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Abstract: Conformational control limits most electron transfer (ET) reactions in biology, but we lack general
insight into the extent of conformational space explored, and specifically the properties of the associated
energy landscape. Here we unite electron—electron double resonance (ELDOR) studies of the diradical
(disemiquinoid) form of human cytochrome P450 reductase (CPR), a nicotinamide adenine phosphate
dinucleotide (NADPH)-linked diflavin oxidoreductase required for P450 enzyme reduction, with functional
studies of internal ET to gain new insight into the extent and properties of the energy landscape for
conformationally controlled ET. We have identified multiple conformations of disemiquinoid CPR, which
point to a rugged energy landscape for conformational sampling consistent with functional analysis of ET
using high-pressure stopped-flow, solvent, and temperature perturbation studies. Crystal structures of CPR
have identified discrete “closed” and “open” states, but we emphasize the importance of a continuum of
conformational states across the energy landscape. Within the landscape more closed states that favor
internal ET are formed by nucleotide binding. Open states that enable P450 enzymes to gain access to
electrons located in the FMN-domain are favored in the absence of bound coenzyme. The extent and
nature of energy landscapes are therefore accessible through the integration of ELDOR spectroscopy with
functional studies. We suggest this is a general approach that can be used to gain new insight into energy

landscapes for biological ET mediated by conformational sampling mechanisms.

Introduction

The importance of conformational search mechanisms to
enhance biological electron transfer (ET) in dynamic protein
systems has been emphasized in recent years,* > but little is
known about the properties of the energy landscape associated
with these reactions. A key question is whether these landscapes
are smooth, enabling a stochastic and rapid search of energy
space, or rugged, with consequent impact on the rate of sampling
(and ET) and the potential for observing metastable states across
the energy landscape. With small proteins (e.g., cytochrome c),
electrostatic steering of the electron carrier enables limited
exploration of conformational space in interactions with partner
proteins.* By exploring multiple conformations there is increased
opportunity for populating productive ET geometries.®™" A
“rolling motion” over the surface of the partner protein enables
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a rapid search for reactive configurations through the principle
of “reduction in dimensionality”. This is supported by cross-
linking in apparently optimal positions that can impede ET by
restricting mobility.® Extensive conformational sampling mech-
anisms have been seen in complexes formed between primary
dehydrogenases and electron transferring flavoproteins.°°
Here, domain motion in the assembled ET complex identifies
reactive conformations through localized searches on the surface
of the partner protein. Similar models have been proposed for
intraprotein ET systems.™*~*® A notable example is the proposed
“toggling” of the flavin mononucleotide (FMN)-domain of nitric
oxide synthase required to optimize electronic coupling between
the nicotinamide adenine phosphate dinucleotide (NADPH)/
flavin adenine dinucleotide (FAD)-domain and the heme oxy-
genase domain.***®

The structural similarity of cytochrome P450 reductase (CPR)
enzymes®® with nitric oxide synthases™ suggests that confor-
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mational sampling might underpin the mechanism of ET in these
important redox systems. Human CPR is a membrane-bound
modular flavoprotein containing FAD and FMN. CPR catalyzes
ET from NADPH to cytochromes P450 in the endoplasmic
reticulum®” and has originated from the fusion of two ancestral
genes encoding a FAD-binding ferredoxin-NADP™ reductase
and a FMN-containing flavodoxin.*® The crystal structure of
rat CPR™® has revealed the organization of the flavin-binding
domains, which are separated by a flexible peptide hinge. Studies
of human CPR by small-angle X-ray scattering (SAXS) suggest
the FMN-domain is flexible.** NADPH binds to the ferredoxin-
NADP*-reductase domain where it transfers hydride to the N5
of FAD followed by ET from FAD to FMN.*62°722 Transient
association of CPR with P450 enables the flavin cofactors to
mediate the successive transfer of two electrons from a two-
electron donor, NADPH, to the obligatory one-electron acceptor
moiety (the heme) in the P450s.

The NADP*-bound crystal structure of rat CPR has revealed
a short edge-to-edge distance of 3.9 A between the flavin
isoalloxazine C8 methyl carbons.® This short distance is
expected to result in a very fast and efficient ET between the
flavin cofactors (up to 10 s~! using Dutton’s ruler>~%),
Interflavin ET is however slow in CPR. Temperature-jump (T-
jump) relaxation experiments established that interflavin ET of
NADPH-reduced human CPR occurs with an observed rate
constant of ~55 s%,2¢ and comparable rates have been measured
using laser flash photolysis, which yielded an interflavin ET
rate from FADH" to FMNH" of ~36 s~%.2’ Gating of internal
ET in human CPR through a rate-limiting conformational change
has been suggested from T-jump studies,?®?® consistent with
the expanded molecular envelope seen for the FMN-domain in
SAXS studies®® and a more open conformation inferred from
crystallographic analysis of mutant®® and chimeric®*® forms of
CPR. This proposed conformational control is an additional
feature in the complex ET mechanism, involving pH*! and
solvent®! gating of the relaxation to the thermodynamic equi-
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Scheme 1. Simplified Reductive Half-Reaction of Human
Cytochrome P450 Reductase?®

FMN GE otate FMNH
"FAD +NADPH 'FMN -FMNH -FMNHZ +NADPH ‘ FADHZ
-FADH,” | -FADH’ -FAD :

@ Adapted from ref 31. The di-radical species in italics is uniquely
monitored both by ELDOR and optically at 600 nm.

librium for the two-electron reduced species (quasi-equilibrium
(QE) state in Scheme 1) and long-range ligand effects on CPR
conformation and energy propagation.®23 Here, we investigate
the landscape for motions implicated in the conformational
gating of interflavin ET in human CPR by electron-electron
double resonance (ELDOR) spectroscopy. We also examine the
effects of exploring this landscape by pressure perturbation, and
by changes in solvent viscosity and ionic strength, on the
observed rates of interflavin ET.

Materials and Methods

All materials were obtained from Sigma-Aldrich (Dorset, U.K.),
except NADPH (Melford Laboratories, Chelsworth, U.K.). Intact
human CPR was purified essentially as described previously.343°
CPR purification and sample preparation was conducted in a Belle
Technology glovebox under a nitrogen atmosphere. Buffers were
made anaerobic by bubbling with nitrogen for at least 20 min and
transferred into the glovebox; the bottles were then left open in
the glovebox overnight to achieve complete equilibration with the
anaerobic atmosphere. Oxygen levels were kept below 2 ppm
throughout the experiment.

The enzyme was purified in a partially reduced form and had to
be oxidized prior to each experiment by adding a few grains of the
oxidant potassium ferricyanide. This was performed within the
anaerobic box. The protein solution was applied immediately onto
a Pharmacia (Leatherhead, UK) PD-10 gel filtration column pre-
equilibrated with the desired anaerobic buffer. Thus, this step
resulted in the removal of ferricyanide as well as achieving the
transfer of CPR into the required anaerobic buffer system. The CPR
concentration was then determined using an extinction coefficient
of €454 nm = 22 MM~ cm~* for the oxidized enzyme.*® Production
of the diradical (disemiquinoid) form of CPR was by the addi-
tion of a stoichiometric equivalent of NADPH or by reductive
titration against dithionite under anaerobic conditions as described.3*3*

All EPR spectra were obtained using a Bruker ELEXSY'S E500/
E580 spectrometer operating at X-band. Temperature control was
effected using an Oxford Instruments ESR900, for continuous wave
EPR, or ESR935, for pulsed measurements, cryostat connected to
an ITC503 temperature controller. Continuous wave spectra were
obtained at 80K using the parameters given in the figure captions.
Two pulse echo decays®” were obtained using a m/2—7—x—1-
acquire sequence with a 32 ns st pulse length and 7 starting at 200
ns using 1024 8 ns increments. Pulsed field swept EPR spectra®”
were obtained using soft pulses in order to avoid excitation
bandwidth-induced spectrum broadening. The s/2-t—m-T-acquire
pulse sequence was employed, with = = 200 ns and 7 = 1 us.
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Figure 1. Raw four pulse ELDOR traces together with the third order
polynomial functions used to baseline the data (red). A, NADP*-bound
CPR in low salt buffer; B, CPR in low salt buffer; C, 2’,5"-~ADP-bound
CPR in low salt buffer; D, NADP*-bound CPR in 500 mM KCl-containing
buffer; E, CPR in 500 mM KCI-containing buffer; F, 2’,5"-~ADP-bound CPR
in 500 mM KClI-containing buffer.

Four pulse ELDOR spectra®” were recorded using a m/2—T—x—
T+r—m—71-acquire sequence with T = 200 ns and 7 = 960 ns.
The 7t pulse length was 32 ns. The “fourth” pulse, a sz pulse applied
at the pump microwave frequency, was incremented in 16 ns steps
during the T + 7 period starting at 100 ns after the second 7 pulse.
The interval = was limited to 960 ns because of the spin—spin
relaxation, phase memory time Ty, of the flavosemiquinones, which
precluded detection of the refocused echo at longer values of 7. If
the timing of the fourth pulse is indicated as t = 0 at 100 ns after
the second s pulse and t is incremented thereafter, the modulation
of the four pulse ELDOR echo is given by Vgy(t) = cos(wes(t —
T)),%” where we. is the electron—electron coupling. All pulse
experiments were recorded at 80K and at a repetition frequency of
200 Hz because of the long electron spin—Ilattice relaxation time
of the flavosemiquinone radical. Attempts to prolong = by lowering
the temperature and thus lengthening Ty were prohibited by the
impact on the repetition rate (governed by the electron spin—Ilattice
relaxation time Ty), which lead to prohibitively slow repetition rates.
Interelectron dipolar couplings were determined using Fourier
transform of the baseline corrected four pulse ELDOR data to
produce dipolar spectra. The raw ELDOR data were baseline
corrected using a third-order polynomial, Figure 1, then a Hamming
window function was applied in order to increase signal-to-noise
following the subsequent Fourier transform and drive the decay
function to completion, thus avoiding truncation effects. Each data
set was then zero-filled to 1024 point prior to Fourier transformation.
Tikhonov regularization®® was not employed as the flavin cofactors
have no motion independent of the movement of their binding
domains and the measured distances are interpretable in terms of a
simple physical model.

Stopped-flow experiments at ambient pressure were performed,
essentially as described previously,3* under anaerobic conditions
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with an Applied Photophysics SC18MYV stopped-flow instrument
housed in a glovebox. High-pressure stopped-flow experiments were
performed using a Hi-Tech Scientific HPSF-56 high-pressure
stopped-flow spectrophotometer (TgK Scientific, Bradford on Avon,
UK), and 5—10 units mL~* glucose oxidase and 50 mM glucose
were added to make the samples anaerobic,3>“° The two rate
constants k; and k, were determined by either fitting traces measured
at 600 nm to a double-exponential function, or were deconvoluted
by global analysis of diode array data using an A — B — C model.
Both methods produced equivalent results. The CPR concentration
was typically ~20 M and a 20-fold excess of NADPH was used.
Comparable rates were also obtained in a high pressure experiment
using a 10-fold excess of NADPH, indicating that neither k; nor k,
are limited by NADPH binding and the reaction is essentially
pseudofirst order.

Results and Discussion

Measuring Radical Separation in Disemiquinoid CPR. The
reductive half-reaction of CPR is complex (Scheme 1; ref 3%).
If CPR is reduced with two electrons, either by the addition of
a stoichiometric equivalent of NADPH (the K, is ~1 uM?®) or
equivalent dithionite, a kinetic or thermodynamic quasi-equi-
librium mixture of states is formed (Scheme 1). Only one of
these, the diflavosemiquinonoid (diradical) species, is EPR-
detectable. We used ELDOR spectroscopy of two-electron
reduced human CPR to measure distances between the FAD
and FMN centers and to investigate the properties of the energy
landscape for domain motion. Using the ELDOR method, we
also probed the effects of ionic strength and ligand binding
(NADP* and ADP) on the energy landscape for domain motion,
since the influence of both salt and cofactors on the kinetics of
interflavin ET has previously been demonstrated.?5-2®

The dipole—dipole coupling between the two electronic
magnetic moments of the flavin semiquinone centers is related
to the distance between them by the eq 1%7

2
G OMels” 1
vpp(6,1) = ﬁﬁ@ cos? @ — 1) 1)

where g; and g, are the g values of the two spins, r is the
distance between them, and 6 is the angle between the interspin
vector and the applied magnetic field. Therefore, determination
of the dipole—dipole coupling between the two flavosemiquino-
nes of CPR provides a means of quantitating differences in
interflavin distance brought about by ligand binding. The four
pulse ELDOR experiment provides a means of determining such
dipole—dipole couplings. However, it has only been applied to
a pair of flavosemiquinones once,** and this was in a dimeric
protein wherein each monomer contained one flavosemiquinone,
fixed relative to one another and having the same midpoint
potential.

To set up the ELDOR experiment, it is necessary to first
determine some parameters, notably the T, of the unpaired
electrons, which determines the rate at which individual data
points can be acquired without saturation, and the decay of the
nuclear modulation in the electron spin echo. Figure S1 in the
Supporting Information shows the results of two pulse echo
decay experiments on CPR under six different experimental
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Figure 2. Baseline corrected four pulse ELDOR time traces, A—F, and the conjugate Fourier transforms of those time traces, G—L, of the disemiquinone
oxidation state of human CPR. A and G, NADP*-bound CPR in low salt buffer; B and H, CPR in low salt buffer; C and I, 2,5’-ADP-bound CPR in low
salt buffer; D and J, NADP*-bound CPR in 500 mM KCI-containing buffer; E and K, CPR in 500 mM KCl-containing buffer; F and L 2’,5’-ADP-bound
CPR in 500 mM KCl-containing buffer. Dotted lines around A illustrate the three components with differing oscillation frequencies present in that time

trace. Calculated interflavin distances are given in Table 1.

conditions. All the traces show that the deep modulations that
arise from hyperfine coupling to *N nuclei have decayed away
after 1 us, while the overall exponential decay continues and
can be fitted with a monoexponential function giving an
approximate Ty for the flavosemiquinones of 1.2 us. Thus,
sufficient signal remains after 1 us to allow for the collection
of ELDOR data free of nuclear modulation effects. To determine
the appropriate positions for pump and detection frequencies,
pulsed field swept spectra were obtained using a soft two-pulse
echo (Figure S2, Supporting Information). The pump and
detection frequencies were placed symmetrically about the
intensity maximum of the field swept spectrum and separated
by 70 MHz, with the pump pulse at the higher field (lower
frequency). Figure 1 shows the raw data, echo integral variation
with time, from the four pulse ELDOR experiments together
with fits to a third-order polynomial baseline. Following baseline
subtraction, the results of these experiments in both time domain
and in frequency domain, after Fourier transformation (es-
sentially one-half of the dipolar spectrum), are shown in Figure
2. Trace A, from NADP"-bound CPR in low salt buffer, is
obviously composed of oscillations at several frequencies,
marked on the figure, and the conjugate Fourier transform, trace
G, shows three major frequency components. These correspond
to the perpendicular components (6 = 90°) of the dipolar powder
(Pake) pattern.®” The much weaker parallel components, which
exhibit only ~10% of the intensity of the perpendicular
components, are not clearly observed in these spectra; therefore,
we have not assigned features to them even though there are
possible candidates. They are not required for distance deter-
mination. Each of these frequencies corresponds to a discrete
dipolar coupling, vpp, and thus through eq 1 to three discrete

Table 1. Inter-Flavin Distance Measured Using ELDOR

ligand [KCI] (mM) distance (A) trace?
NADP*+ 0 19.0, 21.6, 36.1 A G
0 36.1 B, H

2’ 5-ADP 0 40.2 C, I
NADP* 500 15.4—25.8°, 37.2 D, J
500 19.2—25.8,37.2 E, K

2’ 5’-ADP 500 19.2—25.8%, 37.2 F, L

2ELDOR traces in Figure 2. ® A continuum of distances was measured
rather than discrete values.

interflavin distances, 36.1, 21.6, and 19.0 A. Traces B and C,
together with their Fourier transforms traces H and I, show only
one major oscillation at frequencies that correspond, through
the same reasoning applied to trace A, to interflavin distances
of 36.1 and 40.2 A, respectively (Table 1).

The addition of 500 mM potassium chloride to the protein
solution gives rise to rather similar 4-pulse ELDOR results in
all three states of the protein examined, as shown in Figure 2
traces D, E, and F and their conjugate Fourier transforms, J, K,
and L, respectively. In each case, the ELDOR data clearly cannot
be approximated by a small number of simple sinusoidal func-
tions as the apparent wavelength varies during each oscillation.
This suggests a superposition of many frequencies within this
data. However, this is not at first obvious in the Fourier
transforms. Each of these gives rise to a single Gaussian line at
vpp 0f 1 MHz, corresponding to an interflavin distance of 37.2
A. This is consistent with the distances estimated from the
4-pulse ELDOR of the low salt samples, both the sample
containing 2’,5"-ADP and that without effectors. Problematically,
such a distance is clearly inconsistent with the behavior of the

J. AM. CHEM. SOC. m VOL. 132, NO. 28, 2010 9741
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Figure 3. Expansions of the Fourier transformed, frequency domain, spectra
of Figure 2 showing monoexponential fits (red), described in the text, to
the three spectra obtained in 500 mM KCl-containing buffer, J, K and L.
Dotted lines show linear baselines fitted to each of the spectra. G, NADP -
bound CPR in low salt buffer; H, CPR in low salt buffer; I, 2’,5-ADP-
bound CPR in low salt buffer; J, NADP*-bound CPR in 500 mM KCI-
containing buffer; K, CPR in 500 mM KCl-containing buffer; L 2’,5-ADP-
bound CPR in 500 mM KClI-containing buffer.

NADP*-bound CPR under low salt conditions. Closer inspection
of the Fourier transforms J, K, and L reveals the origin of this
inconsistency, Figure 3. These Fourier transforms cannot be
approximated by a few simple Gaussian lineshapes alone but
rather reveal a long “tail” to high frequency of the more obvious
Gaussian line. This “tail” can be approximated by an exponential
distribution of distances, but it may consist of discrete, rather
than continuous, data and could be formed from the overlap of
an unknown number of discrete Gaussian lines. If such discrete
states exist, they may not be resolvable because of the line-
widths of lines in the Fourier transform which are dictated by
the decay of the time-dependent modulation. The half height
line widths of lines in the frequency domain, Fourier trans-
formed, data are 1.2—1.4 MHz. It is difficult to resolve lines
separated by less than 1/4 of the half height line width. Thus if
the tails do consist of discrete data there must be at least 30
discrete, evenly spaced lines present for them to be separated
by less than 0.3—0.35 MHz and thus be unresolved. Whether
there are 30 states, many more, or a continuum we cannot
determine from our experiments. Nevertheless, the simple
exponential fitting analysis shows that in the NADP*-bound
form the exponential distribution is centered on a vpp of 3.0
MHz, corresponding to a distance of 25.8 A, and extends to
vop of 14.1 MHz, corresponding to a distance of 15.4 A. Where
2’,5”-ADP is bound to CPR or the protein is simply reduced
without substrate/ligand present, the distribution is centered
around a vpp of 1.8 MHz, corresponding to a distance of 25.8
A and extends to a vpp of 7.3 MHz, corresponding to a distance

9742 J. AM. CHEM. SOC. = VOL. 132, NO. 28, 2010

of 19.2 A (Table 1). This assumes that we observe only
contributions from the intense perpendicular components of the
dipolar coupling, which seems reasonable as even the parallel
component of the Gaussian line at low vpp would be too weak,
based on the reported order of magnitude difference in intensity
between parallel and perpendicular components,** to contribute
to the tail.

Extensive Sampling of Conformational Space in CPR. Our
EPR data show that low-temperature pulsed ELDOR spectros-
copy can be applied to study dynamic events in the diflavin
protein human cytochrome P450 reductase. The results quan-
titate NADP*-dependent changes in interflavin distance within
wild-type reductase for the first time. However, it is important
to understand the nature and limitations of the results. The flavin
cofactor, unlike some of the artificially introduced nitroxide spin
labels employed in pulsed ELDOR studies, has essentially no
motion independent of the protein to which it is attached. Thus
our results indicate that movement of either the FAD or FMN
domains of CPR occurs upon the binding of NADP*. Within
our current understanding of the structure of CPR,*® movement
of the FMN-binding domain seems most likely. 32 While this
may be consistent with other, room-temperature, measurements
the experimental temperature employed in the pulsed ELDOR
experiments must be taken into account. At 80 K, the lack of
thermal energy will prevent domain motion, and such immobility
will be further reinforced by the ordering of solvent water into
the ice (Wurtz) structure.*? Furthermore, since each sample took
several seconds to freeze, thermodynamic equilibrium between
possible conformations will have been established at the lowest
temperature that allows for domain motion. Thus the ELDOR
results represent the conformational distributions exhibited by
the protein just before motion ceased because of lack of thermal
energy, those conformations that exist at the bottom of thermo-
dynamic wells or minima.

While the data can be taken comparatively as a measure of
relative interflavin distance within CPR, the actual distance being
measured should be considered. The unpaired electron is
delocalized over all three rings of the flavosemiquinone
structure. Thus the distances measured do not represent distances
between points, but rather the distances between a weighted
mean of the unpaired electron spin density distribution over the
flavosemiquinone. The center of such a distribution lays
essentially at C(4a).*® Furthermore, even where the unpaired
electron spin density distribution of a flavosemiquinone varies
with the binding of substrates, inhibitors or other effectors close
to it, the center of the distribution remains at C(4a). This
approximation has therefore been used in previous studies
involving pulsed ELDOR of flavin semiquinones.**® The
critical distance for ET between flavin cofactors is likely to be
edge-to-edge distance. According to the published crystal
structures of wild-type rat CPR showing short interflavin
distances,® the shortest edge-to-edge distance is between the
methyl group-bearing edge of the dimethylbenzene moieties of
the flavin cofactors. This edge is some 4.7 A from C(4a) and
the methyl groups are likewise at a mean distance of 6.15 A
from C(4a). Thus the measured closest distance of 19 A
measured for CPR in low ionic strength conditions with bound
NADP* (Table 1) would leave the flavin methyl groups only
6.7 A apart, and the potentially closest distance of 15.4 A

(42) Ansari, A.; Jones, C. M.; Henry, E. R.; Hofrichter, J.; Eaton, W. A.
Science 1992, 256, 1796-8.

(43) Weber, S.; Mobius, K.; Richter, G.; Kay, C. W. J. Am. Chem. Soc.
2001, 123, 3790-8.
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Figure 4. (A). X-ray crystal structures of CPR (PDB 1AMO; blue) and
the “open” ATGEE CPR mutant (molecule A of PDB 3ES9; red), aligned
over all FAD heavy atoms. The FAD molecules are shown in the same
color as the ribbons, while the FMN molecules are shown in yellow (wild-
type) and orange (ATGEE). (B). The distance between the FAD and FMN
C(4a) atoms in the two crystal structures in panel A. Distances measured
using ELDOR for NADP*-bound CPR in the absence of KCI are shown to
scale in red, and the minimum and maximum distances measured (Table
1) are shown in blue.

inferred from the vpp distribution in 500 mM potassium chloride
with NADP* bound would leave the methyl groups only 3.1 A
apart, essentially in van der Waals contact.

These interflavin distances can be further compared to the
two published structures of CPR, the wild-type “closed”*® and
ATGEE mutant “open”?° structures (Figure 4). These structures
show the FAD and FMN-binding domains of CPR separated
by a hinge domain (residues 232—244). The open conforma-
tion appears to be formed when the FMN domain rotates about
this hinge, increasing the separation between the FAD and FMN
C(4a) atoms from 15.4 A in the closed conformation to 31.6 A
in the open conformation. While these values are remarkably
similar to those measured here using ELDOR (Table 1), we
did, in some cases, measure slightly larger distances than is
observed in the “open” structure. However, there are three CPR
molecules found within the asymmetric packing unit of the
“open” structure,?® each in a distinct conformation. The two
other conformations not shown in Figure 4 have more extended
structures, with longer interflavin distances, but incomplete
electron density around the FMN that prevents the measurement
of the actual C(4a) separation.

In summary, the range of interflavin distances we have
measured using ELDOR (Table 1) are in excellent agreement
with those distances observed in the available crystal structures
of CPR (Figure 4). Further, the ELDOR data suggest that an
equilibrium distribution of multiple extended open and compact
closed conformations is found in solution. The landscape linking
these states would appear to be “frustrated’, allowing the trapping

of certain conformations upon crystallization or freezing (as in
the case of the ELDOR samples). The binding of NADP* to
CPR favors conformations with shorter interflavin distances
relative to the unliganded protein, two such distances being
associated with apparent energy minima and therefore giving
rise to resolved dipolar couplings in the ELDOR Fourier
transforms. Furthermore the ELDOR data also suggest that this
landscape is perturbed by the addition of 500 mM KCI. Under
such conditions the equilibrium distribution of states shifts to
favor more compact conformations compared to those exhibited
by CPR in the absence of KClI, shorter interflavin distances with
larger dipolar coupling, see Table 1, while also becoming less
“frustrated” in having fewer distinct conformations, with
resolved dipolar coupling, that can be thermodynamically
trapped. We next tested this idea my characterizing the observed
interflavin ET solution kinetics.

Functional Exploration of the Landscape by Pressure and
Solvent Perturbation. Hydrostatic pressure can be used to
perturb an equilibrium distribution of conformational states that
comprise the free energy landscape for an enzyme-catalyzed
reaction,®*“° and we extend this approach here to studies of
conformationally coupled ET in human CPR. We initially
performed solvent-accessible surface area calculations on the
open and closed CPR crystal structures (Table S4, Supporting
Information) and estimate that moving from the closed to open
conformation shown in Figure 4 exposes an additional 840 A2
of CPR surface area to solvent, approximately a 3% increase.
No large internal cavities (voids) were observed in any of the
calculations. The number of additional water molecules (Any,)
that will bind to the enzyme can be then be estimated to be
~65 by An, = I'ASA, where ASA is the change in surface
area and I' is the protein surface density of water (0.0775 water
molecules/A?).** The water surface density has been estimated**
to be 1.6—2.0 cm® mol 2, so the volume of the CPR/bound water
sphere would be expected to increase by 100—130 cm® mol !
upon moving from a closed to open conformation. Consequently,
we would expect increasing pressure to favor more compact
enzyme conformations with reduced volumes, that is, the closed
form.

As interflavin ET in CPR is likely to be conformationally
gated, the observed rate of ET can be modeled using absolute
rate theory, unlike a true ET reaction, which is best modeled
using the nonadiabatic description of Marcus theory.® The
pressure (p)-dependence of an observed rate constant is de-
scribed using absolute rate theory by assuming a quasi-
equilibrium between the reactant and transition state*>4®

kops(P: T) = ko eXp(—AVPIR T + AB'PPI2RT)  (2)

where R, = 83.13 cm® mol~* bar K™, k is the observed rate
constant extrapolated to 0 bar, AV¥ is the apparent difference
between the volume of the reactant and transition states, and
ApB* is the compressibility of the transition state: AB* = dAV¥/
dp. We used high-pressure stopped-flow spectroscopy to study
the kinetics of hydride transfer from NADPH to FAD and ET
from FAD to FMN, by monitoring the formation and decay of
the blue (protonated) disemiquinoid form of CPR, following
mixing of oxidized enzyme with (typically 20-fold) excess

(44) Webb, J. N.; Webb, S. D.; Cleland, J. L.; Carpenter, J. F.; Randolph,
T. W. Proc. Natl. Acad. Sci. U. S A. 2001, 98, 7259-7264.

(45) Gladstone, S.; Laidler, K. J.; Eyring, H. The Theory of Rate Processes;
McGraw-Hill: New York, 1941.

(46) Northrop, D. B. J. Am. Chem. Soc. 1999, 121, 3521-3524.
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Figure 5. ET solution kinetics for human CPR. (A). The hydrostatic pressure dependence of k; (filled symbols) and k, (open symbols) measured at 25 °C
in the presence (black) and absence (red) of 500 mM KCI. The data are fit to eq 2 and the AV* and A values are given in Table S1, Supporting Information.
(B). The ionic strength (1)-dependence of k; (black) and k, (blue) measured at 25 °C. The data (excluding the | = 1130 mM point) are fit to eq 3. (C). Eyring
plots showing the temperature dependence of k; (filled symbols) and k, (open symbols) measured when | = 25 mM (red) and | = 630 mM (black). The AH*
and AS values are given in Table S3, Supporting Information. Experimental conditions: High pressure measurements were performed in 50 mM Tris-HCI,
pH 7.5. All other experiments were performed in potassium phosphate buffer, pH 7.5. The ionic strength was achieved by varying the buffer (I = 25—133

mM) and KCI concentration (I > 133 mM).

NADPH (Scheme 1; Figure S3, Supporting Information).®
Clearly, observed rate constants measured in stopped-flow
studies represent the approach to an equilibrium distribution of
multiple enzyme species. Broadly, the observed rate constant
k; (increase in absorption at 600 nm) reports on initial enzyme
reduction by NADPH to generate the FADH, state, and the
subsequent internal ET to establish the QE state in Scheme 1.
The QE distribution includes the disemiquinoid (FADH® FM-
NH") state, which accounts for the absorption increase at 600
nm (Figure S3, Supporting Information). The observed rate
constant ky represents reduction predominantly to the four-
electron (FADH, FMNH,) reduced state following transfer of
a second hydride from NADPH to CPR (Scheme 1), leading to
a collapse in absorption at 600 nm (Figure S3, Supporting
Information). Reaction traces measured at 600 nm are therefore
biphasic and monitor the formation and decay of the FADH®
FMNH" state and k; and k, can be determined by fitting these
data to a double-exponential function.

The reactions were performed under pseudo-first-order condi-
tions, with both observed rate constants, k; and k,, indepen-
dent of NADPH concentration. Both k; and k;, increase with
increasing pressure (Figure 3A; Table S1, Supporting Informa-
tion), consistent with an altered and more functionally favored
distribution of conformational states across the energy landscape
for interflavin ET at high pressure. Although the pressure data
do not provide direct information on the nature of the structural
change as a result of perturbing the equilibrium distribution of
conformational states (i.e., the energy landscape), the pressure
dependence of both k; and k; is likely attributed to CPR adopting
a higher population of closed and ET-competent/“reaction-
ready” conformations at high pressure compared with those at
1 bar, as predicted by the surface area calculations described
above. The decrease in k, at pressure >1 kbar, may arise from
a “freezing out” of some of the productive conformational
sampling of the FMN domain, that is, very high pressure traps
the enzyme in a nonoptimal conformation. Although there are
difficulties in gaining detailed structural insight from the pressure
data alone, the pressure related changes to k; and k; indicate a
change in the conformational distribution across the energy
landscape. This indicates that conformational sampling is an
integral part of the (gated) ET mechanism in CPR, thereby
demonstrating the relevance of our ELDOR studies, and the
rugged energy landscape at low salt concentrations inferred from
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these studies, to the ET function of the enzyme. The dependence
of k; and k; on the viscosity of the bulk medium (both k; and
k. decrease with increasing viscosity) also points to a key role
for conformational sampling in facilitating ET between the
flavins in human CPR (Figure S4 and Table S2, Supporting
Information).

As the high-salt ELDOR experiments (Figure 2, Table 1)
suggest that increasing ionic strength alters the conformational
sampling of CPR, we also explored the ionic strength depen-
dence of k; and k, by performing stopped-flow reactions as a
function of ionic strength at atmospheric pressure (Figure 5B).
The ionic strength data were fit to eq 3

l0g;0 Kops(1) = 10850 ks + 2az5(V1/(1 + V1) ®

which is derived by combining the Brgnsted-Bjerrum and the
extended law of Debye—Huckel and is used for high ionic
strengths.*” This relationship was developed for bimolecular
reactions and should only be used for comparison in this study.
If the charges zx and zg are of the equal sign (i.e., either positive
or negative), then there is an increase in kqs With increasing
ionic strength, I. The ionic strength dependence measurements
were made at varying temperatures between 5 and 40 °C (Figure
5C; Table S3, Supporting Information). Both rate constants
satisfy the ionic strength dependence indicated by eq 3 and zazg
does not significantly change with temperature, with values of
2.8 +0.3and 1.5 + 0.4 for k; and k,, respectively. Additionally,
both k; and k, maintain their viscosity dependence (Figure S3
and Table S2, Supporting Information) at high ionic strength,
suggesting that interflavin ET is still conformationally gated in
high salt. Increasing the ionic strength lowers the enthalpic
barrier to k; and increases the negative activation entropy (Figure
5C; Table S3, Supporting Information). This is consistent with
k; being (at least partially) gated by motion of the FMN-domain,
which under high ionic strength conditions more favorably
redistributes to closed and reactive conformers from the more
extended NADP*-free distribution seen in the ELDOR (dis-
emiquinoid enzyme) and SAXS'® (oxidized enzyme) studies.
The magnitude of the (negative) activation entropy increases

(47) Carstensen, J. T. J. Pharm. Sci. 1970, 59, 1140-1143.
(48) Swanson, M. A.; Kathirvelu, V.; Majtan, T.; Frerman, F. E.; Eaton,
G. R.; Eaton, S. S. J. Am. Chem. Soc. 2009, 131, 15979-15979.



Nature of Energy Landscapes

ARTICLES

with increasing ionic strength (Table S3, Supporting Informa-
tion). This increase is also consistent with a redistribution from
a more disordered (open) to more ordered (closed) reactant state
in the presence of high salt. Thus, at high ionic strength the
FMN-domain is able to either sample more conformations (some
with a slightly shorter interflavin distance as seen by EPR), or
sample these conformations more readily/quickly, thus enhanc-
ing ky. Either scenario is consistent with the trend in activation
entropy, which becomes more negative as the ionic strength is
increased.

The rate enhancement of k, by increasing ionic strength is
not as significant, but is broadly consistent with the model
advanced for k;. We emphasize, however, that k, captures a
number of additional steps in the reaction mechanism (e.g.,
NADP™ release prior to NADPH binding and transfer of a
second hydride anion; Scheme 1) which might complicate the
analysis in terms of FMN-domain motion. The main point to
note is that by raising the ionic strength of the bulk solvent,
there is an increase in the observed rate of ET (k; and ky). This
points to an overall shielding from net electrostatic charge
similarity, which favors conformations that are ‘reactive’ for
ET. As indicated by our ELDOR studies, high ionic strength
affects the equilibrium distribution across the energy landscape,
favoring (through electrostatic shielding) those closed conforma-
tions that are more reactive for ET, while also reducing the
frustration of the energy landscape, thus reducing the probability
of the protein becoming energetically trapped in a less reactive
conformation. These effects cannot be predicted from analysis
of protein structure alone because there are no obvious
electrostatic patches at the interface of the FMN and FAD
domains in human CPR (Figure S5, Supporting Information).
Thus, the exploration of energy landscapes requires the integra-

tion of solution biophysical spectroscopies (e.g., EPR/ELDOR)
to identify multiple conformational states, with reactivity assays
(e.g., stopped-flow measurements of ET) to establish the
importance of the landscape to biological function.

Conclusions

ELDOR studies have identified multiple conformations of
disemiquinoid CPR, consistent with there being a rugged energy
landscape for domain motion in the enzyme. Functional studies
have provided evidence for a gated conformational sampling
mechanism for internal ET. The equilibrium distribution of
conformational states can be perturbed through solvent (ionic
strength and viscosity) and pressure perturbation and rationalized
in terms of the known crystal structures of CPR that allude to
the importance of multiple closed and open conformational
states. Closed states are favored by nucleotide binding and favor
internal ET, whereas more open states provide P450 enzymes
access to electrons resident in the FMN-domain. This empha-
sizes the highly dynamic nature of biological ET embedded in
conformational sampling mechanisms and the importance of
ligand binding (and solvent properties) in poising the equilibrium
across the functional energy landscape.
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