£FEBS

Journal

STATE-OF-THE-ART REVIEW

?
*© 2 FEBSPRESS

® science publishing by scientists

Tripping the light fantastic in membrane redox biology:
linking dynamic structures to function in ER electron

transfer chains

Tobias M. Hedison and Nigel S. Scrutton

Manchester Institute of Biotechnology and School of Chemistry, University of Manchester, UK

Keywords

cytochrome P450; cytochrome P450
reductase; electron transfer chemistry;
membrane protein; protein domain
dynamics

Correspondence

N. S. Scrutton, School of Chemistry and
Manchester Institute of Biotechnology,
University of Manchester, 131 Princess St.,
Manchester M1 7DN, UK

Tel: +44 161 306 5152

E-mail: nigel.scrutton@manchester.ac.uk

(Received 18 November 2018, revised 16
December 2018, accepted 15 January 2019)

doi:10.1111/febs.14757

How the dynamics of proteins assist catalysis is a contemporary issue in
enzymology. In particular, this holds true for membrane-bound enzymes,
where multiple structural, spectroscopic and biochemical approaches are
needed to build up a comprehensive picture of how dynamics influence
enzyme reaction cycles. Of note are the recent studies of cytochrome P450
reductases (CPR)-P450 (CYP) endoplasmic reticulum redox chains, show-
ing the relationship between dynamics and electron flow through flavin and
haem redox centres and the impact this has on monooxygenation chem-
istry. These studies have led to deeper understanding of mechanisms of
electron flow, including the timing and control of electron delivery to pro-
tein-bound cofactors needed to facilitate CYP-catalysed reactions. Individ-
ual and multiple component systems have been used to capture
biochemical behaviour and these have led to the emergence of more inte-
grated models of catalysis. Crucially, the effects of membrane environment
and composition on reaction cycle chemistry have also been probed,
including effects on coenzyme binding/release, thermodynamic control of
electron transfer, conformational coupling between partner proteins and
vectorial versus ‘off pathway’ electron flow. Here, we review these studies
and discuss evidence for the emergence of dynamic structural models of
electron flow along human microsomal CPR-P450 redox chains.

Introduction

The extraordinary ability of enzyme molecules to
catalyse chemical reactions with rates of many orders
of magnitude over uncatalysed reactions, often with
high selectivity and specificity, has drawn the attention
of researchers over several decades. The use of
enzymes for green industrial processes, or as targets
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for drug interaction, are major research activities and
to support these efforts, an understanding of the struc-
tural and physical basis of enzyme catalysis (i.e. nat-
ure’s design rules) is required. A branch of
enzymology that has gained much interest and is chal-
lenging our understanding of catalysis is the study of
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dynamics [1]. Enzyme dynamics are involved in a
broad range of physiologically important processes,
including rotations of the ¢ and Y subunits of ATP
synthase [2], domain motions of the Rieske iron—sul-
phur cluster of cytochrome bc; [3] and substrate recog-
nition facilitated by motions of the DFG-motif loop in
adenylate kinase [4] (important in metabolic monitor-
ing/signalling). Because protein motions occur over
extensive time (ps-s) and distance (0.1-100 A) scales, it
is often challenging to experimentally determine the
influence of motions on enzyme catalytic cycles.

The study of a number of soluble model systems
(e.g. dihydrofolate reductase (DHFR) [5,6]; members
of the Old Yellow Enzyme (OYE) family [7], among
others) have shed some light on the relationship
between dynamics and catalysis. Studies with mem-
brane-bound enzymes, however, are more challenging,
requiring the use of sophisticated biochemical and
spectroscopic tools to study the influence of motions
either in solubilized preparations or in the context of
lipid bilayer environments. Where possible, a strategy
has been one of ‘divide and conquer’, in which studies
of membrane-free (e.g. truncated) forms of an enzyme
provide some insight; this can then be translated to the
more challenging context of the bilayer environment.
Here, we review recent advances in our understanding
of a prototypical membrane-bound system involving
cytochrome P450 reductase and cognate redox part-
ners (CYPs). We illustrate how integration of different
methods from a toolbox of cutting-edge spectroscopic
and structural approaches can provide a more holistic
understanding of the impact of dynamics on enzyme
catalysis for membrane-bound systems.

At the time of writing this contribution, there are
over 5000 publications on the structure, function and
mechanism of cytochrome P450 reductase (CPR). Sup-
ported by advances in spectroscopy, structural biology
and membrane biology approaches, we are now on the
cusp of understanding how protein dynamics and the
membrane environment modulate the flow of electrons
from NADPH, through CPR, to the superfamily of
drug detoxifying cytochrome P450 (CYP) proteins.
This is captured in multiple reports published in recent
years on the topic of dynamics and how this relates to
electron flow in multidomain proteins such as CPR. It
is timely to take stock of these developments and to
critically assess current knowledge. Here, we provide
this overview and an evaluation of mechanistic insights
gained from recently published works on the CPR
enzyme family.

Cytochrome P450 reductase has proven to be an
excellent protein system to study the impact of domain
dynamics on electron transfer chemistry. Lessons
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learned not only further understanding of the relation-
ship between dynamics and electron flow but also
extend to related enzymes (i.e. the wider di-flavin oxi-
doreductase family [8,9]), which include the physiologi-
cally important nitric oxide synthases (NOS) and
methionine synthase reductase (MSR). In mammalian
cells, CPR plays a crucial role in drug and xenobiotic
metabolism. As the enzyme can be obtained in high
yields and in soluble form (i.e. lacking the N-terminal
membrane anchor region) using standard expression
and purification protocols [10], it has been subjected to
numerous biochemical and mechanistic studies extend-
ing over many decades. Only recently, however, has
the impact of domain dynamics on enzyme catalysis
been investigated in detail. Interest in understanding
the interplay between dynamics and biological function
has been driven in part by access to improved biophys-
ical time-resolved spectroscopy and structural biology
methods. At a basic level, CPR functions by passing
electrons from the nicotinamide coenzyme NADPH
(by formal hydride transfer), then sequentially to a
FAD and a FMN cofactor, and ultimately to a variety
of electron-accepting partner proteins located on the
surface of the endoplasmic reticulum (ER) [9]. These
partners include, but are not limited to, CYPs [11],
haem oxygenase [12], squalene monooxygenase [13]
and cytochrome bs [14] (Fig. 1). The mechanism by
which CPR transfers electrons to partner proteins is
complex and evidence suggests this is achieved through
conformational sampling of CPR by relative reorgani-
zation of cofactor-binding protein domains [8-10,15-
25].

How the dynamics of CPR and its membrane envi-
ronment influence electron flow and P450 catalysis has
been debated since the first visualization of the ‘static’
X-ray crystal structure of rat CPR [26]. This structure
raised important questions:

i) Does a structural-functional landscape exist that is
defined by relative CPR domain motions?

i1) What is the extent of this putative landscape?

iii) Do in-built mechanistic trigger(s) (e.g. coenzyme
binding, redox chemistry) facilitate migration across
this landscape?

iv) Do environmental factors (e.g. membrane lipid
composition) influence this landscape?

v) Do physical perturbations (e.g. pressure, tempera-
ture, ionic strength, viscosity) influence this land-
scape and can these be used as experimental probes
of the relationship between structural dynamics and
function?

Cytochrome P450 reductase is located on the cyto-
plasmic side of the ER where, in principle, it could
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Fig. 1. Cellular location and function of mammalian CPR. CPR is anchored to the cytosolic side of the ER, where it receives electrons from
NADPH before passing them to a variety of partner proteins. The partner proteins of CPR include HO (shown as a red sphere), squalene
monooxygenase (SQLE, shown as a yellow sphere), cytochrome bs (cyt bs, shown as a brown sphere) and the superfamily of cytochrome
P450 proteins (CYPs, shown as an orange sphere). CPR is also known to activate a wide variety of prodrugs, such as the anticancer drug,

mitomycin C.

adopt multiple conformational states [8-10,15-25].
These would range from ‘closed’ forms of the enzyme,
with relatively short distances between the flavin cofac-
tors, to more ‘open’ states, where the flavin cofactors
are more physically separated. Static crystal structures
of CPR suggest that large-scale domain motion is
needed to enable the flow and delivery of electrons to
partner proteins (e.g. CYPs). Intuitively, interflavin
electron transfer would be optimal (i.e. maximized
electronic coupling) in ‘closed” form(s) of CPR. Con-
versely, interprotein electron transfer (e.g. CPR to
CYP) would require a more ‘open’ state, to enable clo-
ser, transient approach of the CPR FMN cofactor to
a CYP partner. These are simple models based on ‘sta-
tic’ crystal structures alone and supported by in silico
(rigid body) modelling. Missing until recently has been
compelling biophysical and structural evidence for the
spatial and temporal control of structural change and
associated mechanistic trigger(s) to coordinate electron
flow and CYP catalysis. In this review, we discuss evi-
dence in support of a dynamic functional model for
CPR and related proteins obtained from studies with
solubilized CPR proteins (i.e. lacking a membrane
localizing region) and native full-length CPR in native-
like conditions (i.e. embedded in membrane nan-
odiscs).

Multiple conformations in crystal
structures

Structures of the soluble portions of CPR are shown
in Fig. 2 [26-28]. Like other members of the di-flavin
oxidoreductase family, CPR contains two noncova-
lently bound flavin cofactors, a FAD cofactor (located
in FAD-binding ferredoxin-NADP™ reductase-like
domain) and a FMN cofactor (located in an
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FMN-containing ferrodoxin-like domain). As well as
these two cofactor-binding domains, CPR contains a
third structural region, which encompasses a connect-
ing domain and a highly dynamic ~ 15 amino acid lin-
ker region [18,26].

From a mechanistic viewpoint, the X-ray crystallo-
graphic structure of wild-type CPR provides valuable
but limited insight into the function of the enzyme
[26]. This follows because the FMN cofactor is buried.
How this is ‘liberated’ to connect with partner proteins
(both electronically and by protein—protein interaction)
is not clear from static X-ray crystallographic struc-
tures alone [16]. In this ‘closed’ conformation for wild-
type CPR (Fig. 2A), the FMN is unable to connect to
CYP or other partner proteins to donate electrons.
This follows because the distance between the FMN
and the haem of CYP is greater than the 15-A limit
for efficient electron transfer [29-31], and a number of
important residues on the surface of CPR, which are
thought to interact with a patch of basic residues on
the surface of CYPs, are occluded in this ‘closed’ state
[32]. Also, there is an inconsistency between the
observed CPR structure and transient state kinetic
measurements. Based on the 4-A edge-to-edge distance
between the FAD and FMN cofactors seen in the
CPR structure [26], a free energy optimized interflavin
electron transfer of ca 10'® s~ would be expected [29].
However, interflavin electron transfer in CPR is slow
(10-55 s~ 1) [33-37]. This suggests that electron transfer
is ‘gated’ and controlled by conformational change
[15] and/or other events (e.g. proton transfer) [38].

More recent crystallographic work on variant forms
of CPR has afforded further insight from which mod-
els of electron flow are derived. These studies have led
to the publication of structural data and accompany-
ing kinetic studies for a variety of artificially ‘opened’
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Fig. 2. X-ray structures of (A) ‘closed’ CPR, (PDB ID 1TAMO), (B) ‘open’ (ATGEE) CPR (PDB ID 3ES9) and (C) HO-bound ‘open’ (ATGEE) CPR
(PDB ID 3WKT). The FAD-containing, connecting, and FMN-containing domains of CPR are shown as dark blue, marine blue and light blue
cartoons respectively. HO is shown as a red cartoon. The FAD, FMN, NADP* and haem cofactors are shown as dark blue, cyan, yellow and

red respectively.

and ‘closed’ CPR variants. These include a disulphide
locked CPR variant [27], which resembles the ‘closed’
conformation of CPR. In this ‘closed’ CPR, electron
transfer to a partner protein is impaired, while inter-
flavin electron transfer rates are maintained (albeit
slower than that expected for a pure nonadiabatic elec-
tron transfer process), implying that the reaction is still
controlled by conformational sampling of multiple,
constrained CPR structures.

By removal of selected residues in the linker region
of CPR (variant ATGEE CPR), the structures of once
elusive ‘open’ forms of CPR have been determined
(Fig. 2B) [28]. Distances between the dimethyl benzene
rings of FAD and FMN in the structures of ‘open’
CPR range from 29 to 60 A (different distances were
observed in each of the three structures determined
for the ‘open’ state) [28]. Unlike the disulphide locked
‘closed’ form, this ‘open’ variant was unable to catal-
yse electron transfer from FAD to FMN. However,
the variant was able to catalyse interprotein electron
transfer from CPR to partner CYP proteins, in line
with the proposed requirement for an ‘open’ form for
partner protein recognition and optimal electronic
coupling of the CPR FMN and CYP haem centres.
Structures for ‘open’ conformers have also been
observed using other biophysical approaches. For
example, an ‘open’ structure of a yeast-human chi-
meric CPR protein has been observed [39]. In this
case, there is an 84-A edge-to-edge distance between
the two flavin cofactors. Also, the structure of the
ATGEE variant of CPR in complex with haem

oxygenase (HO) has been reported [40], which shows a
30-A distance between the FAD and FMN cofactors
and a 6-A distance between the CPR FMN and the
oxygenase haem (Fig. 2C). Taken together, and con-
sistent with earlier predictions that emerged from ‘sta-
tic’ X-ray structures of wild-type CPR, these studies
imply that a ‘closed’ form of CPR is required for
interflavin electron transfer whilst an ‘open’ form is
needed for CPR-partner protein electron transfer.
These important crystallographic studies provide
strong evidence to support a need for large-scale
domain motion during CPR catalysis, but they do not
inform on the solution state of the enzyme, nor do
they inform directly on the coupling of dynamics to
function. Additional solution-based biophysical meth-
ods are therefore required to corroborate and extend
these findings.

Binary solution structural models

Solution structural methods and time-resolved spec-
troscopy have contributed to our understanding of
CPR dynamics in recent years. These include the use
of NMR spectroscopy, small-angle X-ray and neutron
scattering, mass spectrometry and time-resolved fluo-
rescence spectrofluorimetry, the outputs of which are
now being integrated into more holistic models of
catalysis that have emerged from conventional
stopped-flow absorbance spectroscopy. In this section,
we evaluate these studies and provide a perspective on
how ‘open’ and ‘closed’ states of CPR (as a simple
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two-state model) relate to flavin redox state, the bind-
ing of coenzyme and enzyme turnover.

Nuclear magnetic resonance

Nuclear magnetic resonance offers detailed insight of
the solution structure of proteins but its application
is typically restricted to medium-sized proteins
(< 40 kDa). However, high-field spectrometers and
novel NMR methods are now extending these capa-
bilities. Solution NMR studies of the CPR FMN
domain [41] and full-length and soluble CPR (70 kDa)
have been reported [18,21]. Two studies with full-
length and soluble CPR show contrasting views. In a
study published by Ellis ef al. [21], the FMN domain
was assigned based on 'H,'°N heteronuclear single-
quantum correlation (HSQC) spectra using the corre-
sponding spectra from the isolated CPR FMN domain
and the minimum chemical shift difference approach.
The authors suggested that the FMN domain exists in
at least two conformational states (‘open’ and ‘closed’)
that have different interaction surfaces with the FAD
domain. In more recent work by Vincent et al. [18],
the CPR backbone was sequentially assigned. The
assignment was partial (60 %), but information was
obtained on the dynamics of CPR, specifically through
N relaxation and 'H-'°N residual dipolar coupling
measurements. A region of elevated mobility in the
fast timescale region (ps—ns) was identified in the lin-
ker positioned between the connecting domain and
the CPR FMN domain [18]. The authors concluded
that this linker plays a role in stabilizing the FAD-
FMN domain interface in the ‘closed’ state and may
be involved in switching conformations to more
‘open’ states. The study revealed that, in the absence
of nicotinamide coenzyme, the oxidized form of
CPR exists in solution in a ‘closed’ state, a finding
that is in excellent agreement with X-ray crystallog-
raphy [18].

The role of redox chemistry in driving CPR confor-
mational change has been evaluated using NMR spec-
troscopy. Surface-exposed cysteines were introduced
into a ‘cysteine-free’ variant of CPR by conventional
protein engineering. Galiakhmetov et al. [25] then
attached '*C-labelled methyl probes to thiol groups on
the surface of the enzyme and used methyl-TROSY
methods to investigate CPR dynamics. Although the
affinity for NADPH and catalytic activity of the CPR
variant used in this study are different to wild-type
enzyme [25,27], a number of interesting observations
emerged. Specifically, it was found that CPR adopts
different states in oxidized and NADPH-reduced
forms. The reduced form of CPR takes up an ‘open’
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conformation and membrane-bound CPR adopts simi-
lar structures to that of the truncated, soluble form of
CPR [25].

Small-angle scattering

Small-angle neutron scattering (SANS) studies have
been performed with CPR to analyse the effect of fla-
vin redox state on CPR conformational equilibria
[20,22,42]. These studies were a reappraisal of previous
work, where small-angle X-ray scattering (SAXS) was
used to monitor redox-dependent conformational
change in solution [21]. SANS offers a number of
advantages over SAXS. Unlike SANS, SAXS leads to
the production of in situ photoelectrons [43] that could
reduce the flavin cofactors in CPR. SANS studies were
therefore timely, as they do not suffer from this limita-
tion. SANS led to a description of the solution confor-
mation of CPR in the context of a two-state (binary)
model in which CPR exists as a mixed population of
‘open’ and ‘closed’ states [20,22]. The authors con-
cluded that CPR is predominantly ‘closed” when the
flavin cofactors are oxidized and ‘open’ following
reduction of the flavin cofactors. They suggested that
the binding of NADP(H) to two- and four-electron
reduced forms of CPR leads to repopulation of the
‘closed’ state. This coenzyme binding effect on CPR
conformational equilibria is consistent with transient
state kinetic studies used to measure rates of inter-
flavin electron transfer in the absence/presence of
NADP(H). Altered kinetics on binding NADP(H)
were interpreted to reflect perturbation of CPR solu-
tion structure [34,44].

lon mobility mass spectrometry

Electrospray ionization methods in combination with
ion mobility mass spectrometry (IM-MS) have proven
to be powerful in studies of protein conformational
change. As a relatively low-resolution structural
approach, IM-MS can be used to investigate large-
scale protein dynamics [45]. Despite limitations (e.g.
potential collapse of protein structure within picosec-
onds of dehydration in the gas phase [46]), IM-MS has
been used to study ligand-induced conformational
change in a selection of proteins and to identify new
conformations (e.g. ubiquitin [47]). IM-MS indicates
that CPR is in a ‘closed’ state in a FADH,-FMNH,
form generated by titration with NADPH under
anaerobic conditions, and that oxidation of CPR leads
to an increased population of a more ‘open’ state [19].
IM-MS therefore confirms that CPR exists in a
dynamic equilibrium in the gas phase, similar to that
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proposed in solution. Moreover, IM-MS was able to
demonstrate that the relative abundance of the two
detected conformations (inferred to represent ‘open’
and ‘closed’ states) is influenced also by the ionic
strength of the solution that was used to prepare the
enzyme sample for electrospray MS analysis.

Fluorescence

Ensemble and single-molecule (SM) fluorescence stud-
ies of CPR using intrinsic flavin and thiol-linked fluo-
rophore fluorescence have been reported. Some of this
work has been reviewed with reference to di-flavin oxi-
doreductases in general [48]. Here, we focus briefly on
studies reported in the last 5 years where fluorescence
has been used to explore CPR dynamics. SM
approaches are insightful as they can detect sample
heterogeneity and transient events that are lost when
working with ensemble-based approaches. SM fluores-
cence studies of a nanodisc-bound CPR cysteine
knock-in variant from Sorghum bicolor have been
informative [17], and extended through the use of SM
Forster resonance energy transfer (FRET). Plant CPRs
may be different to their mammalian counterparts as
they crystallize in ‘open’ states [49] and display differ-
ent catalytic turnover kinetics [50]. Notwithstanding,
SM fluorescence studies have demonstrated that S. bi-
color CPR populates at least two states in solution,
one with high activity and another with low activity
[17]. Real-time FRET methods have been used to
demonstrate CPR conformational change during
enzyme reduction by NADPH, and this has enabled
structural change to be correlated with reaction
chemistry [10]. FRET and fluorescence polarization
anisotropy have also been used to demonstrate redox-
dependent conformational changes of CPR [24]. Here,
fluorescence lifetime measurements have been used to
probe the distance between two fluorophores attached
to the surface of the CPR FAD and FMN domains,
which show that CPR is in a ‘closed’ state in the oxi-
dized form and maintains this ‘closed’ form when fully
reduced [24].

Complex multistate landscapes

So far, the multiple approaches presented above indi-
cate that CPR exists both in solution and in crystal
form in two structural states — ‘open’ and ‘closed’ con-
formations. This two-state (binary) model has been
used to rationalize functional behaviour but it is an
oversimplification of the true solution structure of
CPR as revealed using other solution biophysical
approaches.

Dynamics and membrane redox biology

Pulsed electron—electron double resonance (PEL-
DOR) spectroscopy can be used to measure the
distance between paramagnetic species separated by
15-80 A, and this allows the user to have access to
multiple conformational states present when enzyme
solutions are frozen at 80 K. PELDOR spectroscopy
has been exploited to measure distances between the
FAD and FMN semiquinone species in CPR and
related di-flavin oxidoreductases, including NOS and
MSR [15,51,52]. These studies have demonstrated that
each of these enzymes exists as a continuum of ‘open’
and ‘closed’ states and that ligand binding remodels
the conformational landscape. Specifically, the binding
of nicotinamide coenzyme shifts the enzyme popula-
tion to more ‘closed’ conformations. Also, the confor-
mational distribution is perturbed substantially on
binding a partner, such as calmodulin and methionine
synthase activation domain to NOS and MSR respec-
tively. These studies indicate that a simple binary
model (‘open’ and ‘closed’) is not appropriate, that a
multiconformational landscape is more representative
and that remodelling of this landscape is realized
through small-molecule (coenzyme) and partner pro-
tein calmodulin (NOS), MS-activation domain (MSR)
and, by inference, P450 (CPR) binding. In the case of
CPR and NOS, this structural complexity in solution
is consistent with functional studies where perturba-
tions in temperature, pressure, solvent dielectric and
viscosity have been used to explore the functional con-
sequences of moving across these multidimensional
protein landscapes [15,51,52]. This work has been
reviewed elsewhere, and in more depth, in relation to
the significance of the multiconformational landscape
in electron transfer and overall enzyme function [9,53].

Single-molecule FRET has been used to explore the
broader structural landscape of NOS. The reductase
component of NOS is similar to CPR at the level of
domain organization. Through the use of SM FRET,
He et al. [54] have shown how the reductase portion of
NOS explores multiple conformations. Given that (a)
NOS reductase is structurally homologous to CPR and
(b) there is good evidence for large-scale conforma-
tional change, it is not surprising that both should pop-
ulate multiple conformational states during the enzyme
reaction cycle [48,53,55]. This is influenced by CaM
binding, an extended C-terminal tail and an auto-inhi-
bitory loop, which regulate ‘opening’/’closing’ of the
enzyme and the accompanying electron transfer pro-
cesses associated with it [48,53,55]. He et al. [54] have
shown how a mixed population of ‘open’ and ‘closed’
NOS reductases are populated in solution and how
calmodulin alters dramatically the NOS conformational
landscape. In particular, this study suggests CaM
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binding causes faster interconversion between different
NOS conformations and leads to an increase in the
population of more ‘open’ states. This is consistent with
a series of cryoelectron microscopy studies [56-58] that
demonstrated multiple conformational states of NOS
as well as being consistent with the general model for
NOS catalysis proposed by many in the field, where
calmodulin binding frees the C-terminal tail sitting
between the FAD and FMN domains, allowing the
enzyme to occupy more ‘open’ states [48,53,55].

More recent SM FRET investigations of plant CPR
[59] have also been used to expand the minimal two-state
(binary) model advanced from earlier studies on the
same protein [17]. These more recent SM FRET investi-
gations indicate that the protein populates numerous
conformational states in solution. Moreover, ionic
strength and membrane environment affects on the dis-
tribution of distinct protein conformers across the con-
formational landscape was also demonstrated [59].

These emerging biophysical studies emphasize the
need to incorporate multiple conformational states to
describe the landscape of CPR and related di-flavin
oxidoreductases. Although conceptually straightfor-
ward, earlier two-state models (‘open’ and ‘closed’)
can now be discounted as an oversimplification of
solution structure. The challenge now is to relate the
conformational complexity with reaction chemistry,
which we turn to in the next section.

Correlating dynamics with the enzyme
reaction cycle

To more fully understand the relationship between
protein domain dynamics and CPR turnover, a
description of conformational change during enzyme
catalysis is required. In recent years, biophysical meth-
ods for studying dynamics relevant to catalysis have
been developed for CPR and other members of the di-
flavin oxidoreductase family [10,23,60-63]. In selected
cases, these have been extended to identify trigger(s)
(e.g. coenzyme binding and flavin reduction) of confor-
mational change [60]. In this section, we describe the
relative strengths of using ‘real-time’ approaches to
correlate dynamics with enzyme chemistry.

Rapid mixing stopped-flow absorption traces for the
reaction between CPR and NADPH are complex
(Fig. 3). Studies of flavin reduction in CPR are typi-
cally conducted by mixing NADPH with oxidized
CPR and monitoring time-dependent changes in the
absorbance of enzyme-bound flavin cofactor [35]. Fla-
vin reduction occurs in three kinetically resolvable
steps (Fig. 3). While two of these steps are loosely
related to the two- (kops1) and four-electron (kqps2)
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reduction in the protein (a result of two formal
hydride transfer events), the third step (kops3), Which
appears over long time excursions (> 100 s), is not rel-
evant to catalytic turnover (i.e. the observed rate con-
stant is much slower than steady-state turnover
values). The enzyme species that accumulates in this
slow step is sometimes termed the ‘EQ state’, and
likely represents spectral change following slow confor-
mational change and/or further oxidation of NADPH
attributed to thermodynamic relaxation [35,60,64,65].
Despite the well-documented existence of this slow
kinetic phase in the literature, formation of this final
enzyme species following a reduction in CPR (e.g. with
NADPH) has led to some confusion relating to the
catalytic relevance of ‘open’ and ‘closed’ states. There
are now numerous publications in which the confor-
mational state of CPR has been analysed in different
reduced states following the addition of a reductant
(e.g. NADPH or dithionite). Structural analysis of
these reduced forms will report on the ‘EQ’ or related
slowly forming states, which cannot be mapped into
the catalytic cycle. Consequently, ‘real-time’ methods
that monitor conformational change during catalysis
are needed to correlate the importance of structural
transitions with the reaction coordinate. In this way,
the importance of ‘opening’ and ‘closure’ to individual
reaction steps can be ascertained. This then provides
new insight into dynamic models of catalysis. Below,
we describe ‘real-time’ methods that have been
reported recently from which detailed models of CPR
catalysis are beginning to emerge.

Reflective anisotropy spectroscopy

Reflective anisotropy spectroscopy (RAS) is a ‘real-
time’ method that has been used to access the confor-
mational landscape of CPR (Fig. 4A) [61-63]. RAS is
used to measure the difference in normal-incidence
reflectance for two different linear polarization direc-
tions [66], and has been used in recent years to moni-
tor a conformational change in the number of complex
redox enzymes that have been immobilized on gold
electrodes [61-63,67]. For CPR, an exposed cysteine
residue was engineered on the surface of the enzyme
(CPR variant P449C), and CPR-Au(110) assemblies
prepared that were suitable for combined electrochemi-
cal and reflectance anisotropy spectroscopy (RAS).
Electrochemically driven electron exchange between
the Au electrode and immobilized CPR then enabled
conformational change to be detected in ‘real time’
using RAS spectroscopy. RAS revealed that electro-
chemically driven changes in the redox state of CPR
flavin cofactors is accompanied by alterations in the

2010 The FEBS Journal 286 (2019) 2004-2017 © 2019 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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Fig. 3. The reaction mechanism of CPR. (A) shows an example stopped-flow transient for CPR flavin reduction. The CPR reductive half
reaction comprises three kinetic phases. The first two of these kinetic phases are loosely related to two- and four-electron reduction, while
the third, slow phase is related to the EQ state of CPR. This EQ state is hypothesized to be a conformational change and/or further
oxidation of NADPH attributed to thermodynamic relaxation. (B) shows the proposed mechanism of CPR catalysed flavin reduction. In (B)
the QE state refers to the quasi-equilibrium state of CPR, a state where electrons are distributed between the FAD and FMN cofactors.

conformational state of the enzyme (Fig. 4A). When
the protein is in an oxidized state, RAS indicates that
the enzyme is in a ‘closed’ form. Conversely, when the
protein is reduced to the four-electron level (mimicking
the redox state following two formal hydride transfer
reactions) CPR adopts a more ‘open’ state. These
observations are consistent with simple models in
which CPR has to explore ‘open” and ‘closed’ states to
accommodate interflavin electron transfer partner pro-
tein binding. RAS indicates that immobilization of
CPR onto the Au electrode does not impair dynamics
linked to electron transfer.

Stopped-flow FRET

Rapid mixing stopped-flow FRET measurements have
enabled real-time analysis of conformational change
on timescales similar to catalysis. In this approach, a

The FEBS Journal 286 (2019) 2004-2017 © 2019 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

site-directed fluorophore-labelling strategy was used to
decorate the enzyme with extrinsic FRET ‘donor’ and
‘acceptor’ molecules. FRET is a powerful approach
for studying conformational change as any changes in
the emission of the ‘donor’ and ‘acceptor’ fluorophores
report on localized structural change arising from bio-
logical events, including ligand/inhibitor binding and
protein—protein interaction [68]. By rapidly mixing flu-
orophore-decorated CPR with redox partners (e.g.
NADPH or partner protein) in a stopped-flow instru-
ment, it has been possible to monitor CPR structural
change during turnover (Fig. 4B). This has enabled
correlation of chemical change (monitored by UV-Vis
stopped-flow) with protein domain dynamics (moni-
tored by FRET stopped-flow), and has demonstrated
that coenzyme binding alters the conformation of oxi-
dized enzyme from a predominantly ‘open’ to ‘closed’
state [23]. Moreover, the rate of reduction of CPR at

2011
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Fig. 4. Correlating dynamics with the enzyme reaction cycle using ‘real-time’ methods. (A) A schematic showing how RAS has been used
to probe ‘real-time’ dynamics of CPR related to redox state. (B) A schematic showing how CPR domain dynamics have been linked to the
reaction coordinate through the use of FRET stopped-flow methods. As the three-electron reduced, ‘open’ form of CPR has not been
investigated/detected by stopped-flow FRET methods, we have omitted the fluorophores bound from this CPR conformation in (B).

the two-electron and four-electron level is comparable
to observed rates of domain motion in transitioning,
respectively, from ‘open’ to ‘closed” and from ‘closed’
to ‘open’ states (Fig. 4B) [60]. This stopped-flow
FRET approach was recently extended to investigate
structural change during NOS catalysis [60]. Here, the
FRET labels were appended to calmodulin because the
reductase component has a large number of natural
cysteine residues. Notwithstanding, stopped-flow stud-
ies demonstrated that calmodulin (and by inference the
reductase component) undergoes structural change
that can be correlated with reaction chemistry. In this
study, the natural FMN was also substituted with 5-
deazaFMN. This non-natural form of FMN cannot be
reduced to the one-electron level and this presents a
thermodynamic block on internal electron transfer
from the FAD to FMN cofactors. In stopped-flow
FRET studies of 5-deazaFMN-substituted NOS, it
was shown that nicotinamide coenzyme binding and
FAD reduction (not FMN reduction) are the triggers
of structural change [60]. This likely represents

coenzyme-dependent displacement of the extended C-
terminal tail from the coenzyme-binding site, as seen
in the crystal structure of neuronal NOS synthase
reductase [69,70].

Stopped-flow FRET methods are informative and
will no doubt be extended to incorporate studies with
variant proteins with fluorophore labels located strate-
gically to access the kinetics and extent of protein
structural change. These assays allow direct monitor-
ing of structural change during catalysis and enable
kinetic mapping of domain motions to individual
chemical steps in the enzyme reaction cycle.

The membrane environment

The majority of mechanistic studies performed on
CPR have been conducted on the soluble N-terminal
truncated version of the enzyme. This form of CPR
has proved to be an excellent system to study electron
transfer chemistry and domain motions but it may not
be representative of the membrane-tethered version of

2012 The FEBS Journal 286 (2019) 2004-2017 © 2019 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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reaction cycle. The two models that have been proposed for CPR
dynamics linked to catalysis. In the model presented at the top,
CPR moves from a more ‘open’ state to a ‘closed’ state when
reduced with one equivalent of NADPH. Following reduction by a
second NADPH equivalent, CPR is predominantly in an ‘open’ state
compatible with electron transfer to partner proteins. In the second
model (below), the enzyme is ‘closed’ in the oxidized, coenzyme-
free state. Upon reduction with NADPH, CPR opens and electrons
can be passed to partner proteins. It should be noted that, as CPR
is purified in a one-electron reduced state, it is often hypothesized
that CPR may cycle between one- and three-electron reduced
states in vivo and not the two- and four-electron reduced states
portrayed here.

the protein. In the cell, CPR is anchored to the surface
of the ER by a 6-kDa helix [11,26,71]. There are many
reasons why enzymes are tethered to the membrane
[72]. Development of new technologies in membrane
biology (e.g. nanodiscs; ER biomimetics) is now open-
ing up studies of the importance of membrane envi-
ronment in CPR function.

Nanodiscs are soluble phospholipid bilayer mimics
comprising a disc-shaped apolipoprotein A belt sur-
rounding a lipid membrane bilayer [73,74]. Compared
to traditional methods of studying membrane proteins
(e.g. use of insoluble lipid vesicles), nanodiscs are
advantageous as they are soluble, stable and are
homogenous in size [74]. CPR and many of its partner
proteins (e.g. CYP and cytochrome bs) have been stud-
ied in nanodisc assemblies. Notable studies have
shown how binding to the membrane and alteration of
membrane lipid composition influences flavin midpoint
reduction potentials [75] and how different CPR : CYP
ratios influence rates of CYP catalysis [76]. A recent
study with a 1: 1 CPR-CYP3A4 redox pair incorpo-
rated into single nanodiscs showed that lipid composi-
tion alters the activity and redox coupling of the
microsomal P450 electron transport chains [77]. The
development of nanodisc technology by Sligar and col-
leagues [73] has laid the foundation for an exciting era

Dynamics and membrane redox biology

of CPR research, in which the structural, kinetic and
dynamic properties can be characterized in a more ‘na-
tive’ environment.

Other spectroscopic methods have made it possible
to probe structural and dynamic properties of CPR in
lipid vesicles. The use of solid-state NMR by
Ramamoorthy and coworkers is noteworthy [78].
Solid-state NMR provides information on the struc-
tures of insoluble, noncrystalline biomolecules, such as
membrane proteins. Ramamoorthy and coworkers [78]
used a truncated version of the enzyme containing the
FMN domain and N-terminal membrane anchor, but
lacking the FAD domain. The N-terminal membrane
domain of CPR was shown to be a transmembrane
anchor with a helical secondary structure and a 13° tilt
relative to the membrane (as also seen for ER-bound
cytochrome b5 and CYPs). Dynamic properties of the
membrane-anchored CPR were also revealed by solid-
state NMR. Motions localized to the N-terminal trans-
membrane domain are on the slower millisecond time-
scale, while motions associated with the FMN domain
occur on the microsecond timescale. [78].

In addition to SM fluorescence studies in nanodisc
environments [17], SM fluorescence recovery after pho-
tobleaching (FRAP) has revealed structural motions of
mammalian CPR embedded within a detergent-free
biomimetic of the ER membrane [79,80]. FRAP is
commonly used to study the lateral diffusion of mem-
brane proteins on two-dimensional surfaces, and to
study the association of membrane-bound biopolymers
[81]. FRAP studies with membrane-bound CPR
revealed that diffusion of CPR is altered on binding
and reduction by NADP(H) [79,80]. This likely reflects
large-scale conformational change (as seen in nonteth-
ered CPR preparations) to enable productive interac-
tion with downstream redox partners.

Summary and outlook

We are entering an exciting era for CPR research where
knowledge of dynamics, especially within the mem-
brane environment, is now accessible. This has been a
long journey requiring the integration and combined
use of multiple and cutting-edge structural and (time-
resolved) biophysical methods. The approach has pre-
dominantly been one of ‘divide and conquer’, working
with soluble components to establish mechanisms of
electron flow from kinetic and thermodynamic perspec-
tives and to build onto this framework a dynamic
description using the methods described in this review.
Despite a number of different techniques and approaches
showing contrasting results, the picture that emerges
(shown schematically in Fig. 5) is one in which

The FEBS Journal 286 (2019) 2004-2017 © 2019 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 2013
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dynamic sampling of CPR, triggered by ligand binding
and redox events, facilitates electron flow from
NADPH, through the internal flavin cofactors and
onwards to the CYP haem cofactor at defined points in
the reaction cycle to coordinate electron delivery at the
point of need. Migrating these studies to more native
membrane environments (e.g. nanodiscs; immobiliza-
tion on electrodes) is a major challenge, but one that is
now possible. What is clear, however, is that multido-
main CPR and redox partners navigate a complex mul-
ticonformational landscape that is coordinated by
chemical and binding events that occur throughout the
enzyme catalytic cycle. This coordinated conforma-
tional change (i.e. a molecular ‘tripping the light fantas-
tic’) ensures that electrons are delivered at the
appropriate time and place during the catalytic cycle
and that off pathway transfer to other proteins or
acceptors (e.g. molecular oxygen) is suppressed. The
importance of the CPR-CYP redox chain, and its sta-
tus as a model membrane-bound enzyme system to
study dynamics linked to enzyme reaction cycles, has
been a motivating factor in driving the integration of
structural and (time-resolved) biophysical approaches
to the current advanced level. Studies of CPR-CYP
function within the membrane bilayer are now emerg-
ing and uncovering new findings, guided by detailed
insights with the solubilized component proteins. No
doubt the approaches used with CPR-CYP will guide
similar studies with other complex, soluble and mem-
brane-bound systems, as can be seen already with
related diflavin reductase systems (e.g. NOS and MSR).
Prospects for understanding the influence of dynamics
on enzyme reaction cycles are therefore promising,
including for membrane-associated enzyme systems.

Acknowledgements

Work in the NSS laboratory on CPR and related pro-
teins was funded by the UK Biotechnology and Bio-
logical Sciences Research Council. This funding is
gratefully acknowledged. TMH is a BBSRC funded
postdoctoral research associate.

Conflict of interest

The authors declare no conflict of interest.

Author contributions

TMH produced an early draft of the manuscript
following discussions of the content by both authors.
The early draft was subsequently extended and edited

T. M. Hedison and N. S. Scrutton

by both authors to produce the final versions. TMH
prepared figures.

References

1 Henzler-Wildman KA, Lei M, Thai V, Kerns SJ,
Karplus M & Kern D (2007) A hierarchy of timescales
in protein dynamics is linked to enzyme catalysis.
Nature 450, 913-916.

2 Sambongi Y, Iko Y, Tanabe M, Omote H, Iwamoto-
Kihara A, Ueda I, Yanagida T, Wada Y & Futai M
(1999) Mechanical rotation of the ¢ subunit oligomer in
ATP synthase (FOF1): direct observation. Science 286,
1722-1724.

3 Brugna M, Rodgers S, Schricker A, Montoya G,
Kazmeier M, Nitschke W & Sinning I (2000) A
spectroscopic method for observing the domain
movement of the Rieske iron-sulfur protein. Proc Natl
Acad Sci USA 97, 2069-2074.

4 Henzler-Wildman KA, Thai V, Lei M, Ott M, Wolf-
Watz M, Fenn T, Pozharski E, Wilson MA, Petsko
GA, Karplus M et al. (2007) Intrinsic motions along
an enzymatic reaction trajectory. Nature 450, 838—
844.

5 Wang Z, Antoniou D, Schwartz SD & Schramm VL
(2016) Hydride transfer in DHFR by transition path
sampling, kinetic isotope effects, and heavy enzyme
studies. Biochemistry 55, 157-166.

6 Ruiz-Pernia JJ, Behiry E, Luk LYP, Loveridge EJ,
Tunon I, Moliner V & Allemann RK (2016)
Minimization of dynamic effects in the evolution of
dihydrofolate reductase. Chem Sci 7, 3248-3255.

7 lorgu Al, Baxter NJ, Cliff MJ, Levy C, Waltho JP,
Hay S & Scrutton NS (2018) Nonequivalence of second
sphere “noncatalytic” residues in pentaerythritol
tetranitrate reductase in relation to local dynamics
linked to H-transfer in reactions with NADH and
NADPH coenzymes. ACS Catalysis 8, 11589—-11599.

8 Iyanagi T, Xia C & Kim JP (2012) NADPH-
cytochrome P450 oxidoreductase: prototypic member of
the diflavin reductase family. Arch Biochem Biophys
528, 72-89.

9 Pudney CR, Heyes DJ, Khara B, Hay S, Rigby SEJ &
Scrutton NS (2012) Kinetic and spectroscopic probes of
motions and catalysis in the cytochrome P450 reductase
family of enzymes. FEBS J 279, 1534-1544.

10 Hedison TM, Hay S & Scrutton NS (2015) Real-time
analysis of conformational control in electron transfer
reactions of human cytochrome P450 reductase with
cytochrome c. FEBS J 282, 4357-4375.

11 Iyanagi T & Mason HS (1973) Some properties of
hepatic reduced nicotinamide adenine-dinucleotide
phosphate — cytochrome-c reductase. Biochemistry 12,
2297-2308.

2014 The FEBS Journal 286 (2019) 2004-2017 © 2019 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



T. M. Hedison and N. S. Scrutton

12

13

14

15

16

17

18

19

20

21

22

23

24

The FEBS Journal 286 (2019) 2004-2017 © 2019 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Schacter BA, Nelson EB, Masters BSS & Marver HS
(1972) Immunochemical evidence for an association of
heme oxygenase with microsomal electron-transport
system. J Biol Chem 247, 3601-3607.

Ilan Z, Ilan R & Cinti DL (1981) Evidence for a new
physiological-role of hepatic nadph-ferricytochrome (P-
450) oxidoreductase — direct electron input to the
microsomal fatty-acid chain elongation system. J Biol
Chem 256, 10066-10072.

Oshino N, Imai Y & Sato R (1971) Function of
cytochrome-b5 in fatty acid desaturation by rat liver
microsomes. J Biochem 69, 155-167.

Hay S, Brenner S, Khara B, Quinn AM, Rigby SE &
Scrutton NS (2010) Nature of the energy landscape for
gated electron transfer in a dynamic redox protein. J
Am Chem Soc 132, 9738-9745.

Laursen T, Jensen K & Moller BL (2011)
Conformational changes of the NADPH-dependent
cytochrome P450 reductase in the course of electron
transfer to cytochromes P450. Biochim Biophys Acta
1814, 132-138.

Laursen T, Singha A, Rantzau N, Tutkus M, Borch J,
Hedegard P, Stamou D, Moller BL & Hatzakis NS
(2014) Single molecule activity measurements of
cytochrome P450 oxidoreductase reveal the existence of
two discrete functional states. ACS Chem Biol 9, 630—
634.

Vincent B, Morellet N, Fatemi F, Aigrain L, Truan G,
Guittet E & Lescop E (2012) The closed and compact
domain organization of the 70-kDa human cytochrome
P450 reductase in its oxidized state as revealed by
NMR. J Mol Biol 420, 296-309.

Jenner M, Ellis J, Huang W, Raven EL, Roberts GCK
& Oldham NJ (2011) Detection of a protein
conformational equilibrium by electrospray ionisation-
ion mobility-mass spectrometry. Angew Chem Int Ed
Engl 50, 8291-8294.

Huang W, Ellis J, Moody PCE, Raven EL & Roberts
GCK (2013) Redox-linked domain movements in the
catalytic cycle of cytochrome P450 reductase. Structure
21, 1581-1589.

Ellis J, Gutierrez A, Barsukov IL, Huang W,
Grossmann JG & Roberts GCK (2009) Domain motion
in cytochrome P450 reductase conformational equilibria
revealed by nmr and small-angle x-ray scattering. J Biol
Chem 284, 36628-36637.

Freeman SL, Martel A, Raven EL & Roberts GCK
(2017) Orchestrated domain movement in catalysis by
cytochrome P450 reductase. Sci Rep 7, 9741.

Pudney CR, Khara B, Johannissen LO & Scrutton NS
(2011) Coupled motions direct electrons along human
microsomal P450 chains. PLoS Biol 9, e1001222.
Kovrigina EA, Pattengale B, Xia CW, Galiakhmetov
AR, Huang J, Kim JJP & Kovrigin EL (2016)
Conformational states of cytochrome P450

Federation of European Biochemical Societies.

25

26

27

28

29

30

31

32

33

34

35

Dynamics and membrane redox biology

oxidoreductase evaluated by forster resonance energy
transfer using ultrafast transient absorption
spectroscopy. Biochemistry 55, 5973-5976.
Galiakhmetov AR, Kovrigina EA, Xia CW, Kim JJP &
Kovrigin EL (2018) Application of methyl-TROSY to a
large paramagnetic membrane protein without
perdeuteration: C-13-MMTS-labeled NADPH-
cytochrome P450 oxidoreductase. J Biomol NMR 70,
21-31.

Wang M, Roberts DL, Paschke R, Shea TM, Masters
BSS & Kim JJP (1997) Three-dimensional structure of
NADPH-cytochrome P450 reductase: prototype for
FMN- and FAD-containing enzymes. Proc Natl Acad
Sci USA 94, 8411-8416.

Xia C, Hamdane D, Shen AL, Choi V, Kasper CB,
Pearl NM, Zhang H, Im S, Waskell L & Kim JP (2011)
Conformational changes of NADPH-cytochrome P450
oxidoreductase are essential for catalysis and cofactor
binding. J Biol Chem 286, 16246-16260.

Hamdane D, Xia C, Im S, Zhang H, Kim J & Waskell
L (2009) Structure and function of an NADPH-
cytochrome P450 oxidoreductase in an open
conformation capable of reducing cytochrome P450. J
Biol Chem 284, 11374-11384.

Page CC, Moser CC, Chen XX & Dutton PL (1999)
Natural engineering principles of electron tunnelling in
biological oxidation-reduction. Nature 402, 47-52.
Davidson VL (2008) Protein control of true, gated, and
coupled electron transfer reactions. Acc Chem Res 41,
730-738.

Marcus RA & Sutin N (1985) Electron transfers in
chemistry and biology. Biochem Biophys Acta 811, 265—
322.

Shen AL & Kasper CB (1995) Role of acidic residues in
the interaction of NADPH-cytochrome-P450
oxidoreductase with cytochrome-P450 and cytochrome-
c. J Biol Chem 270, 27475-27480.

Gutierrez A, Munro AW, Grunau A, Wolf CR,
Scrutton NS & Roberts GCK (2003) Interflavin
electron transfer in human cytochrome P450 reductase
is enhanced by coenzyme binding — relaxation kinetic
studies with coenzyme analogues. Eur J Biochem 270,
2612-2621.

Gutierrez A, Paine M, Wolf CR, Scrutton NS &
Roberts GCK (2002) Relaxation kinetics of cytochrome
P450 reductase: internal electron transfer is limited by
conformational change and regulated by coenzyme
binding. Biochemistry 41, 4626—4637.

Gutierrez A, Lian LY, Wolf CR, Scrutton NS &
Roberts GCK (2001) Stopped-flow kinetic studies of
flavin reduction in human cytochrome P450 reductase
and its component domains. Biochemistry 40, 1964—
1975.

Bhattacharyya AK, Lipka JJ, Waskell L & Tollin G
(1991) Laser flash photolysis studies of the reduction

2015



Dynamics and membrane redox biology

37

38

39

40

41

4

43

44

45

46

47

48

49

2016

kinetics of NADPH: cytochrome P-450 reductase.
Biochemistry 30, 759-765.

Heyes DJ, Quinn AM, Cullis PM, Lee M, Munro AW
& Scrutton NS (2009) Internal electron transfer in
multi-site redox enzymes is accessed by laser excitation
of thiouredopyrene-3,6,8-trisulfonate (TUPS). Chem
Commun 7, 1124-1126.

Brenner S, Hay S, Munro AW & Scrutton NS (2008)
Inter-flavin electron transfer in cytochrome P450
reductase — effects of solvent and pH identify hidden
complexity in mechanism. FEBS J 275, 4540-4557.
Aigrain L, Pompon D, Morera S & Truan G (2009)
Structure of the open conformation of a functional
chimeric NADPH cytochrome P450 reductase. EM BO
Rep 10, 242-247.

Sugishima M, Sato H, Higashimoto Y, Harada J,
Wada K, Fukuyama K & Noguchi M (2014) Structural
basis for the electron transfer from an open form of
NADPH-cytochrome P450 oxidoreductase to heme
oxygenase. Proc Natl Acad Sci USA 111, 2524-2529.
Barsukov I, Modi S, Lian LY, Sze KH, Paine MJI,
Wolf CR & Roberts GCK (1997) H-1, N-15 and C-13
NMR resonance assignment, secondary structure and
global fold of the FMN-binding domain of human
cytochrome P450 reductase. J Biomol NMR 10, 63-75.
Freeman SL, Martel A, Devos JM, Basran J, Raven
EL & Roberts GCK (2018) Solution structure of the
cytochrome P450 reductase-cytochrome ¢ complex
determined by neutron scattering. J Biol Chem 293,
5210-5219.

Carugo O & Carugo KD (2005) When X-rays modify
the protein structure: radiation damage at work. Trends
Biochem Sci 30, 213-219.

Grunau A, Paine MJ, Ladbury JE & Gutierrez A
(2006) Global effects of the energetics of coenzyme
binding: NADPH controls the protein interaction
properties of human cytochrome P450 reductase.
Biochemistry 45, 1421-1434.

Chowdhury SK, Katta V & Chait BT (1990) Probing
conformational changes in proteins by mass
spectrometry. J Am Chem Soc 112, 9012-9013.
Breuker K & McLafferty FW (2008) Stepwise evolution
of protein native structure with electrospray into the
gas phase, 10(-12) to 10(2) S. Proc Natl Acad Sci USA
105, 18145-18152.

Shi HL & Clemmer DE (2014) Evidence for two new
solution states of ubiquitin by IMS-MS analysis. J Phys
Chem B 118, 3498-3506.

Hedison TM, Hay S & Scrutton NS (2017) A
perspective on conformational control of electron
transfer in nitric oxide synthases. Nitric Oxide 63, 61-67.
Niu GQ, Zhao S, Wang L, Dong W, Liu L & He YK
(2017) Structure of the Arabidopsis thaliana NADPH-
cytochrome P450 reductase 2 (ATR2) provides insight
into its function. FEBS J 284, 754-765.

50

51

52

53

54

55

56

57

58

59

60

61

T. M. Hedison and N. S. Scrutton

Whitelaw DA, Tonkin R, Meints CE & Wolthers KR
(2015) Kinetic analysis of electron flux in cytochrome
P450 reductases reveals differences in rate-determining
steps in plant and mammalian enzymes. Arch Biochem
Biophys 584, 107-115.

Rigby SEJ, Lou X, Toogood HS, Wolthers KR &
Scrutton NS (2011) ELDOR spectroscopy reveals that
energy landscapes in human methionine synthase
reductase are extensively remodelled following ligand
and partner protein binding. ChemBioChem 12, 863-867.
Sobolewska-Stawiarz A, Leferink NGH, Fisher K,
Heyes DJ, Hay S, Rigby SEJ & Scrutton NS (2014)
Energy landscapes and catalysis in nitric oxide
synthase. J Biol Chem 289, 11725-11738.

Leferink NGH, Hay S, Rigby SEJ & Scrutton NS
(2015) Towards the free energy landscape for catalysis
in mammalian nitric oxide synthases. FEBS J 282,
3016-3029.

He Y, Haque MM, Stuehr DJ & Lu HP (2015) Single-
molecule spectroscopy reveals how calmodulin activates
NO synthase by controlling its conformational
fluctuation dynamics. Proc Natl Acad Sci USA 112,
11835-11840.

Stuehr DJ, Tejero J & Haque MM (2009) Structural
and mechanistic aspects of flavoproteins: electron
transfer through the nitric oxide synthase flavoprotein
domain. FEBS J 276, 3959-3974.

Campbell MG, Smith BC, Potter CS, Carragher B &
Marletta MA (2014) Molecular architecture of
mammalian nitric oxide synthases. Proc Natl Acad Sci
USA 111, E3614-E3623.

Volkmann N, Martasek P, Roman LJ, Xu X, Page C,
Swift M, Hanein D & Masters BS (2014) Holoenzyme
structures of endothelial nitric oxide synthase — an
allosteric role for calmodulin in pivoting the FMN
domain for electron transfer. J Struct Biol 188, 46-54.
Yokom AL, Morishima Y, Lau M, Su M, Glukhova
A, Osawa Y & Southworth DR (2014) Architecture of
the nitric-oxide synthase holoenzyme reveals large
conformational changes and a calmodulin-driven
release of the FMN domain. J Biol Chem 289, 16855—
16865.

Bavishi K, Li DR, Eiersholt S, Hooley EN, Petersen
TC, Moller BL, Hatzakis NS & Laursen T (2018)
Direct observation of multiple conformational states in
Cytochrome P450 oxidoreductase and their modulation
by membrane environment and ionic strength. Sci Rep
8, 6817.

Hedison TM, Leferink NGH, Hay S & Scrutton NS
(2016) Correlating calmodulin landscapes with chemical
catalysis in neuronal nitric oxide synthase using time-
resolved FRET and a 5-deazaflavin thermodynamic
trap. ACS Catal 6, 5170-5180.

Smith CI, Convery JH, Harrison P, Khara B, Scrutton
NS & Weightman P (2014) Conformational change in

The FEBS Journal 286 (2019) 2004-2017 © 2019 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



T. M. Hedison and N. S. Scrutton

62

63

64

65

66

67

68

69

70

71

The FEBS Journal 286 (2019) 2004-2017 © 2019 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

cytochrome P450 reductase adsorbed at a Au(110)-
phosphate buffer interface induced by interaction with
nicotinamide adenine dinucleotide phosphate. Phys Rev
E Stat Nonlin Soft Matter Phys 90, 022708.

Smith CI, Convery JH, Khara B, Scrutton NS &
Weightman P (2015) Ordered multilayers of cytochrome
P450 reductase adsorbed at Au(110)/phosphate buffer
interfaces. Phys Status Solidi B Basic Solid State Phys
252, 181-186.

Smith CI, Convery JH, Khara B, Scrutton NS &
Weightman P (2014) The influence of the structure of
the Au(110) surface on the ordering of a monolayer of
cytochrome P450 reductase at the Au(110)/phosphate
buffer interface. Phys Status Solidi B Basic Solid State
Phys 251, 549-554.

Knight K & Scrutton NS (2002) Stopped-flow kinetic
studies of electron transfer in the reductase domain of
neuronal nitric oxide synthase: re-evaluation of the
kinetic mechanism reveals new enzyme intermediates
and variation with cytochrome P450 reductase. Biochem
J 367, 19-30.

Wolthers KR & Scrutton NS (2004) Electron transfer in
human methionine synthase reductase studied by stopped-
flow spectrophotometry. Biochemistry 43, 490-500.
Weightman P, Martin DS, Cole RJ & Farrell T (2005)
Reflection anisotropy spectroscopy. Rep Prog Phys 68,
1251-1341.

Messiha HL, Smith CI, Scrutton NS & Weightman P
(2008) Evidence for protein conformational change at a
Au(110)/protein interface. Europhys Lett 83, 180004.
Lakowicz JR (2006) Principles of Fluorescence
Spectroscopy, 3rd edn. Springer, Berlin.

Garcin ED, Bruns CM, Lloyd SJ, Hosfield DJ, Tiso M,
Gachhui R, Stuehr DJ, Tainer JA & Getzoff ED (2004)
Structural basis for isozyme-specific regulation of
electron transfer in nitric-oxide synthase. J Biol Chem
279, 37918-37927.

Zhang J, Martasek P, Paschke R, Shea T, Masters BS
& Kim JJP (2001) Crystal structure of the FAD/
NADPH-binding domain of rat neuronal nitric-oxide
synthase. Comparisons with NADPH-cytochrome P450
oxidoreductase. J Biol Chem 276, 37506-37513.

Porter TD & Kasper CB (1986) NADPH cytochrome-
P-450 oxidoreductase — flavin mononucleotide and
flavin adenine-dinucleotide domains evolved from
different flavoproteins. Biochemistry 25, 1682-1687.

Federation of European Biochemical Societies.

72

73

74

75

76

77

78

79

80

81

Dynamics and membrane redox biology

Gideon DA, Kumari R, Lynn AM & Manoj KM
(2012) What is the functional role of N-terminal
transmembrane helices in the metabolism mediated by
liver microsomal cytochrome P450 and its reductase?
Cell Biochem Biophys 63, 35-45.

Bayburt TH, Grinkova YV & Sligar SG (2002) Self-
assembly of discoidal phospholipid bilayer
nanoparticles with membrane scaffold proteins. Nano
Lett 2, 853-856.

Denisov IG & Sligar SG (2016) Nanodiscs for
structural and functional studies of membrane proteins.
Nat Struct Mol Biol 23, 481-486.

Das A & Sligar SG (2009) Modulation of the
cytochrome P450 reductase redox potential by the
phospholipid bilayer. Biochemistry 48, 12104-12112.
Grinkova YV, Denisov IG & Sligar SG (2010)
Functional reconstitution of monomeric CYP3A4 with
multiple cytochrome P450 reductase molecules in
nanodiscs. Biochem Biophys Res Commun 398, 194—
198.

Liu KC, Hughes JMX, Hay S & Scrutton NS (2017)
Liver microsomal lipid enhances the activity and redox
coupling of colocalized cytochrome P450 reductase-
cytochrome P450 3A4 in nanodiscs. FEBS J 284, 2302—
2319.

Huang R, Yamamoto K, Zhang M, Popovych N, Hung
I, Im SC, Gan ZH, Waskell L & Ramamoorthy A
(2014) Probing the transmembrane structure and
dynamics of microsomal NADPH-cytochrome P450
oxidoreductase by solid-state NMR. Biophys J 106,
2126-2133.

Barnaba C, Martinez MJ, Taylor E, Barden AO &
Brozik JA (2017) Single-protein tracking reveals that
NADPH mediates the insertion of cytochrome P450
reductase into a biomimetic of the endoplasmic
reticulum. J Am Chem Soc 139, 5420-5430.

Barnaba C, Taylor E & Brozik JA (2017) Dissociation
constants of cytochrome P450 2C9/cytochrome P450
reductase complexes in a lipid bilayer membrane
depend on NADPH: a single-protein tracking study. J
Am Chem Soc 139, 17923-17934.

Meyvis TKL, De Smedt SC, Van Oostveldt P &
Demeester J (1999) Fluorescence recovery after
photobleaching: a versatile tool for mobility and
interaction measurements in pharmaceutical research.
Pharm Res 16, 1153-1162.

2017



