Biophysical Journal ——
physical / Biophysical Society

Dynamics underlying hydroxylation selectivity of
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ABSTRACT Structural heterogeneity and the dynamics of the complexes of enzymes with substrates can determine the selec-
tivity of catalysis; however, fully characterizing how remains challenging as heterogeneity and dynamics can vary at the spatial
level of an amino acid residue and involve rapid timescales. We demonstrate the nascent approach of site-specific two-dimen-
sional infrared (IR) spectroscopy to investigate the archetypical cytochrome P450, P450cam, to better delineate the mechanism
of the lower regioselectivity of hydroxylation of the substrate norcamphor in comparison to the native substrate camphor. Spe-
cific locations are targeted throughout the enzyme by selectively introducing cyano groups that have frequencies in a spectrally
isolated region of the protein IR spectrum as local vibrational probes. Linear and two-dimensional IR spectroscopy were applied
to measure the heterogeneity and dynamics at each probe and investigate how they differentiate camphor and norcamphor
recognition. The IR data indicate that the norcamphor complex does not fully induce a large-scale conformational change to
a closed state of the enzyme adopted in the camphor complex. Additionally, a probe directed at the bound substrate experiences
rapidly interconverting states in the norcamphor complex that explain the hydroxylation product distribution. Altogether, the
study reveals large- and small-scale structural heterogeneity and dynamics that could contribute to selectivity of a cytochrome
P450 and illustrates the approach of site-selective IR spectroscopy to elucidate protein dynamics.

SIGNIFICANCE The functional role of structural heterogeneity and dynamics of proteins is increasingly appreciated but
remains challenging to study. We applied two-dimensional infrared spectroscopy with spectrally resolved vibrational
probes introduced at specific locations in the archetypical enzyme cytochrome P450cam to generate a comprehensive
view how structural heterogeneity and dynamics differentiate recognition of substrates in a way that accounts for the
distinct regioselectivity of their hydroxylation.

INTRODUCTION times multiple. During P450 catalysis, the substrate reacts
with a short-lived oxy-ferryl heme intermediate, compound
1(9,12). The regioselectivity, the preference for reactivity at
a particular atomic site on a substrate, can depend on the
intrinsic reactivity of the sites but often depends on how
the enzyme binds the substrate to permit one or more sites
to approach the reactive oxygen species. Structural hetero-
geneity and dynamics of the enzyme-substrate complex
thus can be critical to the selectivity of catalysis. However,
experimental characterization of dynamics to specifically
elucidate their role in P450 activity and protein function
generally is challenging, particularly because of the broad
timescales of protein dynamics and varied structure
throughout proteins.

Two-dimensional (2D) infrared (IR) spectroscopy has
emerged as a powerful tool for the study of molecular dy-

Enzymes are heterogeneous and dynamic machines.
The importance of dynamics, the population of multiple
states, and their interconversion is exemplified by the cyto-
chrome P450 (P450) superfamily of heme (mono)oxy-
genases (1-8). Despite homologous structures and
common catalytic mechanisms, P450s have distinct reper-
toires of hydrocarbon substrates and oxidation products
(9-11). Sometimes they generate a single product, other
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namics (MD) because of the excellent spatial and temporal
resolution attainable. By incorporating probe vibrations
with frequencies in a transparent window of a protein IR
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spectrum, investigation of specific, local environments in pro-
teins is possible (13—15). IR spectroscopy provides the num-
ber, frequency, and line width of a probe’s absorptions,
informing on the number, nature, and heterogeneity of its en-
vironment(s). 2D IR spectroscopy enables more rigorous de-
convolution of the inhomogeneous line broadening, providing
a measure of local heterogeneity (16—18). Moreover, time-
dependent 2D IR spectroscopy can measure the dynamics
among the frequency distribution (spectral diffusion) in real
time, hence quantifying the dynamics of the interacting probe
and environment (19-29). 2D IR spectroscopy thus can cap-
ture heterogeneity and underlying dynamics that may not be
accessible with more conventional techniques.

Biophysical investigations of P450s have focused on a
model member of the P450 family, cytochrome P450cam
(P450cam) from Pseudomonas putida (Fig. 1 C). P450cam
catalyzes the hydroxylation of its native substrate, d-camphor
(Fig. 1 A), with high regioselectivity producing 100% 5-hy-
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FIGURE 1 Chemical structures of (A) camphor, (B) norcamphor, and (C)

ribbon structural model of the P450cam-camphor complex (Protein Data
Bank, PDB: 3L63) depicting sites of incorporated CNF probes (green).
Camphor and heme cofactor are shown in purple. The F and G helices
are highlighted in darker gray. (D) Zoomed-in view of CNF probes near
the active site of P450cam. Figure was made with UCSF Chimera (30).
Adapted with permission from (31). Copyright 2016 American Chemical
Society. To see this figure in color, go online.
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droxycamphor (32). A number of experimental approaches,
including x-ray crystallography, electron parametric reso-
nance spectroscopy, NMR, and MD simulations support
that that camphor binding induces a conformational change
from an “open” to “closed” structure (33-38). A key feature
of the conformational change is a hinge-like displacement of
the F/G helices to pack on the substrate in the active site,
expelling solvent (Fig. 1 C; (35,37)). A somewhat different
picture arises from MD simulations restrained by residual
dipolar couplings from NMR spectroscopy (6,39-41). The
approach rather supports that the active site collapses in the
open, substrate-free state with hydrophobic side chains occu-
pying the volume otherwise taken by camphor. The local
side-chain movements are coupled to displacements of sec-
ondary structural units throughout the protein (e.g., B-B’
and C-D loops, B3 sheet, and K’ helix). The discrepancy in
the models could arise because the latter studies were
directed at the enzyme with the heme reduced and ligated
by CO, whereas other studies considered the oxidized state.
The cumulative literature on the classic enzyme indicates
that the solution ensemble is highly sensitive to perturbation,
such as changes in redox state, or binding of heme ligands or
redox partner (42-45).

In addition to camphor, P450cam can hydroxylate other
small, structurally similar hydrocarbons, albeit often with
reduced regioselectivity (11,46-48). For example, norcam-
phor, in addition to being a poor substrate (49), is hydroxyl-
ated with much lower regioselectivity than camphor (Fig. 1
B). Hydroxylation of the commercially available racemic
mixture yields about equal 5- and 6-hydroxynorcamphor
and a minor third product, 3-hydroxynorcamphor (48); a
distribution of products similarly results from the pure enan-
tiomers (49). Calculations indicate that the intrinsic reactiv-
ities of the carbon centers of camphor and norcamphor
substrates do not account for the distinct regioselectivities
(50,51), so the origin must be differential recognition by
the enzyme. Comparison of the substrate complexes by
x-ray crystallography reveals no substantial differences in
the structure of the enzyme itself, although the substrates
do not exactly overlay, and electron density suggests partial
heme ligation by a water molecule in the complex with nor-
camphor (52). This observation argues that regioselectivity
depends on the structural heterogeneity or dynamics.

Indeed, NMR spectroscopy directed at the backbone indi-
cates the enzyme in solution exists as a dynamic ensemble,
and asymmetric line broadening of NMR resonances of
some residues provide evidence for population of multiple
states (39,44). How the distributions of populated states,
structural heterogeneity, or dynamics differ between the com-
plexes with norcamphor and camphor and could engender
such a large reduction in regioselectivity is not established
by experiment. The possibility that norcamphor is more mo-
bile than camphor is supported by crystallographic tempera-
ture factors and computational modeling (49-51). Structural
heterogeneity and dynamics likely play a role in the
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selectivity of catalysis, but they are challenging to experi-
mentally access.

We previously investigated the varying regioselectivity of
P450cam catalysis by applying linear (1D) and 2D IR spec-
troscopy to characterize the active site of substrate com-
plexes via the vibration of CO ligated to the heme (53).
We compared the complexes with camphor, norcamphor,
and another substrate, thiocamphor, which is hydroxylated
with intermediate regioselectivity. The spectroscopic study
indicates that the CO experiences different environments
with distinct dynamics in the complexes with camphor
and norcamphor, whereas the complex with thiocamphor
co-populates both the states. An interesting observation is
that faster dynamics reported by the CO probe in the state
populated by the norcamphor and thiocamphor complexes
correlate with the lower regioselectivity of hydroxylation,
suggesting it is associated with greater mobility within the
particular active site population.

To more thoroughly elucidate how heterogeneity or
dynamics distinguish the complexes with camphor or nor-
camphor to lead to the distinct regioselectivity of hydroxyl-
ation, we extended our investigation through site-specific
introduction of cyano groups (CN) as IR probes of their local
environments. The CN is small, hence minimally perturba-
tive. Importantly, its frequency is within a transparent win-
dow of protein IR spectra to enable the spectroscopic
features to be easily discerned and rigorously interpreted
within the context of a full-sized protein, providing a local
probe of the environment (13,14,54). We incorporated CN
at five locations in P450cam by substitution of tyrosine or
phenylalanine residues with p-cyanophenylalanine (CNF)
via amber suppression (Fig. 1 C; (55)). The probe locations
were selected on the basis of the crystal structure to probe
key aromatic side chains in the active site and interface
with the F/G helices thought to participate in the conforma-
tional change induced by substrate binding (31,33,35). The
CN probe at CNF96 is directed at the carbonyl group of the
bound camphor or norcamphor substrate. CNF87, on the
B-B’ loop, is between the F/G loop and the active site.
CNF98 is adjacent to the active site, and the CN is directed
toward the F helix. CNF201 is progressively farther from
the active site on the G helix. CNF305 is located most distal
from the active site on the protein surface.

We characterized each CN probe in the substrate-free
enzyme and in complexes with camphor or norcamphor by
1D and 2D IR spectroscopy. The approach captures resi-
due-specific responses to binding the substrates. The fast
inherent timescale of IR spectroscopy enables detection of
rapidly interconverting states at each probe location. The
data indicate that binding norcamphor does not fully induce
the conformational change to populate the closed state as
does camphor, but rather the norcamphor complex co-popu-
lates another state. Moreover, rapidly interconverting states
are detected by the CN probe directed at the substrate in
the norcamphor complex that support a mechanism underly-
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ing the lower regioselectivity of hydroxylation. The study il-
lustrates the capability of site-selective 2D IR spectroscopy to
detect structural heterogeneity and dynamics of side chains at
locations throughout an enzyme, information that enables
assessment of models for how they contribute to function.

MATERIALS AND METHODS

Preparation and characterization of CNF-labeled
P450cam

P450cam was expressed as previously described (31,53) from pDNC334A
kindly provided by Thomas Pochapsky (Brandeis University, Waltham,
MA) (56). The enzymes contain the mutation C334A, which reduces aggre-
gation but does not affect activity (57). CNF incorporation at five distinct
locations of P450cam was achieved using amber codon suppression with
the pUltraCNF plasmid, kindly provided by Pete Schultz (Scripps Research,
San Diego, CA) (55). Protein concentration was determined by ultraviolet-
visible spectroscopy. Binding constants (Kp) were determined by spectro-
photometric titration as previously reported (31). Further details regarding
protein expression, purification, and characterization are provided in the
Supporting materials and methods.

Sample preparation for Fourier transform and 2D
IR spectroscopy

P450cam samples were prepared in 100 mM potassium phosphate (pH 7.0),
50 mM KCl, 20% glycerol with no substrate, 5 mM d-camphor (Sigma-Al-
drich, St. Louis, MO), or 85 mM racemic (1R/1S) norcamphor (Alfa Aesar,
Haverhill, MA) to prepare the substrate-free, camphor, or norcamphor com-
plex, respectively. The complex of CNF96 P450cam with thiocamphor was
also analyzed; samples contained 1 or 2 mM thiocamphor (Santa Cruz
Biotechnology, Dallas, TX). Greater than 95% of the protein is expected
to be bound to substrate in the complex with camphor or norcamphor. Pro-
tein concentrations of 1.0-2.5 mM were used for Fourier transform (FT) IR
or 2.0-4.5 mM for 2D IR experiments.

FT and 2D IR spectroscopy

FT IR spectra were recorded at 2 cm ™' resolution on an Agilent Cary 670
FTIR spectrometer using a liquid-N, cooled mercury-cadmium-telluride
detector (Agilent Technologies, Santa Clara, CA). To generate absorption
spectra for each sample, background transmission spectra were collected
of unlabeled P450cam in complex with camphor. The absorption spectra
were corrected for a residual slowly varying baseline by fitting a polynomial
to a spectral region excluding the CN absorption band (MATLAB 9.1.0;
The MathWorks, Natick, MA). The background-subtracted absorption
spectra were fit to a Gaussian function or a sum of Gaussian functions to
determine center frequencies, line widths, and relative populations. All re-
ported values are averages from spectra taken of three independent samples.
Additional analyses to evaluate spectral components are described in Sup-
porting materials and methods.

2D IR experiments were performed in the BOXCARS geometry, and
spectra were generated as previously reported (24,58,59). The evolution
of the 2D line shapes with increasing Ty, follows spectral diffusion, which
can be described by a frequency-frequency correlation function (FFCF).
The line shape at each T,, was described by the center line slope (CLS), a
commonly used metric to describe the 2D band elongation (60). The decay
of the CLS approximates the normalized inhomogeneous contribution to
the FFCF. The CLS decay in combination with the 1D line shape were fit
to a Kubo model that separates line broadening from very fast homoge-
neous dynamics and inhomogeneity sampled on two timescales (60,61),
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The latter two terms describe the dynamics among the inhomogeneous
distribution of frequencies. A% is the variance in the frequencies sampled
on the faster timescale, 7, and the static term Ag is the variance in fre-
quencies sampled more slowly than the experimental time window. The first
term, 6(¢)/T accounts for the homogeneous contribution to the FFCF. Addi-
tional detail is provided in Supporting materials and methods.

For spectra with two overlapping bands, initial CLS analysis was per-
formed about the absorbance maximum without attempting to account
explicitly for the presence of multiple components. As such, these CLS de-
cays reflect a superposition of inhomogeneity and dynamics from both pop-
ulations. For CNF87 and CNF96 P450cam in complex with norcamphor,
additional analysis was performed to account for multiple component
bands. The FFCF of an unknown component can be extracted when the
FFCF of one component and the relative populations of the associated states
are known (62). Fractional contributions of the two components were deter-
mined from the relative areas of the associated bands obtained from fitting
the 1D spectra. The vibrational lifetime of ~4.5 ps determined from the
decay of the 2D band amplitudes does not differ among probes or states
of the proteins (Table S2). The center line data were extracted from the
spectrum for each variant, and the average central line data from three
sets of 2D data were used in subsequent analysis. The center line data ob-
tained from the 2D IR spectra of CNF87 and CNF96 when in complex with
norcamphor were fit to two components, with the center line data for one
component set to that of the camphor complex. The FFCF of the second
component was then determined from 7,,-dependent slopes of the center
line data (see Supporting materials and methods for more details).

RESULTS
Characterization of CNF-labeled P450cam

CNF was successfully incorporated through substitution of
five distinct tyrosine or phenylalanine residues of P450cam
via amber suppression (Fig. 1 C; (31,55)). Preparation and
characterization of the CNF-labeled variants of P450cam
was previously reported, and minor perturbation to d-camphor
affinity is observed (31). The Kp, for binding of each variant to
norcamphor was determined via spectrophotometric titra-
tions, and the perturbations are found to be minimal (see
Fig. S2). All samples for IR spectroscopy were prepared
such that >95% of the enzyme was bound by substrate on
the basis of the K, values (see Table S1). We note that visible
spectroscopy indicates that the introduction of CNF96,
CNF98, and CNF201 promotes greater population of the
low-spin state of the heme in the substrate complexes (see
Fig. S1). However, no correlation between spin state and the
IR data or binding affinities is observed. This is in agreement
with prior studies that find little correlation between activity
and spin state (6,63); however, the reduction potential of the
first electron transfer step is known to be connected to spin
state and is likely affected (64).

FT IR spectroscopy

The CN stretching vibration of the CNF-labeled P450cam
was characterized by FT IR spectroscopy in the substrate-
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free enzyme and when bound to camphor or norcamphor
(Fig. 2). Each spectrum was fit to one or a sum of two
Gaussian functions to assess the number of underlying
bands, relative intensities, center frequencies, and line
widths (Tables 1 and S2). For the substrate-free enzyme
and the camphor complex, the 1D spectra of these CN
probes were previously reported (31); the 1D spectra were
again acquired and analyzed along with characterization
by 2D IR spectroscopy. The prior 1D results are provided
in the Supporting materials and methods (see Table S3).
The results from new and prior analysis are within error of
previously reported in nearly all cases, with any differences
associated with line widths and relative intensities from
fitting multiple overlapped bands. One notable discrepancy
is the new spectral analysis of CNF98 P450cam in complex
with camphor better supports a superposition of two bands
rather than one (see Figs. 2 and S4; Tables 1 and S4).

The CN probes inform about the number and nature of
microenvironments throughout the enzyme and the response
to binding the substrates. As expected, the impact of sub-
strate binding is more substantial for CNF87, CNF96, and
CNF98, the residues nearest the active site. CNF201 and
CNF305, the most distant probes, are sensitive to substrate
binding but exhibit more subtle responses. Notably, compar-
ison of the CN probes in the camphor and norcamphor com-
plexes reveals distinct recognition of the substrates,
including in the heterogeneity of the ensembles.

For CNF305, a slight downshift and appearance of a mi-
nor band (~10% area) are induced by norcamphor binding,
whereas camphor binding leads to no change. For CNF201,
all spectra are best fit to a sum of two Gaussian bands. For
substrate-free CNF201, the relative populations of the bands
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FIGURE 2 FT IR spectra of the substrate-free (black), camphor (blue),

and norcamphor (green) complex for CNF-labeled P450cam. To see this
figure in color, go online.
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TABLE 1 Parameters from fits to FT IR spectra and FFCF
parameters
v FWHM Rel. area A¢ A
(em™)  (em™) (%) (em™)  (em™h
CNF87
Free 2225.6 8.3 66 2.1 34
2231.4 9.8 34
Camphor 2226.4 6.4 1.5 1.6
Norcamphor 2226.4" 6.4" 47 1.5° 1.6
2228.3 11.9 53 43 2.7
2.0° 29b
CNF96
Free 2230.2 8.2 46 2.8 2.6
2234.6 9.6 54
Camphor 2232.7 11.1 2.7 34
Norcamphor 22273 7.5 49 2.7 2.5
2231.0 8.8 51
Thiocamphor 2232.3 8.3
CNF98
Free 2231.6 8.6 23 2.5
Camphor 22332 8.7 73 2.9 3.1
2237.6 6.4 27
Norcamphor 2231.7 9.3 24 2.5
CNF201
Free 2228.1 8.1 57 2.9 2.6
2233.0 9.3 43
Camphor 2227.3 8.1 66 2.6 2.6
2232.5 9.2 34
Norcamphor 2227.2 7.9 46 3.2 2.8
2232.1 9.7 54
CNF305
Free 2235.0 10.5 2.7 2.7
Camphor 2235.0 10.6 2.8 2.8
Norcamphor 2227.2 7.7 10 3.2 2.5
2234.6 9.7 90

All parameters and errors are provided in Table S2. standard deviations of
areas are 2-5% and for all other parameters, with one exception, are
<0.3 em™!. FWHM, full-width at half-maximum; Rel., relative.

“Fixed to values of camphor complex.

PParameters from single component analysis.

are approximately equal. Substrate binding downshifts the
bands by ~1 cm ™' and slightly changes the relative band in-
tensities (by ~10%). The states are oppositely stabilized by
camphor or norcamphor binding. Thus, the probes located
farther from the active sight are perturbed only minorly by
substrate binding, although they do respond outside of mea-
surement error.

The spectrum for CNF98 of substrate-free P450cam, un-
like all other probes, shows a single absorption. Binding
camphor decreases the CN frequency, and the line shape
is better modeled by superposition of two bands (Figs. 2
and S4; Tables 1 and S4). Interestingly, the relative areas
of the bands approximately correspond to those found for
CNF201, which is located next to CNF98. Contrary to
camphor, norcamphor binding does not induce a spectral
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change for CNF98. The spectrum of the norcamphor com-
plex is nearly identical to substrate-free and best fits to a sin-
gle Gaussian band.

For substrate-free CNF87 P450cam, analysis of the 1D
spectrum indicates two overlapping bands that reflect two
distinct states of the probe (see Figs. 2 and S5; Tables 1
and S4). In contrast, a single, narrow absorption appears
in the camphor complex, indicating that binding leads to a
reduction in the number of populated states. Norcamphor
binding does not induce the same change. Rather, spectral
analysis for CNF87 in the norcamphor complex indicates
two components. Unrestricted fitting yields a minor band
at higher frequency and a second band with similar fre-
quency as the camphor complex, but the line width is signif-
icantly broader. We thus explored whether the spectrum for
the norcamphor complex can be well modeled by the sum of
a band with the same center frequency and line width as for
the camphor complex and a second band at higher fre-
quency. This analysis yields a satisfactory fit that indicates
approximately equal population of the camphor-like state
and a second state (see Fig. S6; Tables 1 and S2).

For substrate-free CNF96 P450cam, analysis of the 1D
spectrum supports two overlapping bands, indicating two
distinct populations (see Figs. 2 and S5; Tables 1, S2, and
S4). In the camphor complex, CNF96 shows a single absorp-
tion. In contrast, the spectrum for the norcamphor complex
best fits to two bands of approximately equal intensity.
However, unlike the spectrum of CNF87, modeling the spec-
trum for CNF96 in the norcamphor complex as a sum of the
band found for the camphor complex and an additional band
leads to a poorer fit (see Fig. S6; Table S2). Thus, whereas
one of the bands found for CNF87 in the norcamphor com-
plex corresponds well with the state populated in the
camphor complex, the states of CNF96 in the substrate com-
plexes are unique. Because CNF96 is intended to direct at
the carbonyl groups of the bound substrates, we assessed
the interaction with the functional group of the substrate
by analysis of the complex with thiocamphor, the thioketone
analog of camphor. The spectrum shows a single, narrow
band slightly downshifted in frequency from the camphor
complex (Fig. S3; Table 1).

2D IR spectroscopy

To further examine substrate recognition, each of the
P450cam variants was characterized in the substrate-free
enzyme and when bound to camphor or norcamphor by
2D IR spectroscopy (Fig. 3). The 2D IR spectra correlate
the frequencies of the probes in the sample ensemble to
directly follow how they change before (horizontal axis)
and after (vertical axis) a waiting time, Ty,. When T, is
very short, most of the ensemble that underlies the fre-
quency inhomogeneity is unchanged, so the CN frequencies
along the horizontal and vertical axes are the same, leading
to 2D intensity peaked along the diagonal and 2D bands that
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FIGURE 3 Representative 2D IR spectra at T, of 0.25 and 3 ps for the substrate-free (fop), camphor (middle), and norcamphor (bottom) complex of (A)
CNF87, (B) CNF96, and (C) CNF98 P450cam. 25 contours are shown. The average center line slope is plotted on each 2D spectrum with a white dashed line.
Expanded spectra with the 0-1 and 1-2 excitation bands are provided in the Supporting materials and methods. To see this figure in color, go online.

appear diagonally elongated. As Ty, is increased, individual
enzymes in the ensemble interconvert among states, and the
initial and final frequencies of the probe become different,
leading to off-diagonal amplitude and less-elongated 2D
bands.

CLS analysis of the T,,-dependent 2D line shapes (Figs. 3
and 4), in combination with the 1D spectra, provides a FFCF
that quantifies the contributions to line broadening (Tables |
and S2; (60)). The FFCF describes the contributions from
excited state population dynamics and motions that are
very fast on the IR timescale (homogeneous broadening)
and contributions from the heterogeneity of microenviron-
ments experienced by the probe (inhomogeneous broad-
ening). Furthermore, the FFCFs indicate the timescales
over which the inhomogeneous distribution interconverts
to afford insight into the dynamics of the interacting probe
and its environment. Because of the high band overlap, we
initially determined the FFCFs by line shape analysis
around the maximum of the 2D spectra without attempting
to account explicitly for the presence of multiple compo-
nents. As such, the CLS decays determined from spectra
containing two component bands reflect a superposition of
inhomogeneity and dynamics from both populations and
their substates. However, when the FFCF of one component
and the relative populations are known, the FFCF of the un-
known component can be extracted (62). For the norcam-
phor complexes of CNF87 and CNF96, additional analysis
was performed to model the 2D line shape dynamics as a su-
perposition of the population of the camphor complex and a
second state (see Supporting materials and methods).

For all samples, the FFCFs are minimally modeled by
two contributions to inhomogeneous broadening: inhomo-

geneous broadening (Ay) associated with dynamics on a
0.8-2.4 ps timescale (7) and inhomogeneous broadening
(Ag) sampled more slowly than the experimental timescale
(Fig. 4; Tables 1 and S2). Essentially, the total inhomoge-
neous broadening is determined from the 1D linewidth
and the initial value of the CLS. The relative amplitude
of the decay and offset separate and associate the inhomo-
geneity with states sampled on the two timescales. The
broadening arises from many interactions of the CN
with protein and/or solvent with a range of dynamics;
the simple modeling provides a basis for comparison of
the heterogeneity and dynamics among probes at distinct
locations in P450cam and how they respond to binding
the substrates. Prior analysis of MD simulations of the
substrate-free and camphor complex for CNF87 and
CNF98 P450cam indicated that the CN frequency of
CNF is substantially sensitive to hydrogen bonding and
otherwise to repulsive interactions from packing against
protein heteroatoms, increasing as a result of both interac-
tions (31). In the future, analysis of MD simulations of all
probes in the substrate-free enzyme and both substrate
complexes could provide additional insight into the struc-
tural changes and interactions underlying the spectro-
scopic data.

To a greater extent, the total inhomogeneous broadening
and relative contributions sampled on the fast or slow time-
scales differentiate the probes and states of the enzyme. The
minor differences among the FFCFs for CNF201 and
CNF305 agree with the relative insensitivity of the 1D
spectra to substrate binding. In comparison, greater varia-
tion is observed among the FFCFs of CNF87, CNF96, and
CNF98. Moreover, norcamphor binding generally impacts
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FIGURE 4 Center line slope (CLS) decay curves (points) and fits (lines)
of the substrate-free (black), camphor (blue), and norcamphor (green) com-
plex for CNF-labeled P450cam. Error bars reflect standard deviation from
analysis of three independent samples. *Shown in the bottom right panel
are the CLS curves and fits from two-component analysis of the 2D IR
spectra of the CNF87 norcamphor complex. The CLS of one component
was assumed equivalent to the camphor P450cam complex (blue), and
the CLS for a second component was extracted (red). The CLS decay
from analysis about the maximum of the 2D spectra is shown in green.
To see this figure in color, go online.

the FFCFs to a lesser degree than does camphor. Thus, the
dynamics distinguish the substrate complexes.

For CNF87, the 1D spectra of the substrate-free enzyme
and norcamphor complex show asymmetric line shapes
that indicate two populations. The line shape asymmetry
is even more apparent in overlays of the 2D diagonal spectra
because the 2D intensity depends more strongly than the 1D
on the probe’s transition dipole strength (Fig. S8; (16)).
After binding either substrate, the CLS decays more rapidly
(Fig. 4), and the FFCFs indicate lower-frequency inhomoge-
neity (Tables 1 and S2), suggesting that CNF87 experiences
less heterogeneity in its environment when substrate is
bound. The reduction in inhomogeneity is associated more
substantially with slow dynamics (A;). Thus, substrate bind-
ing reduces the distribution of states that slowly intercon-
vert. Notably, the change in the FFCF induced by
norcamphor recognition is not as great as by camphor.

Because the 1D IR spectrum for CNF87 of the norcam-
phor complex supports two components and one component
is well represented by the absorption of the camphor com-
plex, additional analysis was performed on the 2D data to
model as a superposition of two distinct states, one corre-
sponding to the camphor complex (see Fig. 4; Tables I
and S2). The CLS decay for the band at lower frequency
was assumed to reflect the FFCF determined for the single
absorption band found for the camphor complex, and a sec-
ond component at higher frequency was extracted. We find
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the 2D data for the norcamphor complex are well modeled
by a superposition of ~50/50% population of the
camphor-like state and a second population. Unlike the
1D spectrum, which can be adequately fit with larger rela-
tive contributions from the camphor-like population, at-
tempts to analyze the 2D data assuming greater population
yield inconsistent and sometimes unphysically negative
CLS values for the second component. Thus, the 2D IR
data support with greater confidence that CNF87 in the nor-
camphor complex experiences ~50% population of the
camphor-like state and a second state with a distinct envi-
ronment. The FFCF of the second component shows large
inhomogeneity, reflecting high heterogeneity, of which the
majority is rapidly sampled (Ay) (Tables 1 and S2).

Similarly, as CNF87, the 1D spectra for CNF96 indicate
two populations for substrate-free enzyme but one for the
camphor complex. The 2D diagonal spectra further support
this interpretation (Fig. S8). However, in contrast to
CNF87, the CLS for CNF96 decays more rapidly for the sub-
strate-free than the camphor complex. The faster dynamics
are evident directly from the 2D IR spectra shown in
Fig. 3. At T,, of 3 ps, the 2D band shape for CNF96 is less
elongated for the substrate-free than camphor complex,
despite the multiple component bands. Thus, the dynamics
between and within the two populations of substrate-free is
more rapid than among the substates of the one population
of the camphor complex. Although the camphor complex
shows a single absorption, the FFCF indicates increased
inhomogeneous broadening, in particular associated with
A, implying that CNF96 experiences a highly heterogeneous
environment with slow dynamics upon camphor binding.

Norcamphor binding also strongly impacts CNF96, but
the spectrum indicates the residue retains two populations.
The observation of more rapidly evolving 2D band shape,
resulting in a faster calculated CLS decay, for the norcam-
phor than camphor complex implies that the two states inter-
convert rapidly. We attempted to model the 2D data for
CNF96 assuming a high-frequency component with the
FFCF determined for the single absorption of the camphor
complex. However, unlike CNF87, this yields inconsistent
or unphysically negative CLS values for the second compo-
nent, further supporting that the camphor complex does not
reflect the high-frequency state; rather, both states identified
for the norcamphor complex of CNF96 are unique.

The 1D spectroscopy reveals that CNF98 experiences
greater heterogeneity in its environment in the camphor
complex. The substrate-free shows a single state, whereas
the camphor complex shows broader absorbance because
of two overlapping bands. Correspondingly, the FFCF pa-
rameters from combined analysis of the 2D and 1D data
for the camphor complex indicate greater inhomogeneity.
However, the inhomogeneity is about equally sampled on
the fast and slow timescales for substrate-free and the
camphor complex (Table 1); thus, the CLS decays, which
reflect the normalized FFCF, appear the same (Fig. 4).



Like the 1D spectra, the FFCFs for the norcamphor complex
are nearly identical to substrate-free.

DISCUSSION
Recognition of native substrate camphor

We applied residue-specific 1D and 2D IR to measure
conformational heterogeneity and dynamics throughout
the archetypical P450cam to investigate how they differen-
tiate recognition of camphor and norcamphor and thus
might contribute to the regioselectivity of catalysis. CNF
probes were installed at five locations and first employed
to characterize the conformational change from the open
to closed state upon binding camphor (31). CNF305, located
farthest from the active site, shows no change upon camphor
binding. CNF201, nearer the active site, shows two states
with populations that respond subtly to camphor binding.
In comparison, CNF98, which directs the CN probe toward
the F helix, changes from populating one state in substrate-
free to two in the camphor complex with the same relative
populations as adjacent residue CNF201. CNF87, on the
B-B’ loop and contacting the F/G loop as well as the sub-
strate, populates two distinct states in the substrate-free
enzyme but constricts to a single one upon camphor binding.
Similarly, CNF96, which directs the CN probe into the
active site at the substrate, reduces from two populations
to one when camphor binds. Altogether, FT IR spectroscopy
identifies residue-specific changes in environments in the
open to closed transition, generally showing retention or in-
crease in heterogeneity at the “hinge” end of the F/G helices
(CNF201 and CNF98) or a reduction at residues nearest the
active site and F-G loop end of the secondary structural unit
(CNF96 and CNF87).

2D IR spectroscopy affords additional information from
the CN probes. The asymmetry of some absorptions, indica-
tive of multiple underlying bands because of multiple states,
is more apparent in the 2D diagonal spectra (Fig. S8). In addi-
tion, the FFCFs derived from 2D IR spectroscopy quantify
the inhomogeneous broadening and the spectral diffusion
(Tables 1 and S2). This information reveals that the inhomo-
geneity of CNF96 is sampled more rapidly in the substrate-
free than camphor complex, even though the former popu-
lates two states, implying that the states rapidly interconvert.
In contrast, the inhomogeneity of CNF87 is sampled more
slowly in the substrate-free than the camphor complex.
CNF98 experiences greater heterogeneity in the camphor
complex, but the relative contributions from fast or
slow motion is unaffected. The approach provides direct
experimental data about heterogeneity and the timescale of
interconversion at specific locations in a protein.

For substrate-free P450cam, a likely origin of multiple
bands at CNF96 is the population of hydrogen-bonded and
nonhydrogen-bonded species. The band at higher frequency
observed for substrate-free is consistent with hydrogen-
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bonded CNF. The frequency is nearly the same as observed
for solvent-exposed surface residue CNF305 (Table 1).
Furthermore, the rapid interconversion between the two
states of CNF96 is in line with the rapid timescale of
hydrogen bond dynamics (65). This interpretation supports
that solvent molecules occupy the active site within the
probe’s environment in the substrate-free, open state
(31,35). The relative band areas indicate that CNF96 partic-
ipates in a hydrogen bond with active site water ~50% of
the time in the substrate complex and then becomes desol-
vated upon camphor binding.

In the substrate-free enzyme, CNF87 populates two states
while, in contrast to CNF96, the CLS decays more slowly
than for the camphor complex; thus, the inhomogeneous dis-
tribution interconverts relatively slowly. Prior investigation
of substrate-free P450cam by x-ray crystallography and
NMR spectroscopy finds that the side chain of CNF87
occupies the volume otherwise occupied by substrate
(35,39). As CNF96 indicates the active site is solvated, the
states we detect by IR at CNF87 could be differentiated
by hydrogen bonding to active site water with slower dy-
namics, reflecting more restricted hydrogen bond dynamics
than for CNF96. However, the distinct dynamics would
imply the hydrogen bond exchange within the network is
uncorrelated. In addition, the frequency of the upshifted
band is relatively low for a hydrogen-bonded state. An alter-
nate origin of the two bands, consistent with slow intercon-
version, is the population of two side-chain rotamers that
were observed in our prior MD simulations of substrate-
free CNF87 P450cam (Fig. 5; (31)). Both rotamers of
CNF87 contact the F/G loop, but in one, the side chain ori-
ents into the active site, as in the reported structures of the
substrate-free and camphor complex (35,39,66), whereas
in the other, it flips toward the protein surface. Associating
the bands of similar frequency, the areas indicate ~67/33%
of the time CNF87 adopts the inward/outward conformation
in substrate-free, and then camphor binding stabilizes the
rotamer oriented into the active site.

Like CNF87, CNF98 is expected to report on the open to
closed conformational transition but is directed toward the
middle of the F helix. Reflecting this, CNF98 is highly sen-
sitive to camphor binding. The spectrum of the camphor
complex is shifted, broadened, and better modeled by two
absorptions. 2D IR spectroscopy correspondingly indicates
that the environment of the CN is more heterogeneous.
Although our prior MD simulations of CNF98 P450cam
did not identify multiple rotamers, they did find that the
CN more closely approaches side chains of the F helix
upon camphor binding (31). The interaction is likely to
contribute to the spectral changes. The nearby probe
CNF201, closer to the base of the F/G helices, also shows
two bands of similar relative intensity as CNF98 (Tables
1, S2, and S4). Thus, CNF98 and CNF201 in the closed state
appear sensitive to a common ensemble of populations in
their local environment. This observation agrees with MD
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FIGURE 5 Opverlay of snapshots of MD simulations of substrate-free
CNF87 P450cam capturing distinct side-chain rotamers of CNF87 (purple
and green) (31). F/G helices and heme cofactor are highlighted in dark
gray. Adapted with permission from (31). Copyright 2016 American Chem-
ical Society. To see this figure in color, go online.

simulations that found the base of the F/G helices a highly
dynamic region of P450 (7).

Altogether, the CNF probes illuminate how the conforma-
tional change from the open to closed state impacts local struc-
tural heterogeneity and dynamics in P450cam. CNF87,
CNF98, and CNF201, which probe along the F/G helices
from the loop to the base, report changes consistent with the
hinge-like displacement supported by prior experimental ap-
proaches (33-38). The probes near the F/G loop (CNF87)
and middle of the secondary structural element (CNF98)
report substantial perturbation upon camphor binding,
whereas the probe at the base (CNF201) shows little change.
Moreover, the probes reveal how local heterogeneity becomes
restricted in the closed state for CNF87, whereas for CNF98, it
increases, becoming similar to adjacent residue CNF201.
About half of the population of CNF96 in the open active
site forms a hydrogen bond with solvent water, which is dis-
placed upon binding camphor to adopt the closed state.

Recognition of norcamphor

To investigate how different recognition by P450cam of sub-
strates might underlie the mechanism of lower regioselectiv-
ity of hydroxylation, we compared the same CN probes in
the complex with norcamphor. The sites that are most sen-
sitive to camphor binding also differ most substantially be-
tween substrate complexes. CNF201 and CNF350 respond
only subtly to substrate binding and show minor differences
between the complexes with camphor and norcamphor. In
contrast, CNF87, CNF96, and CNF98 are highly impacted
by camphor recognition, but norcamphor binding results
in no or a diminished response.
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CNF87 experiences a common environment in the
camphor and norcamphor complexes, associated with the ab-
sorption band at the same frequency (~2226.5 cm ™). How-
ever, whereas CNF87 exclusively adopts this one state in the
camphor complex, about half of the time in the norcamphor
complex, it populates a second state. The 2D data can be well
modeled by a nonexchanging superposition of the camphor-
like and second state, indicating that the two populations
interconvert relatively slowly. It is possible that the side-chain
rotamers observed in MD simulations of substrate-free are
likewise adopted in the norcamphor complex (31). However,
the distinct frequencies and line widths of the absorptions
between the norcamphor complex and the substrate-free
enzyme imply the environments of CNF87 are not exactly
the same. Another possibility is population of an intermediate
state, observed in crystal structures of tethered substrates
(36). In the intermediate state, the F/G loop adopts a structure
similar to open, but the F helix is displaced similarly to
closed. In any case, the restriction to the single population
at CNF87 induced by binding camphor does not occur
upon binding norcamphor, evincing that norcamphor binding
does not fully induce a conformation equivalent to the closed
state as when camphor binds.

The spectral analysis of CNF98, which is directed at the F
helix, adds support to this conclusion. Whereas camphor bind-
ing results in substantial spectral changes, norcamphor bind-
ing causes little impact, indicating disrupted formation of
the closed conformation. Such differences in molecular recog-
nition of norcamphor in solution are not captured by the crys-
tal structures nor by prior, early MD simulations (52,67).
Additional analysis of the norcamphor complex by MD
simulations on longer timescales could provide additional
molecular insight into the differences between camphor and
norcamphor recognition measured by IR spectroscopy.

CNF96, pointed at the substrate, also shows distinct re-
sponses to binding of norcamphor or camphor. Unlike the
camphor complex, in which CNF96 experiences a single
environment, CNF96 senses two when P450cam is bound
to norcamphor. Despite the overlapping bands for the nor-
camphor complex, the elongation of the 2D band shape
(Figs. 3 and S7), and thus the calculated CLS decay
(Fig. 4), decreases more rapidly for the single band for the
camphor complex, directly showing that the underlying states
interconvert rapidly. The 1D and 2D data for CNF96 of the
norcamphor complex are not well modeled when one of
the states in the norcamphor complex is assumed to be that
populated in the camphor complex. Thus, CNF96 experi-
ences two environments when P450cam is bound to norcam-
phor that are distinct from those when bound to camphor.

One possible interpretation is that the band at higher fre-
quency reflects hydrogen bonding to water present in the
active site of the norcamphor complex. Evidence for occu-
pancy of a water molecule ligated to the heme is found in
the crystal structure, supporting the accessibility of water in
the active site (52). As the CN probe of CNF96 is directed



at the carbonyl group of the substrate (Fig. | D; (33,52)),
another possible origin of the populated states is different
positioning of the substrates themselves. Multiple orienta-
tions of norcamphor have been proposed from computational
studies (49-51). The rotational motion differentiating the
states is consistent with the fast, ps timescale of the measured
dynamics. In addition, the interaction of CNF96 with the
carbonyl dipole is expected to strongly influence the CN fre-
quency. To evaluate this interpretation, we acquired the FT IR
spectrum of the complex with thiocamphor, in which the ke-
tone is replaced by a thioketone (Fig. S3). The spectrum
shows a single absorption, narrower than found for camphor
or norcamphor complexes. Consistent with this observation,
the weaker dipole interaction with the thiocarbonyl than
carbonyl group is expected to less substantially perturb the
CN frequency, consistent with our interpretation. Thus, we
posit that plausible assignment of the two bands for CNF96
is to two states involving distinct orientations of norcamphor.
In any case, given the expected proximity of the probe to the
substrate, the position or orientation of norcamphor likely
contributes to distinguishing the two states sensed by CNF96.

Spectroscopy of both CNF87 and CNF96 indicate ~50%
population of two states in the norcamphor complex. These
values correspond with the ~50% distribution of the 5- and
6-hydroxynorcamphor obtained from P450cam -catalysis
(48). Although both residues reflect altered recognition of
norcamphor, we point out that the distinct dynamics imply
the probes report on distinct motions of the enzyme com-
plex. This conclusion is consistent with prior MD simula-
tions that show independent motion for residue clusters,
such as the F/G helices and other specific regions of P450
CYP119 (7). Similar analysis of P450cam could provide
insight into the relationship or lack thereof for the motions
observed experimentally at CNF87 and CNF96. A proposal
supported by recent analysis of MD simulations is that sub-
strate binding activates long-range normal modes that are
connected to local changes in side chains that contact the
substrate (40). Likewise, differences in the rapid fluctua-
tions between the norcamphor and camphor complexes
could be connected to disruption in the slower conforma-
tional changes associated with formation of the closed state.

Altogether, the IR data illuminate the distinct recognition
of the camphor and norcamphor substrates involving dy-
namics on both slow and rapid timescales. The slowly inter-
converting states detected in the norcamphor complex at
CNF87, which contacts the F/G helices, indicate dysfunc-
tion of the open to closed transition that occurs upon binding
camphor. Adding to this conclusion, CNF98 also is not
reflective of the closed state of the camphor complex in
the norcamphor complex. Concurrently, distinctly, in the
norcamphor complex, the probe directed at the substrate,
CNF96, detects two rapidly interconverting states. We posit
norcamphor is differently oriented in these states. The sub-
strate orientations could permit approach of multiple carbon
centers of norcamphor with sufficient proximity to the reac-
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tive compound I species to be hydroxylated. The dynamics
of interconversion of the states are rapid, on the ps time-
scale, and fast relative to the short lifetime (ps-ns) of com-
pound I (12). This suggests that regioselectivity is under
Curtin-Hammett control. The ~50/50% 5- and 6- hydroxy-
norcamphor product ratio would indicate that the activation
energies of reaction with compound I in the two orientations
are about the same, which is consistent with the similar
intrinsic reactivity of the carbon centers (50,51). This mech-
anism is supported by our prior model from 2D IR study of
the substrate complexes via a heme CO ligand. Together,
CO and CNF96, which sandwich the substrate, reveal fast,
ps dynamics for the norcamphor complex that correlates
with lower regioselectivity of hydroxylation.

‘We note that the experiments were performed on the sta-
ble substrate complexes. The ensemble and dynamics are
highly sensitive to the state of the enzyme (e.g., redox state,
heme ligation, redox partner association) (42—45) and could
differ for the catalytic intermediate in which compound I
hydroxylates the substrate. Further investigation of the
heme-ligated enzyme or the complex with the redox partner,
putidaredoxin, would address this question. Accessing the
unstable states, including the compound I intermediate, is
a longer-term aspiration. Nonequilibrium 2D IR spectros-
copy of amide vibrations to capture transient protein states
is established (26,68,69); extension of nonequilibrium
methods to detect single CN or other frequency-selective
probes would enable site-selective investigation of
P450cam and other enzyme catalytic intermediates.

CONCLUSIONS

We applied 1D and 2D IR spectroscopy in combination with
selectively placed CN probes to measure heterogeneity and
dynamics at various locations in P450cam to compare the
recognition of camphor and norcamphor and investigate
how conformational dynamics might contribute to the regio-
selectivity of their hydroxylation. The probes display distinct
sensitivity to binding the substrates, illustrating how the
contribution to function can vary at the level of an amino
acid residue and motivating the need for approaches to char-
acterize proteins conformations and motions with high spatial
detail. Analysis of residues sensitive to the F/G helices,
CNF87 and CNF98, indicates that the norcamphor complex
does not fully populate the closed state of the enzyme that
is induced upon binding camphor. At the same time,
CNF96, which is directed to the substrate, reports two rapidly
interconverting states in the norcamphor complex that
explain the hydroxylation product distribution with a Cur-
tin-Hammett mechanism. Detecting such rapidly intercon-
verting states requires an experimental approach like IR
spectroscopy with high temporal resolution. Site-selective
2D IR spectroscopy uncovers heterogeneity and dynamics,
associated with the larger-scale conformational change to
the closed state, as well as rapid fluctuations within the active
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site, that differentiate recognition of the substrates and
contribute to better mechanistic understanding of the selec-
tivity of catalysis by P450cam. Additionally, the study
demonstrates the capability of site-specific 1D/2D IR spec-
troscopy to measure protein heterogeneity and dynamics
with high spatial and temporal detail to illuminate how
they contribute to function, an approach generally applicable
for investigating their functional role for any protein.
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