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Abstract

NADPH-cytochrome P450 reductase (CPR) is a multi-domain diflavin redox enzyme
which is a key component of the P450 mono-oxygenase drug-metabolising system.
This study was aimed to achieve an understanding of domain motions of human
CPR which are believed to be intrinsic to its function and steps in its catalytic
cycle. The protein and various mutants were prepared highly pure and catalyti-
cally active. Reduction of the oxidised form of the enzyme to its various possible
redox states was accomplished using a variety of reducing agents. The redox states
were characterised spectroscopically and stopped-flow techniques were used to fur-
ther characterise the kinetics of the protein and mutants thereof under different
conditions. Using small-angle X-ray scattering (SAXS) some evidence had been
presented for a conformational equilibrium involving large-scale domain motions in
this enzyme. The proposed equilibrium is studied using small-angle neutron scat-
tering (SANS), under conditions where we are able to control the redox state of the
enzyme precisely. It is shown that different redox states and buffer conditions have
a profound effect on the conformational state of the enzyme and these findings are
linked to kinetics studies. Different ways to model the data based on multi-state
systems are presented. It is demonstrated that by altering the position of the con-
formational equilibrium by mutagenesis, the presence of a greater proportion of the
extended form leads to an enhanced ability to transfer electrons to cytochrome ¢
on the millisecond timescale. The position of the conformational equilibrium can
therefore be defined for individual steps in the catalytic cycle. For the first time,
the nature of the complex in solution between CPR and an electron transfer part-
ner, cytochrome c, is described by means of deuteration and contrast matching in
SANS. Finally, a time resolved structural study employing stopped-flow and SAXS
measurements was designed and performed in an attempt to interpret the changes
that CPR undergoes as a function of time.
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Chapter 1

The Cytochrome P450
Mono-oxygenase System

This chapter introduces the biological background of the cytochrome P450 system
in general, followed by a more detailed look at the specific protein in the system
that forms the basis of this work. The P450 system is a very important and well
studied aspect of biochemistry but nonetheless there are significant gaps in current
knowledge; this is a result of cytochrome P450 itself being the centre of most studies
with the related enzymes on the periphery receiving less attention. A substantial

literature review is presented where the most important recent work is highlighted.

1.1 The Cytochrome P450 Mono-oxygenase
System

The cytochrome P450 mono-oxygenase system is essential for a range of biochemical
reactions and is found throughout all domains of life. The diversity of metabolic
functions of the ubiquitous cytochrome P450 enzymes (CYPs or P450s) in eukary-
otes includes hormone metabolism and biosynthesis, xenobiotic catabolism and fatty
acid hydroxylation [3]. In humans there are 57 different P450s many of which are
responsible for essential steps in the metabolism of around 95% of prescription drugs
as well as a very large proportion of other exogenous compounds and toxins which
alone necessitates a thorough understanding of this system and its components. Ap-
proximately 23 of the P450 genes in humans are responsible for drug and steroid
metabolism whilst around 7 are for steroid biosynthesis. Developments in recent
decades regarding the importance of knowing the bioavailability, metabolism and
toxicity problems as early as possible in the drug development process has further
highlighted the need to understand P450s and its associated system as a whole. It
is thought that these enzymes became essential in the biosphere due to the need to

metabolise toxic chemicals present in the environment as organisms became more



complex [4] and molecular oxygen more readily available.

The initial discovery of P450s was made in 1958 in rat liver microsomes [5].
P450s feature a heme cofactor as the catalytic centre and are therefore referred to
as heme proteins. The proteins were found to exhibit very specific and unusual
spectral properties which are reflected in their name. The proteins are cellular
(cyto), coloured (chrome), are a natural colour or pigment (P) and absorb at 450
nm when in a complex with CO (450) [6]. As enzymes that carry out oxidation
reactions the P450s require a supply of electrons so that they may carry out the
reactions in their catalytic cycle, this is shown in Figure 1.1. Of particular note in
the catalytic cycle is the delivery of electrons in two individual steps, rather than
both at the same time as one would expect from the physiological two-electron donor

nicotinamide adenine dinucleotide phosphate (NADPH).

[1]
[7]  roH Fel"H.0 &
Hzoy 2 &Hzo
HR HR
6] FeV=0 Fell [2]
H,0 e
2H*
HR HR co
[5b] Fe|||_022- Fe" [3] .............. > Fe"_co
(Amax = 450 nm)
[a] ¢ Fe"'-02 - 0,
HR
[4]

Figure 1.1: Schematic of the cytochrome P450 catalytic cycle [7]. The steps labelled
with numbers are as follows: (1) The enzyme in the resting state as low-spin ferric.
(2) The enzyme in high-spin configuration with perturbed water coordination. (3)
Delivery of the first electron leading to reduction to a ferrous state, binding of CO
at this stage leads to the appearance of the signature 450 nm absorbance peak. (4)
Binding of oxygen leading to an oxy-P450 complex. (5a) Further reduction from
a second electron transfer and formation of a peroxo-ferric intermediate. (5b) The
formation of hydroperoxo-ferric intermediate. (6) Compound I and water formed
as a result of protonation of the distal oxygen and hydrolysis of the O-O bond.
(7) The final product formation through oxygen transfer from heme to substrate,
regenerating the ferric heme.



The overall reaction catalysed by P450s is

RH+ O, +2H" +2¢e” — ROH + H,0

where RH is the substrate and ROH is the oxidised product. The atoms of
the single oxygen molecule are distributed between the substrate and water in the
products of the mono-oxygenation reaction. All of the reactions catalysed by P450s
are essentially oxygen insertion but there is some variety in the final outcome of
the reaction. In addition to hydroxylation of unactivated carbon centres P450s are
capable of epoxidation of olefins, the addition of oxygen to heteroatoms such as
sulfur, the dealkylation of amines and the formation and breaking of carbon-carbon
bonds. some of these reactions are of particular interest in human health and disease
such as the O-demethylation that occurs in the conversion of codeine into morphine.

The biochemistry of P450 catalysed reactions will not be described in further
detail but a discussion of the two major classes of P450 mono-oxygenase systems is
important. There are two major types of P450 mono-oxygenase systems that have
striking differences, these are known as class I and class II.

Class I P450 systems are found in the inner mitochondrial membranes of eukary-
otes, and in most bacteria. In this system the electrons are transferred from NADPH
to P450s via two intermediate proteins; a flavin adenine dinucleaotide (FAD) con-
taining ferredoxin reductase and ferredoxin (an iron-sulfur protein).

Class IT P450 systems are found on the outer face of the endoplasmic reticulum of
eukaryotes. In this case the electron donation to P450s is provided by a single elec-
tron transfer partner known as NADPH-cytochrome P450 reductase (CPR). CPR
receives two electrons from the obligatory two-electron donor NADPH or NADH via
a hydride transfer before passing them in individual steps in the catalytic cycle to
P450s [8]. A general schematic for the organisation of class II P450 systems in the
membrane is shown in Figure 1.2.

CPR is indicated in yellow with the two primary functional domains indicated
as FAD (flavin adenine dinucleaotide) and FMN (flavin mononucleotide). As is
clear in the diagram, both proteins are membrane bound and feature a hydrophobic
transmembrane anchor domain which stabilises the protein at the membrane sur-
face and is understood to facilitate protein-protein interactions. The P450 is the
terminal oxidase in the electron transfer chain where activation of molecular oxygen
takes place. The proteins shown are usually expressed individually but self-sufficient
hybrid mono-oxygenase systems such as P450 BM3 (P450 102A1) of Bacillus mega-
terium have evolved through the fusion of P450 and CPR genes [9].



NADP* Product +H,0

NADPH

Endoplamic Reticulum Membrane

Figure 1.2: Schematic of the cytochrome P450 mono-oxygenase system. Indicated
in yellow are the two primary functional domains of CPR and in red is the central
P450 enzyme. Reactions are indicated by arrows.

1.2 Human NADPH-Cytochrome P450 reductase

1.2.1 Function

As mentioned in the preceding section, the primary function CPR is the membrane-
bound electron transfer partner of P450 enzymes, after which it is named. How-
ever, it also has several other physiological partners including heme oxygenase [10],
cytochrome b5 [11] and squalene mono-oxygenase [12]. There are a number of non-
physiological acceptors which CPR can also reduce such as cytochrome ¢ (cyt c);
this has been heavily used for characterisation of the enzyme [13, 14] and such use
will be described in later chapters. CPR is active both in the membrane and when
in the form of a soluble construct in which the membrane anchoring region is no
longer present; though it should be noted that activity towards P450s specifically is
diminished in solution, suggesting that the presence of the membrane is critical for

facilitating the formation of active complexes of P450 and CPR 19, 3].

1.2.2 Structure

CPR is a membrane bound, 77 kDa protein found primarily on the surface of the
endoplasmic reticulum. CPR can be isolated from the membrane of the endoplasmic
reticulum by limited proteolysis with steapsin or trypsin. This releases a 72 kDa
C-terminal hydrophilic soluble enzyme that is incapable of reducing P450s but is
able to oxidise NADPH and pass electrons onto other soluble acceptors, such as cyt

C.



Figure 1.3: Crystal structure of CPR. The FMN-binding domain (yellow), FAD-
binding domain (green) and the linker domain (dark blue) and flexible hinge
region (magenta) are shown in a cartoon representation. The corresponding flavin
cofactors (red) and NADPH (light blue) are shown as lines.

CPR consists of four domains, the structure and organisation of which were first
fully characterised by X-ray crystallography of the rat enzyme in 1997 by Wang et
al. [15]. The crystal structures that have been obtained to date are of a soluble
truncated form of the enzyme in which the N-terminal transmembrane anchoring
domain is not expressed. Figure 1.3 shows a more recent structure (PDB ID: 3QE2)
obtained from the human enzyme [2]; the domains revealed in the structure are:
an FAD- and NADPH- binding domain (green), an FMN-binding domain (yellow),
and a linker domain (blue). Additionally, the cofactors are shown as line structures:
FAD and FMN (red, in their respective binding domains) and NADPH (cyan). Of
particular note in Figure 1.3 is the loop (magenta) connecting the FMN-binding

domain to the linker region. This highly flexible loop was not clearly resolved in



either the rat or human X-ray crystal structures of the enzyme; in this figure it was
filled in using the minimal electron density that was present.

Perhaps the most striking feature of CPR is the presence of the diflavin redox
centre which has been the focus of many studies and is responsible for the catalytic
activity of the enzyme [16, 17, 18, 19, 20]. CPR is in fact a member of a family of
diflavin reductases that have been of significant biological interest and a number of
reviews now exist that discuss their importance [21, 22, 19]. The structure of CPR
reveals that the tightly bound flavin cofactors are very close to one another, with
only around 4 A edge-to-edge distance between their respective isoalloxazine rings.
This distance would permit very rapid electron transfer between the two flavins but
the conformation would be very restricting for access of electron transfer partners to
the catalytic centre. It is widely accepted that the flexible hinge and linker domain
are responsible for the repositioning and stabilising of the FMN domain in order to
facilitate intermolecular electron transfer. In addition to the crystal structures of
CPR the, structure of the isolated FMN domain has been determined by NMR and
X-ray crystallography [23].

The catalytic domains of CPR share a great deal of structural homology with
bacterial flavodoxins (FMN binding domain) [24] and ferredoxin reductase
(FAD/NADPH binding domain) [25] — hinting at the evolutionary predecessors of
CPR. Two other human diflavin proteins have been identified and studied to a
substantial degree which feature homologs of CPR, these are nitric oxide synthase
(NOS) [26] and methionine synthase reductase [27]. Figure 1.4 illustrates the struc-
tural similarity between CPR, another diflavin reductase and the evolutionary pre-

decessors.

Figure 1.4: Crystallographic structures of diflavin reductases and of their ancestor
proteins. The domains of each structure are coloured as in Figure 1.3 so that the cor-
responding domain in each protein can be identified. (a) Structures of a flavodoxin
(PDB ID: 3KPA) and a ferredoxin reductase (PDB ID: 2VNH). (b) The structure
of rat NOS (PDB ID: 1TLL). (c) The structure of human CPR (PDB ID: 3QE2).



1.2.3 The Electron Transfer Mechanism of CPR

As mentioned in the previous section, perhaps the most significant feature of CPR
for its catalytic function is the presence of two flavin molecules as tightly bound
cofactors. These molecules are characterised by their ability to engage in 1- and 2-
electron redox chemistry and remain relatively stable as radicals. In CPR they are
the essential intermediate between NADPH and the heme iron centre of P450s.
Studies to determine the kinetic properties as well as the pathway of electrons
through CPR have been carried out extensively using assays, pre-steady state and
stopped-flow kinetics, and potentiometry [3, 28, 29, 30]. Earlier studies were able
to establish that the general electron pathway is NADPH to FAD then distribution
between FAD/FMN and finally to the P450’s heme iron [31, 32, 18, 33, 34]. It is the
reduction potentials of the flavins that have been determined to primarily govern
the electron flow in CPR [22, 35]. The midpoint potentials of the flavin cofactors
were determined by anaerobic redox titrations of the isolated domains and the whole
enzyme. The redox potentials of the isolated domains and of the whole protein were

found to be very similar. The precise values determined by Munro et al. were:

o FAD domain F; [oxidized/semiquinone] = -286 + 6 mV,
E5 [semiquinone/reduced| = -371 £ 7 mV

e FMN domain F; =-43 £ 7TmV, Fy =-280 £ 8 mV
and the soluble diflavin reductase

« E; [FMN] = -66 + 8 mV, Ey [FMN] = -269 + 10 mV:
By [FAD] = -283 + 5 mV, E, [FAD] = -382 & 8 mV.

These values clearly allow for the established electron pathway from NADPH
hydride transfer to FAD to FMN to P450 but does not help to elucidate the precise
mechanism of electron transfer between the flavins. Figure 1.5 shows the chemical
structures of the possible oxidation states of the flavin molecule. The flavin co-
factors can exist as the oxidised form, the one-electron reduced semiquinone, and
two-electron fully reduced hydroquinone forms. Both of these forms can exist free
in solution as either the neutral or anionic forms. Importantly, in the physiological
pH range between 6.5 and 8.5 both semiquinones are found in the neutral blue form.
The fully reduced forms are referred to as FMNH, and FADH,. The oxidation and
protonation states of CPR can easily be distinguished in the laboratory due to the
distinct visible absorption spectrum of each species [18, 16]. These spectra have
been invaluable for a range of studies carried out on the the catalytic mechanism
of CPR since its initial discovery. Oxidised flavins have a broad absorption max-

ima at 450 and 380 nm, with the value at 450 nm commonly being used for the

8



determination of protein concentration in solution according to the flavin content
(assuming a stoichiometric quantity of flavin). The combination of absorption at
these wavelength is responsible for the distinctive yellow colour of the protein. The
spectra of neutral blue semiquinones feature a broad absorbance between 500 and
700 nm. Though both of the flavins are able to form semiquinones it should be
noted that while the FMNHe is air stable the FADHe is not. This is most likely to
be a a result of the stabilising effect of a hydrogen bond between N5 of the FMN
and the main carbonyl group of a conserved glycine reside in a nearby loop (Gly141

in rat CPR) [36].
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Figure 1.5: Chemical structure of the isoalloxazine ring of flavin in all redox states.
The oxidised molecule absorbs in the visible spectrum to appear yellow whilst the
hydroquinones appear a very pale grey/yellow. The two semiquinone configurations
appear coloured as labelled.

Early studies had concluded that the physiological reduction of CPR begins with
the complete reduction of the FAD to the hydroquinone form (NADP*—FADH,—FMN)
by means of a hydride transfer from enzyme bound NADPH cofactor. This is fol-
lowed by transfer of electrons one at a time to the FMN yielding the FMN hydro-
quinone species (FMNH,). The electrons are finally passed sequentially to P450s
at individual steps in the catalytic cycle. This separation of the two electrons is
a crucial function of CPR and is almost certainly the evolutionary reason for the
presence of two flavin molecules. The system is not entirely this simple, since it is
strongly suspected that the redox states of the flavins exist in equilibrium. For ex-
ample, the two electron reduced species (NADPT—FADH,—FMN) almost certainly
exists in a mixture of predominantly FAD—FMNH, and FADHe—FMNHe based on
spectroscopic findings [35, 32]. Brenner et al. were able to propose proportions of
the enzyme in each of the states which was found to vary with the pH of the buffer
solution, where at low pH values the NADPT—FADH,—FMN is favoured and at

9



high pH more of the FADHe—FMNHe is present [37].

It has been proposed that during catalysis the flavins exist in electron configu-
rations of 1-3-2-1 or 2-4-3-2; where the numbers represent the number of additional
electrons beyond the oxidised form [30, 38, 22]. The 1-3-2-1 configuration was ex-
pected to be the more physiologically relevant because the reduction potentials of
the flavins allow these states to be reached more easily with NADPH, and the air-
stability of the semiquinone form. CPR has been shown to be stable in air as a
1-electron reduced species (FMNHe) and often purifies from FEscherichia coli (E.
coli) in this form. More recent research has also proposed a 0-2-1-0 configuration
which assumes that the cycle always begins and ends with fully oxidised flavins
[22, 39]. Although the 4-electron reduced species has been shown to form, it is not
generally considered physiologically relevant as it requires incubation with a signifi-
cant molar excess of NADPH for several hours in order to form; or alternatively the
use of a much stronger non-physiological reducing agent [22].

In comparison to P450s, there is a significantly less complete understanding
of the catalytic cycle of CPR. This is partly due to fewer comprehensive studies
but also due to the difficulty of following the multitude of possible redox states,
electron transfers and conformations that are likely to exist throughout the cycle.
A recently proposed catalytic cycle, along with predicted conformations of CPR is
shown in Figure 1.6 [40]. Data presented in the same study suggested that domain

reorganisation of CPR can be triggered by the delivery of electrons.

1.2.4 Domain Motions

The concept of an energy landscape in folded proteins necessitates that proteins ex-
ist as an equilibrium population of conformational states [43, 44]. Interconversions
between these states are known to be of fundamental importance to the biological
function of the enzyme but remain incompletely understood [45, 46]. The internal
motions of proteins can range from bond vibrations, through localised loop move-
ments to large-scale domain motions [47, 48, 27, 49, 50, 51]. The time scale can also
range greatly from femtoseconds for the smallest motions to microseconds and even
seconds for larger-scale motions. A small selection from throughout the ranges has
already been studied, including local loop motions and larger scale domain move-
ments [52]. The importance of the latter is particularly clear in proteins involved in
electron transfer (ET) pathways, systems that feature domain motions intrinsic to
their function.

ET proteins, such as CPR, are typically associated in large and dynamic com-
plexes and a single protein often contains multiple redox centres. In such systems,

domain motion is required to provide access for the protein and cofactors. It has
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[1] [2]
CPROX =—— CPROX.NADPH <> CPR?*-NADPH"

P450 e [3]

Figure 1.6: Proposed catalytic cycle of CPR. Models of the predicted conformational
state of the molecule are detailed in the relevant steps. (1) NADPH binds to the
oxidised form of the enzyme which is predominantly in the closed conformation.
(2) The flavins are reduced via a hydride transfer after movement of Trp677 to
allow access to the isoalloxazine ring for the nicotinamide ring and the electrons
are distributed accordingly between the two (interflavin electron transfer). NADP™
remains bound and CPR maintains a more compact conformation. (3) NADP*
is released and CPR proceeds to adopt a more extended conformation and at this
stage the NADPH binding site becomes sterically hindered by a loop movement
at Asp632. (4) CPR proceeds to interact with electron transfer partners whilst
in an extended conformation and undergo intermolecular electron transfer before
returning to the oxidised state in step 1. Figure adopted from Huang et al. [40],
where the FAD-binding and linker domain are coloured blue and the FMN-binding
domain is in green, with additional information from Hubbard et al. [41] and Xia
et al.[42]

been implied that large scale domain motions could be responsible for limiting the
rate of such reactions to the millisecond timescale which is many orders of magni-
tude slower than the intrinsic electron transfer rate [53, 54, 55, 56]. The importance
of large scale intra- and inter-molecular protein dynamics in regulating biological
electron transfer is beginning to be recognised but a detailed characterisation is an
unresolved problem. The issue is exaggerated by the experimental difficulties that

arise as a result of most of the systems involving membrane bound proteins.
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An important family of ET proteins which depends on domain movement in this
way is that of the diflavin reductases, which includes CPR, mammalian nitric oxide
synthase (NOS), the cancer-related novel reductase and methionine synthase reduc-
tase, as well as the bacterial proteins sulfite reductase and P450 BM3. These en-
zymes (or their reductase components) have domains in common: an FMN-binding
domain, related to flavodoxins, an FAD- and NADPH-binding domain, related to
ferredoxin/flavodoxin reductases, and a ‘linker’ domain, which may serve to posi-
tion the other two domains. The FMN domain is connected to the linker and FAD
domains through a highly flexible ‘hinge’ In all the members of this family the
ET pathway involves the sequence NADPH — FAD — FMN — acceptor, and mo-
tion of the FMN-binding domain has been inferred to allow it to accept electrons
from the FAD and deliver them to the acceptor. The crystal structures of various
CPR molecules including from rat [15], human [2] and yeast [57] reveal a distance
of around 4 A between the two flavin cofactors. This would very easily permit in-
tramolecular electron transfer between the two but access to the catalytic centre for
other molecules would be severely hindered.

Studies into the rate of interflavin electron transfer have revealed rates in the
region of 30-60 s~! [58, 59]. This is significantly lower than that of the intrinsic
electron transfer rate which is predicted to be in the region of 10!° s~! based on the
separation distance between the two cofactors in the crystal structure. It is believed
that the process may be conformationally gated; crystal structures exist showing
CPR both in a more compact and a more extended shape which provides further
evidence that the large scale motions in the predicted relative orientations of the
domains are possible [60, 42].

It has previously been established that CPR accepts two electrons from the
obligatory physiological donor NADPH which are then distributed between the two
flavins, resulting in a mixture of FAD/FMNH, and FADe/FMNe [39, 20, 28, 58, 33].
With the NADP™ still bound the conformation is has been proposed to be more
compact in order to provide the correct arrangement for interflavin electron transfer.
Upon dissociation of NADP™ it has been postulated that the structure will adopt
a more extended form where access to the FMN is available to P450s or another
relevant electron acceptor. These changes and their predicted occurance during the

catalytic cycle are detailed in Figure 1.6.

Recent Studies on CPR

A number of recent studies which have attempted to elucidate the nature and causes
of the domain motion that CPR undergoes when carrying out its function will now
be discussed. The most direct evidence for domain motions comes from crystal

structures of mutants that crystallise in more open conformations, as mentioned
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briefly above. These crystal structures featured CPR with a distance between the
cofactors ranging from 30 to 60 A. However, the limitation of this evidence is that
the way the molecule crystallises is not necessarily indicative of how it behaves in
its native environment when anchored to a membrane. These mutants also suffered
from orders of magnitude lower catalytic rate for the reduction of cytochrome ¢
and P450, or in some cases, lost the activity altogether [60]; this highlights the
importance of a dynamic system and how the enzyme must have the flexibility to
return to the closed conformation in order to undergo interflavin electron transfer
during catalysis.

Although less ideal than studies in the membrane it is accepted that solution
studies are able to give a more accurate interpretation of the conformational be-
haviour of the molecule than in crystalline form. The first two major studies in
solution used electron double resonance methods in the case of Hay et al. [61] and
a combination of nuclear magnetic resonance (NMR) and small-angle X-ray scat-
tering (SAXS) in the case of Ellis et al. [62]. Both of these studies revealed that
the oxidised form of human CPR exists in solution as a mixture of two or more
conformations. At least one of the conformations was consistent with the pub-
lished crystal structure of the wild-type as a ‘closed’ conformation and the other
being an ‘open’ conformation which could be compared to those crystal structures
previously mentioned previously in Hamdane et al. or theoretical models. Both
studies also observed a shift in the conformational equilibrium upon reduction of
the flavin cofactors by NADPH. In cases where the nucleotide was still found CPR
favoured a somewhat less open conformation. A further study by Huang et al. [40]
attempted to present a more complete understanding of the conformational equilib-
rium by using a greater range of reducing agents and redox states. Importantly a
small investigation using small-angle neutron scattering (SANS) was carried out in
an effort to circumvent the photoreductive effect of X-rays on the redox state of the
flavins which would likely lead to an ambiguous result when studying the oxidised
form. This investigation resulted in the proposal of a catalytic cycle annotated with
possible conformational states in each step (Figure 1.6).

A study carried out in 2011 by Xia et al. [42] was able to demonstrate the impor-
tance of domain motion to catalysis in a more direct way by engineering a disulfide
cross-link between a residue in the FMN domain and another in the FAD domain.
The cross-link severely reduced the flexibility of the molecule by locking the two
domains together and severely reducing the rate of interflavin electron transfer and
electron transfer to partner enzymes (over 90% reduction). Subsequent reduction of
the disulfide cross-links restored the catalytic activity to normal values. This inves-
tigation also presented crystal structures of the cross-linked enzyme lacking bound

NADPT; it is interesting to note that the flavin cofactors were in close proximity
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but rotated with respect to each other compared to the wildtype which is likely a
reason for the lower interflavin electron transfer.

Two studies [63, 14] focussing on the use of fluorescence resonance energy transfer
(FRET) and stopped flow methods have correlated the open and closed states of
CPR with steps in the catalytic cycle. This work further supported the idea of
NADPH binding and reduction of the flavins producing a less extended conformation
and the subsequent release of NADP™ resulting in a greater proportion of molecules
in the open conformation. At present there is a substantial degree of inconsistency
amongst research into this area especially concerning the conformation that CPR
adopts in the fully oxidised state.

Finally, limited efforts have been made to study the behaviour of CPR (and
P450s) in the membrane by using nanodisc technology [64, 65, 66, 67]. Nanodiscs
are small disc-shaped pieces of membrane that are kept in shape and stable thanks
to a scaffold protein around the edge. Membrane proteins can then be integrated
into the nanodiscs, potentially with precise control over stoichiometry, and then
measured. A study that used Sorghum bicolor CPR integrated into nanodiscs which
were then subsequently deposited on to a surface and measured with neutron re-
flectivity yielded limited low resolution data of changes taking place [68]. However,
this demonstrated that the integration of CPRs into such membranes was viable
and that the use of neutrons can render the membrane experimentally invisible to
allow the nanodisc to behave as a stealth carrier either in solution or when deposited
[69, 70]. A detailed description of the application of neutron scattering to the study
of biological systems is provided in Chapter 2.

In summary, current research generally agrees that the molecule adopts a more
compact conformation in the oxidised form and upon binding of NADP(H) to enable
intramolecular electron transfer but reduction of the flavins and release of NADP™
pushes the conformational equilibrium to a more open state to facilitate electron
transfer to P450s. It is highly probable that such changes also occur in other mem-
bers of the diflavin reductase family but there is currently little evidence for this.
Details of the mechanism of domain motion as well as a precise quantification of the
extent of movement has also not yet been determined, it is unknown whether the
motions are stochastic or if they are strictly controlled and consistent throughout

the functional cycle of the enzyme.

1.2.5 The Kinetics of CPR’s Reductase Activity

A detailed understanding of the kinetics of CPR’s catalytic activity is highly comple-
mentary to any structural study since both factors are clearly related, with domain

rearrangement of CPR expected to play a significant regulatory role. The funda-
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mental enzymatic properties of CPR have been established long ago, as discussed
in Section 1.2.3., but few attempts have been made to link this to domain motions.
The structural changes that the molecule undergoes facilitate and limit the catalytic
activity and therefore affect the kinetic rate of the protein. Structural changes and
kinetic changes should therefore be intrinsically linked and a 2014 study by Haque
et al. highlights this [71]. This study utilised the power of stopped flow to carry
out measurements of reactions in the millisecond timescale by rapidly mixing pre-
reduced CPR (amongst other diflavin reductases) with cytochrome ¢ and observing
the formation of the reduced species of the cytochrome over time. From the spectral
changes there are two very distinct steps which appeared, initially a very rapid ‘burst
phase’ where presumably the pre-reduced CPR is able to react with the cytochrome
¢ before the rate slows down to a much slower state for a longer period of time, at
which point the catalytic activity is most likely limited by domain movements and
interflavin electron transfer steps. This serves to highlight how domain motions are
an important control for catalytic rate and serve throughout the catalytic cycle of

the enzyme.

1.2.6 CPR Complex Formation

The formation of catalytically active complexes is essential for the function of CPR
but there is currently very little data that enables the characterisation of such com-
plexes. This difficulty mostly arises as a result of the challenges of crystallising
flexible membrane proteins and the reluctance of CPR to interact with P450s in
solution. To date there has been only one study yielding atomic resolution of a
complex between CPR and an electron transfer partner; in this case heme oxyge-
nase [72]. In this study by Sugishima et al. a soluble mutant form of CPR was used
which was previously crystallised by Hamdane et al. [60] (a four-residue deletion
mutant referred to as ATGEE) and was found to adopt a more open conformation
in crystal form. The average resolution for this complex structure was 4.3 A which
was almost certainly limited by the poorly resolved FMN domain of CPR which
suggested that its orientation varied from molecule to molecule much more than
any other part of the complex. This further supports the idea that movement of the
FMN domain relative to other parts of the enzyme is essential for complex formation
and therefore catalytic function. A more significant discussion of complex formation
between CPR and an electron transfer is given in Chapter 5.

This study is primarily aimed to gain a further understanding of the domain
motions that CPR undergoes both as a function of redox state and buffer conditions
as well as upon formation of a complex with an electron transfer partner. These

changes are studied over various timescales. A more detailed summary of the aims
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is given at the end of the following chapter, which will serve as an introduction to

the primary technique used throughout this study.
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Chapter 2
Small-Angle Scattering

As the principal analytical technique that appears throughout this work, this chapter
will be dedicated to introducing the concept of radiation scattering and in partic-
ular the unique applications of small-angle scattering (SAS) to studying biological
systems. Both small-angle X-ray scattering (SAXS) and small-angle neutron scat-
tering (SANS) will be described. Beginning with an introduction to the sources of
radiation and the instruments that harness their power, the chapter will progress
into a discussion of the fundamental mathematical theory and finish with routine
ways in which the data can be analysed in order to demonstrate the results which
can be obtained.

Both X-ray and neutron scattering experiments are conceptually the same and
can be explained through the same mathematical formalism and therefore, where
possible, it can be assumed that any description applies to both unless otherwise
stated. X-rays and neutrons are scattered by the atoms in a sample; the primary
difference being that X-rays interact with the electron density and neutrons with the
nuclei of atoms. This means that unique experiments can be carried out depending
on the type of radiation used, the nature of the sample and the different sources
available. Scattered radiation can either be coherent in nature, where the waves are
in-phase and produce a higher amplitude wave through constructive interference,
or incoherent which is unwanted destructive interference and typically subtracted
from the experimental data. In structural studies elastic scattering (i.e. where no
change in energy of the scattered radiation takes place) is typically measured. It
is becoming increasingly common to carry out inelastic or so-called quasi-elastic
scattering experiments in order to study the dynamics of biological systems [73, 74],
but at present this is a very niche technique for this purpose so further descriptions
will be omitted from this chapter.

This chapter is followed immediately by the aims of this thesis including the key
biological questions, showing how the techniques introduced here will be critical for

obtaining the necessary results.
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2.1 Sources

2.1.1 X-rays

The most common large-scale source of high-flux experimental X-rays is the radia-
tion synchrotron; these facilities are found across the globe. They are cyclic particle
accelerators which accelerate electrons to such an energy that they emit light at the
X-ray wavelength upon a change of direction. The basic operating principle is that
electrons are produced in bunches by an electron gun in a linear particle accelera-
tor (also known as a linac) which works in a manner similar to a cathode ray tube.
These bunches of electrons are then accelerated in a small booster synchrotron which
fills the so-called storage ring; a long tube maintained at a very low pressure the
path of which describes a polygon. The electrons can then circle for hours close to
the speed of light in the storage ring where at each corner of the polygon they pass
through magnets which change the direction of the electrons (effectively steering
them) and cause the emission of X-ray light. The light is then directed towards and
utilised on instruments at experimental stations known as beamlines after specific
shaping (e.g. wavelength selection, collimation and focussing). The energy lost from
the electrons during emission is replenished through the use of radio frequency (RF)
cavities around the storage ring which produce an electromagnetic field.

The first type of commonly found magnet is the bending magnet which is located
at intervals around the storage ring in order to maintain the correct direction of the
electron beam and upon doing so cause X-ray light to be emitted tangentially to the
plane of the incident electron beam. This emitted light tends to cover a broad spec-
trum of wavelengths and is not very focussed or brilliant. Undulators, also known
as insertion devices, are the other common magnet type which function by causing
the electron beam to adopt a wavy or undulating trajectory. At each undulation the
beam emits light which overlaps and interferes with each consecutive emission and
produces a very focussed and brilliant beam. These magnets are typically found at
beamlines where a more intense source of X-rays are required for the experiments,
for example time-resolved studies.

There now exist several examples of modern high-brilliance 3rd generation (greater
than 10'® photons s~ mm™2 mrad=2) synchrotron light sources including the Ad-
vanced Photon Source (APS, Chicago, USA) and the European Synchrotron Radi-
ation Facility (ESRF, Grenoble, France). This level of brilliance is many orders of
magnitude greater than conventional X-ray tubes, is more highly collimated, more
tunable and is pulsed. Moreover, the time-structure of the beam, in pulses, can be
exploited for specific time-resolved studies. These facilities are constantly being im-
proved and upgraded to provide even more brilliant X-ray beams, but will soon meet

strong competition from X-ray free-electron laser sources (XFEL) [75, 76, 77, 78].
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XFEL sources are able to produce X-ray pulses with laser properties and much
higher brilliance than conventional synchrotrons with the potential to mitigate the

radiation damage often experienced before sufficient data is collected.

2.1.2 Neutrons

Neutron sources are much less common than those for X-rays, primarily due to the
higher costs of materials, lower demand and longer measurement times. At large
scale facilities neutrons are produced in one of two ways, either through nuclear
fission in a reactor or through spallation.

High-power reactor-based neutron sources are based on the nuclear fission chain
reaction of a fissile element, typically ?**U. These sources can be either continuous
like the Institut Laue-Langevin (ILL, Grenoble, France) or mechanically pulsed like
at IBR2 (Dubna, Russia). An example of the nuclear reaction of ***U is
in + %50 — [35U] =5 '3Ba + §iKr + 3 fn

where n is a neutron and the products are an example of one possible outcome;
of note is the 3 neutrons which promote the sustained chain reaction. The remaining
15% of neutron absorption results in radiative capture

in+ %50 — [30] =5 28U +

where the products are the compound nucleus %3U and gamma radiation as a
result of the absorbed neutron decaying to its ground state. The neutron beams
are then guided the the beamlines and then shaped, using collimators, wavelength
selectors and different sized slits before being used to probe samples. Since neu-
trons are neutral particles they cannot be steered or accellerated so there is no way
of directing or storing them and then will eventually be affected by gravity when
travelling over long distances. A great deal of neutron flux is lost during the initial
stages of production and guiding.

Spallation sources, on the other hand, work by targeting high energy protons
from a proton accelerator at a heavy metal target (such as tantalum, liquid mercury
or tungsten) to produce excited nuclear states. These then decay through spalla-
tion emitting neutrons, y-rays and neutrinos without initiating a chain reaction.
Examples include the continuous source at SINQ (Villigen, Switzerland) and more
common pulsed sources at ISIS (Oxford, UK) and SNS (Oak Ridge, USA). A new
spallation source which will provide the highest flux in the world is currently in

development in Sweden and is known as the European Spallation Source (ESS).
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2.2 Instrumentation

Since the theory behind SAXS and SANS is so similar it’s no surprise that the
respective instrumentation also shares a great deal of similarity. In this section the
SANS diffractometer D22 at the ILL will be used as a model for describing the basic
operating principle of a SANS instrument and BM29 at the ESRF will be used as
an example of a basic SAXS instrument in order to compare and contrast the two.
These beamlines are very typical in their layout and details of a more unusual SAXS

beamline will be presented later in the relevant experimental chapter.
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Figure 2.1: Schematic of the ILL D22 SANS Diffractometer. Indicated by a red line
is the neutron beam and a more detailed structure of the diaphragms and collimation
assembly are shown in the lower middle and left of the figure.

The SANS diffractometer at D22 [79] beamline at the ILL is a state-of-the art
example of its kind with the highest flux at the sample in the wavelength range of 0.4
to more than 4 nm. This is mostly thanks to the brilliant cold-neutron source that
the instrument is fed by from the ILL’s reactor, a sophisticated velocity selector with
a short rotor length and high transmission, a large beam cross-section and a shortest
sample-to-detector distance of 1.4 m. In addition to this, D22 features the world’s
largest >He multidetector with an active area of 1 m?. The detector is situated in
a 20 m long evacuated tube providing sample-to-detector distances ranging from
1.4 to 17.6 m thus covering a total Q-range (the dynamic range of the instrument

indicating the largest and smallest particles that can be measured) of 0.0004 to 0.85
A
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Figure 2.1 shows a schematic diagram of the general layout of D22. After passing
through the mechanical velocity selector (minimum wavelength of 4.5 at A 28,300
rpm) the beam is collimated though an absorber tube which ensures that the entire
neutron beam is travelling parallel to a specified direction until it reaches the sample.
An appropriate level of collimation is selected according to the sample, by varying the
collimation length from 1.2 to 17.6 m, which itself can be in a various environments
from simple quartz cuvettes in a temperature controlled holder through to a capillary
with flowing samples from a liquid chromatography system [80].

Perhaps the most significant superficial differences between a SAXS and a SANS
instrument are in the detectors, which in the case of SAXS is typically a photon
counter or charge coupled device (CCD) and for neutrons is a *He detector; though
new technologies are being developed in response to a global shortage of *He supply.
Due to the different wavelengths and physical properties of neutrons the instruments
tend to be much larger to allow the use of long sample-to-detector distances and

evacuated detector tubes.

ESRF BM29

BM29 is a bending magnet SAXS beamline at the ESRF which is dedicated to the
measurement, of biological macromolecules in solution. In the case of BM29 the
maximum detector distance is 2.867 m yieding a QQ-range of 0.0025 to 0.5 A
Figure 2.2 shows a schematic of the beamline. A non-standard addition to this
SAXS beamline is the in situ FPLC system which has the significant value of ensur-
ing sample monodispersity, an absolute requirement for ab initio shape reconstruc-
tions of the particle. The helium filled flight tube in between the sample and the
detector helps to reduce the amount of attenuation of X-rays by air scattering since

the beamline does not have an evacuated metal flight tube as SANS instruments
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Figure 2.2: Schematic of the ESRF BM29 SAXS beamline. Where SC/HPLS is a
sample changer/high performance liquid chromatography sample environment [81].
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typically do; this reduces cost but limits maximum sample-to-detector distances
yielding lower Q-ranges. Typically longer Q-ranges on SANS instruments means
that larger structures can be measured with neutrons which are less readily atten-
uated by gas molecules, meaning that a reasonably well evacuated detector tube is
enough for sample-to-detector distances of tens of meters. The typical specifications
of both D22 and BM29 are summarised in Table 2.1.

A great advantage of X-rays over neutrons is the very short data acquisition times
thanks to the higher flux of the source which is many orders of magnitude greater
than any neutron source. This enables a greater range of samples and conditions to
be measured within the allocated experimental time - this is particularly important
in high demand user facilities. X-ray beamlines also produce data with a much better
signal-to-noise ratio than neutrons, thanks to both the higher flux, narrower beam
and less scattering from the buffer. The broad beam in neutron facilities is necessary
to obtain a high enough flux and to not waste neutrons but leads to broadening of the
signal. In order to offset the large incoherent scattering from the buffer in neutron
solution experiments one can increase the contrast between the sample and solvent
by using D, O rather than H,O which allows the signal to be subtracted more easily.
More importantly, the contrast of the sample can be tuned to distinguish components
of a complex particle which is generally accepted to be the most common reason for
using neutrons rather than X-rays in SAS experiments, described in more detail in
Sections 2.4.2 and 2.4.4. A final and very important comparison between the two is
the effect of X-ray radiation exposure on the sample; this has been part of and the
subject of a large number of studies especially in biological and soft matter fields
where the samples are often more susceptible to these effects which can easily skew
the results of an experiment [82, 83, 84, 85, 86]. Neutrons are a very soft form of
non-ionising radiation which have little to no effect on most samples. Typically the
worst effect is activation via neutron capture of certain molecules such as salt in
a buffer solution but this is rare. X-rays on the other hand are a form of strongly
ionising radiation that most commonly form radicals in from the solvent which leads
to radiation damage of a sample which could render it unusable after even very short
exposures. Certain types of photosentitive biological molecules such as those with

metal centres are especially sensitive to direct radiation damage [87].
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Instrument | Monochromator Collimator Flight Tube Detector Q-Range Flux Beam Cross Section

D22 Velocity selector ~ Absorber tube ~ Vacuum (detector inside) 3He tubes 0.0004 to 0.85 A™" 10® neutrons s~1 55000 x 40000 pm

BM29 Double multilayer Toroidal mirror Helium (detector outside) CCD 0.0025 to 0.5 A~ 10'2 photons s~! 700 x 700 pm

Table 2.1: Typical specifications of two example SAS instruments using neutrons (D22) and X-rays (BM29)



2.3 Basic Scattering Theory

2.3.1 Elastic Scattering

For the purposes of this description both X-ray photons and neutrons are consid-
ered to be radiation waves which have the associated quantum mechanical proper-
ties. Scattering techniques using neutrons and X-rays have been used for decades
to provide information on the spatial arrangement of atoms and molecules. Most
high resolution structures throughout history have been determined using X-ray

diffraction via Bragg’s law

A = 2dsin 62 (2.1)

where A is the wavelength and 6 is the angle [88]. However, this law does not apply
to non crystalline materials since d, the distance between crystallographic planes is
indeterminate in a solution. The lower level of order present has lead to use of the
term scattering, rather than diffraction, for solution experiments.

When radiation passes by a nucleus or its electron density one of several events
may occur. It can pass without any interaction, be absorbed, or undergo scattering
which can be either coherent or incoherent. Elastic scattering is caused by the inter-
ference of waves emitted by individual scatterers within the scattering volume, where
they, such as a homogeneous mix of protein molecules, have correlated positions in
space. The direction of the incident wave vector is changed but kinetic energy is con-
served. In elastic scattering experiments the incoherent scattering from the sample
is interpreted as background noise and is subtracted from the final dataset.

According the the Born approximation, this scattering process is described by a
Fourier transformation which gives a reciprocity between the dimensions of the scat-
terer, meaning that the larger the real size, the smaller the reciprocal size. Therefore
small dimensions, such as individual nuclei will scatter at large angles or scattering
vectors (in reciprocal space, known as Q-values) and very large dimensions, such as
a whole protein will scatter at small Q-values.

The scattering process involves a translation from the real space of the coordi-

nates to the reciprocal space of the scattering vector, @)

Q) = 4msind/\ (2.2)

This yields a scattering curve of scattered intensity (I) as a function of the

scattering vector, known as I(Q). According to

1(Q) = P(Q)S(Q) (2.3)

whereby 1(Q) is intrinsically related to the form factor (P(Q)), the amplitude

24



of a wave scattered by an isolated atom, and the structure factor (S(Q)) being
the intensity of scattered radiation per scattering unit. These terms will not be
described in further detail but in essence the form factor describes the scattering
within particles and the structure factor describes the scattering that arises from

the mutual interactions of particles.

2.3.2 Resolution and Contrast

It is important to note that perhaps the greatest limitation of SAS is that the
resolution /information content in a scattering pattern is a result of randomly posi-
tioned particles in solution. Therefore one can only increase the nominal resolution
of the scattering pattern, not of the individual scatterer. It is technically possible
to measure solutions at higher resolution (theoretically as high as 2 A), usually
though wide-angle X-ray scattering (WAXS) where information at large Q-values is
obtained, but even with WAXS it is not possible to uniquely reconstruct individual
structural models.

A final important concept that will be briefly introduced here is that of contrast.
As was mentioned at the beginning of this section, X-rays interact with the electron
density of a sample and for neutrons it is the nuclei. The contrast is defined as the
difference in scattering power between the scattering particle and the surrounding
solution. In the case of X-rays the electron density of the solution can be modified
through the addition of of small molecules such as salts or sugars but typically there
is sufficient contrast already between a protein or DNA and H,O that no further
steps are necessary. For example the electron density of the average protein is
4.20 x 10? e nm~3 and pure H,O is 3.34 x 10 e nm 3, giving a contrast of 0.85 x 102
e nm 3.

In the case of neutrons a large contrast can easily be obtained by using a D,O
based buffer solution and a hydrogenated scatterer. The limited flux at the sample
in neutron experiments mean that enhancing the contrast is necessary to obtain a
signal of sufficient statistical quality. The coherent scattering length of hydrogen is
—3.74 x 10~'2 ¢cm whereas for deuterium it is 6.67 x 10~** c¢m, therefore the contrast
can be changed significantly by exchanging the deuterium content in the aqueous
solution or the dissolved macromolecule. There are other important ways in which
this phenomenon can be exploited which will be described in the next section where

the specific application of SANS in biology will be discussed.
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2.4 SANS in Biology

2.4.1 Applications

The unique data that can be obtained from SANS of biological macromolecules in
solution is well established but not widely used due to the specialist large scale
facilities that are needed in order to produce neutrons. As discussed previously,
access to smaller Q-values is necessary for studying large dimensions of scatterers in
solution and therefore small-angle neutron scattering is perfectly suited to studying
the shapes and sizes of biological macromolecules.

For the most part, the use and analysis of SAXS data from biological systems
is conceptually the same as for neutrons. However there is a unique feature of
neutrons which is the ability to distinguish between isotopes of hydrogen (protium
and deuterium) and therefore elucidate additional structural information.

Recent decades have seen a large increase in the popularity of studying biological
systems using SAS such that a generalised roadmap is now generally accepted for
how such investigations should be carried out [89, 90]. The typical main points in

the procedure are as follows:

e Preliminary characterisation - purity, concentration, monodispersity, matched

solvent
e Small-angle scattering

o Data validation - Initial inspection, radiation damage, concentration effects,

standards

* Modelling - high-resolution validation, multi-domain modelling, subunit

modelling, flexibility

o Additional information - atomic models, distance restraints, symmetry,

disorder

2.4.2 Scattering Length Density

The scattering length density (SLD) is a measure of the scattering power of a mate-
rial. In a neutron scattering experiment the scattering lengths of individual atoms
are based on the physical density of the nuclei, whereas for X-rays the scattering
power is equivalent to the number of electrons. These values for neutrons are dif-
ficult to predict theoretically and are therefore determined experimentally. Figure
2.3 gives a visual representation of the scattering lengths of a few different atoms
for both X-ray and neutrons. The difference between hydrogen and its isotope deu-

terium are particularly clear in the case of neutrons.
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The SLD of a molecule can be calculated from the individual scattering length
of the atoms in the molecule, specifically

SN b
SLD = ==—— 24
! 2.0
where the sum of the scattering lengths b; from N atoms is divided by V,,, the

molecular volume, its self determined by

M
PN 4
where M is the molecular weight, p is the bulk density of the molecule and N4

V,, (2.5)

is the Avogadro constant.

Si Al Mg O D H

Fe Ca S
X-rays “.... O e o
® 0000 O

Neutrons

Figure 2.3: Comparison of relative scattering lengths for X-rays and neutrons of a
few elements. The significant difference between the neutron scattering length of
deuterium and hydrogen (green) is highlighted.

2.4.3 Molecular Weight Determination

The molecular weight of scatterers can be determined from SAS data and a number
of important publications have shown how it can be calculated, even without knowl-
edge of absolute intensity and contrast factors [91, 92, 93]. This is a very valuable
tool for validation of the scattering curve and the sample. In the case of SANS
the most commonly used formula for the determination of the molecular weight of

biological macromolecules in solution is

(SLDy; — SLDg)?

10) =M
(0) X ¢ X X N,

(2.6)

where I(0) is the scattering intensity extrapolated to 0-angle and ¢ is the con-
centration of the scatterer. In SANS it is especially important to consider the SLDs
of the molecule and buffer, denoted by SLD,; and SLDg respectively, for example

27



when taking measurements at different H,0:D,0O ratios in the buffer. The margins
of error (10 - 20% on the molecular weight) for these calculations are typically very
low if the scatterer is very homogeneous in size and is mainly a result of error in
concentration determination (typically 10% for spectroscopic methods).

A number of other methods to determine molecular weight have been developed
over the years using Porod volume, dummy atom models and protein standards.

These methods will be described in more detail later.

2.4.4 Contrast Variation

From Equation 2.6 one can see that the scattering intensity is directly related to
the square of the contrast, which is defined as the difference in SLD between the
scatterer and the solvent. Typically a hydrogenated protein will be measured in a
100% D, O based solvent in order to provide maximum scattering signal. The large
difference in scattering length between hydrogen and deuterium can be exploited
through a technique called contrast variation. By adjusting the H,0:D,0O ratio of
the buffer its SLD can be adjusted to match that of one of the scatterers. In the
case of multiprotein complexes selective deuterium labelling of a protein component
of the complex allows the selective alteration of that component’s SLD [94]. Under
certain conditions, determined experimentally, the scattering density of the solvent
will match that of one component, rendering it experimentally invisible. Contrast
variation can therefore specifically highlight one or another member of the com-
plex. Figure 2.4 offers a visual representation of solvent variation in the study of a
biological macromolecules in a complex.

In this instance at 0% D,O the protein and the DNA members both have specific
contrast to the solvent SLD so the resulting curve will represent the full complex.

Once the D,O content reaches 42% the contribution of the protein to the coherent

Protein/DNA Protein match DNA match
complex point point

5 7‘%;

‘ l“" }

.,(

61% (vol/vol) 2H,0

0% (volivol) ?H,0 42% (vol/vol) ?H,0

Figure 2.4: Diagram to demonstrate the experimental effects of buffer contrast vari-
ation of a protein-DNA complex in solution [1].

28



scattering is almost zero, therefore matching it out, so that the resulting curve
represents only the complexed DNA. Increasing the D,O content of the buffer to
61% renders the complexed DNA matched out and experimentally invisible allowing
the protein alone to be measured [95]. As a result the position and structure of
each member of the complex is available. By contrast, in SAXS these molecules
composed of similarly light atoms would have approximately the same SLD and

only the structure of the full complex would be measured.

2.5 SAS Data Analysis

Here an overview of some of the information that can be obtained from SAS data is
provided. The concepts presented here apply generally to both SAXS and SANS. Af-
ter collection, SAS data are reduced (radial averaging), merged (curves collected at
multiple detector distances) and subtracted (buffer/background subtraction); these
stages of data treatment will be discussed in more detail in the methods sections.
Following this, the most common procedure is to produce a series of standard plots
of the reciprocal space data which yield a number of important results straight away.
This allows a very rapid determination of the quality of the data as well as a number
of basic parameters from the scattering particles in the solution. The data are then

typically converted into real-space for additional analysis and modelling.

2.5.1 The Guinier Plot

The Guinier plot is a representation of the low-(@) region of the scattering curve
[96]. This plot allows the determination of the radius of gyration (R,) by plotting

In[7(Q)] vs Q* using the Guinier approximation. The expansion of the equation is

1(Q) = Tyexp (‘Q Rg) (2.7)
In{1(Q)) = In[r)] - (2.8

Mathematically, the radius of gyration is the distribution of parts of an object
around an axis or centre of mass but in this case it is being used as the effective
size of the scattering particle which is independent of the absolute intensity at zero
angle, Iy and of any specific model. There are several factors that are know to give
unwanted influence on the radius of gyration, namely polydispersity, instrumental
smearing and inter-particle effects. This parameter provides a basic check on the
monodispersity and validation of the expected size of the sample. However, this pa-

rameter can also be independently obtained by using the concept of the pair-distance

29



distribution function (PDDF) also known as the distance distribution function or
P(r), discussed in Section 2.5.4. P(r) is determined using data that has been con-
verted to real space, as opposed to the reciprocal space of R, and is often considered
to be more reliable.

Importantly, this equation allows the determination of the forward scattering
intensity (I(0)) which is an extrapolation of the linear Guinier plot to the vertical
axis which will yield a theoretical scattering intensity at 0-angle; an important factor

in Equation 2.6 for molecular weight determination.

2.5.2 The Porod Plot

The Porod region corresponds to a probed range smaller than the scattering ob-
jects so that the scattering radiation is probing the local structure of the particle.
The Porod plot, log(I) vs log(Q), yields information about the so-called ‘fractal

dimension’ of the scattering objects [96]. At high-(@ one can approximate with

1(Q) = é +B (2.9)
log{1(Q) — B] = log(4) — nlog(Q) (210)

A Porod slope n = 1 is obtained for scattering from rigid rods; a slope n = 4
represents a smooth surface for the scattering particle; whereas a slope n between 3
and 4 characterises rough interfaces of fractal dimensions D with n = 6 — D. this is
called a surface fractal.

In principle, the plot is able to inform on the general 3D shape of the average

scattering particle in the solution as well as on the flexibility.

Power law Characteristic shape
Q1 Spherical (very globular)
Q3 Thin circular disk
Q2 Gaussian chain (random coil)
Q! Thin rod

Table 2.2: The power laws and associated characteristic shapes as defined in Porod’s
law.

2.5.3 The Kratky Plot

Kratky plots emphasise deviation from the high- () behaviour of the scattering inten-
sity 1(Q). The asymptotic behaviour of the decay of the scattering intensity in the
Porod region can be used to describe the shape of the sample, according to Porod’s

law (table 2.1) [96]
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Figure 2.5: Graphical representation of typical Kratky plots. Examples of differently
shaped proteins are shown in different colours with appropriate labels.

The Kratky plot of I(Q) x Q% vs Q can therefore provide information on the
globularity and flexibility of the particle in solution. This is particularly useful in the
case of biological systems where the nature of the protein’s folding or the flexibility
of multidomain proteins can be quickly examined by observing the shape of the
curve. If the protein is unfolded or has pronounced flexibility then the curve will
never converge to the horizontal axis. Although perhaps the first qualitative plot to
analyse the globularity and flexibility of the scatterer, it is not the only one. More
recently the Porod-Debye plot has become popular for the same types of qualitative
analysis as part of the data validation process [97], this is discussed later in Chapter

4 where it is applied to experimental data.

2.5.4 The Distance Distribution Function

For many further analyses it becomes desirable to work in real space rather than the
reciprocal space of the earlier plots and therefore a Fourier transformation of the
scattering curve (I(Q)) of the scattering particle is introduced in order to produce

a real-space distance distribution function. A substantial difficulty arises in that
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P(r) cannot be determined directly because I1(Q) is not known over the full interval
0 < @ < oo and because it can only be observed with statistical and systematic
errors. The ‘indirect Fourier transform’ was therefore introduced by Glatter in 1977
as

) i, / s P(T)smggm

where V, is the volume of the scatterer [98]. The integral is carried out to a value

dr (2.11)

known as D,,4., which is defined as the maximum size of any scattering particle in
the solution. D, is chosen to obtain the best fit to the I(Q) vs Q data with a R,
that agrees well with that found using the Guinier approximation (equation 2.1).
P(r) alone is useful for determining a very general shape of the scatterer, much
like a Porod plot, but further analysis using this function is required in order to
model structures. The P(r) plot can be essentially summarised as a distribution of
inter-atomic distances in the average scattering particle in the solution. R, values
can also be obtained from these real space plots and are usually more accurate than
those from the Guinier analysis because they are less influenced by inter-particle
interactions. The relationship between P(r) and R, is revealed in
Dmaz r?p(r)dr

R; = 0 max
2 fo p(r)dr

(2.12)

2.5.5 Modelling SAS Data

Ab Initio Shape Determination

Production of models from the scattering data alone with no additional external
caveats or input is known as ab initio modelling [99]. For SAS data the most
common ab initio models are produced though a method called bead modelling,
where models or ‘envelopes’ are built up from hypothetical spherical components
that in the end produce a model that represents the real-space data input.
Although based on sophisticated mathematical concepts the basic idea of an
automated procedure to reconstruct low-resolution molecular envelopes proposed
by Stuhrmann can be described qualitatively [100]. An initial solvent search volume
defined by the D,,,, is filled with theoretical beads that are randomly modified in
shape (simulated annealing) until the experimental data is fit. The choice of the
shape of the search volume is left to the computer to determine, based on the input.
By its very nature SAS data only allows for low-resolution shape determination
therefore any meaningful ab intio model should provide only a overall shape of
the average scattering particle in solution. The software should usually be run for

multiple iterations and then averaged in order to limit the over-fitting of smaller
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structural features that may be statistically unlikely. Another significant weakness
of ab initio modelling is the ambiguity from the fact that several shapes are able to

yield the same scattering curve so caution should be exercised.

Rigid Body Modelling

A more recent and sophistical form of modelling which is still developing is that
of rigid body modelling or a priori modelling. This is where pre-existing atomic
resolution structures (prior knowledge from X-ray crystallography for example) or
models divided into domains attached by flexible linkers are used to fit to the data.
Molecular dynamics simulations can be be carried out on the models and then the
results fit back to the SAS data [101, 102, 103, 104, 105, 106]. This type of analysis
features heavily in this thesis and the specific applications of it will be described in

much greater detail in the results section.
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Aims and Objectives

The primary aim of this research project was to probe the domain movements in
the catalytic cycle of cytochrome P450 reductase. The objective was to identify
which factors influence the conformational changes and characterise and quantify
the effects and changes at a level beyond that which has been achieved previously.
An additional aim was to determine the structure of the complex between CPR and
cytochrome ¢ in solution.

This thesis has been divided in to three sections. The present section has covered
the biological background of the P450 mono-oxygenase system in general and CPR
specifically, as well as the theory behind and a detailed introduction to small-angle
scattering. A broad range of published experimental findings related to the work
presented in this thesis has been described which sets the scene and shows how the
primary question that this thesis seeks to answer arose.

Part two covers the experimental section where each major experiment is pre-
sented in its own chapter. Beginning with Chapter 3 on expression, purification
and characterisation of a catalytically active protein and followed by three further
chapters based primarily on investigations using SANS and SAXS. The first SANS
investigation, described in Chapter 4, covers the a study of hydrogenated CPR in
solution in different redox states and conditions. Chapter 5 details a study of CPR
in a complex with cytochrome c¢ in solution, where deuteration and contrast match-
ing SANS is employed. Finally Chapter 6 details a time-resolved SAXS experiment
explaining how a stopped-flow setup was commissioned on an unusual and versatile
beamline at a synchrotron and used to take measurements on CPR and cyt ¢ on
the millisecond time scale. This section ends with a short chapter on the overall
findings of the investigations as well as conclusions which can be drawn and ideas
for future work.

The third and final part, an appendix, includes all of the detailed materials and
methods sections relevant to the work carried out along with supplementary figures.
Publications and additional activities that directly resulted from the work in this

project are included after the bibliography.
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Part 11

Results
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Chapter 3

Purification and Characterisation
of Cytochrome P450 Reductase

This chapter describes the expression, purification and characterisation of the soluble
CPR constructs used throughout this work. A soluble form of CPR was expressed
which features a ca. 7.1 kDa reduction in molecular weight from the removal of the
N-terminal membrane binding domain from the sequence. This highly hydrophobic
region is responsible for anchoring and stabilising the enzyme in the membrane.
In earlier studies [107] this domain was found to be responsible for the instabil-
ity /insolubility of full length human CPR in solution; the truncation was found
to solve the problem and allow the protein to maintain its function. Truncation
removes the ability for CPR to integrate into a membrane and also interact with
cytochrome P450 enzymes [9, 3]. For this reason an alternative redox partner, cy-
tochrome ¢, is adopted for solution enzymatic studies, allowing determination of
kinetic parameters. CPR yield was characterised using a number of methods de-
tailed in this chapter and the protein’s purity and activity were unambiguously
confirmed. Enzymatic competence of CPR was demonstrated using redox titrations
and steady state kinetics which were also necessary preparatory steps for further
experimentation. Detailed methods for all of the the techniques discussed within
this chapter, as well as details of the materials, can be found in the materials and
methods chapter, Appendix A.2.1.

3.1 Expression and Purification

Human CPR was expressed in E. coli BL21 STAR. These cells were selected for their
high level of expression of non-toxic recombinant proteins. The CPR expression con-
struct is contained in the pCS22 vector which is based on the backbone of pET22b
[108, 40]; the DNA for the CPR insert was provided by Professor Roland Wolf (Uni-
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versity of Dundee), and cloned into the vector by Dr. Jacqueline Ellis (University of
Leicester). This expression vector specifically exploits the cold shock protein (cspA)
promoter sequence which is one of several cold shock proteins that are significantly
upregulated when the bacteria are subjected to a decrease in temperature signifi-
cantly below the ideal growth condition. The phenomenon is exploited in the pCS22
vector to remove the need for typical isopropyl -D-1-thiogalactopyranoside (IPTG)
triggered transcription of the lac operon to induce expression. Low temperature ex-
pression is also beneficial for the stability of the enzyme post-expression and for
limiting growth of bacteria during the expression phase. See the Appendix A.1.1
for details protocols and a map of the expression vector. Terrific broth (TB) growth
medium was selected to provide a high level of growth and expression in the cell
cultures.

It was calculated that CPR would carry a strong overall negative charge of -20.2
[109] at pH 7.8 . For this reason, a (Q Sepharose anionic exchange column was used
for the first stage of purification (further details can be found in Appendix A.2.1
with an example elution trace in figure). Elution of the protein by an NaCl gradient
increasing from 0 to 100%, where the protein began to elute at around 20% of 1 M
NaCl. This was followed using the absorbance spectrophotometer fitted to the fast
protein liquid chromatography (FPLC) equipment; although both the 280 nm and
450 nm signal were followed, the high levels of impurities at this stage made the
more unique 450 nm absorbance of CPR the most informative.

The highly specific NADPH binding site in CPR was exploited by a 2’5’-ADP
Sepharose affinity column to further purify the protein. The typical elution from this
particular column by 2’-AMP was avoided due to the difficulty of removing it from
the eluent afterwards and the strong effects that it has on the enzyme’s activity
after purification due to the irreversible binding [20, 110]. After this column the
protein sample was almost completely pure and this can be seen in the SDS-PAGE
gel described in the following section and seen in Figure 3.2 which was made using
a sample from this stage of the purification.

Many of the planned experiments for CPR in this work required accurate con-
centration determination of catalytically active protein and a highly monodisperse
system. For this reason size exclusion chromatography was used to ensure that any
aggregates were separated from the solution; this step also provided the additional
benefit of being a way to economically buffer exchange the enzyme into a deuterium-
based buffer when needed for SANS experiments. An example chromatogram from
this FPLC column is shown in Figure 3.1, where a substantial main peak is clearly
resolved whilst some heavier particles were separated, yielding a highly monodis-

perse final sample.
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Figure 3.1: Gel filtration elution chromatogram. Superdex 200 column run at 1.5
mL min~!. Fractions from the main peak (13-15 mL were collected.)

3.2 Purity

3.2.1 SDS-PAGE Analysis

SDS-PAGE was used throughout the purification process to monitor the presence
of the protein in washes/eluents and to assess the final purity. By the end of the
purification process only one significant band of the correct size (ca. 70 kDa) was
visible in the gels which indicated that no other proteins or contaminants were
present in the preparation. Figure 3.2 shows an example of a gel from a successful
purification of wild-type CPR. Impurities were minimal and typically of much lower

molecular weight than CPR.

3.2.2 UV-Visible Spectrophotometry Analysis

UV-visible absorption spectrophotometry was used to characterise the protein in
terms of flavin content as well as the redox state of the flavins themselves. Fully ox-
idised CPR (flavins) had an absorption spectrum as shown in Figure 3.3. Maxima at
380 and 450 nm are observed with the peak at 450 nm having approximately +15%
AU than the one at 380 nm. In the case of Figure 3.3 there was no noticeable ab-
sorbance above the baseline level at 580-600 nm suggesting a fully oxidised enzyme
with no blue semiquinone presence [17, 18]. CPR typically purified in a large pro-
portion as the air-stable 1-electron reduced semiquinone. In order to prevent this,
a low concentration of potassium ferricyanide was flowed through the 2’5-ADP col-
umn whilst the CPR was bound in order to fully oxidise it. After purification the

fully oxidised protein remained stable during long term storage.
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Figure 3.2: CPR purification gel. Lane 1: Pure CPR sample after elution from 2’5’-
ADP Sepharose column in a late stage of purification. Lane 2: Molecular weight
marker. Molecular weight in kDa is indicated by the labels in black on the right
hand side.
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Figure 3.3: UV-visible absorbance spectrum of the flavin region of fully oxidised
CPR. The sample concentration was approximately 45 ptM in 100 mM BES at pH
7.0.
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3.2.3 Mass Spectrometry

Mass spectrometry (MALDI-TOF) combined with peptide mass fingerprinting (PMF)
was used to confirm the presence of N-terminal truncated CPR. The amino acid se-
quence of full-length human CPR from the UniProt database (entry: P16435) is
shown in figure 3.4 [111]. The residues highlighted in green are the matching frag-
ments from the mass spectrometric analysis. This produced an above average score
for a database search of fragments which was superior to that of the BSA standard
that was completed in parallel. Highlighted in red is the ~7.1 kDa N-terminal mem-
brane binding region which was truncated from the construct being characterised

and is therefore not expected to be present in the analysis.
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Figure 3.4: Amino acid sequence and mass spectrometry analysis of human NADPH-
cytochrome P450 reductase. In red is the truncated N-terminal membrane anchor
region which is not present in the soluble construct which was analysed. In green
are the fragments that were identified from the analysis and in blue are the non-
identified residues that were present in the construct.
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3.2.4 CPR Mutants

In addition to the wild-type protein, two mutants of particular relevance to experi-
ments in this study were selected to characterise simultaneously, these mutants had
been studied to a limited extent in previous work [40]. The first is V233P/E234P,

involving two residues that are located at the beginning of the flexible ‘hinge’ region.
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The other mutant, K75E/R78Q/R108Q), is a charge reversal mutation in residues
located in the FMN domain which form salt bridges to positively charged residues
in the linker domain. In preliminary SAXS experiments both mutants showed in-
creased R, values relative to the wild-type [40], but detailed kinetic and conforma-
tional analysis forms part of the current project. The mutants behaved identically
during purification and identification apart from eluting at a slightly different salt

concentration from the () Sepharose ion exchange column.

3.3 Activity

3.3.1 Steady-State Kinetics Analysis

Steady state kinetics of CPR and mutants thereof [40] were carried out to determine
the quality and activity of the purified proteins. Kinetic parameters were determined
and compared against reference values for the proteins under the same conditions.

All proteins were found to be kinetically active reducing cyt ¢ in solution.

Sample Ky (M) keag (571)
Wildtype 3+04 14+1.0
V233P/E234P 16 206 26+ 0.4
K75E/R78E/R108Q) - 36 + 0.6

Table 3.1: Kinetic parameters of wild-type and mutant CPR. Assays were carried
out as described in Appendix A.3.3. Apparent Ky and k.,; values for cytochrome
¢ reduction measured at 24 °C with 50 pM NADPH and variable cytochrome ¢
concentrations in 100 mM BES pH 7.0 buffer.

Table 3.1 shows the kinetic parameters that have been determined for the protein
samples. These correlate very well to those from previous studies on the mutants
presented above which are believed to favour the open conformation and have notice-
ably higher catalytic rate constants and much lower Ky for cytochrome ¢ [112, 40].
The Ky values for the mutants are so low that it is practically impossible to obtain
an accurate value without working in the millisecond timescale. This data further
suggests a correlation between an increase in extended conformation and an increase
in the rate of cytochrome c¢ reduction — demonstrating that conformation plays a

role in the catalytic cycle.

3.3.2 Stopped-Flow Kinetics Analysis

Stopped-flow was used to further characterise the kinetics and redox behaviour be-
yond what would be possible by other available techniques thanks to accurate and

thorough mixing coupled with fast timescales. A number of experiments, several of

41



which will be described throughout this thesis, were undertaken with the assistance
of Dr. Jaswir Basran (University of Leicester), to observe CPR in various redox
states using different reducing agents and then reacting the reduced CPR with the
electron acceptor cyt c¢. These experiments follow on with ideas presented in pre-
vious studies on the wild-type protein [58, 113, 71]. Firstly, reduction of CPR by
stoichiometric NADPH and NADH, observing the changes specifically at 580 nm
and 450 nm. These reactions, some of which will be described here, had been char-
acterised previously [35] but were carried out again in order to demonstrate the
competence of the enzyme in adopting the necessary redox states.

Figure 3.5 shows the full spectrum of data collected after the addition of one
molar equivalent of NADPH. This should be enough to obtain the first stage of the 2-
electron reduced equilibrium where CPR will predominantly exist as FAD—FMNH,
and FADHe—FMNHe. This was then repeated with 10 molar equivalents of NADPH
over the same timescale, the spectrum is shown in Figure 3.6. In this instance there
is a far more significant decrease in the absorbance at 450 nm and significantly more
activity at 580 nm. In both sets of spectra the changes observed were in agreement
with earlier work and the final spectra clearly resembled those of the predicted final
redox state. A decrease was seen in the 350 and 450 nm peaks whilst at 580 nm the
changes are less clear. Viewing absorbance against time at 580 nm only, in Figure
3.7, reveals an increase in absorbance with the addition of the first electron, reflecting
the formation of the semiquinone species followed by a slight decrease in absorbance
as the second electron enters where the equilibrium favours the FMN hydroquinone.
Finally a more steady increase over time is observed which reflects either a slow shift
in the equilibrium to an as-yet uncharacterised species or photoreduction induced by
the photodiode array. These results are in agreement with similar work published
by Wolthers et al. [52]. Further tests where CPR was examined against buffer only
showed significant photoreduction effects beginning after around 5 s.

Following this, pre-reduced CPR was mixed with oxidised cytochrome ¢ to ob-
serve spectral changes for this assay reaction. The observed rate of reaction was
45 s~ which is almost exactly double that referenced in a previous study which
was carried out at approximately half the temperature [71]. These cytochrome ¢
reduction assays form a significant part of the major investigation in the following
chapter and for that reason a detailed description and analysis of the assay can be

found there.

3.4 Summary

The work presented in this chapter was successful in expressing, purifying and char-

acterising highly pure and catalytically active samples of CPR and respective mu-
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Figure 3.5: Full UV-visible spectral changes observed after mixing CPR with a single
molar equivalent of NADPH in a stopped-flow system. CPR at approximately 18
1M was mixed with an equal volume of 180 pM NADPH in 100 mM BES at pH 7.0.
Over a period of 10 s 400 spectra were recorded and are shown on the same plot,
each trace representing a single measurement. The time points are colour coded
for readability from red through to red and the direction of spectral changes are
indicated by the arrow.

tants. These samples were confirmed to be of a high enough standard for a variety
of further studies including SAS experiments. Although several aspects of the redox
behaviour are still as yet uncharacterised, this is beyond the scope of this work and
the experiments described hereafter will be within the framework of the accepted

behaviour of the enzyme.
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Figure 3.6: Full UV-visible spectral changes of the flavin absorbance region of fully
oxidised CPR after mixing with a 10x molar excess of NADPH in a stopped-flow
system. CPR at approximately 18 ntM was mixed with an equal volume of 180
n/Molar NADPH in 100 mM BES at pH 7.0. Over a period of 10 s 400 spectra
were recorded and are shown on the same plot, each trace representing a single
measurement. The time points are colour coded for readability from red through to
red and the direction of spectral changes are indicated by the arrow. The stronger
than expected absorbance at 350 nm is caused by the high concentration of NADPH

which absorbs in this region.
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Figure 3.7: Spectral changes over time at 580nm of fully oxidised CPR mixed with
a 10x molar excess of NADPH. CPR at approximately 18 pnM was mixed with an
equal volume of 180 1/Molar NADPH in 100 mM BES at pH 7.0. The horizontal
axis is plotted in a logarithmic scale to exaggerate and improve clarity in the region
below 1 s.
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Chapter 4

Orchestrated Domain Motions of
Cytochrome P450 Reductase

This chapter presents the use of SANS and stopped-flow kinetics for probing the
large-scale shape changes of CPR. These changes arise as a function of its change in
precisely controlled redox state and buffer conditions, culminating in the definition
of a conformational equilibrium. Data are presented which support the idea that
domain motions are intrinsically linked to the catalytic activity of the protein and
facilitate different stages of its catalytic cycle. By using SANS rather than SAXS
unambiguous control of the redox state of the enzyme is possible, where there are
no issues associated with reduction of the flavins by X-ray-induced photo-electrons.

The kinetics of the reduction of cytochrome ¢ by CPR have been studied exten-
sively but in this work it has been used to complement the SANS data by showing
how the shape changes that are observed can be directly linked to the catalytic

activity of the enzyme on millisecond timescales.

4.1 Sample Preparation

4.1.1 Redox Titrations

In order to study the protein in different redox states without ambiguity, the reac-
tions must be carried out in an oxygen free environment since CPR is well known to
auto-oxidise in air [35]. The protocol for carrying out redox titrations on CPR is well
established using various reducing and oxidising agents and therefore the spectral
changes that occur are straightforward to identify [38].

All redox titrations were carried out in an oxygen-free enviroment within a Belle
Technologies (UK) anaerobic glove box along with a Jasco V-630 spectrophotometer
and solutions in kinetics buffer (see Appendix 3.3). The glovebox was purged with

nitrogen before use and the oxygen content was measured to be <10 ppm at all
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Figure 4.1: Overlaid spectra from a CPR (40 nM) redox titration using dithionite.
The titration was carried out as described (see text) and the coloured spectra indi-
cate samples that were collected for SANS measurement. Dithionite concentration
was determined using UV-visible spectrophotometry and the molar extinction co-
efficient of e5150m = 8.04 mM ™' em ™' and titrated stoichiometrically into the CPR
solution.

times. Any larges volumes of sample were degassed thoroughly by bubbling nitrogen
through the solution for at least 1 h. A solution of fully oxidised CPR (50 nM) was
used, along with either sodium dithionite (e315nm = 8.04 mM~'em™!) or NADPH
as a reducing agent. Stocks of 1 mM and 10 mM were made of the reducing
agents, in the same buffer solution as the protein sample. Suitable titres of the
reducing agent were progressively added to the protein sample taking a UV-visible
absorbance scan (300-700 nm) after each titration, allowing. Selected spectra from
a typical redox titration can be seen in Figure 4.1 which indicates samples that
were taken with coloured traces. Stoichiometry of the reducing agent to CPR was
calculated in advance to permit good estimation of when spectral changes would be
likely to occur during the titrations. The reducing agent was added in a significant
excess to ensure full reduction and no further spectral changes. All samples were
sealed in air-tight cells for direct measurement and additionally in an airtight tube
for transportation. Samples were stored at 5 °C and measured within 48 hours of

preparation.
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4.1.2 SANS Sample Preparation and Measurement

All solution neutron scattering and stopped-flow studies were carried out in 100 mM
BES, pH 7.0, at 10 °C. The final samples were of a concentration of 1-5 mgmL™!
and stored at 5 °C before being measured or further purified using size exclusion
chromatography (Superdex 200, GE Healthcare Life Sciences, USA) at the SANS
beamline before measurement. Measurements were taken using a standard protocol
for ILL D22 which is described in detail in section 8.5.1. A wavelength of 6 A +£10%
was selected as a compromise between the maximum flux (highest at 4.5 A and
lowest at 25 A) and the available Q-range. A higher wavelength can allow smaller
Q-values at long detector distances but that is not necessary for CPR since the
Guinier region can already be resolved at 5.6 m sample-to-detector distance at 6 A.
The 10% bandwidth was selected to provide sufficient flux at the sample at the cost

of some Q-resolution (a so-called ‘pink beam’).

4.1.3 Stopped-flow

The general stopped-flow setup and methodology was used as described in Appendix
A.4. Burst-phase kinetics of the reduction of cyt ¢ by fully reduced CPR was studied
under anaerobic conditions at 10.0 °C. A pre-reduced CPR solution containing 10
pM CPR and 200 pM NADPH was incubated for 5 min in anaerobic conditions
before taking measurements. The reduced protein solution was rapidly mixed with
an equal volume of 100 pM cytochrome ¢ (10x excess) in the 2 pL flow cell and
the change in absorbance at 550 nm was recorded. A total of 2000 data points
were measured over a time period of 1 s in order to ensure that the burst phase
and the transition to the slower steady-state phase were observed. In order to
provide an initial reading for Asso in the absence of reduction, the cyt ¢ solution
was also mixed with the buffer solution only and a baseline measurement taken. In
experiments where the conditions were varied, for example changing ionic strength,
the salt concentration was changed in both reagent syringes to avoid any mixing
issues. The data were analysed by fitting to the appropriate model using Pro-Data
SX software (Applied Photophysics, UK).

4.2 Results

4.2.1 Effects of Redox State on CPR Conformation

A range of samples was chosen for SANS measurement encompassing the various
possible redox states of the flavin cofactors in CPR in order to simulate the different

stages of the catalytic cycle. The samples are summarised in Table 4.1 which in-
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cludes the radii of gyration, R, and the maximum dimensions, D,,,, for each state.
Figure 4.3 shows a selection of curves collected on the SANS diffractometer as well
as the associated Guinier plots. The highly linear Guinier plots clearly indicate
monodisperse samples which was originally a difficulty since earlier samples were
not purified using size exclusion chromatography in the final stage of purification.
A large Q-range was collected in order to permit analysis of both the larger and
smaller scale feature of the molecules in solution. Figure 4.3 (a and b) illustrates
the P(r) intraparticle distance distribution function derived from the SANS data as
well as the DAMMIF scattering envelopes in (¢ and d) derived from an oxidised and
a reduced sample.

In order to separate the effects of coenzyme binding from reduction both dithion-
ite and NADPH were used as reducing agents. It is clear from both Table 4.1 and
Figure 4.3 that coenzyme binding has a substantial influence on the average size of
the molecule in solution. Upon reduction there is a clear increase in the presence
of more extended molecule in solution. This is evidenced by the increased R, and
Dynaz values derived from the Guinier approximation and the P(r) plots (a visible
tail appears on the curves at on the horizontal axes). The largest effect is seen in the
reduction to the 2e~ level by dithionite which corresponds to the CPR?*~ without
NADPH bound intermediate in the catalytic cycle.

By contrast, reduction to the 2-electron level by NADPH which corresponds to
an NADP™ bound intermediate, has a smaller effect on the size of the molecule. An
almost identical effect is observed when the enzyme is reduced to the 2-electron level
by dithionite and then bound to NADP* manually showing that coenzyme binding
makes the reduced enzyme more compact. Low resolution ab initio models of the
molecule are presented in Figure 4.3c (oxidised) and d (reduced). In the reduced
model there is a clear extension present which is likely to be caused by the movement
of the FMN domain away from the position that it occupies in the oxidised form

and crystal structure.

Rigid-Body Modelling

The results presented in Table 4.1 and Figures 4.2 and 4.3 represent the average
scattering particle in solution which is understood to be a conformational ensemble.
In view of evidence that CPR exists as a mixture an attempt has been made to
deconvolute the data and obtain a fit of the data to rigid body models. Because
of the limited information content of SANS curves ‘over-parametrisation’ is limited
by exploring the possibility of fitting just two states to the data as well as a large
pool over 10,000 or more structures. This was achieved by using a modification of
the software MultiFoxs [114] where a selected number of models were generated and

then ensembles of varying size from a single model up to 4 or more models was fit to
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Size Parameters

Sample R, (A) Dy (A)

Oxidised 24.7 £ 0.1 71
Dithionite le™ 27.6 £ 0.6 84
Dithionite 2e~ 28.6 £ 0.4 90
Dithionite 3e~ 276 £ 0.5 94
Dithionite 4e™ 27.6 £ 0.5 89

Dithionite 2= + NADP™ 26.8 + 0.4 79
NADPH 1 equiv. (2¢7) 27.1 £ 0.4 78
NADPH excess 26.9 + 0.3 84

Table 4.1: Size parameters derived from the SANS data for different redox states
of CPR. Showing radii of gyration (R,) and maximum dimensions (D,,,). Errors
were in the range of £+ 1-2 A for D,,,, values and were rated as ‘good’ fits using

GNOM in Primus (part of the ATSAS suite, see Appendix A.5.1).
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Figure 4.2: SANS Curves and Guinier plots from CPR at different redox states
arbitrarily displaced along the vertical axis for clarity. The upper plot shows the
SANS curves and the lower plots shows a selection of Guinier plots to demonstrate

linearity. Samples were measured at a concentration of 3 mgmL~! in 100 mM BES
pD 7.0 at 10 °C (100% D,O buffer).
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Figure 4.3: Further analysis of the SANS data collected on CPR in different redox
states. (a and b) The P(r) plots derived from the scattering data. (c) An ab initio
model from the oxidised data. (d) an ab initio model from the dithionite 2-electron
reduced data.

the data. The models were generated by specifying a flexible region, in this case the
‘hinge’ residues linking the FMN-binding to the rest of CPR (specifically residues
G240, E241, E242, 5243, S244 and 1245), and proceeding to calculate the theoretical
SANS curves for these models using the software CRYSON [115].

Figure 4.4 (a-c) shows that the ensemble present in the scattering curve is best
described by a two state model selected from a large pool of conformations since
going beyond this to more states provides no clear benefit to the quality of the
fit. Following this, an effort was made to fit the data to specific structural models
where the compact state was represented by the crystal structure of soluble (N-
truncated) human CPR [2] with a calculated R, value of 24.88 A (CRYSON). To
represent a more extended state, two models were selected: (i) from Huang et al.
based on NMR and SAXS of wild-type CPR, and (ii) from Hamdane et al. which
is a crystal structure of the ATGEE mutant of CPR with a deletion in the flexible
hinge. Molecule A in the ATGEE crystal structure was selected which has the FMN
domain rotated away from the FAD and linker domains and yields a calculated R,
value of 26.91 A. Analysis using either of these models for the extended state, while
allowing the rations of compact and extended states to vary, gave reasonable fits to
all of the scattering curves studied. Examples are shown in Figure 4.4 (d-g).

SANS data from the oxidised enzyme produced a fit to the data in which the
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compact model dominates with 90% existing in the closed conformation regardless
of which model is selected to represent an extended conformation. If this search is
extended to 10,000 different structures the fit is still 94% of a compact conformation.
The curve for the oxidised enzyme has an excellent fit to the theoretical SANS curve
for the closed crystal structure (calcualted R, of 24.70) alone giving a x? value of
1.87. Table 4.2 summarises the proportions in each state for two different models

as well as the goodness of fit values.
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Sample Two-state Models
Crystal + Huang et al. model Crystal + ATGEE mutant model

f compact f extended X 2 f compact f extended X2

Oxidised 0.90 0.10 1.64 0.90 0.10 1.75
Dithionite le™ 0.67 0.33 3.12 0.48 0.52 1.99
Dithionite 2e~ 0.61 0.39 3.27 0.56 0.44 1.81
Dithionite 3e™ 0.69 0.31 2.25 0.59 0.41 1.87
Dithionite 4e™ 0.66 0.34 2.64 0.54 0.46 2.03
Dithionite 2¢~ + NADP*  0.70 0.30 2.55 0.59 0.41 2.21
NADPH 1 equiv. (2e7) 0.69 0.31 2.74 0.55 0.45 1.99
NADPH excess 0.66 0.34 3.07 0.47 0.53 1.60

Table 4.2: Analysis of CPR SANS redox data in terms of two-state models. The models used to analyse the scattering data in terms of
a two-state equilibrium are described in the text. In both cases the compact state is described by the crystal structure of oxidised CPR
[2]; the extended structure is described either by the model of Huang et al. [40] or by the structure of the ATGEE mutant [60]. The
goodness-of-fit to the scattering curve is given by the x? statistic.



Analysis of the SANS data in terms of these two-state models shows that the
increase in R, and D4, on reduction can be accounted for in terms of an increase
in the population of molecules in more extended state. This is present in all of
the reduced states studies with some substantial differences between them. In the
dithionite 2e~ reduced state ca. 40% of the molecule is calculated to be in the
extended conformation. This is true whichever model is used for the extended state
though the model of Hamdane et al. [60] gives a better fit to the scattering curve
at high Q-values, however the resolution of the SANS data does not allow definite
differentiation between the two models. The high Q-values describe the smaller
details of the model such as individual domain orientation and so this may suggest
that the FMN domain is oriented differently, for example since the experimental
intensity is less steep than the model intensity at high Q-values (Figure 4.4 e and g)
it could suggest that the FMN domain is not as far out as the Huang et al. model
may suggest. Reduction to the same level using NADPH rather than dithionite has
a less significant effect when describing the extended state using the Huang et al.

model but not when using that of Hamdane et al..

4.2.2 Effects of Ionic Strength on Domain Motion and Catal-
ysis

In addition to studying the effect of redox state, the ionic strength of the buffer
was also controlled. An increase in the ionic strength affects the rate of the CPR
catalysed reduction of P450s or of cytochrome ¢ [40, 116, 30, 117], leading to an
increase in catalytic rate, kq,; and in the Michaelis-Menten constant Ky, for cyt c.
Kinetic traces from rapid mixing experiments of pre-reduced CPR in an excess of
NADPH, and cyt ¢ have already been shown to feature a very rapid burst phase upon
initial mixing followed by a slower steady state phase [71]. The rapid burst phase
is a result of the pre-reduced CPR being predominantly in an open conformation
that is ready to react immediately upon binding to cytochrome c¢. Once these initial
reduced molecules have reacted they must then interact with NADPH again and
undergo domain reorganisation to carry out the necessary intramolecular electron
transfers; therefore the domain motions begin to limit the rate of reaction which is
reflected in the transition to a slower catalytic rate.

Figure 4.5a shows kinetic traces of cyt c reduction at different salt concentrations;
the initial burst phase followed by a transition to a slower steady-state phase limited
by domain motions and additional electron transfer steps is clearly present. At low
salt, 21% reduction of cytochrome ¢ takes place within the 2 ms dead-time of the
instrument, and this is in reasonable agreement with the analysis of the SANS results

obtained in the presence of excess NADPH using the model of Huang et al. for the
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Figure 4.4: Analysis of SANS data in terms of multiple states. (a-c) Fits to the
scattering curve for CPR reduced to the 2e~ level with dithionite using one, two or
three states (from a 10,000 conformation pool) respectively. Fits to the scattering
curve for CPR reduced to the 2e™ level with dithionite using a two-state model,
the extended state was represented by, (d) the model of Hamdane et al. or, (e) the
model of Huang et al.; in both cases the crystal structure was used as a model for the
compact state. Fits to the scattering curve for CPR reduced to the 2e™ level with
NADPH using a two-state model; the extended state was represented by, (f) the
model of Hamdane et al. or, (g) the model of Huang et al.; in both cases the crystal
structure was used as a model for the compact state. In all cases the goodness-of-fit
is indicated by the y? value.
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Figure 4.5: Further analysis of the SANS data collected on CPR at different ionic
strength. (a) Stopped-flow traces showing the reduction of cyt ¢ on rapid mixing
of CPR pre-reduced with NADPH and cytochrome ¢, at various concentrations of
added salt; the percentage of a single turnover which occurred within the 2 ms
deadtime of the instrument is plotted as a function of NaCl concentration in (b).
(c) Pairwise distance distribution functions derived from the SANS data at different
salt concentrations, showing that increasing the salt concentration leads to a more
extended conformation, in qualitative agreement with SAXS studies [40, 117]. (d)
Porod-Debye plots, showing increased flexibility of CPR at > 0.6 moldm~3 NaCl.

extended conformation (Table 4.2). As the salt concentration is increased, there is
a clear increase in the fraction of the first turnover of reduction taking place in the
burst phase. On addition of 0.1 M NaCl there is an increase in the fraction of the
reduction taking place in the dead time to approximately 45%. This continues to
increase up to a maximum of around 60% with 1.0 M NaCl. With 1.5 M NaCl
there was a slight decrease which is likely due to a detrimental effect caused by
excessive salt which is known to cause unfolding in proteins when present in high
concentrations. At approximately 50 ms after mixing the rate of cyt ¢ reduction
decreases to the steady-state rate, which is also clearly affected by added salt, first
increasing as the salt concentration is increased, reaching a maximum at 0.5 M
NaCl and then decreasing as the salt concentration is further increased, this is in
agreement with earlier data [117]. This trend in observed kops is illustrated in Figure
4.6.

The SANS data obtained under conditions of defined redox state show how
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Figure 4.6: Plot of kyps of cytochrome ¢ turnover by CPR at different salt concen-
trations.

R, and D,,,, increase with increasing salt concentration (Table 4.3). A gradual
increase is seen up to 0.5 M NaCl with a marked increase thereafter. Porod-Debye
plots [118, 97] of the scattering data shown in Figure 4 (d) reveals that there is
an increase in the flexibility of CPR upon addition of salt and then beyond 0.5 M
NaCl the curve begins to take on a shape indicating an extremely flexible/unfolding

protein where no plateau is seen after the initial steep curve.

Size Parameters

Added NaCL(M) By (4

0 247 £ 0.1 71
0.1 276 £ 0.1 80
0.2 28.6 £ 0.2 81
0.5 276 £0.1 91
0.6 27.6 £0.2 96
1.0 26.8 £ 03 119
1.5 271+ 04 121

Table 4.3: Size Parameters derived from SANS data for CPR with varying salt
concentrations in the buffer solution. Showing radii of gyration (R,) and maximum
dimensions (D,,4z). All D4, values, determined from P(r) plots using GNOM in
Primus as part of the ATSAS suite, were rated as “good” (0.8) fits or better. All
errors <2 A.

Rigid-Body Modelling

As a result of the potentially unfolded nature of the protein at high salt concentra-
tions the rigid-body modelling for this dataset was limited to the 0-0.5 M range. The
data were analysed in terms of two-state equilibrium as with the redox state data.
The fitting parameters are given in the caption of Table 4.4; the proportion of the

extended conformation increases with salt concentration within this range and again
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Figure 4.7: SANS Curves and Guinier plots from CPR at different ionic strengths
arbitrarily displaced along the vertical axis for clarity. The upper plot shows the
SANS curves and the lower plots shows a selection of Guinier plots to demonstrate

linearity. Samples were measured at a concentration of 3 mgmL~! in 100 mM BES
pD 7.0 at 10 °C (100% D,O buffer).

both models for the extended state give essentially the same results. Thus the SANS
data show that the proportion of the extended conformation increases with increas-
ing ionic strength and comparison with the stopped-flow kinetics data suggests that
this conformation has a higher affinity for cytochrome ¢ reduction than does the
compact conformation. These results also suggest that ionic interactions are impor-
tant in the stability of the protein especially in maintaining certain conformations

since these are clearly disturbed upon alteration of the salt concentration.
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Added NaCl (M) Two-state Models
Crystal + Huang et al. model Crystal + ATGEE mutant model

f compact f extended X2 f compact f extended X2
0 0.90 0.10 1.64 0.90 0.10 1.75
0.1 0.86 0.14 2.27 0.84 0.16 2.37
0.2 0.85 0.15 2.24 0.85 0.15 2.38
0.5 0.72 0.28 2.12 0.72 0.28 2.52
0.6 N/A  N/A N/A N/A  N/A N/A
1.0 N/A  N/A N/A N/A  N/A N/A
1.5 N/A  NJA N/A N/A  N/A N/A

Table 4.4: MultiFoXS analysis of CPR SANS data at different salt concentrations in terms of two-state models. The models used to
analyse the scattering data in terms of a two-state equilibrium are described in the text. In both cases the compact state is described by
the crystal structure of oxidised CPR; the extended structure is described either by the model of Huang et al. or by the structure of the
ATGEE mutant. The goodness-of-fit to the scattering curve is given by the x? statistic. Thee two-state models were not used to analyse
the data for >0.5 M added salt (see text).



4.3 Discussion

4.3.1 The Nature of the Conformational Equilibrium

The data presented in this chapter have been analysed for CPR in terms of a two-
state system in equilibrium between a compact and an extended conformation. De-
convolution of the data into a two-state system provides a way to clearly quantify the
effects of changing redox state and conditions and allow discussion of the importance
of domain movement in CPR.

The crystal structures of wild-type rat, yeast and human CPR [15, 2, 57] all
reveal a compact conformation with the isoalloxazine rings of the flavins positioned
in such a way to facilitate inter-flavin ET. The crystal structure of the human enzyme
fits to the SANS data for the oxidised enzyme well, although the data is fit better if
around 10% of an extended structure is included. Compatible with the SANS data
is research from Vincent et al. that concluded with NMR experiments that CPR
exists 95% in a compact conformation when oxidised [119].

Two possible structures have been shown to be able to account for the SANS
data within the framework of a two-state system. This may be a result of the low
resolution provided by SANS data or the fact that CPR may exist in more than
one possible extended state and therefore the curve represents and average of this.
Both of the models are consistent with an experiment that shows the abolition of
inter-domain salt bridges leads to an increase in the population of an extended
conformation [40]. Hedison et al. propose that the oxidised form of the enzyme
is predominantly in the extended conformation and that coenzyme binding and
ET lead to successively greater proportions in the compact form [14]. This is not
consistent with the SANS data presented here which shows that the oxidised form
is almost entirely in a compact conformation which is supported by NMR and mass
spectrometry data [119, 112]. A study by Kovrigina et al. has studied domain
movement using FRET and two dye-labelled cysteine residues which agrees with
the SANS data that oxidised CPR exists in a predominantly closed conformation
[120]. The current data are mostly in favour of an extended state that resembled
that of the Huang et al. model however it should be made clear that SANS data fit
slightly better to the ATGEE mutant model which itself is able to form a complex

with heme oxygenase [72].

4.3.2 Relation to the Catalytic Cycle

The catalytic cycle of CPR for an in vitro reaction starting with the fully oxidised
enzyme is shown in Figure 4.8; NADPH binds to the FAD domain where it trans-
fers a hydride ion to the N5 of FAD, followed by ET from FAD to FMN to yield a
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quasi-equilibrium distribution of 2e™ reduced species. Analysis of equilibrium redox
titration data [37] led to an estimate of [FAD—FMNH,|/[FADe—FMNe| = ca. 11,
with only a small amount of FADH,—FMN. Intermolecular ET to cytochrome ¢
takes place from FMNH, [3], and then probably from FMNe [22]. This represents
a 0-2-1-0 cycle of redox states (in terms of numbers of electrons). It has been sug-
gested that in vivo the ‘resting state’ of CPR is a le~ reduced (FAD—FMNe) state,
reduction by NADPH leading to a 3e™ reduced state and ET to cytochrome P450
taking place only from FMNH, — that is a 1-3-2-1 redox cycle [3]. An unambiguous
choice between these two cycles cannot yet be made.

SANS allows relation of the results on domain movements to the catalytic cycle
secure in the knowledge that the redox state of CPR is well defined in our exper-
iments. The oxidised enzyme is essentially completely in the compact state (Keq
ca. 9; Figure 4.8). In the CPR 2e~ NADP™ species, the product of the initial
hydride transfer, the proportion of the extended state is 30%. The retention of
a significant population of the compact state in this species is consistent with the
obvious requirement for a conformation with the FAD and FMN in close proximity
for interflavin electron transfer. Indeed, relaxation kinetics shows that the rate of
interflavin electron transfer increases on binding NADP* [29, 58]. On the subse-
quent dissociation of NADP™, the population of the extended state increases to ca.
40%, facilitating electron transfer to cytochrome P450 (or cyt c).

It should be noted that the limitation to this approach is the different time scales
that each technique is based on. The SANS data were measured at least 24 h after
the samples where prepared by which time the species may have changed somewhat
from those that are measured in the kinetics measurements. Though the samples
were checked spectroscopically before and after measurement the concentrations
were very low and the cuvettes narrow. It has been observed that the reduced species
changes over long time periods as evidenced in Chapter 3, Figure 3.7. So although
these species may be indicative of various steps in the catalytic cycle, the long time
scales of preparation and measurement mean that the conclusions should be used
as a guide to more high resolution (temporal and structural) work, rather than an
absolute answer. A potential way to avoid this would be a double-mixing stopped-
flow system, ideally in an oxygen free or degassed environment attached directly to
a SANS/SAXS diffractometer. This type of experimental setup is discussed further
in Chapter 6.

4.3.3 Structural Triggers for Domain Movement

The interaction between the FMN and FAD/linker domains in CPR is weak; no
interactions between the isolated FMN and FAD/linker domains are detected ki-
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Kegq ~ 9.0 Kegq ~ 2.3
CPROX ~&———>CPROX.NADPH<——>> CPR2*-NADP*

Cytc

Keq = [compact]/[extended]
Extended

Figure 4.8: Updated catalytic cycle of CPR showing the position of the confor-
mational equilibrium for each intermediate. The reaction shown is cytochrome c
reduction in vitro as discussed in the text. For illustrative purposes, the compact
state is represented by the crystal structure of the oxidised enzyme, and the ex-
tended conformation by the model of Huang et al. where the FAD-binding and
linker domain are coloured blue and the FMN-binding domain is in green.

netically, spectroscopically, or by ITC [28, 110] and the redox potentials of the
separated domains are essentially the same as those of the intact enzyme. Thus
only small changes in interactions across the interface would be required to perturb
the conformational equilibrium.

In CPR FMN N5 is positioned so that it might form a hydrogen bond to the
peptide NH of G144 when the flavin is oxidized and to the carbonyl of this residue
when the flavin is protonated in the reduced states. A reorientation of this peptide
bond would thus be required on formation of the neutral semiquinone and protona-
tion at N5. There is good evidence for this in structures of flavodoxins [121, 122]
and in the recent comparison of the structures of oxidised and reduced rat CPR with
2’-AMP bound [36]. This ‘peptide flip” is accompanied by changes in the neighbour-
ing residues, notably Y143 and K145, the latter being in the inter-domain interface.
Although the enzyme was reduced in preformed crystals, possibly inhibiting do-
main movement, there is a clear change in the relative position of the domains on

reduction in one of the two molecules in the asymmetric unit.
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Coenzyme binding appears to be a two-step process [42, 36]: First the 2’5'-
ADP part binds, then - associated with a displacement of W679 which is stacked
against the isoalloxazine ring of FAD - the nicotinamide moves into place next to the
FAD. In the structure of the W679/S680 deletion mutant [41] there is a disordered
FMN domain in one molecule of the asymmetric unit, suggesting involvement of
these residues in determining the relative orientation of the domains. Indeed, in the
structure of the human enzyme there are water-mediated hydrogen-bonds between
the C5-OH of S680 and N178 and D212 in the FMN domain (Figure 4.9) [2]. There
is a hydrogen bond between the backbone of W679 and that of D634, in a flexible
loop comprising residues G633-N637; R636 in this loop hydrogen-bonds to T180 in
the FMN domain. This loop is close to the adenine ring of the bound coenzyme,
and in the structures of the disulphide cross-linked mutant it moves on NADP™
binding; mutagenesis studies support a role for this loop in coenzyme binding and
flavin reduction. It is thus likely that a concerted movement of W679/S680 and the
G633-N637 loop on coenzyme binding will affect the domain interface and alter the
equilibrium between the compact and extended states.

It is perhaps most conceivable that cofactor binding is the primary initiator of
domain motion or unlocking of the conformational flexibility of the protein. This
could be tested further using NADPH, (requires a short synthesis procedure) which
binds to the enzyme exactly as NADPH does but is redox inactive.

Figure 4.9: A close-up of the compact crystal structure of CPR illustrating the
proximity of S680 to N178 and D212. S680 is shown as sticks (purple) as part of
the FMN-binding domain (green) whilst N178 and D212 are shown as sticks (red)
in the FMN-binding domain (yellow). The linker domain is show in blue.
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4.4 Conclusion

In CPR, it is clear that protein dynamics, and specifically domain motions, are
involved in ensuring productive electronic coupling between the flavin cofactors and
between them and the electron acceptor protein. The conformational search required
to reach these productive configurations can limit the rate of ET. It can be shown
that in the case of CPR this search can be adequately described by a two-state
equilibrium. For the first time, the conformational equilibrium has been related

directly to the catalytic cycle, showing its position in key intermediate steps.
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Chapter 5

A Structure of the
CPR-Cytochrome ¢ Complex in

Solution

Complexes between electron transfer proteins require, on the one hand, sufficient
specificity of the interaction to allow for rapid and selective electron transfer, and,
on the other hand, a fast turnover of the complex. The complexes formed by these
proteins are therefore often relatively weak and transient [123, 124]. This generally
makes the complexes difficult to crystallize, although some such transient complexes
have successfully been studied by NMR [125, 126, 127, 128, 129].

The interaction between CPR and cytochrome ¢ (cyt ¢) is one that has long been
exploited; CPR was originally characterised in the 1950s as a cytc reductase before
it was discovered to be the electron transfer partner of cytochromes P450 [130, 9].
In the liver endoplasmic reticulum, cytochrome P450s are present in excess over
CPR, with a molar ratio of cytochrome P450:CPR as high as 20:1, so that electron
transfer must occur in transient complexes, whose lifetime has been estimated at
200 ms [131]. As discussed in the introduction in Section 1.1, the two electrons are
donated one at a time at two distinct steps in the cytochrome P450 reaction cycle
[132, 22], and it is possible that the complex dissociates between these two electron
transfer steps [131]. The most common use of this interaction is in the form of cyt ¢
reduction assays to test the catalytic activity of CPR. in solution [13]. The primary
reason for the use of cyt ¢ as a surrogate electron acceptor is because CPR will not
catalyse the reduction of P450s in solution, only when both enzymes are membrane
bound.

While cyt ¢ is unlikely to be a physiological redox partner of CPR, the elec-
tron transfer reaction between CPR and cyt ¢ has continued to be widely used as a
standard model to characterize the activity of CPR and it is likely that the binding
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sites on CPR for cyt ¢ and cytochrome P450 are at least substantially overlapping
[133, 134]. Recently, Waskell and Ramamoorthy et al. [38] have used NMR tech-
niques together with molecular docking to study complex formation between cyt ¢
and the isolated FMN-binding domain of CPR, revealing two possible relative orien-
tations of the proteins in the complex. In the work presented in this chapter, SANS
is used to determine the low-resolution structure of the complex between cyt ¢ and
CPR lacking only the N-terminal membrane-binding sequence; to facilitate this, the
K75E/R78E/R108Q mutant of CPR is used, which has a substantially lower Ky for
cyt ¢ than does the wild-type enzyme [40]. Additionally, the powerful capabilities
of deuteration and contrast matching in SANS to study the protein-protein complex

will be employed.

5.1 Sample Preparation

Deuterated CPR was prepared as described in Appendix A2.2 in the D-lab at the
ILL in Grenoble, with substantial support provided by Dr. Juliette Devos. The
protein was deuterated to a match-out percentage of 85% to allow both components
of the complex to be measured individually whilst both existing in a complex in

solution.

5.1.1 Contrast Match Point Determination

Before match-out measurements can be made the point at which each protein con-
tributes the same amount of coherent scattering as the buffer solution must be de-
termined. At this precise point the sample is experimentally invisible and no longer
contributes to the scattering intensity and is subtracted along with the buffer. Sam-
ples of deuterated CPR (d-CPR) and cyt ¢ were prepared with different percentages
of D,O present in the buffer solution and then measurements taken until the forward
scattering intensity (I(Q=0)) became zero. This is illustrated in Figure 5.1 where
the different D,O contents yield different 1(0) values which produce a linear plot.
The point at which the line crosses the horizontal axis is the match-out point which

was also confirmed experimentally.

5.2 Results

5.2.1 Characterisation of CPR K75E/R78E/R108Q

The higher affinity of K75E/R78E/R108Q for cyt ¢ had already been established
by Huang et al. [40], where a 5-fold decrease of the Ky and a doubling of the kcat
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Figure 5.1: Contrast match point determination plots. (a) Is for cyt ¢ and (b) is
for deuterated CPR.

for the reduction of cyt ¢ was observed. In this mutant two salt bridges believed to
stabilise the compact conformation (determined from the X-ray crystal structure)
were abolished. Some evidence from SAXS was also presented in this study which
suggested the molecule favoured a more open confirmation in solution, though the
conclusions from these experiments were partially clouded due to the X-ray induced
photoreduction effects that were observed. In this investigation it was established
using SANS that this is indeed the case and will be described in more detail in
the following section. Utilising the same stopped-flow methodology as described
for the previous experimental chapter, the nature of the burst phase kinetics was
studied which was first demonstrated by Haque et. al. [? |. It was observed
that the mutant had significantly more of the burst phase missing (80%) within the
deadtime of the instrument than the wild-type (20%) which suggested that more of
the molecule was present in the open conformation when reduced and ready to react
immediately upon mixing. Figure 5.2 shows a kinetics trace from this experiment,
where approximately twice as much of the burst phase is missing in the mutant
compared to the wild-type, and almost the entire first turnover of the cyt ¢ in the
reaction is completed.

The first SANS curves to be collected were of the mutant alone in solution in
order to further confirm a greater presence of an extended conformation. These are
shown in Figure 5.3 along with the wild-type protein and cyt c alone in solution.
The size parameters derived from these curves can be found in Table 5.1. The R,
and D,,q. values for the mutant CPR alone in solution are at least 1 A greater than
those that were found for the wild-type here and also those measurements in the
preceding chapter. Figure 5.4 shows the ab initio scattering envelopes generated
using DAMMIF. These along with the size parameters clearly indicate a slightly

more extended average structure for the mutant than for the wild-type protein in
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Figure 5.2: Stopped-flow burst kinetics of wild-type CPR (orange) and
K75E/R78E/R108Q (blue), with the cyt ¢ baseline (red) also shown. The hor-
izontal black line on the plot represents the absorbance at which the first turnover
of cyt ¢ is completed. The assay was carried out in 100 mM BES pH 7.0 buffer
and the methodology was as described in the experimental section of the appendix.
The dead time of the instrument was 2 ms. Saturating cytochrome ¢ concentrations
were used to remove the kinetic dependence on this substrate and produce pseudo
first-order conditions.

the oxidised state, with a visible ‘cleft’ resolved in the mutant envelope which was
highly repeatable in envelope generation. For the wild-type model the compact
crystal structure [2] was superimposed and for the mutant (for which there is no
crystal structure available) a single best fit model from MultiFoXS [114] rigid body

modelling was selected from a pool of 10,000 structures.
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Figure 5.3: CPR and cyt ¢ scattering curves. (a) Wild-type CPR, (b) h-CPR
K75E/R78E/R108Q, (c) d-CPR K75E/R78E/R108Q and (d) cyt ¢. Guinier plots
are shown as insets. Conditions were 15 °C, 100 mmoldm=2 BES pH 7.0 buffer
made up with either D,O (for hydrogenated protein) or H,O (deuterated protein)
as appropriate.
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Figure 5.4: Ab initio scattering envelopes and P(r) plots from wild-type and mutant
CPR SANS data. Where (a) is the wild-type and (b) is K75E/R78E/R108(Q mutant.
Both envelopes have an atomic resolution model superimposed, for (a) it is the
crystal structure of the compact conformation [2] and in (b) it is the single best fit
model selected by MultiFoXS [114] where the FAD-binding and linker domain are
coloured blue and the FMN-binding domain is in green. The models are rotated
90°about the axis as indicated by the arrow.
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Sample Size Parameters

R, (A) Doz (A)
Wildtype 24.7 £ 0.1 71
K75E/R78E/R108Q mutant 25.5 + 0.2 73

Table 5.1: Size parameters derived from the SANS data for the wild-type and K75E/R78E/R108Q mutant CPR. Showing radii of gyration
(Ry) and maximum dimensions (D,,,;). Errors were in the range of + 1-2 A for D,,q, values and were rated as ‘good’ fits using GNOM
in Primus (part of the ATSAS suite, see Appendix A.5.1.).

Sample Two-state Models
Crystal + Huang et al. model Crystal + ATGEE mutant model
f compact f extended X2 f compact f extended X2
Wildtype 1.00 0.00 1.27 1.00 0.00 1.25
K75E/R78E/R108Q mutant 0.84 0.16 1.82 0.67 0.33 1.20

Table 5.2: Analysis of CPR wild-type and K75E/R78E/R108Q mutant CPR in terms of two-state models. The models used to analyse
the scattering data in terms of a two-state equilibrium are described in the text. In both cases the compact state is described by the
crystal structure of oxidised CPR [2]; the extended structure is described either by the model of Huang et al. [40] or by the structure of
the ATGEE mutant [60]. The goodness-of-fit to the scattering curve is given by the y? statistic.
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Figure 5.5: 2-State MultiFoXS fits of CPR K75E/R78E/R108Q to (a) the Huang
et al. model and (b) the ATGEE model. The goodness of fit for these models is
presented in Table 5.2.

In view of the evidence that CPR exists as an equilibrium between a compact and
an extended conformation the data were analysed using MultiFoXS in the manner
described in the preceding chapter. Briefly, the crystal structure [2] was used to
describe the compact conformation and either the Huang et al. [40] or ATGEE
model [60] was used to represent the extended state. Analysis using either of these
models for the extended state yielded satisfactory fits (x* < 2) to the scattering
curves (Figure 5.5). At larger Q-values, in the wider scattering region, the fit is
somewhat better, even by eye, for the ATGEE model which may suggest that the
smaller details such as the precise position and orientation of the FMN domain may
be better reflected by this structure.

For the wild-type enzyme, the scattering curve is fit best by the compact crys-
tal structure with only 10 % of an extended structure. For the mutant, on the
other hand, a good fit requires inclusion of a significantly greater proportion of an
extended conformation. Either of the two models for the extended state can give
a satisfactory fit, although depending on the model chosen, the fraction of the ex-
tended conformation can vary from 16% to 33% (Table 5.2). We conclude, therefore,
that the abolition in the mutant CPR of two salt bridges stabilising the compact
conformation does indeed lead to an increase in the proportion of the extended, cyt
¢ reactive conformation, and that this in turn leads to an increase in the amplitude

of the burst phase of the reduction of cyt c.

5.2.2 Structure of the Complex Between
CPR K74E/R78E/R108Q and Cytochrome c

The complex was analysed using SANS and the resulting scattering curves are shown
below in Figure 5.6. All curves measured were of suitable statistical quality for

further analysis, including ab initio modelling. As a result of size exclusion chro-
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matography being carried out immediately before sample measurement for further
purification and isolation of the complex there was no aggregation present in any
of the curves and a very long and clear Guinier region was resolved. The respec-
tive Guinier plots of each scattering curve are shown as insets. The only curve of
substantially lower statistical quality is that at the d-CPR match out point where
only cyt ¢ is experimentally visible; the low concentration of cyt ¢, small size of the
particle and low contrast led to a noisy curve which nonetheless clearly represented
cyt ¢, confirmed by a calculation of the molecular weight from the scattering data.
The hydrodynamic parameters and calculated molecular masses derived from these
curves are shown in Table 5.3 and the scattering envelopes and respective P(r) plots
are shown in Figure 5.7.

Matching out the cyt ¢ by carrying out the experiment in 43% D,O gives a
Djnaz value the same as that obtained for the CPR mutant alone, while matching
out the CPR mutant in 100% D,O gives the expected small values for R, and
Dinae corresponding to cyt ¢. The 1(0) values are as expected for the monomeric
proteins at their respective concentrations. Comparison of the bead-model ab initio
envelopes derived from the scattering curves of the full complex and of the cyt ¢
matched-out complex allows us to obtain an initial picture of the location of cyt ¢
within the complex (Figure 5.7a). Superimposing either atomic resolution models
from known crystal structures or hypothetical models on to these envelopes permits
visual confirmation of the fit of the data to the molecules in question. The cyt
¢ match-out model (Figure 5.7b) was a single best fit model produced using the
crystal structure of CPR subjected to a random conformational in MultiFoXS. The
CPR matched-out model (Figure 5.7¢), revealing only cyt ¢, was produced using the
horse heart cyt ¢ crystal structure [135].
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Figure 5.6: CPR-cyt ¢ complex scattering curves. (a) The full complex (70% D,0O),
(b) cyt ¢ match out and (¢) d-CPR K75E/R78E/R108Q match out. Conditions were
15 °C, 100 mmoldm— BES pH 7.0 buffer made up with the appropriate D,O% to
achieve the necessary contrast as indicated in parentheses.
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Sample R, (A) (Guinier) R, (A) (P(r)) Dpae (A) [(Q=0) Calculated M, (kDa)

d-CPR K75E/R78E/R108Q Mutant Alone 25.2 £ 0.2 25.8 72 0.52 = 0.0023 73
h-CPR K75E/R78E/R108Q Mutant Alone 25.0 £ 0.2 25.15 72 0.15 £ 0.00078 74
Full Complex (70% D20) 26.3 £ 0.8 26.9 77 0.05 £ 0.00082 81

Cyt ¢ matched out (43% D20) 26.0 +£ 0.3 26.1 72 0.31 £+ 0.0018 69

CPR mutant matched out (100% D20) 115+ 1.1 11.3 38 0.0051 £ 0.0002 12
Cyt c alone 12.2 £ 0.1 11.0 35 0.094 £+ 0.0003 11

Table 5.3: Size parameters derived from SANS data of CPR mutants and complex data at different match out points. Showing radii of
gyration (R,) and maximum dimensions (D,,q,). Errors were in the range of + 1-2 A for D,,,, values and were rated as ‘good’ fits using
GNOM in Primus (part of the ATSAS suite, see appendix section 8.5.1). M, values were calculated from experimental 1(0) values and
protein concentrations estimated spectrophotometrically.



5.2.3 Full Complex Rigid-Body Modelling

To obtain a model for the full complex (shown in Figure 5.7a and in more detail
in Figure 5.8) the docking software HADDOCK was used together with atomic
resolution data available on the interactions of the complex. An increase in ionic
strength causes a substantial increase in the Ky of CPR for cyt ¢ [40, 136], indicating
that electrostatic interactions are likely to be important in the formation of the
complex. K13 of cyt ¢ can be cross-linked to one of the carboxyl groups from two
acidic clusters on the FMN-binding domain of CPR, D207-D208-D209 and E213-
E214-D215 and site-directed mutagenesis [137, 138] supports the involvement of
the E213-E214-D215 cluster in the interface. Huang et al. [38] have recently used
changes in NMR chemical shifts to study the interactions between the isolated FMN
domain of rat CPR and cyt ¢, leading to two possible models for this complex.
Utilising the data from these studies in combination with the SANS data, a model
for the complex has been produced using the HADDOCK webserver [139]. A large
number of models were initially produced and the model with the lowest docking
energies (electrostatics, desolvation, van der Waals and restraints) was chosen as
the starting point for further rigid body modelling. This yielded a model where
the heme cofactor in cyt ¢ was within a distance (<4 A) of the FMN which would
readily allow intermolecular electron transfer. The low-resolution nature of SANS
means that the limiting factor in constructing the model is the scattering data; it
is clear that a model incorporating both the CPR mutant and cyt ¢ fits the data
better than one involving the CPR mutant alone.

In the model of the CPR-cyt ¢ complex, the FMN-binding domain of CPR and
cyt ¢ were treated as a single rigid body, so that the contact interface between them
was maintained, and only this rigid body, connected to the rest of CPR by the flexible
hinge, was allowed to move in the Monte-Carlo conformation search. Conformational
optimisation of the starting model was carried out using software from the IMP
(Integrative Modelling Platform) suite [140] and the ATSAS suite. A pool of 10,000
conformational samples was created using the RRT (rapidly exploring random tree)
sampling tool, which was provided with the starting PDB structure of the complex
and a selection of flexible residues (the ‘hinge’ residues linking the FMN-binding to
the rest of CPR, specifically G240, E241, E242, 5243, S244 and 1245) linking the
FMN-binding to the rest of CPR, which residues exactly). Theoretical scattering
curves were calculated for each of the sampled conformations using CRYSON [115].
A single best fit model to the experimental data was determined using MultiFoXS

[114] in partial mode, where pre-computed scattering intensities were used.
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Figure 5.7: Ab initio scattering envelopes with superimposed atomic resolution mod-
els, and P(r) plots for all complex scattering curves. (a) is the full complex, (b)
is the complex with cytc matched out and (c) is the complex with CPR matched
out where the FAD-binding and linker domain are coloured blue, the FMN-binding
domain is in green and cyt ¢ is indicated in red. (a) and (b) are rotated 180° while
(c) is rotated 90°.
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Figure 5.8: Single best-fit model of the CPR-~cyt ¢ complex where the FAD-binding
and linker domain are coloured blue and the FMN-binding domain is in green. The
heme cofactor of cyt ¢ and the FMN cofactor of CPR have been included as stick
models (magenta) to indicate their proximity. The model is rotated 90° about the
axis as indicated by the arrow.

5.3 Discussion

A high-resolution structure achieved using X-ray crystallography was published by
Sugishima et al. [72] of a complex between a CPR mutant and heme oxygenase;
it is therefore important to compare this structure with the one proposed in this
work since there are a number of notable similarities. The most striking is the
compact nature of the complex in both cases. Compared to the model of Huang
et al. [40] there would have to be significant compaction of the two CPR flavin
domains relative to each other in order to adopt the one present in either of the
two complex models. Sugishima et al. compare the conformation of their CPR to
the smallest conformation present in the unit cell of the crystal structure of the
ATGEE mutant [60] which itself was also used in their complex. A number of
interactions between residues in heme oxygenase and domains of CPR besides the
FMN-binding domain may contribute to the stability of the complex. This may also
be true for cyt ¢ though those residues are likely to be different due to the much
smaller size of cyt ¢ (ca. 12 kDa) compared to heme oxygenase (ca. 30 kDa). The
FMN-binding domain and heme oxygenase components of the crystal structure were
resolved comparatively poorly to the rest of the CPR molecule, suggesting a level of
flexibility and dynamics to this region. This could mean that the precise nature of
the complexes formed could vary from molecule to molecule which is not surprising
considering the dynamics and flexibility that could be afforded by the structure.

This dynamic region led to an overall resolution of 4.3 A which is relatively low for
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a modern X-ray crystal structure determined using synchrotron radiation.

5.4 Conclusion

SANS lacks the resolution and information to be able to resolve the orientation of
cyt ¢ and the domains of the CPR mutant in the complex in precise atomic detail.
However, the model obtained in this work by combining global SANS information
and atomic level information (Figure 5.8) indicates a compact structure with exten-
sive inter-domain contacts and a number of significant features. There are several
intermolecular polar sidechain-sidechain or sidechain-backbone interactions between
cyt ¢ (residues 21, 23, 25 and 27) and residues 267, 268, 280 and 359 in the FAD
domain of the CPR mutant, showing that the interprotein interface is not limited to
the FMN domain of the reductase. The conformation of the CPR mutant in the com-
plex is a relatively extended one, compared to the wildtype crystal structure (Figure
1.3), such that the isoalloxazine rings of the FAD and FMN cofactors are separated
by approximately 30 A. On the other hand, the distance between the FMN isoallox-
azine ring and the heme of cyt ¢ is <10 A. This shows that the complex described
here is one which is competent for interprotein electron transfer between the FMN
and the haem of cyt ¢, but not for intraprotein electron transfer between FAD and
FMN, demonstrating that domain movement is required between the intramolecular

and the intermolecular electron transfer steps in the CPR mechanism.
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Chapter 6

A Time-Resolved Study of the
Domain Motions of Cytochome
P450 Reductase Using
Pump-Probe X-ray Scattering

Up to this point the SAS studies presented have been of static solution samples
measured over long periods at multiple detector distances in order to obtain a strong
signal to noise ratio and a broad Q-range. However, recording an average of the
enzyme in solution provides very little information on the dynamics of the system
and no information on the timescale of the changes that take place.

This chapter presents a study using time-resolved SAXS where a stopped-flow
system fitted in situ to a SAXS beamline to study the shape changes that CPR
undergoes with respect to time. This is the first known example of this type of
experiment with CPR. Only a radiation synchrotron was able to provide the flux
and therefore temporal and spatial resolution needed for SAXS measurements at the
necessary time scales. The commissioning of a stopped-flow device to enable rapid

mixing on a beamline, as well as protein measurements, are described.

6.1 Time-Resolved X-ray Scattering

In essence, time-resolved X-ray scattering is the capturing of SAXS/WAXS patterns
over very short timescale (as low as picoseconds) in order to build up a picture of
changes that occur in a molecule over time. These patterns are typically recorded
at larger Q-values, the reasons for which will become clear in the description of the
instrument.

The basic principle of a pump-probe experiment is to first ‘pump’ the sample,
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with for example a laser, to initiate the reaction in a highly controlled manner
followed by a ‘probe’ which in this case is the X-ray beam. Lasers penetrate the
sample and interact with the whole sample almost instantaneously ensuring that
the start of the reaction is homogeneous, the wavelength is also highly tunable.
Temporal evolution of the reaction is then tracked by adjusting the delay between
the laser pulse and X-ray pulse. For most pump-probe experiments 2000 pulses from
the synchrotron provide sufficient flux and resolution which arrive 100 ps after the
laser. Although lasers are not the only way to initiate the reaction, for the reasons

mentioned here they are the most common.

6.1.1 Earlier Work

Historically, pump-probe SAXS has been most heavily used in small-molecule chem-
istry and solid state physics and very high impact research is now produced in
these fields [141, 142, 143]. Over the last few years the technique has been gaining
popularity in the study of biological molecules both in solution and in crystalline
forms although relatively little work had been published in this field until recently
(144, 145, 75, 146, 147, 148].

This is not the first study that has attempted to elucidate the timescales of
diflavin reductase function and certainly not the first attempt to use pump-probe
measurements. A study published by Heyes et al. in 2009 used laser excitation in
combination with a chromophore to reduce the flavin cofactors of nitric oxide syn-
thase and follow the subsequent changes using absorbance spectroscopy [149]. The
chromophore in question was thiouredopyrene-3,6,8-trisulfonate (TUPS) which was
shown in earlier studies to absorb light at around 355 nm and be capable of electron
transfer from a photoexcited state to reductase domains of proteins located in close
proximity [150, 151]. For this reason, the TUPS molecule must be either covalently
bound to the protein structure or mixed in solution in high concentration, both of
which were found to be effective. This piece of work concluded that TUPS, coupled
with laser excitation, can directly reduce the flavins allowing the subsequent kinetic

processes such as interflavin electron transfer to be studied more transparently.

6.1.2 1IDO09

Insertion Device 09 (ID09), located at the ESRF, is an example of a pump-probe
beamline that is designed for the measurement of ultrafast changes in condensed
matter. The presence of a high-speed chopper allows extremely short pulses (down
to picoseconds) of X-rays to be selected in order to measure very fast changes in
the sample. This highly versatile beamline is capable of carrying out the following

types of measurement in a time-resolved manner:
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o X-ray diffration
e Small-angle X-ray scattering
o Wide-angle X-ray scattering
o Laue diffraction

o Grazing incidence diffraction

When configured for SAXS, the beamline operates on a very similar basic princi-
ple to that of a standard SAXS beamline (for example BM29, described in Chapter
2). A diagram showing the basic layout of the beamline is shown in Figure 6.1.

In order to minimise air scattering from the direct beam, this instrument features
an helium filled flight tube. Helium, having a much lower scattering cross section
than air, will attenuate the beam to a much lower extent, therefore maximising
the number of photons which are eventually measured. This, coupled with the
extremely high flux of an insertion device beamline is what allows the beamline to
be so versatile and carry out measurements with such short exposure times. A set
of fast shutters and a rotative chopper are employed to extract X-ray pulses or pulse

trains that are suitable for the desired timescales of the dynamic reaction.

Wall (53.52 m Wire monitor  Millisecond chopper Pipe Diffractometer (goniometer and microscope)
from source)
/ High-speed chopper

Detector (CCD)

TS o R TSN
I_ e
=9

=}

table 3.0x 1.5 m? laser table: 4.25 x 1.5 m?
X-ray table 3.0x1.5m

Figure 6.1: Schematic of the ESRF ID09 pump-probe beamline experiment hutch.
The direction of the X-ray beam is indicated by the arrow on the left which arrives
here after passing through the beamforming elements (shutters, slits, mirrors and
monochromator).
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6.2 Experimental Setup and Sample Preparation

Before the start of this investigation a brand-new stopped-flow system was installed
at the sample position on the beamline which was organised and overseen by Dr.
Martin Pedersen, the beamline local contact. In order to demonstrate the function-
ality of stopped-flow setup and prove the concept is viable for future experiments
a number of known reactions were planned to be carried out. Principally, these
were the mixing of a solution of CPR with a high ionic strength solution, and the
formation of the complex between CPR and cyt ¢. The stopped flow experimental
setup for these reactions was, in principle, exactly as described in Chapter 4 and
Appendix A.4 with the only major difference being that SAXS/WAXS, rather than
absorption spectroscopy was used to probe the changes. Scattering in the WAXS
region is substantially weaker but can be very rich in features, the downside of this
is that the data can be very hard to interpret at this level, especially when the
behaviour of the system at greater levels of detail is unknown. The capillary in the
mixing cell of the stopped-flow was carefully aligned with the X-ray beam in order
to measure the centre of the capillary at a pint where the solutions were fully mixed.
The complex formation was carried out without any reducing agent in order to limit
the interactions/shape changes taking place in the mixture, therefore simplifying
the interpretation of the data.

A maximum Q-range of 0.02 - 2.75 A" was obtained from a sample-to-detector
distance of 40 cm. X-ray energy of 18 keV (£ 5%, pink beam) was selected to give
provide a sufficient flux of X-rays. ID09 is capable of a broad energy range; selecting
a higher energy would have resulted in harder X-rays resulting in less absorption
by the sample and relatively more more elastic scattering, though both decrease in
their absolute values. Increasing energy also brings severely reduced flux; the most
ideal value for maximum flux would be 12 keV but ID09 is not capable of that, a
limitation of the undulator at this beamline (illustrated by Figure B.2 in Appendix
B).

6.3 Results

Preliminary SAXS curves were measured on BM29 (described in Chapter 2, Section
2.2), also at the ESRF, in order to show that the samples were not especially suscep-
tible to X-ray radiation damage and were of suitable quality. The curves produced
were of a good quality and showed highly monodisperse samples of cyt ¢ (Figure
6.2) and CPR (Figure 6.3).
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Figure 6.2: SAXS curve of cyt ¢ meaured on BM29 at a concentration of 30 mgmL ™!
with an exposure time of 10 s in 100 mM BES pH 7.0 at 10 °C.
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Figure 6.3: SAXS curve of CPR meaured on BM29 at a concentration of 5 mg mL™!
with an exposure time of 10 s in 100 mM BES pH 7.0 at 10 °C.
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The first measurements taken on ID09 after successfully completing the stopped-
flow setup were of cyt ¢ alone in solution to check for radiation damage. Figure 6.4
shows successive frames, difference curves relative to the reference scattering pattern
at time zero, taken during pulsed exposures where time delays of 0 - 2550 ms were
selcted, with intervals of 50 ms. A significant amount of background was present
in the low-Q background which led to heavily distorted data in this region. Some
changes in the scattering pattern are present, most likely caused by radiation damage
in the form of heating the solution by absorption of X-rays. Before the next tests, a
new capillary was fitted to the stopped-flow device and realigned to assess whatever

was causing the undesirable background.
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Figure 6.4: Cytochrome c radiation damage test difference curves. The progression
of frames read out from the detector are coloured as indicated in the legend pro-
gressing in colour from purple to light green. The plot shows the scattering vector,
Q, on the horizontal axis and the change in scattering intensity from time = 0 on
the vertical axis.

The next measurements were of mixing CPR and cyt ¢ as previously described.
The mixing of these two solutions produced bubbles which led to more undesirable
noise in the low-Q region on some of the difference curves. Very strong changes
present in the small- and wide-angle scattering regions suggest that this may be ra-
diation damage to the sample in the form of aggregation and heating of the solution,
although the trend is extremely systematic as illustrated in Figure 6.5 (an example
without any interference from bubble formation). This hypothesis was confirmed
by mixing CPR with buffer alone to dilute and then reducing the flux. The same

effect was seen with dilution which was then attenuated by reducing the X-ray flux.
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The nature of the radiation damage is interesting in itself but the low quality of
the SAXS region means that it it difficult to interpret the precise nature of the
species being formed. It appears that large structures are forming within hundreds

of milliseconds and then rapidly relaxing up to around 8 s when measurements were

stopped.
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Figure 6.5: CPR + Cytochrome ¢ mixing difference curves. The progression of
frames read out from the detector are coloured as indicated in the legend, progressing
in colour from purple to light green. The plot shows the scattering vector, Q, on the
horizontal axis and the change in scattering intensity from time = 0 on the vertical
axis.

The final data collected was the mixing of CPR with a solution of 4 M NaCl to
determine the effect of a change in ionic strength of the solution. Radiation damage
was also present in these samples but a more significant issue was mixing. Mixing
and dilution of the salt solution was too slow to be able to take reliable measurements
on short timescales and the mixing was extremely inhomogeneous This was not an
issue in earlier SAS experiments since the samples were static and averages over
long periods of time so poor initial mixing was of no consequence. Additionally, in
earlier stopped-flow experiments both of the samples were prepared with the same
concentration of salt in order to limit any adverse effects from dilution but this was
not possible during the course of this experiment. The dilution appeared to produce

some heat currents in the solution and large bubbles.
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6.4 Discussion

There were limitations of the beamline that led to significant difficulties in collecting
high quality data for this investigation. This was the first attempt to collect stopped-
flow time-resolved data on a solution of biological macromolecules on ID09 so the
setup is in its infancy and not optimised in any way. The sample was probed
with with X-rays that were too soft and therefore a high proportion of beam was
absorbed by the sample and the buffer solution, leading to heating and damage to
the macromolecules. Due to the nature of the undulator setup, increasing the energy
of the X-rays would have led to a significant decrease in the flux which would have
been unacceptable on these timescales and the concentration of protein used which
was in the region of 10 mgmL~".

It was difficult to interpret the precise nature of the radiation damage to the
limited SAXS capability of the beamline. ID09 does not have an evacuated detector
tube, only a helium flight tube. This means that there is a significant limitation
in the maximum detector distance available and more background noise present
in samples that are at a lower concentration. This could have been alleviated by
stabilising samples at higher concentration but in the conditions given (100 mM
BES pH 7.0, 25 °C) CPR has a tendency to aggregate beyond 10 mgmL™'.

Finally, an improvement to the mixing setup could have reduced some of the
problems of inhomogeneity and bubble formation and allowed more reliable mea-
surements at the beginning of the interactions. This type of setup has proven suc-
cessful on beamlines that are better suited to working with solutions of sensitive
biological molecules. Examples of this have been discussed in the introduction to

this chapter.

6.5 Future Work and Conclusion

TUPS was prepared for this experiment but time constraints and commitment to
the stopped-flow setup at the beamline meant that it was not possible to switch to
lasers within the allocated beamtime. This experiment would have been carried out
in the manner previously described [149] but using X-rays rather than UV-visible
light to probe the changes to the molecule. It should also be noted that the strict
sample requirements of SAXS/WAXS experiments compared to optical spectroscopy
may lead to difficulties. To obtain good scattering data the protein concentrations
generally need to be orders of magnitude greater than in optical spectroscopy, this
would mean that other reagents which need to be in equimolar ratios or in excess
must also be available in much greater quantities. TUPS is typically produced in

the microgram-milligram range which may seriously limit the maximum protein
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concentration and the inability to recycle samples after X-ray exposure means that
repeat measurements may not be possible.

Additionally, the use of NADPH to reduce the enzyme and study the precise rate
and structural nature was planned. With the use of WAXS it may be possible to
resolve the orientation of the domains relative to one another and the precise extent
to which they move. With a functioning and fully synchronised stopped-flow setup
further optimisation of the beamline can now take place to improve data collection

from sensitive biological samples.
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Chapter 7

Summary and Future Work

7.1 Summary of Main Conclusions

A number of significant conclusions have been reached from the interpretation of

the data presented in this thesis. They can be summarised as follows:

e The intrinsic link between the redox state of CPR and its conformational

equilibrium in solution has been characterised and quantified in Chapter 4.

e The understanding of how buffer conditions affect the conformational equilib-

rium has been examined, also in Chapter 4.

o A low-resolution structure has been determined for the complex between CPR
and cytochrome c in solution, revealing the compact nature of the complex,
in Chapter 5.

o Time-resolved measurements of the large scale motions of CPR both upon
reduction and when complex formation with cytochrome ¢ takes place have
been made. Although the experiment was completed with limited success, the
foundations for further work using the same techniques have been established
in Chapter 6.

These findings have significantly furthered the understanding of the behaviour
of CPR in solution and established ways in which other flexible proteins, especially
members of the diflavin redox family can be studied. Additionally, the power of
neutrons for studying sensitive macromolecular complexes has been demonstrated
and, despite the lower resolution of this technique, when used in conjunction with

other well established techniques can yield strong conclusions.
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7.2 Future Work

Despite the fact that CPR has been studied for over 50 years, thanks to constantly
evolving techniques there remains much to learn about the behaviour of this fasci-
nating enzyme. In particular a number of incomplete and planned studies remain
as a result of this work on CPR. All of the studies presented in this thesis have been
carried out with the proteins in solution which, besides cyt ¢, is not their native
environment. Additionally cyt ¢ is not a physiological electron transfer partner and
extensive studies of the complex between CPR and P450s have yet to be published
with success. The use of reconstituted liposomes or nanodiscs are at present the most
promising candidates combined with SAS to study the native full-length protein and
complex, some preliminary studies have already been carried out [64, 68, 152]. It
could be possible to use the power of SANS to contrast match the nanodiscs out
rendering them experimentally invisible whilst gathering scattering data of the full
complex. As an alternative to SAS, the technique of neutron reflectivity could be
employed to study the complex in a traditional lipid bilayer on a support surface.
This technique relies on the high penetrating power of neutrons to analyse the nature
and depths of each layer when a highly collimated beam is reflected off the surface
of the sample. As discussed at the end of Chapter 6, there is still a lot of potential
to learn about CPR using time-resolved radiation scattering in solution once the
experimental setup has been optimised sufficiently. This can be achieved using the
rapid mixing setup discussed in the chapter or an electron donating chromophore,
such as TUPS, coupled with last excitation which was not attempted due to time
constraints.

Besides low-resolution structural studies there is still much to learn about the
dynamics CPR and the P450 system. This could be achieved through the use of
quasi-elastic neutron scattering. This technique is slowly becoming more popular for
the study of biological systems and works by analysing the broadening of incident
neutron beam as a result of dynamics in the system and hydration of the protein
(in contrast to a crystal with no diffusion that splits the beam into distinct elastic
and inelastic lines) [73, 74].

Finally, it is likely that CPR would make an excellent candidate for the technique
of cryo-electron microscopy (cryo-EM). Unlike traditional X-ray crystallography this
technique does not rely on homogeneous, high-quality crystal formation and there-
fore permits study of molecules that are notoriously difficult to crystallise, in their
native environment [153]. The nature of the technique would allow the structure
of molecules in various different conformations to be analysed and then ensemble
methods could be used to analyse the conformational equilibrium based on an av-

erage structure, or single molecules at a lower resolution, similar to that of SANS
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or SAXS. The current major limitation of the technique is the minimum size of
the molecule, with acceptable atomic resolution (<5 A) only being achieved with
molecular weights of hundreds of kilodaltons at the time of writing, but this is being

constantly diminished as the technique develops [154, 155].
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Appendix A

Materials and Methods

In this appendix the routine methods that are relied on throughout this work are
presented. These methods are generally accepted to be standard protocols and are
therefore not unique to any of the investigations presented earlier. Any aspects of
sample preparation or instrument that are specific or unique to certain experiments
are discussed in more detail in the relevant results chapter. The first section, A.1,
describes the basic DNA techniques, followed by A.2 where expression and purifi-
cation of CPR both hydrogenated and deuterated is described. Following this is a
section on routine analysis and characterisation as complimentary techniques, A.3.
The final sections A.4 and A.5 give a detailed overview of the routine methodology
for stopped-flow and SANS (on D22) respectively.

A.1 Recombinant DNA Techniques

A.1.1 E. coli Expression Vectors

The genes for human fibroblast CPR lacking the N-terminal membrane-anchoring
region (and associated mutants) had been cloned by Dr. Jackie Ellis (University
of Leicester) in to the cold-shock pCS22 vector (Figure A.1) which is based on the
backbone of pET22b [108]. The cDNA for CPR had been inserted into the multiple
cloning site between the restriction enzymes Xhol and Ndel. The plasmid features
the ampicillin resistance gene and is under cold-shock protein A (cspA) transcription
control. When exposed to a low temperature cold shock, 37 °C growth phase followed
by 15 °C expression phase, expression is triggered due to the upregulation of cspA.
An expression vector without the coding sequence for any form of affinity tag in
the amino acid sequence was selected. Cleavage of a tag takes time, reduces yield
and an uncleavable tag may result in any number of interferences with structural or
kinetic studies.

DNA was cloned into plasmid vectors and sequenced by the University of Le-
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icester Protein and Nucleic Acid Chemistry Laboratory (PNACL). Sequencing, also
carried out by PNACL, was performed on all plasmid samples after preparation;
internal primers based on the CPR insert sequence were used (four forward primers

and one reverse, detailed in Appendix B, Supplementary Figures).

NsiI (48)

(6625) BssHII
(6590) EcoRV
(6534) Hpal

BspDI - ClaI (171)
Mlul (232)

(6195) PshAI Ndel (595)

(5958) FspAI

(5930) PpuMI s

(5742) BsaBI*

(5168) BstZ17I pCS22-sCPR

(4935) Pcil

e, BmtI (2453)
<, BamHI (2459)
7 Reg; EcoRI (2465)
Stance protein sall (2478)
< HindIII (2484)
90,
0 NotI (2491)

DraIIl (2906)

(3678) Pvul Psil (3031)

(3566) Scal

Figure A.1: Plasmid map of the pCS22 CPR expression vector. Indicated around
the circumference are the restriction enzymes (outside) and number of base-pairs
(increments of 1000, on the inside). The cspA promoter sequence is indicated in
purple and the origin of replication in yellow.

A.1.2 Transformation into Competent E. coli Cells

A 100 pL aliquot of competent E. coli TOP10 cells in a 1 mL Eppendorf tube was
thawed on ice. 1 pL of plasmid DNA was added to the cell aliquot which was left
on ice for 30 min. The cells and DNA were then heat shocked to 42 °C for 50 s. The
mixture was then returned to ice again for a further 2 min. 100 pL of 2xYT growth
medium was then added to the tube which was shaker incubated for 60 min at 37
°C. The cells were then pipetted and streaked onto an LB,,,, agar plate containing
ampicillin (100 pgmL™') which was incubated overnight at 37 °C for growth of

bacterial cell colonies.
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A.1.3 Isolation of DNA

A single colony of TOP10 cells containing pCS22 CPR DNA was picked from an
LB, agar plate to inoculate 5 mL of LBy, growth medium which was grown at
37 °C to an ODggy of 1. The 5 mL culture was then harvested for DNA following
the protocol of the Qiagen Maxi Prep plasmid preparation kit.

A.2 Protein Expression and Purification

A.2.1 Human N-terminal Truncated CPR

pCS22 plasmid containing CPR DNA was transformed into FE. coli BL21 STAR
cells for expression (see Appendix A.1.2 for a more detailed procedure). LB,,,, agar
plates were streaked with the transformed BL21 STAR cells and incubated overnight
at 37 °C.

Expression in TB Medium

Expression of CPR in TB was developed to provide maximum yield of the protein.
A single colony of BL21 STAR transformed with the pCS22 CPR vector was picked
from an LB,,,, agar plate and incubated in autoclaved LB medium (5 mL) containing
ampicillin (100 pgmL™!) overnight. A glycerol stock (50%) was made from the
overnight growth of the cells in 500 pL aliquots and stored at -80 °C. A scraping
(sterile pipette tip) of the glycerol stock cells or single colony from freshly streaked
LBamp agar plate was used to inoculate a flask containing LB medium (250 mL)
containing ampicillin (100 pg mL~!) which was incubated overnight at 37 °C to form
a starter culture. The starter culture (5 mL) was used to inoculate the required
amount of TB medium flasks (500 mL) containing ampicillin (100 pgmL™!) for
growth and expression. These flasks were shaken (180 RPM) at 37 °C until the OD
of the cell culture reached a value between 0.6 and 0.8 at 600 nm. At this point the
expression was induced by moving the flasks into a pre-chilled incubator at 15 °C to
cold shock the cells for 24 h. Cell cultures were pelleted by centrifugation at 5000
RPM and 4 °C for half an hour before being moved immediately to storage. Pellets
were either stored at -80 °C or immediately processed according to the isolation and

purification procedure.

Solubility Study

Before beginning large scale purification the solubility of the protein was tested. A
small amount of induced cell pellet was resuspended in a minimum of buffer (100

mM, pH 7.8). Cell lysis was achieved by bead milling using a volume of 500 nL of
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glass beads with a diameter of 0.1 mM (Scientific Industries Inc.). The suspensions
were shaken in a cell disruptor for 5 min. An aliquot with a volume of 50 pL was
taken from the sample and centrifuged at 14,000 RPM for 2 min.

Both the precipitate and the supernatant were collected an each sample run
on an SDS-PAGE gel. A detailed protocol for SDS-PAGE can be found later in
Appendix A.3.1.

Isolation and Purification

CPR isolation and purification was carried out with slight modifications of published
methods [40]. The pellets were resuspended in a minimum of lysis buffer (100 mM
Tris, pH 7.8, lysozyme 100 pgmL~!, ca. 30 mL of buffer per litre of culture) and
then sonicated on ice for 10 x 30 second intervals until the suspension turned dark
grey in colour and became less viscous. The suspension was centrifuged at 20,500
RPM for 1 h at 4 °C after sonication and the supernatant crude (cell-free) extract
was collected and kept on ice. The crude extract was then loaded directly onto a Q
Sepharose ion-exchange column which was pre equilibrated with wash buffer (100
mM Tris, pH 7.8). After a thorough wash of at least 2 column volumes of wash
buffer, the protein was eluted with a salt gradient (0-1 M NaCl in wash buffer).
During elution the optical absorbance was monitored at wavelengths of 280 nm and
450 nm to confirm protein and flavin presence respectively. The best yellow/green
fractions from QQ Sepharose elution (see example elution trace in Figure A.2, CPR
presence in fractions C2 - C4 confirmed with SDS-PAGE) were then loaded directly
onto a 2’5-ADP Sepharose column which was pre equilibrated with wash buffer.
After a 2 column volume wash, half a column volume of oxidation buffer (100 mM
Tris, pH 7.8, 100 mM potassium ferricyanide) was washed over the bound protein
to ensure the flavin cofactors of the enzyme were in the fully oxidised state. The
column with oxidised CPR bound was then washed once more before being eluted
slowly with elution buffer (20% glycerol in H,O, pH 7). The pure protein was
eluted using a 20% glycerol solution rather than 2’-AMP in order to avoid undesired
persistent binding of the 2’-AMP. A final stage of purification included the use of
size exclusion liquid chromatography (Superdex 200 Increase column, GE Healthcare
Life Sciences) in order to isolate the purely monomeric form of the protein. The
protein concentration was calculated using a molar extinction coefficient of €450nm
= 22,000 M~'em™'. The final eluent was immediately buffer exchanged into 100
mM Tris, pH 7.8 for refrigerator storage or kinetics buffer (100 mM BES, pH 7)
for experimental work as required. Glycerol stocks using 50% w /v of glycerol were

made for long term storage at -20 °C.
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Figure A.2: Q Sepharose FPLC elution chromatogram run at 3 mLmin~!. Traces shown are the absorption reading at 280 nm (dark

blue), the absorption reading at 450 nm (red), the% of 1 M NaCl (green) and the conductivity of the solution measured in siemens per
metre (light blue). The vertical axis corresponds to the absorabance of the 280 nm. The fractions are labelled on the chromatogram in
red, of which fractions C2 to C4 were collected and pooled for further purification in this instance.



A.2.2 Deuterated Protein Expression and Purification

A modified protocol and some additional procedures were necessary for the produc-
tion of deuterated soluble CPR in the D-lab at the ILL in Grenoble, France. The

purification protocol for deuterated samples was the same as for hydrogenated.

Transposition

The pCS22 vector based construct was adapted for fermenter growth by switching
the antibiotic resistance from ampicillin to kanamycin via a transposition reaction
using the EZ-Tn5TM T7/KAN-2 Promoter Insertion Kit (Epicentre, USA). All com-
ponents from the kit for carrying out the transposition reaction were mixed in a

single Eppendorf tube:

o EZ-Tn5TM 10x reaction buffer (1 pL)

Target DNA (0.2 pg)

Transposon (1 plL)

Transposase (1 pL)

Make up to 10 pL total volume with distilled water

The reaction mixture was incubated (37 °C for 2 h). The reaction mixture was
than centrifuged for (10 s at maximum speed) in a bench-top centrifuge before
adding stock stop solution (1 pL). The solution was then kept on ice until before
transformed into F. coli TOP10 cells using the protocol described above.

The transformed cells were then screened for successful transposition which in-
volved plating cells onto an LBy, agar plate to grow kanamycin resistant colonies.
Individual colonies from the kanamycin plate were then plated out on an LB,
and an LBy, using corresponding numbers on a grid and searching for cells which
had lost ampicillin but simultaneously gained kanamycin resistance, ensuring the
transposition reaction had taken place on the correct part of the plasmid DNA. A
single colony was once again picked from these plates and double checked on two
final LB, and LBy, agar plates. The two final steps are illustrated below in Fig-
ure A.3. Successful cells were than used for further DNA isolation and sequencing

in order to verify integrity of the CPR gene.

Hydrogenated Minimal Medium Adaptation

Expression and solubility studies were carried out as before using hydrogenated
minimal medium as the first stage of adaptation to growth in harsher conditions. A

single colony was used to inoculate 15 mL of hydrogenated filter sterilised minimal
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Figure A.3: Agar plates from the screening procedure of the transposition protocol.
The left plates are a large selection of single colonies picked from the initial LBy,
plate. The right plates are from the final confirmation of new resistance and loss of
former resistance gene

medium (see materials section, Appendix A.2.3) containing a final kanamycin (30
ngmL™1). The starter culture was incubated (37 °C, 190 RPM shaking) for 24
hours until the O.D. reached 1-1.5 A.U., indicating a slower growth rate than in
rich medium. After 34 hours from the start of the incubation at 37 °C 1 mL of
culture was extracted and a 10 fold dilution in kanamycin containing hydrogenated
minimal medium was made. The diluted culture was incubated at 37 °C for 16 h
and reached an O.D. of around 3.6 A.U. Three aliquots were extracted from the
culture. Each aliquot was diluted in kanamycin containing minimal medium to
obtain an O.D. of 0.2 A.U. The three cultures were incubated at 37 °C for several
hours. Expression was induced by reducing the temperature of the incubator to 15
or 16 °C when the O.D. reached a value between 0.6 and 0.9 A.U. A temperature of
20 °C was also tested to confirm expression at slightly higher temperatures in case
it was necessary in later steps due to equipment limitations. This procedure was
repeated two further times in order to ensure good adaptation of the cells before
taking an aliquot of uninduced cell as a glycerol stock stored in 50% glycerol at -80
°C. Expression and solubility studies were carried out as described in A2.1 and the

results are shown in Figure A.4.

Deuterated Minimal Medium Adaptation and Solubility Study

Following adaptation for hydrogenated minimal medium a similar procedure was car-
ried out using 85% D,O deuterated minimal medium. Deuterated minimal medium
was prepared, being analogous to hydrogenated minimal medium except for the use
of D,O rather than H,O. Ingredients of the medium, including the antibiotic were
not deuterated. This yielded a medium that would produce an 85% deuterated
protein suitable for contrast matching.

Hydrogenated minimal medium culture (1 mL) was diluted to 15 mL in kanamycin

containing deuterated minimal medium and incubated at 37 °C for 24 hours until
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Figure A.4: Hydrogenated minimal medium expression and solubility study. Lanes
1 and 2: Show the total lysis of two induced H-minimal medium expressions. Lane
3: An uninduced H-minimal medium sample. Lane 4: Molecular weight marker.
Lane 5 - 8: Solubility trial supernatant and pellet of samples induced at 15 °C in
LB. Lane 9 - 12: Solubility trial supernatant and pellet of samples induced at 16
°C in H-minimal medium. Lane 13 and 14: Solubility trial supernatant and pellet
of non-transposed CPR samples induced at 15 °C in LB. Molecular weight in kDa
is indicated by the labels in black on the right hand side.

the O.D. reached a value of 3 - 3.5 A.U. The resulting culture (1 mL) was added to
a final volume of 15 mL in kanamycin containing deuterated minimal medium and
incubated at 37 °C for 24 hours until the O.D. reached a value of 3 - 3.5 A.U.
Four aliquots of 1 mL each were diluted in kanamycin containing deuterated
minimal medium to final O.D. of about 0.2 A.U. The four samples were incubated
at 37 °C until the O.D. reached a value between 0.6 and 0.8 A.U. Expression was
induced by reducing the temperature of the incubator to 16 °C and 20 °C to confirm
that both temperatures were still effective. Expression was carried out at 16 °C and
20 °C. The SDS-PAGE samples were prepared as described in Appendix A.3.1 and
analysed as described in the previous subsection. Induction at 20 °C yielded the

largest amount of protein in the soluble fraction. This procedure was repeated for a
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further 3 dilution and growth steps to ensure full adaptation to growth in deuterated

minimal medium.

Fermenter Growth and Expression

The use of a fermenter rather than more typical growth in large flasks was motivated
by the need to grow a high cell density with a minimal use of materials due to the
high cost of D,O. This would also limit exposure to hydrogen since oxygen is
supplied to the culture thought a dry air line. A Labfors 2.3 L Bioreator (Infors,
France) was used (Figure A.5) allowing very precise control of conditions through

the use of direct feeding pumps and various probes.

Figure A.5: Photograph of the Fermenter Apparatus in use. The insulated (double
glass layer) fermenter vessel is shown in the bottom left with fermentation in progress
and the stirrer motor is visible mounted to the top of the vessel (grey). The labelled
feeding pumps are in the top right of the apparatus with the PC for direct control
and monitoring behind.

The O, pressure in the medium was measured throughout the procedure as
reported in Figure A.7. Temperature and pH were monitored during the process.
The O.D. was measured manually throughout the procedure, by extracting small

samples of culture, and is shown in black in Figure A.7. Fermentation was carried
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out at 30 °C with stirring. To maintain the correct pH (7.0) an NaOH pump was used
supplying 4% NaOH to the culture when the pH value was reported below a threshold
value. During the first 14 h from the start of fermentation the oxygen content
decreased due to bacteria growth. After 36 h the oxygen level increased significantly
due to decreasing bacteria growth rate. The culture was then fed through a feeding
pump as shown by the red curve in figure 8.6 providing feeding medium whose
composition is described in the materials section. Expression was induced when
the optical density reached the value of 18 A.U. The temperature was gradually
decreased to 19 °C. 22 h after induction the cells were harvested by centrifugation
(4500 RPM and 4 °C, 15 min. A total of 65 g of cell paste was obtained from
1.7 LL final culture volume, this was frozen and stored at -80 °C. The final yield of
deuterated CPR was approximately 120 mg. An SDS-PAGE gel was made to confirm
the expression and is show in Figure A.6 where bands at the correct molecular weight

for CPR are clearly visible.

Std

Figure A.6: Fermenter Results Gel. Lane I: Uninduced samples from the fermenter,
immediately before induction Lanes 2 and 3: Induced samples after 3.5 and 9 hours
respectively. Lane 4: Final induced sample before cell harvesting. Lane 5 and
6: Solubility trial supernatant and pellet of samples induced at 19 °C. Lane 7:
Molecular weight marker. Lane §: Solubility trial supernatant of CPR sample
induced at 15 °C in LB for reference. Molecular weight in kDa is indicated by the
labels in black on the right hand side.

102



318:00

.
[to]

@ o

- Q

sl

g <

8| ®
o
%
o

o o

(o) S~

{9 S ©

> ARE=)

2 S| o

c

S 2
g =
=1 ©

3 o

£ S| o

1< 2L S

8 3 S

% £ ®
. <
2 q
8 [

o S 8

1o Q- o

W I by
a a
o [e]
g

Tl o

") o

al

-

~

o

=

©

o

o

o

=1

<)

———= ©

o

(O)
S
(&)
g 8
4 J© o
1] s
o -
[e]
) —
=4
> o
] S
—+— o (3]
£ —
b —
[
(o}
@/
o
S
©
o
o
o
S
o
— o
T o

T 2
| 5
(o)

] 8
{g :

o o

f=

u

[a]

R ppg—

0
| ©

<

o o

n ;

[a]

° ¢
— : : ©
00'0e 4 ao 00'0 ¥
000 3 % 20d 00 @
r T T T T T 1 [aV]
000€ =4 jw dwnd~paa4 )
0'008 lw dwnd~eseg 0'0
00'se =4 0o dwa | 000

Figure A.7: Fermenter Trace. The horizontal axis shows time in days, hours and
minutes, the vertical axis shows O.D. Conditions monitored as per the coloured lines
detailed in the legend Indicated in the text bubbles are the time points and values
at which a manual O.D. reading was taken.
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A.2.3 Materials

All chemicals and media used were of the highest analytical grade and were not pu-
rified any further unless otherwise stated. Chemicals for solutions were provided by
Fisher Chemicals, Sigma Aldrich and Melford laboratories. Horse heart cytochrome
¢ for kinetics and SAS experiments was purchased from Sigma Aldrich. Water was
doubly deionised via an Elga PureLab Option (DV35) which used lab deionised water
as its supply. All molecular biology and microbiology was carried out under aseptic
conditions. The pH of solutions was measured using a Hanna pH meter. FPLC
column chromatography was carried out using an AKTA Purifier 100. UV-visible
spectrophotometry was carried out using a Perkin-Elmer Lambda 40. Additional
specific equipment is described within the relevant subsection of this chapter. All
buffer solutions were filtered immediately before use for both purification purposes

or measurements.

Materials for the expression and measurement of CPR

o LB-Agar medium - 20 g of LB low salt powder (Melford), 15 g of agar and
2 g of glucose made up to 1 L with distilled water. The solution was sterilized

in an autoclave.

« Lysogeny broth (LB) medium - 20 g of LB low salt powder (Melford) and
2 g of glucose made up to 1 L with deionized water. The solution was sterilized

in an autoclave.

o Terrific broth (TB) medium - 12 g of tryptone, 24 g of yeast extract, 4
mL of glycerol made up to 900 mL with distilled water. The solution was
sterilised in an autoclave before adding 100 mL of a sterile solution of 0.17 M
KH,PO,, 0.72 M K,HPO,.

« Kinetics/SANS buffer - 100 mM BES, pH 7.0. Solution was made up using
H,0, D,0O or a mixture of both as appropriate.

Materials for the deuteration of CPR

e Minimal medium - In 1 litre: 6.86 g (NH,),S0,, 1.56 g KH,PO,, 6.48 g
Na,HPO, -2H,0, 0.49 g (NH,),—H—citrate, 5 g glycerol, 1 mL MgSO, 1 M,
1 mL metal salts solution. H,O based solution was sterilised in an autoclave,

D, 0O based solution was sterilised by filtration.

¢ Metal salts solution - 0.5 gL.™! CaCl,-2H,0, 16.7 gL."! FeCl, - 6 H,0, 0.18
gL~ ZnSO, - 7H,0, 0.16 gL' CuSO, - 5H,0, 0.15 gL~ MnSO, - 4 H,0, 0.18
gL' CoCl, -6 H,0, 20.1 gL' Na—EDTA.
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e« NaOD 4% - 90 mL of D,O, 10 mL NaOD in D20 10 M stock. Sterilised by
filtration.

e Feeding medium - 30 g glycerol, 250 mL deuterated minimal medium. Ster-
ilised by filtration.

A.3 Analysis and Characterisation

A.3.1 SDS-PAGE

To follow the progress of CPR purification and to assist with confirmation of purity
SDS-PAGE analyses were carried out using a Mini Protean Tetra System (Bio-RAD,
California, USA) set at 150 V. Discontinuous polyacrylamide gels (10%) containing
0.1% SDS and polyacrylamide stacking gel (5%) were used. A Bio-Rad gel system
with 0.75 mm gel thickness was used. Samples were prepared by adding an equal
volume of sample and sample buffer (100 mM Tris-HCI, pH 6.8, 4% SDS, 20% w/v
glycerol, 0.002% bromophenol blue, 25 mM DTT) then boiled for 5 min. The gels
were run in SDS running buffer (25 mM Tris-HCI, 192 mM glycerine, 0.5% w/v
SDS) at 180 V until the dye front reached the end of the gel.

Gels were soaked in stain (30% w/v methanol, 12% w/v trichloroacetic acid,
0.01% Coomassie Blue, 10% w/v sulphosalicylic acid) for 1 h before rapid destaining
using 3-4 iterations of shaking in fresh microwave heated distilled water to accelerate

the process. For a full destain the gels were left to shake in distilled water overnight.

Materials for SDS-PAGE

Solution Components 10% Resolving Gel (mL) 5% Stacking Gel (mL)

1,0 ) 6.8

30% acrylamide mix 3.3 1.7
1.0 M Tris (pH 6.8) 2.5 1.25
10% SDS 0.1 0.1

10% ammonium persulfate 0.1 0.1
TEMED 0.004 0.01

Table A.1: 10 mL Solutions for Preparing Gels for Tris-glycine SDS-PAGE.

A.3.2 UV-Visible Absorption Spectroscopy

Ultraviolet-visible (UV-visible) absorption spectra were used to confirm the presence
of the protein and respective flavins in the fully oxidised state immediately after

purification. The yield of protein was also quantified using the extinction coefficient:
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€4500m = 22,000 Mt cm™') [40]. This measures the oxidised flavin content rather
than the protein but is considered a very accurate method with a fully oxidised
sample of CPR. The extinction coefficient for the protein at 280 nm was estimated

to be €xgonm = 84,000 M~ em™! [109] based on the amino acid sequence.

A.3.3 Cytochrome c Reduction Assays

Assays were carried out generally according to a published protocol [13]. Protein
was buffer exchanged into kinetics buffer (100mM BES, pH 7) and the concentration
was determined by UV-visible spectroscopy. Stock solutions of NADPH (€340nm
= 6220 M 'cm™!) and horse heart cytochrome ¢ (€400 = 106,000 Mt em™?)
were made. All stocks and subsequent dilutions were kept on ice in foil wrapped
Eppendorf tubes. The spectrophotometer was blanked at 550 nm with a mixture
of CPR and cytochrome ¢ (saturating) in the kinetics buffer which was allowed
to stabilise for 1 min. NADPH (50 uM) was added, followed by rapid agitation
and then measurement of absorbance change at 500 nm. The slope of the curve
was measured for several repeats and the catalytic rate constant under saturating

conditions was determined using

AAbs . o
(190()())-.—[CPR]._kcat (A1)

where 19000 is the molar extinction coefficient for the formation of reduced
cytochrome c at 550 nm.

For Michaelis-Menten kinetic parameter determination (Ky®*omee and V..
the concentration of cytochrome ¢ was varied whilst that of CPR (5 uM) and
NADPH (50 pM) remained constant. This produced a hyperbolic curve which was

analysed using a nonlinear regression using the model

Y = Vipaw X X = (K + X) (A.2)

where V., is the maximum rate achieved by the system at saturating substrate
concentration and Ky, the Michaelis constant is the substrate concentration at
which the rate is half of V,,,z.

A.4 Stopped-Flow Kinetics

All kinetic experiments were carried out at room temperature (approx 25 °C, unless
otherwise specified) using an SX.18 MV-R stopped-flow spectrophotometer (Applied
Photophysics, UK) with a dead time of ca. 1 ms. A photodiode array was used in

order to provide the full spectrum of UV-visible wavelengths at the same time. The
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sample-handling unit of the stopped flow instrument was contained within a cus-
tomized glovebox (Belle Technology, UK). Kinetics buffer (100 mM BES pH 7) was
made anaerobic by bubbling nitrogen gas for ca. 2 h prior to placing in the anaerobic
glovebox. Reagent solutions were made up in small volumes (<1.5 mL) outside the
glovebox but allowed to equilibrate for at least an hour inside the glovebox to ensure
removal of residual dissolved oxygen. Anaerobic samples were introduced into the
sample syringes and allowed to equilibrate for 5 min where necessary (for example
in the case of NADPH and CPR in the same syringe). The system was cleaned
by driving two samples through the observation cell before taking any recordings.
In single mix mode, the equipment operates by mixing and therefore diluting two
samples in equal volume, therefore halving the starting concentration. Absorbance
measurements are made over a set time period up to 1000 s and a spectrum can
be taken every millisecond if required; this was varied depending on the timescale
used. The entire UV-visible spectrum was recorded in each measurement but single
wavelength data were obtained from these readings where necessary. Kinetic and
mechanistic parameters were calculated from the data obtained with most analysis

carried out using the Pro-Data SX software package (Applied Photophysics, UK).

A.5 Small-Angle Scattering

The predominant SAS technique presented in this thesis is SANS and therefore a
detailed generic protocol for SANS measurements on solution CPR on ILL D22 is
given below. Specific aspects of sample preparation that are unique for a particular

experiment are described in the relevant results chapter.

A.5.1 SANS Data Collection and Routine Analysis

SANS measurements were carried out on the D22 beamline, the high-flux neutron
diffractometer at the Institut Laue-Langevin, Grenoble, France. Each protein sam-
ple of 2-5 mgmL~! in an appropriate H,O- or D,0O-based buffer was measured in
a 1 mm path length suprasil quartz cuvette (Hellma) for a total of 1 h in order to
gather data with a suitably high statistical precision. Data were recorded at two
collimation lengths (5.6 m and 2.8 m) and respective sample-to-detector distances
(5.6 m and 1.4 m) in order to provide a full range of momentum transfer, Q, from
the Guinier region of the monomer to the solvent level of incoherent scattering. The
2-dimensional *He detector was positioned at different distances from the sample
and off-centred with regard to direct beam in order to provide a usable Q-range of
0.001 - 0.5 A_l, where Q = 4msinf/\ with 20 and A the wavelength (6 A +10%

in our measurements). The raw scattering data were reduced using the software
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GRASP, which included thickness and transmission scaling, empty cell and blocked
beam subtractions, calibration to absolute intensity using incident flux measured at
sample position and azimuthal averaging then merged to produce the full scattering
curves. Buffer subtraction and normalisation for concentration as appropriate was
carried out using NCNR SANS reduction macros (Nist Centre for Neutron Research,
Maryland, USA) for the IGORpro software package [156].

Where necessary, contrast match points were estimated by determining and plot-
ting the ](on)l/ 2 values of protein samples at various D,0:H,O ratios while main-
taining a constant protein concentration. The linear trend was then used to estimate
the D,O:H,0 ratio at which the protein no longer contributed any coherent scatter-
ing (i.e. the x-axis intercept). This estimate was then tested and confirmed before
proceeding with contrast match SANS measurements on the protein complex.

Initial data processing and analysis were carried out using programs from the AT-
SAS suite [157]. Determination of size parameters was performed using PRIMUS
[158]. Rg was determined using the Guinier approximation and from P(r) plots;
Dinaz and P(r) were calculated using GNOM [159]. The Primus Distance Distri-
bution Wizard gave values of at least 77% for the quality of P(r) for the different
samples, where values over 70% indicate a “good” solution. Model-independent
ab initio molecular envelopes were generated using DAMMIF [160]. Fifteen inde-
pendent DAMMIF runs were averaged using DAMAVER [99] to obtain a typical
molecular shape and filtered using DAMFILT to produce a refined model revealing
only the most common structural features. High resolution models were superim-
posed on to low resolution dummy atom models using SUPALM [104] as part of the
SASpy [102] plugin for PyMol.

Rigid body modelling was carried out using software from the IMP (Integrative
Modelling Platform) suite [140] and the ATSAS suite. A pool of 10,000 conforma-
tional samples was created using the RRT (rapidly exploring random tree) sampling
tool, which was provided with a PDB structure and a selection of flexible residues.
Theoretical scattering curves were calculated for each of the sampled conforma-
tions using CRYSON [115]. A single best fit model to the experimental data was
determined using MultiFoXS [114] in partial mode, where precomputed scattering
intensities were used. Alternatively a fixed number of known models were used,

rather than a large pool, to suit the investigation.
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Appendix B

Supplementary Figures
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Human NADPH-Cytochrome P450 Reductase Sequencing Primers

Listed are the sequencing primers used for the trunctated CPR construct presented

in this work which was cloned in to the pCS22 plasmid.

CPR forward 1 - tttctgcatggcecaccta

CPR forward 2 - cacctggaattggacatctce
CPR forward 3 - ttgtggagtacgagaccaag
CPR forward 4 - ggtggactacatcaagaaac

CPR reverse 1 - gaagtgctcgaggtcttgt
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Orchestrated Domain Movement
In Catalysis by Cytochrome P450
Reductase
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Published online: 29 August 2017 NADPH-cytochrome P450 reductase is a multi-domain redox enzyme which is a key component

of the P450 mono-oxygenase drug-metabolizing system. We report studies of the conformational
equilibrium of this enzyme using small-angle neutron scattering, under conditions where we are able
to control the redox state of the enzyme precisely. Different redox states have a profound effect on
domain orientation in the enzyme and we analyse the data in terms of a two-state equilibrium between
compact and extended conformations. The effects of ionic strength show that the presence of a greater
proportion of the extended form leads to an enhanced ability to transfer electrons to cytochrome c.
Domain motion is intrinsically linked to the functionality of the enzyme, and we can define the position
of the conformational equilibrium for individual steps in the catalytic cycle.

The concept of an energy landscape for a folded protein requires that proteins exist as an equilibrium population
of conformational states. Interconversions between these states are of fundamental importance to biological func-
tion!%, but remain incompletely understood. Internal motions in proteins range from bond vibrations through
local loop movements to large-scale domain motion and occur across an extremely wide range of time scales
(femtoseconds to seconds). The choreography of local loop motions in the catalytic cycle has been studied in
some enzymes>~, but in other instances much larger-scale movements of whole domains are important®-!. This
is particularly true in electron transfer pathways; electron transfer (ET) is generally carried out by proteins asso-
ciated in large dynamic complexes, and in such systems domain motion can be required to provide access for the
protein partner(s) to the redox centre(s)!?-1°,

An important family of ET proteins which depends on domain movement in this way is that of the diflavin
reductases'®, which includes cytochrome P450 reductase (CPR; Fig. 1)'”~!°, mammalian nitric oxide synthase
(NOS)?*2L, the cancer-related novel reductase 1?2, and methionine synthase reductase?* %4, as well as the bacterial
proteins sulfite reductase”® and CYP BM3?%. These enzymes (or their reductase components) have three domains:
an FMN-binding domain, related to flavodoxins, an FAD- and NADPH-binding domain, related to ferredoxin/
flavodoxin reductases, and a ‘linker’ domain, which may serve to position the other two domains. The FMN
domain is connected to the linker and FAD domains through a highly flexible ‘hinge’ In all the members of this
family the ET pathway involves the sequence NADPH — FAD — FMN — acceptor, and there is good evidence
from mutagenesis and kinetic experiments for motion of the FMN-binding domain to allow it to accept electrons
from the FAD and deliver them to the acceptor!® 20-21-27-29,

CPR is located on the endoplasmic reticulum where it is a key component of the P450 mono-oxygenase sys-
tem which plays a central role in drug metabolism'®, and in the biosynthesis of secondary metabolites in plants®.
In man, polymorphisms or mutations in CPR can lead to changes in drug metabolism?"??, and to disordered
steroidogenesis and skeletal malformations®> 3. The conformation of truncated soluble CPR seen by X-ray crys-
tallography'”'® (Fig. 1) is well suited for rapid electron transfer from FAD to FMN, as the two isoalloxazine rings
are ~4 A apart. However, ET between the FAD and FMN co-factors is in fact relatively slow (10-60s~")">28 3536,
suggesting that the interflavin ET is ‘gated’ Furthermore, in the CPR conformation seen in the crystal it is difficult
to see how cytochrome P450 (or cytochrome ¢, widely used as a surrogate redox partner for studies in solution)
could approach close enough to the FMN for ET to occur'® ',
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Figure 1. Crystal structure of human CPR in the oxidised state'®; the FMN-binding domain is in green, the
FAD-binding and linker domains in blue and the cofactors are shown as orange sticks.

There is thus evidence for the existence of domain motion in CPR and for its importance in catalysis!® 18283738,

but it remains to be established precisely where in the reaction cycle it occurs. To address this question we exam-
ine the conformational equilibrium of CPR in solution using small-angle neutron scattering (SANS) and transient
kinetics. The power of solution scattering in studying domain organisation in proteins is well established; by using
SANS rather than SAXS we are able to control the redox state of the enzyme precisely without the problems asso-
ciated with reduction of the flavins by X-ray-induced photo-electrons®’. These experiments allow us to relate the
domain movement to individual steps in the catalytic cycle of the enzyme.

Results

Effects of redox state on CPR conformation. Figure 2a,b shows the intraparticle distance distribution
function, P(r), derived from the neutron scattering (SANS) curves, for each state of the enzyme studied, while
Table 1 summarises the radii of gyration, Ry, and the maximum dimensions, D,,,, for each state. (The scattering
curves and the derived Guinier plots are shown in the Supplementary Material; Supplementary Figure 2).

To separate the effects of coenzyme binding and of flavin reduction, we studied the effects of reduction of
CPR by dithionite as well as by NADPH. It is clear from Fig. 2 and Table 1 that reduction of CPR with dithionite
leads to an elongation of the average shape of the enzyme, with increases in the observed R, and D, and the
appearance of a clear ‘tail’ on the distance distribution function. This is true for all the levels of reduction studied,
with significant differences between a number of the reduced species. The largest effect in terms of R, is seen for
reduction by dithionite to the 2-electron level, corresponding to the CPR*~ intermediate in the catalytic cycle
(see Fig. 5 below). By contrast, reduction to the 2-electron level with NADPH, corresponding to the CPR?*-
NADP™ intermediate, has a smaller effect on the shape of the enzyme; essentially the same results are obtained
for NADPH-reduced CPR and for dithionite-reduced CPR with bound NADP*, showing that coenzyme binding
makes the reduced enzyme more compact. These changes in shape on reduction and on coenzyme binding are
illustrated in Fig. 2¢,d by ab initio low-resolution models calculated from the scattering curves.

The results presented in Fig. 2 and Table 1 are averages over the conformational ensemble of the enzyme and
the models in Fig. 2¢,d do not necessarily represent single conformations. In view of the evidence cited above that
CPR exists in solution as a mixture of conformational states, we have investigated whether the SANS data are bet-
ter explained by such mixtures. Because of the limited information content of scattering curves and the danger of
‘over-parameterisation, we adopt a parsimonious approach, exploring the possibility that just two conformations
could fit the data adequately. Using a modification of the program MultiFoXS*>*°, a pool of 10,000 conformations
of CPR was generated and MultiFoXS was used to select from this the single conformation or the mixture of 2, 3, ...
conformations which best fit the SANS data. Figure 3a—c shows that a mixture of 2 conformations was able to fit
the scattering curve for 2e -reduced CPR much better than a single conformation, while little improvement in fit
was obtained by using a mixture of 3 conformations.

We next attempted to fit the data by using specific structural models. The compact state was represented by
the crystal structure of soluble (N-termi{lally truncated) oxidised human CPR'’; the R, value calculated from
this structure using CRYSON*! is 24.88 A. To represent the more extended state we used either the model we
described earlier”” (calculated R, 30.36 A), which was based on NMR and SAXS data on wild-type CPR, or the
crystal structure of the ATGEE mutant of CPR, which has a deletion in the flexible hinge** (PDB 3ES9); in
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Figure 2. Structural information from SANS data on the different redox states of CPR. (a,b) Pairwise distance
distribution functions; (a) samples reduced with dithionite; (b) samples reduced with NADPH. The longer
‘tail’ on the distribution functions for the reduced states as compared to the oxidised state demonstrates a more
extended average conformation. (c,d) ab initio envelopes calculated using DAMMIF from the scattering curves
of (c) oxidised CPR and (d) CPR reduced to the 2e~ level with dithionite; in (c and d) the lower envelopes have
been rotated 90° about the horizontal axis.

Oxidised 247401 |71 0.90 0.10 1.64 |0.90 0.10 1.75
Dithionite le~-reduced | 27.6+0.6 | 84 0.67 0.33 312 | 048 0.52 1.99
Dithionite 2e~-reduced | 28.6+0.4 |90 0.61 0.39 327 |0.56 0.44 1.81
Dithionite 3e~-reduced | 27.6+0.5 | 94 0.69 0.31 225 [0.59 0.41 1.87
Dithionite 4e~-reduced | 27.64+0.5 | 89 0.66 0.34 264 |0.54 0.46 2.03
Dithionite

2o reduced + NADP+ | 26804 |79 0.70 0.30 255 [0.59 0.41 221
NADPH 1 equiv. 271404 |78 0.69 0.31 274|055 0.45 1.99
(2e~-reduced)

NADPH excess 269403 |84 0.66 0.34 3.07 |047 0.53 1.60

Table 1. SANS data for different redox states of CPR; Derived hydrodynamic parameters and analysis in terms
of two-state models. *The models used to analyse the scattering data in terms of a two-state equilibrium are
described in the text. In both cases the compact state is described by the crystal structure of oxidised CPR; the
extended structure is described either by the model of Huang et al.’” or by the structure of the ATGEE mutant*?.
The goodness-of-fit to the scattering curve is given by the ? statistic. *All D,,,,, values, determined from P(r)
fits using GNOM in Primus, as part of the ATSAS suite were rated as “good” (0.8) fits or better. All errors < 2 A.
“Fraction of the compact conformation. “Fraction of the extended conformation.

molecule A of the crystal structure of the mutant the FMN domain has rotated away from the linker and FAD
domains so as to expose the FMN to the solvent (calculated R, 26.91 A). Analysis using either of these models
for the extended state, while allowing the ratio of compact to extended states to vary, gave reasonable fits to the
scattering curves for all the samples studied (Fig. 3d-g; Table 1).

The SANS data for the oxidised enzyme indicated that this is almost wholly in a conformation corresponding
to the crystal structure of the truncated enzyme'; this single conformation fits the scattering curve with a x?2
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value of 1.87, and the experimental estimate of R, is close to that calculated from the crystal structure: 24.7 (+0.1)
vs. 24.88 A. Introduction of a second conformation produces only a marginal increase in the goodness-of-fit;
using the specific structural models for the extended state described above leads to a fit with 90% of the compact
state and 10% of the extended state, giving x* values of 1.75 and 1.64 (Table 1). Even using a pool of 10,000 con-
formations, the MultiFoXS fit shows a population of 94% of a compact conformation closely similar to the crystal
structure.

Analysis of the SANS data in terms of these two-state models shows that the increase in R, and D,,,, on reduc-
tion can be accounted for by an increase in the population of the extended state (Table 1); this is observed in all
the different reduced states studied, but there are some significant differences between them. In the dithionite
2e~-reduced state ~40% of the enzyme is calculated to be in the extended conformation. This is true whichever
model is used for the extended state; the model of Hamdane et al.*? gives a somewhat better fit to the scattering
curve at high g values, but the resolution of the SANS data does not allow us to distinguish definitively between
these two models. Reduction to the same level with NADPH rather than dithionite has a significantly smaller effect
when describing the extended state by the model of Huang et al.’” but not when using that of Hamdane et al.*2.
This difference was also noted above in terms of the average shape of the enzyme.

Effects of ionic strength on domain motion and catalysis. Increasing ionic strength affects the rates
of CPR-catalyzed reduction of P450s or of cyt ¢*”>**~%, leading to an increase in catalytic rate, k,, and in the
Michaelis-Menten constant, Ky, for cyt c. Kinetic traces from rapid-mixing experiments at different salt con-
centrations are shown in Fig. 4a. Haque et al.*® have shown that rapid mixing of CPR (pre-reduced by excess
NADPH) with cyt ¢ leads to a burst of cyt ¢ reduction by those CPR molecules which are in a reactive (‘open’ or
‘extended’) state, followed by a slower reduction of cyt ¢ by those CPR molecules that exist in a cyt ¢ unreactive
(‘closed’ or ‘compact’) conformation and which need to change to the ‘open’ conformation in order in interact
with cyt c. At low salt 21% reduction of cyt ¢ takes place within the 2ms dead-time (Fig. 4b), and this is in reason-
able agreement with the analysis of the SANS results obtained in the presence of excess NADPH, using the model
of Huang et al.¥” for the extended conformation (Table 1).

As the salt concentration is increased, there is a clear increase in the fraction of the reduction taking place in
the burst phase; on addition of 0.1 M NaCl, there is an increase in the fraction of reduction in the dead time to
~45%. Further increase in salt concentration leads to modest further increases in the fraction of reduction in the
dead time, to ~60% at 1.5 M. Thus the kinetic results with CPR reduced by excess NADPH suggest that the frac-
tion of the extended conformation is increased by the addition of salt. Some 50ms after mixing, the rate of cyt ¢
reduction decreases to the steady-state rate, which is also clearly affected by added salt, first increasing as the salt
concentration is increased, reaching a maximum at ~0.5 M NaCl, and then decreasing as the salt concentration is
further increased (Supplementary Figure 3).

SANS data (Fig. 4c, Supplementary Figure 4) obtained under conditions of defined redox state show that R,
and D,,,,, increased with increasing salt concentration (Table 2), with a gradual increase in R, and D,,,, up to 0.5M
added NaCl and a considerably more marked increase thereafter. Porod-Debye plots*”*® of the scattering data
(Fig. 4d) indicate that there is a marked increase in the flexibility of CPR at salt concentrations of 0.6 M and above,
raising the possibility of partial unfolding of the enzyme at these high salt concentrations. Analysis of the data in
terms of a two-state equilibrium between compact and extended conformations was therefore restricted to data
between zero and 0.5 M added salt. The fitting parameters are given in Table 2; the proportion of the extended
conformation increases with salt concentration within this range, and again both models for the extended sate
give essentially the same results. Thus, the SANS data show that the proportion of the extended conformation
increases with increasing ionic strength, and comparison with the stopped-flow kinetic data suggests that this
conformation has higher activity for cyt ¢ reduction than does the compact conformation.

Discussion

The solution scattering data presented here provide unambiguous evidence that the movement of domains of
CPR relative to one another is affected by redox state of the flavins and by coenzyme binding. In turn, perturba-
tion of the conformational equilibrium affects the ET to cytochrome c. Together, these experiments demonstrate
orchestrated domain movements in the catalytic cycle of CPR.

The nature of the conformational equilibrium.  The most parsimonious description of CPR in solution
is a two-state equilibrium between compact & extended conformations, the two states being similar for all the
states of CPR studied, and this provides a good framework within which to discuss the importance of domain
movement in CPR.

The crystal structures of wild-type rat, yeast and human CP all show a compact conformation, with the
isoalloxazine rings of FAD and FMN in close proximity as would be required for inter-flavin ET. The crystal struc-
ture of the human enzyme accounts for the SANS data on oxidised CPR in solution reasonably well, although
the data are fit slightly better if ~10% of an extended model is included. Consistent with the present SANS data,
Vincent et al.* concluded from NMR experiments that oxidised CPR is 95% in the compact state.

Two structural models of the extended state®”** can account for the SANS data within the framework of a
two-state model. Both these models for the extended state are consistent with the observation that two mutants
in which the inter-domain salt bridges K75-E354 and R78-D352 (residue numbering throughout corresponds
to that for the human enzyme used in our earlier work)* seen in the compact conformation are abolished show
an increased population of the extended conformation®”°!, since in both models these pairs of residues are dis-
tant from one another. Scrutton’s laboratory has used FRET measurements between dyes attached to the natu-
rally occurring cysteine residues in the FMN and FAD domains to study domain movement®. The results were

Rl7, 19,49
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Figure 3. Analysis of SANS data in terms of multiple states. (a—c) Fits to the scattering curve for CPR reduced
to the 2e™ level with dithionite using one, two or three states (from a 10,000 conformation pool) respectively.
(d,e) Fits to the scattering curve for CPR reduced to the 2e~ level with dithionite using a two-state model; the
extended state was represented by, (d) the model of Hamdane ef al.** or, (e) the model of Huang et al.*’; in both
cases the crystal structure was used as a model for the compact state. (f,g) Fits to the scattering curve for CPR
reduced to the 2e~ level with NADPH using a two-state model; the extended state was represented by (f) the
model of Hamdane et al.*? or (g) the model of Huang ef al.*”; in both cases the crystal structure was used as a
model for the compact state. In all cases the goodness-of-fit is indicated by the x? value.

discussed in terms of a model in which the compact (‘closed’) form of the enzyme corresponds to the crystal
structure and the extended (‘open’) form to the structure of the ATGEE mutant*’; the positions of the cysteines
are such that the transition to this extended form would lead to an increase in the FRET signal®®. Hedison et al.
propose that the oxidised form of the enzyme is predominantly in the extended conformation and that coenzyme
binding and ET lead to successively greater proportions of the compact form™. This is not consistent with the
SANS results presented here, which show clearly that the oxidised enzyme is almost wholly in the compact state;
the same conclusion has been reached by NMR*® and mass spectrometry®!. However, these FRET experiments
are entirely consistent with the structural experiments if the model for the extended state is taken to be that of
Huang et al.”’, since in this model the FRET signal between the dye-labelled cysteine residues would be expected
to decrease as the proportion of the extended form increased. Recently, Kovrigina et al.** have studied the domain
movement by measuring FRET between dyes attached to two specifically engineered cysteines; consistent with
our present results, they concluded that oxidised CPR is in a compact conformation. The NMR and FRET results
thus lead to a slight preference for the model of Huang et al.*” for the extended state. However, it should be
emphasised that the model based on the ATGEE mutant fits the SANS data slightly better, and this mutant forms
a stable complex with heme oxygenase®.

Relation to the catalytic cycle. The catalytic cycle of CPR for an in vitro reaction starting with the fully
oxidised enzyme is shown in Fig. 5, NADPH binds to the FAD domain where it transfers a hydride ion to the N5 of
FAD, followed by ET from FAD to FMN to yield a quasi-equilibrium distribution of 2e™-reduced species. Analysis
of equilibrium redox titration data> led to an approximate estimate of [FAD-FMNH,]/[FADe-FMNe]~11, with
only a small amount of FADH,-FMN. Intermolecular ET to cyt ¢ takes place from FMNH,'$, and then probably
from FMNe>>. This represents a 0-2-1-0 cycle of redox states (in terms of numbers of electrons). It has been sug-
gested that in vivo the ‘resting state’ of CPRis a 1e~-reduced (FAD-FMNe) state, reduction by NADPH leading to
a 3e -reduced state and ET to cytochrome P450 taking place only from FMNH, - that is a 1-3-2-1 redox cycle's.
An unambiguous choice between these two cycles cannot yet be made.
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Figure 4. Effects of salt concentration on the kinetics of ET by CPR and on its conformation. (a) Stopped-

flow traces showing the reduction of cytochrome c on rapid mixing of CPR pre-reduced with NADPH and
cytochrome c, at various concentrations of added salt; the percentage of a single turnover which occurred within
the 2ms deadtime of the instrument is plotted as a function of salt in (b). (c) Pairwise distance distribution
functions derived from the SANS data at different salt concentrations, showing that increasing the salt
concentration leads to a more extended conformation, in qualitative agreement with SAXS studies™”*. (d)
Porod-Debye plots, showing increased flexibility of CPR at >0.6 M NaClL.

0 24.74+0.1 71 0.90 0.10 1.64 | 0.90 0.10 1.75
0.1 25.84+0.1 80 0.86 0.14 227 084 0.16 2.37
0.2 25.940.2 81 0.85 0.15 224 085 0.15 2.38
0.5 26.6+0.1 91 0.72 0.28 212 | 0.72 0.28 2.52
0.6 27.44+0.2 96

1.0 30.3+0.3 119

1.5 31.6+0.4 121

Table 2. SANS data for CPR at different salt concentrations; Derived hydrodynamic parameters and analysis in
terms of two-state models. *The models used to analyse the scattering data in terms of a two-state equilibrium
are described in the text. In both cases the compact state is described by the crystal structure of oxidised CPR;
the extended structure is described either by the model of Huang et al.’’ or by the structure of the ATGEE
mutant*2. The goodness-of-fit to the scattering curve is given by the x? statistic. The two-state models were

not used to analyse the data for >0.5 M added salt; see text. *All D,,, values, determined from P(r) fits using
GNOM in Primus, as part of the ATSAS suite, were rated as “good” (0.8) fits or better. All errors <2 A.YFraction
of the compact conformation. “Fraction of the extended conformation.

SANS allows us to relate our results on domain movements to the catalytic cycle secure in the knowledge that
the redox state of CPR is well defined in our experiments. The oxidised enzyme is essentially completely in the
compact state (K, ~9; Fig. 5). In the CPR 2e~ - NADP™ species, the product of the initial hydride transfer, the
proportion of the extended state is ~30%. The retention of a significant population of the compact state in this
species is consistent with the obvious requirement for a conformation with the FAD and FMN in close proximity
for interflavin electron transfer. Indeed, relaxation kinetics shows that the rate of interflavin electron transfer
increases on binding NADP*?”-28, On the subsequent dissociation of NADP™, the population of the extended
state increases to ~40%, facilitating electron transfer to cytochrome P450 (or cyt c).
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Figure 5. Catalytic cycle of CPR, showing the position of the conformational equilibrium for each
intermediate. The reaction shown is cytochrome ¢ reduction in vitro, as discussed in the text. For illustrative
purposes, the compact state is represented by the crystal structure of the oxidised enzyme'?, and the extended
conformation by the model of Huang et al.”’.

Structural triggers for domain movement. The interaction between the FMN and FAD/linker domains
in CPR is weak; no interactions between the isolated FMN and FAD/linker domains are detected kinetically, spec-
troscopically, or by ITC** 57 and the redox potentials of the separated domains are essentially the same as those
of the intact enzyme®®. Thus only small changes in interactions across the interface would be required to perturb
the conformational equilibrium.

In CPR FMN N5 is positioned so that it might form a hydrogen bond to the peptide NH of G144 when the
flavin is oxidized and to the carbonyl of this residue when the flavin is protonated in the reduced states. A reori-
entation of this peptide bond would thus be required on formation of the neutral semiquinone and protonation
at N5. There is good evidence for this in structures of flavodoxins®*-*! and in the recent comparison of the struc-
tures of oxidised and reduced rat CPR with 2’-AMP bound®?. This ‘peptide flip’ is accompanied by changes in
the neighbouring residues, notably Y143 and E145, the latter being in the inter-domain interface. Although the
enzyme was reduced in preformed crystals®?, possibly inhibiting domain movement, there is a clear change in the
relative position of the domains on reduction in one of the two molecules in the asymmetric unit. As we noted*,
the electron density map of the X-ray structure of human CPR supports the same role for G144 in the human
enzyme; density can clearly be seen that shows this peptide bond in two positions.

Coenzyme binding appears to be a two-step process'® > >¢4; first the 2/5’-ADP part binds, then - associated
with a displacement of W679 which is stacked against the isoalloxazine ring of FAD - the nicotinamide moves
into place next to the FAD. In the structure of the W679/5S680 deletion mutant® there is a disordered FMN
domain in one molecule of the asymmetric unit, suggesting involvement of these residues in determining the
relative orientation of the domains. Indeed, in the structure of the human enzyme there are water-mediated
hydrogen-bonds between the C;-OH of $680 and N178 and D212 in the FMN domain'®. There is a hydrogen
bond between the backbone of W679 and that of D634, in a flexible loop comprising residues G633-N637; R636
in this loop hydrogen-bonds to T180 in the FMN domain. This loop is close to the adenine ring of the bound
coenzyme, and in the structures of the disulphide cross-linked mutant® it moves on NADP* binding; mutagene-
sis studies support a role for this loop in coenzyme binding and flavin reduction®. It is thus likely that a concerted
movement of W679/5680 and the G633-N637 loop on coenzyme binding will affect the domain interface and
alter the equilibrium between the compact and extended states.

Conclusion

It is clear that in CPR protein dynamics, and specifically domain motions, are involved in ensuring productive
electronic coupling between the flavin cofactors and between them and the electron acceptor protein. The confor-
mational search required to reach these productive configurations can limit the rate of ET?%. We have now shown
that in the case of CPR this search can be adequately described by a two-state equilibrium. We have for the first
time been able to link this conformational equilibrium to the reaction cycle of the enzyme, describing its position
in each of the key intermediate states.
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Materials
NADPH, NADP*, dithionite, potassium ferricyanide and horse heart cytochrome ¢ were purchased from
Sigma-Aldrich. All other chemicals were of analytical grade.

Protein Expression and Purification. The gene for human fibroblast CPR lacking the N-terminal
membrane-anchoring region (a kind gift from Professor C.R. Wolf, University of Dundee) was expressed in
Escherichia coli BL21 STAR cells using the pCS22 (cold-shock) plasmid construct®. Cells were grown to the
mid-log phase in TB medium at 37 °C prior to induction by reducing the growth temperature to 15°C to exploit
the cold-shock promoter. CPR was purified as described previously®® %, with modifications. The purification
involved use of a 2'5'- ADP affinity column; the pure protein was eluted using a 20% glycerol solution rather than
2’-AMP in order to avoid undesired persistent binding of the 2’-AMP. A final stage of purification included the
use of size exclusion liquid chromatography in order to isolate the purely monomeric form of the protein, essen-
tial in small angle scattering experiments. The protein concentration was calculated using a molar extinction
coeflicient of £,5)= 22,000 M~ 'cm~1.

Cytochrome c Reduction Assays. Steady-state cytochrome c reduction assays following absorbance
change at 550 nm were carried out in 100 mM BES [N,N-bis(2-hydroxyethyl)-2-amino-ethane sulfonic acid], pH
7.0, with 50 pM cytochrome ¢ and 50 pM NADPH at 25 °C. Burst-phase kinetics of the reduction of cytochrome ¢
by fully reduced CPR was studied by stopped-flow under anaerobic conditions at 10 °C. The stopped-flow appa-
ratus (Applied Photophysics, UK) was placed inside a glovebox (Belle Technology, UK) in an atmosphere with an
oxygen content of 5 ppm or less. All transient kinetics studies were carried out in 100 mM BES pH 7.0 buffer. A
solution containing 10 uM CPR and 200 uM NADPH was incubated for 5 minutes in anaerobic conditions before
starting any measurements. The reduced protein solution was rapidly mixed with an equal volume of 100 uM
cytochrome c in the 2 pL flow cell and the change in absorbance at 550 nm after the 2 ms dead-time of the instru-
ment was recorded. 2000 data points were measured over a time period of 1 s in order to ensure that the full burst
phase, as well as the transition to the slow steady-state phase was observed. In order to provide an initial reading
for A5, in the absence of reduction, the cytochrome ¢ solution was also mixed with the buffer solution only.

Redox Titrations. The spectrophotometric recording of the reduction of CPR with sodium dithionite or
NADPH was carried out at 25°C using a Jasco V-730 spectrophotometer in a glovebox (Belle Technology, UK)
in a nitrogen atmosphere with < 5ppm oxygen. All samples were in 100 mM BES, pH 7.0, buffer. All solutions
were purged in a nitrogen atmosphere before introduction to the glovebox and then incubated for 4-6 hours on
ice before continuing. The reducing agent titrants were prepared inside the glovebox using degassed buffer and
their concentration determined using €55 =8040 M ! cm™' and €340 =6220M ' cm ™! for sodium dithionite and
NADPH respectively. The redox titrations were carried out as previously described®’. A small aliquot of the reduc-
ing agent solution was added to the protein solution and the spectrum was recorded after a period of equilibration
(Supplementary Figure 1). The titrants were added stoichiometrically, recording the exact molar ratios of the
reagents before ending the titrations once the 4-electron-reduced state or other relevant end-point was reached.
Once the protein solution was determined to be at the desired redox state a 200 pL aliquot was taken and sealed
inside a necked quartz SANS cuvette with a rubber O-ring cap and air-tight film. Samples were checked spectro-
scopically after the SANS measurements to confirm that the redox state remained unaltered.

Solution Scattering Data Collection and Analysis. SANS measurements were carried out on D22, the
high-flux neutron diffractometer at the Institut Laue-Langevin, Grenoble, France. The data collection parameters
are given in Supplementary Table 1. Each CPR sample of 2-4 mg/mL in 100 mM BES, pH 7.0, was measured in a
1 mm path length quartz cuvette at 10 °C for a total of 1 hr in order to gather data with a suitably high statistical
precision. Alternatively, the instrument was set up in on-line FPLC mode where the sample was loaded on to a
size exclusion column (GE Healthcare Life Sciences, Superdex 200 Increase 10/300 GL) and SANS measurements
were taken after the void volume®. In this case the flow rate on the FPLC (Knauer LC, Germany) was set to
0.3mL/min and SANS measurements were taken throughout the whole protein elution time with a frame dura-
tion of 60s in a custom made quartz flow-cell (Hellma Analytics, Germany) with a 1 mm path length.

Data were recorded at two collimation lengths (5.6 m and 2.8 m) and respective sample-to-detector distances
(5.6m and 1.4m) in order to provide a full g range from the Guinier region of the monomer to the solvent. The
2-dimensional *He detector was positioned at different distances from the sample with an off-centered direct
beam in order to provide a q-range of 0.01-0.6 A~', where q =47 sin 0/ and 20 is the scattering angle at a
wavelength of 6 A £ 10%. The raw scattering data were reduced using the instrument specific software GRASP®,
merged to produce the full scattering curves and buffer subtracted and normalised for concentration as appro-
priate using NIST SANS reduction macros in IGOR pro”’. Where samples were found to show small amounts of
unavoidable aggregation, the scattering curves were fit to the Beaucage model”” to ensure that their influence on
the Guinier region was negligible.

Initial data processing and analysis were carried out using programs from the ATSAS suite”>. Determination of
hydrodynamic parameters was performed using PRIMUS”?, where R, was determined using the Guinier approx-
imation, and D, ,,, and P(r) were calculated using GNOM’%. Model-independent ab initio molecular envelopes
were generated using DAMMIF?>. Fifteen independent DAMMIF runs were averaged using DAMAVER’® to
obtain a typical molecular shape and filtered using DAMFILT to produce a refined model revealing only the most
common structural features.

Rigid body modelling was carried out using software from the IMP (Integrative Modelling Platform) suite’” and
the ATSAS suite. Either a pool of specific structural models, as discussed in the text, or a pool of 10,000 conforma-
tional samples created using the RRT (rapidly exploring random tree) sampling tool provided with a PDB structure
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and a selection of flexible residues, were used. For the specific structural models, the compact state was represented
by the crystal structure of soluble (N-terminally truncated) oxidised human CPR'; the R, value calculated from this
structure using CRYSON*! is 24.88 A. To represent the more extended state we used either the model we described
earlier”” (calculated R, 30.36 A), which was based on NMR and SAXS data on wild-type CPR, or the crystal struc-
ture of the ATGEE mutant of CPR* (PDB 3ES9). In the crystals of this mutant, which has a deletion in the flexible
hinge“, there are three molecules in the asymmetric unit, in each of which the FMN domain has moved relative to
the linker and FAD domains. In molecule A the position of the FMN domain is well-defined and can be seen to have
rotated away from the linker and FAD domains in such a way as to expose the FMN to the solvent, with a distance
between the two isoalloxazine rings of ~29 A; we have used molecule A as a model for the extended state (calculated
R,26.91 A).Theoretical scattering curves were calculated for each of the sampled conformations using CRYSON*!.
A best fit model to the experimental data was determined using MultiFoXS* in partial mode where precomputed
scattering intensities were used. For most fits the maximum q-value was set at 0.2 A~ due to the levels of experimen-
tal noise present in the high-q data. The best-scoring models comprising one or more states from the pool provided
were identified by using the x* value describing the goodness-of-fit to the experimental data.
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Supplementary Table 1 — SANS Parameters

Data Collection

Instrument ILL D22
Wavelength (A) 6 (= 10%)
Qrange (A™") 0.01-0.6
Total exposure time (min) 60
Temperature (K) 283
Concentration range (mg ml") 1-5
Structural parameters ?

1(0) (cm™") (from P(r)) 0.151

1(0) (cm™) (from Guinier)

0.15 £ 0.00044

Ry (A) (from P(r)) 2469+ 0.13
Ry (A) (from Guinier) 24.71+0.12
Dmax (A) 70.33

Porod volume estimate (A%) 62221
Molecular mass

Molecular mass M;, from 1(0) 68,800
Calculated monomeric M; 69,585
Software employed

Primary data reduction GRASP(1)

Data processing

NIST SANS reduction
macros(2)
GNOM/PRIMUS(3, 4)

Ab initio analysis, validation & averaging

DAMMIF/DAMAVER(5, 6)

Rigid-body modelling

MultiFoXS / rrt_sample(7, 8)

Computation of model intensities

CRYSON(9)

a Reported for the oxidised enzyme at 2 mg ml’




Supplementary Figures

Supplementary Figure 1

Superimposed optical spectra of CPR on incremental anaerobic titration with dithionite. Coloured lines indicate samples used for
SANS measurements of defined redox states.
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Supplementary Figure 2.

SANS scattering curves (a) and
Guinier plots (b) for CPR in
different defined redox states.
In both cases the different curves
have been displaced vertically for
clarity.
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Supplementary Figure 3. 3

Steady-state rate of reduction of cytochrome ¢ by NADPH- 30
reduced CPR as a function of added salt concentration. The

increase with salt concentration up to ~0.5M added salt, followed by

a decrease at higher concentration is consistent with earlier 2
reports(10, 11). J
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Supplementary Figure 4.

SANS scattering curves (a) and Guinier plots (b)
for CPR at different concentrations of added salt.
In both cases the different curves have been displaced
vertically for clarity.
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Abstract

Electron transfer in all living organisms requires formation of complexes between the
proteins involved. The function of these complexes requires specificity of the interaction
to allow for selective electron transfer but also a fast turnover of the complex and they
are therefore often transient in nature, making them more difficult to study. We have
used small-angle neutron scattering with contrast matching to determine the structure of
the electron transfer complex between cytochrome P450 reductase (CPR) and
cytochrome c, the first structure of a complex between CPR and an electron transfer
partner. This structure shows that the interprotein interface includes residues from both
the FMN- and FAD-binding domains of CPR. The FMN is close to the haem of
cytochrome c but distant from the FAD, indicating that domain movement is required
between the electron transfer steps in the catalytic cycle of CPR.
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