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Abstract

Cytochromes P450 constitute a large superfamily of monooxygenases involved in
many metabolic pathways. Most of them are not self-sufficient and need a reductase
protein to provide the electrons necessary for catalysis. It was shown that the redox
partner plays a role in the modulation of the structure and function of some bacterial
P450 enzymes.

Here, the effect of NADPH-cytochrome reductase (CPR) on human aromatase (Aro)
is studied for what concerns its role in substrate binding. Pre-steady-state kinetic
experiments indicate that both the substrate binding rates and the percentage of spin
shift detected for aromatase are increased when CPR is present. Moreover, aromatase
binds the substrate through a conformational selection mechanism, suggesting a
possible effector role of CPR. The thermodynamic parameters for the formation of the
CPR-Aro complex were studied by isothermal titration calorimetry. The dissociation
constant of the complex formation is 4.5 folds lower for substrate-free compared to
the substrate-bound enzyme. The enthalpy change observed when the CPR-Aro
complex forms in the absence of the substrate are higher than in its presence,
indicating that more interactions are formed/broken in the former case.

Taken together, our data confirm that CPR has a role in promoting aromatase

conformation optimal for substrate binding.
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1. Introduction

Human cytochromes P450 (P450) are membrane-bound proteins present in most
tissues of the human body [1]. They play essential roles in the metabolism of steroid
hormones, vitamins and fatty acids and they also can oxidize xenobiotics such as
carcinogens and drugs. They are not self-sufficient enzymes and most of them share
the reduction partner, cytochrome P450 reductase (CPR). Electrons from NADPH are
stepwise transferred from CPR to the P450 heme group and protein-protein
interaction has been demonstrated to be guided mainly by electrostatic interactions
with the positively charged heme-proximal side of the P450 enzyme and the
negatively charged residues on FMN-binding domain of CPR [2-4] as well as by
hydrophobic interactions [5]. CPR and cytochromes P450 are anchored to the
membrane through their hydrophobic N-terminal transmembrane helices. The
anchoring of the proteins in the lipid bilayer was shown to play an important role due
to the influence of both the lipid environment and the membrane-anchor helices on
electron transfer and P450 catalytic efficiency [6-7]. Solid-state NMR studies in
membrane-mimicking environments such as lipid nanodiscs have shown that
protein-lipid interaction are crucial for the stability, the dynamics and the interaction
between human cytochromes P450 and the redox partners CPR [8-12] and
cytochrome bs [13-15]. Moreover it was shown that CPR and cytochrome bs compete
for cytochromes P450 binding and that the presence of the substrate affects the
interplay between the three proteins promoting the binding of cytochrome bsto the

P450 enzyme [15].

In addition to electron transfer, different studies have shown that the redox partners
can play important roles in regulating the structure and function of some bacterial
P450 enzymes [16-20]. As a consequence, the topic of the interaction between
cytochromes P450 and its redox partner is attracting more and more attention and an
important question is whether CPR plays a role in modulating the structure and

function of human P450s.

Here we investigate the role played by CPR in modulating the substrate binding
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ability of human aromatase. This enzyme is involved in the estrogens synthesis and it
catalyzes the conversion of androgens to estrogens via a three-step reaction [21-23].
Due to its important role in breast cancer development and progression [24,25], the
structure-function relationship of aromatase has been widely studied [26-32]. This
enzyme is highly selective for the androgen substrates with Km values reported in the
low uM-nM range [30,33] and it also shows a high coupling efficiency (87%) [34],
when compared to other human more promiscuous cytochromes P450, indicating an

optimal interaction with CPR.

Many cytochromes P450 have been shown to adopt different conformations ranging
from the open form, typical of the ligand free-enzymes, to the closed one that is
adopted when a substrate or inhibitor is present [35]. The crystal structure of
aromatase is available only in complex with the substrate androstenedione. The
protein is in a closed conformation and the substrate is perfectly accommodated in a
relatively small active site [26,28,36]. This implies that aromatase needs to undergo
structural changes to make the active site accessible to the substrate [27,37,38].
Indeed, FTIR and time-resolved fluorescence spectroscopy studies revealed that in the
absence of substrate, the flexibility of aromatase increases with faster dynamics of
helix F involved in the substrate access channel [36,39]. Thus, it has been
hypothesized that aromatase adopts different conformations according to the presence
and absence of the substrate. In general, the study of how the conformational
dynamics of cytochromes P450 are associated with ligand binding events is another
important topic in the research field. Recently, it has been shown that many human
P450 enzymes use a conformational selection mechanism rather than an induced fit
one [40,41]. In the induced fit model, the substrate (S) binds to the enzyme (E) and
causes a conformational change in the protein to give the optimal ligand-bound

conformation, indicated as ES* in Equation 1 (Scheme 1A):

k 1
E+S <= ES%ES*

off

(Eq. 1)



In the conformational selection model, the substrate (S) binds one of the possible
conformations of the enzyme that is the one optimal for substrate binding, indicated

by E* in Equation 2 (Scheme 1B):

k Kon
<—Tl’ E*+ S <—ES*
1

koff (Eq 2)

In the present study, a combination of substrate titrations followed
spectrophotometrically, as well as pre-steady state kinetics of substrate binding and
isothermal titration calorimetry are used to gain information on the effect of CPR on
human aromatase (Aro) ability to bind the substrate and on the thermodynamics of
CPR-Aro complex formation. The presence of CPR is found to increase the rates for
substrate binding and to increase the number of molecules that are in the optimal
conformation to bind the substrate. The results support that Aro binds the substrate
through a conformational selection mechanism with the CPR having a higher affinity

when the substrate is not present in the active site of the protein.

2. Materials and methods
2.1 Chemicals

All solvents and reagents were of analytical grade and were obtained from Sigma

Aldrich.

2.2 Protein expression and purification

The recombinant form of human aromatase used in this work lacks the N-terminal
amino acid fragment anchoring the protein to the membrane (residues 1-39) that was
replaced by 10 residues (MAKKTSSKGR). Moreover, a four-histidine tag was

introduced at the C-terminal [39]. The recombinant protein was expressed and
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purified as described previously [39]. Briefly, transformed Escherichia coli DH5a
cells were grown at 37 °C in a Terrific Broth media until the cell density ODsoo
reached  0.6.  Protein  expression was induced  with 1 mM
1sopropyl-B-D-thiogalactopyranoside and carried out at 28 °C for 48 hours. The cells
were then harvested and resuspended in 100 mM potassium phosphate (KPi) pH 7.4,
20% glycerol, 1 mM B-mercaptoethanol, 0.1% v/v Tween-20 buffer containing 1
mg/mL lysozyme, 1% v/v Tween-20 and protease inhibitor mixture. After stirring for
45 minutes, cells were disrupted by sonication and ultra-centrifuged at 40,000 rpm for
25 min at 4 °C. The supernatant was first loaded onto a diethyl aminoethyl (DEAE)
ion-exchange chromatography and then further purified by a Nickel-ion affinity
chromatography. The target protein was eluted with a linear gradient in which
histidine ranging from 10 to 40 mM was added. The eluted fractions were pooled
according to the purity ratio (A2sonm/A418nm) and concentrated by Amicon centrifugal
filters (30 kDa MWCO membrane). Aro concentration was estimated by CO-binding

assay, using an extinction coefficient at 450 nm of 91,000 M cm™ [42].

Human CPR was expressed as a full-length protein in Escherichia coli DH5a. The
cells were resuspended in a 100 mM Tris-acetate bufter, pH 7.6, 0.5 M sucrose and 1
mM EDTA buffer and lysed by adding with 0.5 mg/mL lysozyme and 0.1 mM EDTA
for 30 min at 4°C. After centrifugation at 4,000 rpm for 20 min, the pellets were
resuspended in 100 mM KPi, pH 7.6, 6 mM magnesium acetate, 0.1 mM DTT, 20%
glycerol, 0.2 mM PMSF and 0.1 mM DNase I, and disrupted by sonication. The
membrane-containing pellets were collected by 40 min centrifugation at 40,000 rpm,
suspended in 20 mM KPi, pH 7.6, 20% glycerol, 0.1 mM EDTA, 0.2 mM PMSF, 0.2 %
sodium cholate and 0.2 % Triton X-100, and stirred gently for 2 h. This crude extract
was then centrifugated at 40,000 rpm for 1h, and the supernatant was load onto a
pre-equilibrated affinity chromatography of 2°,5’-ADP Sepharose 4B. After different
washing steps with the equilibration buffer, where first 250 mM NaCl and then 2 mM
adenosine were added, the CPR was eluted with a linear gradient in which NADP™

increased from 0.1 to 1 mM. Fractions containing the full-length CPR, which were
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monitored by SDS-PAGE analysis, were pooled and concentrated by Amicon
centrifugal filters (with 30 kDa MWCO membrane). The CPR concentrations were

measured using an extinction coefficient at 456 nm of 24,100 M! cm™ [43].

2.3 UV-vis spectroscopy and substrate binding titrations

Spectral binding titrations were performed as described previously [30]. In brief, 1
pM  of aromatase in 100 mM KPi buffer pH 7.0, 20% glycerol, 1 mM
B-mercaptoethanol were incubated with increasing amounts of androstenedione
ranging from 0.5 pM to 12 pM. Binding assay was using an Agilent 8453 UV-vis
spectrophotometer at 25 °C. UV-visible spectra were recorded after each addition, and
the absorbance differences at 394 nm and at 418 nm were plotted against the added
substrate concentrations. The data were fitted to the following equation that allowed

to calculate the dissociation constants Kp:
AA394-418 = AA "304-418 * [S]frec / (KD + [S]frec)

where [S]tree 1S [Sltota—[E*S] and [E-S] = AA394-418 [E]total / AA™394-418.

2.4 Stopped flow absorbance experiments

The pre-steady state kinetics of substrate binding to aromatase was investigated using
a Hi-Tech scientific SF-61 single mixing stopped-flow instrument (TgK Scientific,
UK). In a typical experiment, one of the drive syringes contained the purified
aromatase (2 uM) in a 100 mM potassium phosphate buffer pH 7.0 containing 10%
glycerol, 1 mM B-mercaptoethanol. The second drive syringe contained different
concentrations of the substrate androstenedione. For the experiments in the presence
of CPR, the purified protein (6 uM) was pre-incubated with aromatase in the first

drive syringe and then mixed with the substrate androstenedione.

In all the experiments, the temperature was set at 25 °C and controlled by a water bath.



For each substrate concentration, 5 to 7 replicates were conducted for each
experiment. Each Kinetic trace was derived from observing the changes at 394 nm as
a function of time and fitted to a single or double exponential function by Kinetic

studio V3 software (TgK Scientific, UK).

2.5 Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were performed at 25°C using a
MicroCal iTC200 instrument (Malvern Instruments, Malvern, UK). Before the
experiment, aromatase and CPR were prepared by extensive buffer-exchange using
Amicon centrifugal filters (30 kDa MWCQO) and concentrated with the same
potassium phosphate buffer (100 mM KPi, 10% glycerol, pH 7.0). For the
experiments in the presence of the substrate, aromatase (0.5 uM) was incubated
overnight at 4°C with saturating amounts of the substrate androstenedione (20 pM).
The reaction cell was filled with 300 pL of 25 uM aromatase and the injection syringe
was filled with 600 uM CPR. CPR was titrated into Aro in potassium phosphate
buffer (100 mM KPi, 10% glycerol, pH 7.0) up to a 1:5 (Aro:CPR) molar ratio. The
first injection was 0.1 pL with 0.2 s duration and omitted during data analysis. The
second injection was 3.5 puL with 7 s duration followed by 9 injections of 4 pL with 8
s duration. Each titration experiment involved a 90 s interval between injections. The
reaction cell was continuously stirred at 750 rpm speed. A reference power of 7 was
used for each experiment. The data were processed and analyzed by using Origin® 7.0
software. Control experiments were carried out by titrating the ligand CPR into the
cell containing only the buffer under identical conditions. The heats of dilution were

subtracted from the observed titration data.

3. Results and Discussion

3.1 Effect of CPR on substrate binding by aromatase.



The effect of CPR on the affinity (Kp) of human aromatase toward its substrate was
first investigated by UV-vis spectroscopy. In general, the binding of the substrate in
the active site of cytochromes P450 is known to alter the spin state of the heme iron,
with a spectral transition that for aromatase occurs from 418 to 394 nm [39]. Here the
substrate binding curves values were obtained by monitoring the spin shift caused by
the addition of increasing concentrations of androstenedione to 1 uM of Aro and data
were fitted to one-site saturation binding curves, from which an apparent Kp of 0.98 +
0.11 uM and 0.72 + 0.11 puM were found in the absence and in the presence 3-fold
excess of CPR, respectively. These results are not significantly different and indicate

that CPR does not affect the binding affinity of Aro for the substrate androstenedione.

Pre-steady state kinetics of substrate binding were then investigated by stopped-flow
measurements in the absence and presence of CPR. First, different concentrations of
the substrate (0.25-30 uM) were used with a fixed concentration of Aro (1 uM) in the
absence and presence of 3 pM of CPR. Figure 1 shows the difference spectra obtained
with the typical low-to-high spin transition due to substrate binding. When the
percentage of spin shift obtained at different substrate concentrations was measured,
the data showed consistent lower values in the absence of CPR (Figure 2). In
particular, at the lowest substrate concentration used (0.25-0.5 uM), the spin shift
obtained in the absence of CPR was 40% lower than that obtained in its presence
(Figure 2). These data indicate that CPR increases the population of Aro that binds the
substrate, suggesting a possible regulatory role on the conformation on the P450

enzyme, as previously reported for P450cam [20].

The kinetics of substrate binding were followed as the increase of the signal at 394
nm in the first 3 seconds and the traces obtained were found to better fit to a single
exponential function from which the rate constants were derived (Figure 3). The plot
of the rates as a function of substrate concentration shows a linear trend both in the
absence and presence of CPR (Figure 4A). However, the substrate binding rates were
increased by up to 30% when saturating amounts of the substrate were tested (Figure

4A). A linear regression was applied to calculate the apparent second-order rate
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constants (kon and kofr). In the absence of CPR, the obtained kon value was 5.1 x 10°
M s and the kofr was 0.17 s™! (Table 1). However, both the apparent kon and kofr were
increased when an excessive CPR was added. The calculated kon and kot were 7.0 X
10° M! s! and was 0.24 s™!, respectively. Kp values calculated from these kinetic
constants (koft/kon) are in the same order of magnitude with the Kp values measured by

spectroscopic titrations (Table 1).

One of the interesting questions in the cytochrome P450 research field is whether they
bind their substrates/inhibitors through conformational selection modes or induced fit.
When an increasing hyperbolic dependence of the binding rates (koss) as a function of
substrate concentration is found, this is diagnostic of an induced fit mechanism [44].
On the other hand, a decreasing dependence in the binding rates (koss) as a function of
substrate concentration is diagnostic of conformational selection [44,45]. However,
conformational selection can give rise to increasing trends as well. In this case, a
possible way to distinguish between the two modes is to carry out two separate
experiments. In a first experiment, the concentration of the enzyme is fixed and the
one of the substrate is varied; in a second experiment, the concentration of the
substrate is fixed and the one of the enzyme is varied. When the plots of the kops
obtained in the two experiments are constructed, the same trend should be found in
the case of an induced fit mechanism whereas distinct kinetics are found in the case of

the conformation selection mode [44].

In the case of Aro, the plot of the rates as a function of androstenedione concentration
(Figure 4A) shows a linear trend. This suggests a conformational selection mode as an
induced fit should have a hyperbolic dependence [44]. To gain further information, a
second set of experiments was carried out keeping the substrate concentration fixed at
2 uM while varying the enzyme concentration. The plots obtained (Figure 4B) show a
non-linear dependence. The two plots where either the protein or the ligand are varied
should be identical in the case of an induced fit mechanism [44], therefore it can be
concluded that a conformational selection mode is taking place in substrate binding by

aromatase.
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Taken together, the data show that the presence of CPR does not cause any change in
the substrate binding affinity of aromatase, but it increases the binding rate for the
substrate as well as the fraction of the enzyme that is able to bind the substrate
through a conformational selection mechanism. This is consistent with Equation 2,

Scheme 1B.

3.2 Isothermal Titration Calorimetry (ITC)

The thermodynamic characterization of a binding process is traditionally investigated
by isothermal titration calorimetry (ITC). Therefore the binding process of CPR to
aromatase in the absence and presence of the substrate androstenedione was followed
by ITC. One important issue about this experiment is the reduction state of CPR.
Indeed, it is known that the semiquinone state of CPR (CPRsq) has the highest affinity
for other human P450s as demonstrated for P450 2C9 [46]. Upon reduction, the fully
oxidized CPR (CPRox) undergoes the conformational changes required for the CPRsq
to be able to dock the P450 proximal side. This forms a complex where the FMN of
the CPRsq and then heme of the P450 are close enough to allow electron transfer

[47,48].

For these reasons, the UV-vis spectra of the CPR and the Aro used in the ITC
experiments were collected to confirm the oxidation state of the two proteins (Figure
5). In particular, the spectrum of CPR in Figure 5SA shows a band at 587 nm with a
shoulder at 630 nm, typical of the its semiquinone state (CPRsq). This confirms that
CPR is purified in its semiquinone state as previously reported [49,50]. Figure 5B
shows the spectra recorded of Aro in the absence and presence of the substrate
androstenedione. The presence of bands at 418 and 394 nm indicate that the protein
undergoes the typical low-to-high spin state changes upon substrate binding.

We therefore proceeded to collect the ITC profiles resulting from the titration of
CPRyq into the cell containing Aro in experiments carried out both in the presence and

absence of androstenedione (Figure 6). The titration was carried out in a 100 mM KP1i
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pH 7.0 buffer containing 10% glycerol and the final CPRsq : Aro molar ratio achieved
was 5:1. In all cases the ITC profiles show the presence of an exothermic followed by
an endothermic process. These profiles are not present in control experiments where
the CPRsq was titrated in a solution containing only buffer. Moreover, when the heat
of the endothermic and the exothermic processes are plotted as a function of the
CPRsq: Aro molar ratio, a sigmoidal trend typical of ligand binding is obtained with
the endothermic process contributing more to the overall process (data not shown).
Thus, the two processes can be assigned to the CPRsq-Aro complex formation. The
thermodynamic parameters were obtained by fitting the overall data (Figure 6) and
they are reported in Table 2. In the absence of the substrate, the interaction between
Aro and CPRy yielded a Kp value of 5.4 £ 1.2 uM, while in the presence of the
substrate the Kp was 24.2 £ 6.9 uM. These results suggested that CPRsq binds to the
substrate-free Aro with a higher affinity compared to the substrate-bound form.
Interestingly, the enthalpy changes of the interaction between CPRsq and Aro are also
significantly altered by the presence of the substrate. In fact, these are considerably
higher than when the substrate is not present, indicating that more interactions are
forming and breaking when substrate-free Aro complexes with CPRsq. This finding
also suggests that more conformational changes are taking place in CPRsq and
aromatase when the substrate is not present.

The overall AG resulted negative as well as -TAS indicating that the binding is
entropically driven. This finding suggests a large entropic contribution that can be due
to the release or replacement of ordered water molecules from the protein surface and
to the proteins’ conformational dynamics during complex formation [51]. The positive
AH values suggest that the binding of CPRsq to aromatase is composed of
intramolecular hydrogen bonding and non-covalent interaction following
conformational changes of CPRsq. It has to be taken into account that ITC
experiments were carried out under a single buffer condition known to maintain
protein stability and solubility. Moreover, the proteins are not in their physiological

membrane environment that is known to affect and limit their orientation promoting
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complex formation also through the transmembrane helix [14]. However, the
thermodynamic parameters calculated by ITC are in line with those recently
calculated by surface plasmon resonance (SPR) for the interaction of CPRsq with
many human cytochromes P450, including aromatase [52]. Also in that case, the

process resulted entropically driven with a positive value of AH [52].

4. Conclusion

In conclusion, this study provides new insights on the interaction of a human
cytochrome P450 with the redox partner, indicating an effector role of CPR, as
previously observed for bacterial cytochrome P450cam [19,20].

Here we show not only that human Aro adopts the conformational selection mode to
bind the substrate, but also that CPR when bound to substrate-free Aro triggers the
conformational changes required for optimal substrate binding (Scheme 1B). These
data are consistent with the recent results coming from all-atom molecular dynamics
simulations showing that CPR binding alters the motions of human aromatase and
reshapes the substrate access channel [53].

The effector role of CPR can be crucial in the physiological environment since the
reductase protein is in limited amounts compared to cytochromes P450 [54] and
would therefore promote catalysis when already in the semi-reduced form and ready
to bind the enzyme. It would be interesting to expand this kind of studies to other
human enzymes, such as the more promiscuous cytochromes P450 involved in drug
metabolism, to highlight possible preferences of CPR for the different enzymes

according to their physiological role in the organism.
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Tables

Table 1. Binding rates and dissociation constants of aromatase for the substrate

androstenedione.
Aro: CPR Kp?* (uM) k(s kon (M1 s1) Kot (571 Kp? (uM)
1: 0 0.98 £0.11 154+0.8 51+£03x10° | 0.17+0.06 | 0.33+0.13
1:3 0.72+0.11 20.2+0.9 7.0+£02x10° | 024+0.05 | 0.34+0.06

a KD values calculated from spectral equilibrium binding titrations.

b KD values calculated from these kinetic constants (koﬁ/kon).
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Table 2 Thermodynamic parameters measured from ITC experiments.

Combinations Kp (uM) AH (kcal mol™) | AG (kcal mol) | -TAS (kcal mol ™)
CPRsg/Aro - substrate 54+12 95+04 -71.2x16 -16.7+1.6
CPRs/Aro + substrate 242+6.9 6.0+£0.2 -6.3+1.4 -123+14
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Figure legends

Scheme 1. Models for enzyme-substrate binding in human aromatase and role of
cytochrome P450 reductase (CPR). (A) In the induced fit model, the substrate binds
the enzyme and induces a conformational rearrangement that optimizes the
substrate-enzyme interaction. In a next step, CPR binds the enzyme-substrate complex
and has no role in substrate binding. (B) In the conformational selection model, the
enzyme shifts between different conformational states. The binding of CPR favors the

enzyme conformation that is optimal for substrate binding that occurs in a next step.

Figure 1. Substrate binding monitored by stopped-flow analysis. (A) Difference
spectra observed after mixing 1 pM Aro with 10 pM androstenedione in the
stopped-flow apparatus. (B) Difference spectra observed after mixing 1 pM Aro and 3
puM CPR with 10 uM androstenedione. The traces shown were collected after 0, 0.1,

0.2, 0.3, 0.4 and 0.5 seconds from mixing.

Figure 2. Plot of the amount of spin shift as a function of the substrate
concentration. Black circles represent the amount of spin shift obtained from 1 pM
Aro in the absence of CPR; empty circles represent the amount of spin shift obtained

from 1uM Aro pre-mixed with 3 puM CPR (Aro:CPR = 1:3).

Figure 3. Kinetics of substrate binding to aromatase. (A) Kinetic traces (AA394)
obtained after mixing different amounts of the substrate androstenedione (0.25, 0.5, 1,
3,6,10, 20,30 uM) with 1 uM Aro. (B) Kinetic traces (AA394) obtained after mixing
different amounts of the substrate (0.25, 0.5, 1, 3, 6, 10, 20, 30 puM) with 1 uM Aro

and 3 uM CPR (Aro:CPR = 1:3). All curves are fitted to single exponential functions.
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Figure 4. Analysis of the substrate binding rates. (A) Plot of the binding rates as a
function of substrate concentration with a fixed aromatase amount (1 pM) in the
absence (solid symbols) and presence (white symbols) of 3 uM CPR (Aro:CPR = 1:3).
(B) Plot of the binding rates as a function of aromatase concentration with a fixed

substrate amount (2 pM).

Figure 5. UV-vs spectra of the protein samples used for ITC measurement. (A)
Spectra of 10 uM CPR in potassium phosphate buffer (100 mM KPi, 10% glycerol,
pH 7.0). (B) Aromatase spectra in the substrate-free form (black line) and upon

incubation with the substrate androstenedione (gray line).

Figure 6. Isothermal titration calorimetry traces for CPRs-Aro complex
formation. ITC traces were obtained titrating CPRsq in the (A) substrate-free and (B)
substrate-bound Aro in 100 mM KPi, 10% glycerol pH 7.0. The top panels show the
raw data, the lower panels show the enthalpy changes plotted as a function of the
CPRsq: Aro molar ratio. The black curves indicate the best fit to a single site model,
the red circles represent the control experiments, where CPRsq was titrated into the

ITC only containing buffer.
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