cyan. Note that the side chain of Phe 87 partially
occupies the volume vacated by camphor. The side chains of Leu 244
and Val 247 also partially occlude the space occupied by camphor (see
the text). Unless otherwise noted, structural figures were generated
using PyMOL.>

residues Leu 244 and Val 247, B'—C loop residue Phe 98, and F
helix residue Met 184 also shift to occupy some of the volume
occupied by camphor in 2L8M. The net result of these
displacements is that the active site is considerably smaller in
REP1 than in 2L8M, and much of the volume occupied by
camphor in 2L8M is occupied in REP1 by hydrophobic groups
that line the active site cavity. Estimation of the active site
volume in REP1 based on interatomic distances of residues
lining the active site yields an active site volume 30% smaller
than that of 2L8M.

The guanidinium group of 43 residue Arg 299, which forms a
salt bridge with the heme propionate in all published structures
of CYP101A1, maintains that interaction in REP1. However,
the inward displacement of the B—B’ loop and the f3—f4 sheet
complex results in an apparent ~10° clockwise rotation of the
heme around the heme normal as viewed from the distal (active
site) face of the enzyme (Figure 7). This rotation is either
followed or enforced by the side chain of Arg 299, thereby
maintaining the salt bridge with the heme propionate. Given
that we have no direct experimental restraints for the heme, we
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Figure 7. 2L8M (green) and REP1 (yellow) aligned using the heme
macrocycle as the reference. Residues that are <6 A from the heme are
shown using a cartoon representation.

cannot say with certainty that the observed heme rotation is not
an artifact of the simulations. However, the heme rotation is
consistent with the inward movement of the B—B' loop and the
P3—P4 sheet complex and slight lateral displacement of the B’
helix, as well as chemical shift perturbations to the NH
correlations of heme-facing residues of the I helix as well as Cys
357 and Leu 358. It is expected that heme rotation would give
rise to changes in ring current shift patterns that are sufficient
to explain these observations, as well as the high degree of
localization of the chemical shift changes noted above.
Furthermore, the chemical shift sensitivity of residues in the
Pl strand (noted above) adjacent to the 33 sheet suggests that
this portion of the f1 sheet acts as a hinge for the observed
displacement of the B—B' loop and the $3—/4 sheet complex.

B DISCUSSION

The complex catalytic cycle of CYP101Al requires multiple
changes in spin, oxidation, and ligation states of the heme
prosthetic group to achieve turnover.”” Our research has been
directed toward understanding the role of protein structure and
dynamics in directing these changes as a function of oxidation
state and effector binding, with a focus on the role of the
effector Pdx in driving the formation of the closed, catalytically
competent form of the substrate-bound enzyme. However,
recent publications dealing with the structural consequences of
substrate removal on CYP101A1l demonstrate that substrate
binding also plays an important role in conformational
selection.”**® In this work, we have measured NH chemical
shift perturbations in the substrate-free enzyme to determine
which regions of the CYP101Al structure are affected by the
absence of substrate. We have also used RDCs measured in two
independent alignment media to restrain molecular dynamics
simulations of the substrate-free enzyme, using methodology
described previously.'* The results of these simulations make
up an ensemble of best-fit structures that provide insight into
the conformations accessible to the substrate-free enzyme in
solution on the time scale of the simulation (2 ns). We observe
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no major deviations from the ensemble average after ~1 ns,
suggesting that the structure has equilibrated sufficiently to
provide a realistic representation of the ensemble giving rise to
the observed RDCs.

We have chosen the reduced diamagnetic CO-bound form of
the substrate-free enzyme for structural characterization
because we have the most complete set of resonance
assignments for this form: Paramagnetic broadening in the
oxidized form results in a considerable loss of information in
and around the active site.”® It could be argued that the
biologically relevant form of substrate-free enzyme is in fact the
oxidized form, as the physiological redox partner of CYP101Al,
Pdx, does not reduce the enzyme unless substrate is bound.””
However, the most significant differences that we have
identified between oxidized and reduced CYP101Al with
substrate bound are dynamic, with the oxidized enzyme
exhibiting higher-frequency and larger-amplitude motions
than the reduced form.” Therefore, it is likely that the
structural ensemble reported here is a subset of those occupied
by the substrate-free oxidized enzyme in solution. A report
comparing the dynamics of oxidized substrate-free and
substrate-bound CYP101A1 is in preparation.

Comparison of RDC-Derived Substrate-Free and
Substrate-Bound Structures. We observe generally good
agreement between secondary structural features found to be
perturbed by chemical shift mapping and those that are
structurally displaced in RDC-restrained simulations of the
camphor-free and bound forms. However, we note that residues
undergoing the largest physical displacements within those
structural features are typically not those that show the greatest
chemical shift perturbations. There is a good reason for this:
Chemical shift perturbations are indicative of a changed
electronic environment (hydrogen bonds changing length,
change in ring current shift patterns, etc.), whereas secondary
structural features can be displaced with little or no change in
hydrogen bonding patterns except at junctions with other
features (which is where the largest chemical shift displace-
ments outside the active site are often seen).

Active Site of CYP101A1 in the Absence of Substrate
in Solution and Comparison with Crystallographic
Results. The displacement of the side chain phenyl group
Phe 87 on the B—B' loop into the active site cavity described
above is also seen, to a lesser extent, in the first crystallographic
structure of substrate-free CYP101A1 (PDB entry 1PHC).*
Similarly, the side chain of Tyr 96, which projects into the
active site from the B’ helix, is only marginally displaced in
REPI1 compared to substrate-bound 2L8M, an observation also
made in reference to 1PHC. However, the fairly major
movements of the B—B' loop and the ff3—f4 sheet complex
that accompany the Phe 87 displacement are not observed in
any crystallographic structure of substrate-free CYP101A1 and
deserve some comment. The first reported structure of
substrate-free CYP101A1 was obtained using crystals that
were grown in the presence of dithiothreitol bound in place of
camphor in the active site, which was subsequently removed by
soaking in DTT-free buffer.® This structure showed minimal
displacement of backbone atom positions relative to substrate-
bound forms. Recently, Goodin and co-workers described a
crystallographic structure of an open substrate-free form of
CYP101Al determined using crystals grown in the absence of
camphor and potassium ion in which the active site is
connected to the solvent by a fairly wide “throat” containing
12 ordered water molecules.”” The opening in that structure
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(PDB entry 3L62) is generated by displacement of the F—G
loop and disordering of the B’ helix while maintaining the cis
conformation of the Ile 88—Pro 89 amide bond. The absence of
the B’ helix in this case is likely due in part at least to the
absence of K' ion, which stabilizes the helix in other
crystallographic - structures.”® The presence of an ordered
water molecule hydrogen-bonded to the amide of Ile 88 in
3L62 indicates that this region is more solvent-accessible in
3L62 than in other CYPIO0lAl structures. We note that
recently the crystal structure of an open form of the related
CYP101C1 has been determined in which the X—Pro bond
preceding the intact B’ helix is found to be in the trans
conformation.*> Comparison of 3162 with camphor-bound
structure 3163 also shows quite large rmsd (>8 A) displace-
ments, although instead of the B—B' loop and the 33—f4 sheet
being the primary sites of displacement, as we observe, the
displacements in the crystallographic structures are localized in
the F and G helices, the F—G loop, and the “sprung” B’ helix.**
In the work presented here, enzyme conformations are not
constrained by crystal packing, and it appears the preferred
conformers select against a large void volume in the active site,
which would require ordered water within the site for their
maintenance. The crystals used for determining the 3L62
structures were of oxidized protein grown without a
predetermined iron axial ligand present, so it is possible that
the oxidized form, with more available positive charge density,
is better able to stabilize ordered water within the active site.

I Helix Kink. The I helix kink is one of the most
recognizable and conserved features of cytochrome P450
structure. In CYP101A1, the kink is formed by the interruption
of regular a-helix i — i + 4 hydrogen bonding between the
carbonyl of Gly 248 and amide NH of Thr 252. The resulting
gap in the I helix forms the niche in which O, sits when ligated
to the heme iron.** The I helix kink was reported by Poulos
and co-workers in the first CYP101A1 structures”' and is found
in some fashion in almost every P450 structure of any type
published to date.”® While the kink is maintained in our
structure, it is somewhat narrower in the absence of substrate,
as evidenced by the shorter distance between the carbonyl
oxygen of Gly 248 and the Thr 252 NH in REP1 than in the
substrate-bound 2L8M (Table 1). Furthermore, the two i — i +
S hydrogen bonds that stabilize the kink in 2L8M (Val 247 C=
O — Thr 252 HN and Gly 248 C=0 — Val 253 HN) are
both somewhat elongated in REP1 (see Table 2).

K" Helix and K'—f3 Linkage. Another region that shows
extensive chemical shift perturbation upon removal of substrate
is the K’ helix (Ser 325-Gly 326-Leu 327-Asp 328). As shown in
Table 2, a number of hydrogen bonds that are present in 2L8M
(substrate-bound) are missing in REP1. In particular, a
hydrogen bond between the carbonyl oxygen of Gln 322 in
the 83 sheet and the Ser 325 OyH in helix K' (observed in
2L8M) is absent in REP1 and has been replaced by a new
hydrogen bond between the Ser 325 OyH and the Oy of Thr
348 in the turn region preceding the L helix. Conversely, the
hydrogen bond between the amide NH of Thr 348 and Oy of
Ser 325 found in 2L8M is missing in REP1. Hydrogen bonds
forming the primary link between the 33 sheet and the K’ helix
in 2L8M (GlIn 322 C=0 — Gly 326 NH and Met 323 C=0
— Leu 327 NH) are absent in REP1. These structural
differences between the RDC-derived structures are well
supported by the observed chemical shift perturbations in
this region (vide supra). We have previously found that NH
correlations in the K’ helix are remarkably sensitive to the
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Table 2. Comparison of Hydrogen Bond Distances between
2L8M and REP1 in the I Helix and the #3—K’ Helix Junction
Regions®

2L8M, distance  REPI, distance
) (4) A
1 Helix

Leu 244 C=0 — Gly 248 1.85 1.97 +0.12
NH

Leu 245 C=0 — Gly 249 1.80 2.10 +0.30
NH

Leu 246 C=0 — Leu 250 249 1.81 —0.68
NH

Val 247 C=0 — Asp 251 2.14 2.12 —0.02
NH

Val 247 C=0 — Thr 252 2.21 2.46 +0.25
NH

Gly 248 C=0 — Thr 252 3.16 2.68 —0.48
NH

Gly 248 C=0 — Val 253 2.25 2.49 +0.24
NH

$3—K’ Helix

Pro 321 C=0 — Leu 324 2.09 2.14 +0.05
NH

Pro 321 C=0 — Ser 325 293 222 —0.71
NH

Gln 322 C=0 — Ser 325 2.03 2.29 +0.26
NH

Gln 322 C=0 — Ser 325 1.93 5.01 +3.08
OyH

Ser 325 OyH — Thr 348 Oy 2.59 1.83 —0.76

Ser 325 Oy — Thr 348 NH 1.85 3.68 +1.83

Gln 322 C=0 — Gly 326 1.92 3.60 +1.68
NH

Met 323 C=0 — Leu 327 1.97 3.30 +1.33
NH

Leu 324 C=0 — Asp 328 4.02 243 —1.59
NH

Ser 325 C=0 — Asp 328 2.24 293 +0.69
NH

“Differences (A) are reported as the 2L8M values minus the REP1
value, so a negative A value indicates a closer approach in REP1
(substrate-free form).

identity of the substrate bound in the active site, despite the fact
that the amide nitrogen of Ser 325 is 14 A from the nearest
carbon of (+)-camphor bound in the crystallographic structure
2CPP.*" As a result of these observations, we proposed that the
K’ helix acts as a molecular “spring”, changing in length by
switching between a 3,10-helix (i — i + 3) and a-helical (i —> i
+ 4) hydrogen bonding pattern.”* This proposed motion would
move one end of the 3 sheet either further into or out of the
active site, effectively adjusting the position of 3 residue Val
295, a primary substrate contact, in response to substrate size.
In this case, changes within the K’ helix upon substrate removal
appear to be coupled to the displacements of the f3—f4 sheet
complex, and the modified hydrogen bonding arrangements
observed in REP1 relative to 2L8M (Table 2) for the K’ helix
indicate that in the absence of substrate, the interactions
between the 53 sheet and the K’ helix are attenuated.
Conclusions. These results are consistent with the active
site of CYP101Al being more mobile than previously
suspected. While active site plasticity has been observed in
other P450 enzymes.,23 the lack of large-scale backbone
displacements in most CYP101Al structures described to
date, regardless of the presence or type of substrate, hinted at a
preformed active site, ideally suited to the binding of camphor
and more exclusive of other potential substrates or inhibitors.
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However, our results, along with those of Goodin et al,,** show
that portions of the protein structure that contribute to the
shape and size of the CYP101Al active site are involved in
large-scale movements, and different populations can be
stabilized depending upon environmental factors. The fact
that the crystallographic and solution structures differ
significantly in the location of the largest displacements
suggests that the enzyme samples a range of conformations
in the absence of substrate, consistent with a preexisting
equilibrium ensemble of conformers. Which conformations are
favored under particular conditions is determined by environ-
mental factors (e.g, crystal packing, oxidation state, and axial
ligation of the heme). This suggests that the barriers between
such conformations are relatively low, and relatively small
perturbations might be expected to shift the equilibrium. A
small population of solution conformers with an open, water-
filled active site may pack more efficiently into a crystal lattice,
while the compact water-free active site that we observe may be
favored entropically because of fewer restrictions on water
molecules in bulk solvent>* We are currently analyzing
dynamic data that will provide insight into local dynamics in
oxidized and reduced CYP101Al as a function of substrate
binding.
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