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ABSTRACT: Cytochrome P450 reductase (CPR) is a NADPH-dependent membrane- @ C%" core @5,
bound oxidoreductase found in the endoplasmic reticulum (ER) and is the main redox o Ko 1.08x10° K= 4.43%10°
partner for most cytochrome P450 enzymes. Presented are the measured thermodynamic M - . 7 R
driving forces responsible for how strongly CPR partitions into a biomimetic ER with the cpre .. wnort 8. e ﬁéfé

same lipid composition of a natural ER. Using temperature-dependent fluorescence %%\;}, *’%%ﬁ? - O
correlation spectroscopy and fluorescence single-protein tracking, the standard state free Y . e g

energies, enthalpies, and entropies of the CPR insertion process were all measured. The "™ ™ s gt

results of this study demonstrate that the thermodynamic driving forces are dependent on

the redox states of CPR. In particular, the partitioning of CPR™ into a biomimetic ER is an exothermic process with a small positive
change in entropy, while CPR™ partitioning is endothermic with a large positive change in entropy. Both resulted in negative free
energies and strong association to the biomimetic ER, but the K; of CPR* insertion is measurably smaller than that of CPR™. Using
this new information and known results from literature sources, we also present a phenomenological model that accounts for
membrane—protein interactions, protein orientation relative to the membrane, and protein conformation as a function of the redox
state.

1. INTRODUCTION biomimetic ER membrane.'* In that previous study, we used

Cytochrome P450 reductase (CPR) is found on the single-molecule techniques to demonstrate that CPR™ has
cytoplasmic side of the ER membrane and is the main redox peripheral membrane characteristics while the direct observa-
: red . . .
partner for most cytochrome P450 enzymes. The electrons tions m'ade on CPR were most consistent 'Wlth its
supplied by CPR (though oxidation of NADPH) allow P450 designation as an integral membrane protein. In this regard,

enzymes to perform oxidative transformations on many drugs, we directly observed CPR® entering a biomimetic ER
small molecules, and important biomolecules.' ™ CPR is membrane from solution and presented evidence for it leaving
composed of four distinct domains: (i) a NADPH/FAD the biomimetic ER membrane at equilibrium. It was also
domain, (ii) an FMN domain, (ii) a hinge domain, and (iv) a shown that CPR™ has greater membrane incorporation and
membrane binding domain. The NADPH/FAD domain no evidence of CPR™ entering the ER membrane from
contains a NADPH binding pocket and a flavin adenosine solution. Moreover, we observed that CPR™ has a much
dinucleotide (FAD).* Likewise, the FMN domain contains a slower diffusion coefficient than CPR™ (1.5 um?/s compared
flavin mononucleotide (FMN).” The NADPH/FAD and FMN to 2.5 um?/s), indicating that CPR™ is more deeply
domains are connected to one another through the flexible embedded into to the ER membrane than CPR™.

hinge domain allowing CPR to exist in an equilibrium between In this work, we have used temperature-dependent
a closed conformation in which the flavins (FAD and FMN) fluorescence correlation spectroscopy (FCS) and fluorescence
are in close contact and an open configuration in which the single-protein tracking in a mimetic of the ER to quantitatively
flavins are further away from one another. When CPR s in its measure the concentration of CPR in the membrane and in
oxidized form 6(C9ZPR°"), the equilibrium is shifted to the closed solution as a function of the redox state and temperature.
conformation.”" When NADPH binds to CPR®, it transfers (Note: the “biomimetic ER membrane” is referred to as “ER”

two electrons through a hgrdride ion transfer followed by
interflavin electron transfer.'” The open conformation of CPR
is also required for delivery of electrons from the reduced
FMN cofactor to the partner P450. When NADP" is released, -
the equilibrium of reduced CPR (CPR™) shifts toward the Recf’wed: October 28, 2021
open configuration."”"""* It is in this open conformation that Rev‘?ed: February 2, 2022
CPR is ready to transfer electrons to P450s to continue the Published: February 16, 2022
catalytic cycle."

We have previously reported that the redox state of CPR
greatly affects how it interacts with and diffuses through a

throughout the rest of the manuscript.) This approach has
allowed for the determination of thermodynamic driving forces

© 2022 American Chemical Society https://doi.org/10.1021/acs.jpcb.1c09358

W ACS Publications 1691 J. Phys. Chem. B 2022, 126, 1691—1699


https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcb.1c09358&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c09358?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c09358?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c09358?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c09358?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c09358?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/8?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/8?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/8?ref=pdf
https://pubs.acs.org/toc/jpcbfk/126/8?ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c09358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCB?ref=pdf
https://pubs.acs.org/JPCB?ref=pdf

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

(AG®, AH® and AS°) for CPR partitioning from solution into
the ER. This study has revealed fundamentally different driving
forces for the oxidized and reduced forms of CPR and how it
interacts with the membrane. This information was used in
conjunction with recent theoretical and earlier solution phase
studies to develop a phenomenological model that accounts for
membrane—protein interactions, protein orientation relative to
the plane of the membrane, and protein conformation as a
function of the redox state.””'>"3

2. METHODS

2.1. Materials. p-Glucose, catalase, and glucose oxidase
were purchased from Sigma-Aldrich (St. Louis, MO). NADPH
was purchased from EMD Millipore (Billerica, MA). All lipids
were purchased from Avanti Polar Lipids (Alabaster, AL).

2.2. Protein Expression, Purification, and Labeling.
Full-length human CPR was expressed, purified, and stored as
previously reported.'® After purification, CPR was labeled with
Alexa 680 C, Maleimide (Thermo Fisher Scientific, Waltham,
MA). Briefly, Alexa 680 C, Maleimide was dissolved in 100%
HPLC grade acetonitrile, stored at —20 °C in the dark, and
used in the following 24 h. CPR was diluted to 15 #M in 100
mM HEPES (pH 7.4) buffer containing 150 mM NaCl and
20% glycerol (v/v). The solution was transferred to a sealed
glass vial and gently degassed for 5 min under Ar while kept on
ice. The dye was added to the degassed protein containing
solution in a 1:1.2 protein:dye concentration ratio and allowed
to react under gentle stirring at 4 °© C overnight while
protecting the reaction mixture from light. The reaction was
stopped by addition of a 1 M solution of DTT to a final
concentration of 3 mM. The labeled CPR was then purified
from the excess dye by using a desalting Micro Bio-Spin
column packed with Bio-Gel P-6 (BioRad, Hercules, CA). The
gel in the column was suspended in Tris buffer (pH 7.4) but
was exchanged with 100 mM HEPES (pH 7.4) containing 140
mM NaCl and § mM CaCl, (referred to as ER buffer). The
degree of labeling was calculated according to the protocol and
estimated to be 1. The labeled CPR was then aliquoted, flash
frozen in liquid N,, and stored at —80 °C.

2.3. Preparation of Small Unilamellar Vesicles. A
phospholipid mixture matching the chemical composition of
the human ER membrane has been developed and described
by our laboratory."*'” To this mixture, a polyethylene glycol
(PEG) cushion was also incorporated into the membrane to
prevent unwanted interactions between CPR and the under-
lying glass substrate when formed into a supported lipid bilayer
(see below). In this study, small unilamellar vesicles (SUVs)
were made from 142 umol of 1,2-dilauroyl-sn-glycero-3-
phosphocholine (DLPC), 1.42 ymol of 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC), 1.0 gmol of 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoethanolamine (POPE), 0.35 ymol of 1,2-
dilauroyl-sn-glycero-3-phospho-L-serine (sodium salt) (DLPS),
0.20 pmol of cholesterol, 0.35 pmol of l-a-phosphatidylinosi-
tol-4,5-bisphosphate, 0.19 pmol of sphingomyelin, and 0.07
pumol of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (ammonium salt)
(PEG—PE). The mixture was dissolved in 1 mL of chloroform
and placed in a S mL round bottom flask. The flask was then
placed under a flow of pre-purified nitrogen to evaporate the
chloroform to form a cake. Next, large multilamellar vesicles
(LMVs) were formed by hydrating the lipid cake with 1 mL of
ER buffer (100 mM HEPES, 5 mM CaCl,, and 140 mM NaCl
at pH 7.4). The mixture was then placed in a water bath at 60
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°C, gently swirled every 15 min for 1 h, and then sonicated in a
bath sonicator at 60 °C for 30 min to form the SUVs. During
this time, the solution turned from turbid to transparent. Next,
the solution was place in a centrifuge for 2 h at 13,000g and 37
°C. The supernatant was then removed, aliquoted, flash frozen
in liquid N,, and stored at —80 °C.

2.4. Formation of Planar-Supported Lipid Bilayers.
Planar-supported lipid bilayers were prepared according to a
protocol described earlier.'*'”~"* Briefly, 25 mm round quartz
coverslips were gently boiled in a solution of water,
concentrated nitric acid, and 30% hydrogen peroxide (1:1:1
by volume) while gently swirling to separate the cover glass for
1S5 min. The coverslips were then rinsed thoroughly with water
that was purified by a Barnstead Nanopure 18 M2 organic free
water purifier (referred to as nanopure water). This treatment
was performed twice, and then, the coverslips were stored
under nanopure water with daily retreatment before use.
Before lipid bilayer formation, a coverslip was removed from
the storage container, rinsed with a stream of nanopure water,
and then dried under a stream of pre-purified nitrogen. The
coverslip was then placed in a custom-built sample holder and
affixed with a 6 mm inner radius paraffin gasket that was sealed
to the coverslip with the gentle application of heat. Next 50 uL
of the solution containing the SUVs was added to the center of
the coverslip and allowed to incubate for 1 h at room
temperature. During this time, the SUVs fused to the
hydrophilic surface of the coverslip, ruptured, and formed a
continuous supported lipid bilayer. Finally, the newly formed
supported lipid bilayer was rinsed six times with the ER buffer
to remove any excess SUVs. This planar-supported bilayer is
referred to as an ER membrane in the rest of the article. This
ER membrane has previously been characterized via
fluorescence recovery after photobleaching and shown to be
homogeneous and one phase from 17 to 41 °C.

2.5. Preparation of Reduced and Oxidized CPR
Samples. The insertion was done using previously published
methods."*"”*° The resting state of CPR is its oxidized form.
CPR™ samples were prepared by first removing (by pipette)
the ER buffer above the bilayer and replacing it with 25 uL of a
2.5 nM solution of CPR in an imaging buffer containing 0.8%
w/v D-glucose, 1 mg/mL glucose oxidase, and 0.04 mg/mL
catalase in ER buffer. The sample was immediately transferred
to either the FCS microscope or the protein tracking
microscope (see below) and allowed to reach equilibrium at
the temperature of the experiment. Reduced CRP samples
were prepared in the same manner as CPR™ samples except
that 2.5 nM NADPH was added to the imaging buffer.
Measurements were made immediately after sample equili-
brium. All experiments were carried out under anaerobic
conditions by using the glucose oxidase/catalase oxygen
scavenging system and sealing the sample from air.'”*°
According to Roberts et al, under anaerobic conditions, the
addition of stoichiometric amounts of NADPH will leave
CPR™ in the minus 2e” state (CPR>”). Excess amounts of
NADPH will lead to the fully reduced 4e~ state (CPR*"), but
this state is known to be thermodynamically unstable and
rapidly oxidizes in the presence of oxygen; therefore, CPR*” is
normally considered as the state leading to electron transfer in
P450s and the one of interest in this study.”' ">

2.6. Fluorescence Correlation Spectroscopy. All FCS
measurements were performed on a homebuilt fluorescence
confocal microscope. For excitation, a 635 nm (PicoQuant
GmbH, Berlin, Germany) diode laser was used in cw mode.

https://doi.org/10.1021/acs.jpch.1c09358
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The laser emission was coupled into a single-mode optical fiber
(ThorLabs, Newton, New Jersey) with a zoom-fiber collimator
(ThorLabs, Newton, New Jersey) to change the elliptical shape
of the beam to a Gaussian beam shape. The laser was then
recollimated and launched into free space using another zoom-
fiber collimator and directed to the microscope optics by a
series of broadband dielectric mirrors and finally passed
through a laser line filter (635 nm, ThorLabs, Newton, New
Jersey). The laser light was then reflected by a 640 nm dichroic
mirror (FF640-FDi02, Semrock, Rochester, New York) and
focused by a 60X 1.2 NA water-immersion microscope
objective (UPLSAPO60XW, Olympus, Tokyo, Japan). The
emitted fluorescence was then collected by the same objective,
passed through the dichroic mirror and reflected by a
broadband dielectric mirror (ThorLabs, Newton, New Jersey).
The reflected light was focused by a tube lens (ThorLabs,
Newton, New Jersey) onto a 50 ym pinhole to set the confocal
geometry. The light that passed through the pinhole was then
collimated using a lens and either passed or reflected by a
50:50 non-polarizing beam splitter (ThorLabs, Newton, New
Jersey) and focused onto two separate single-photon counting
modules (SPCMs) (SPCM-AQRH-14-FC Excelitas, Quebec,
Canada). The output of the SPCMs was connected to a four-
channel router (PHR 800, Picoquant GmbH, Berlin,
Germany), and the output from the router was connected to
a time-correlated single-photon counting system (PicoHarp
300, PicoQuant GmbH, Berlin, Germany). The microscope
was equipped with temperature control at the sample and the
objective with a custom-made sample holder and objective
collar. Both were fitted with Peltiers (TEC3-2.5; ThorLabs,
Newton, New Jersey) and interfaced to separate Meerstetter
Engineering temperature controllers (model TEC-1091). The
temperature was monitored at the sample with a Pt
temperature sensor (THI100PT; ThorLabs, Newton, New
Jersey) and the hot side of the Peltiers with a thermistor
(TH10K; ThorLabs, Newton, New Jersey).

All data were collected, and FCS curves were generated in
SymPhoTime 64 (Picoquant GmbH, Berlin, Germany). The
confocal volume was determined to be 1.18 fL using a dilution
method.** For the samples described in Section 2.5, each was
placed on the microscope and allowed to equilibrate at the
desired temperature (21, 25, 29, 33, and 37 °C) for 30 min on
the microscope before data collection. The laser power was set
to 100 yW before being reflected by the dichroic mirror and
focused 30 ym above the coverglass. A fluorescence time trace
was recorded for 10 min, and following the conclusion of the
time trace, a new sample was placed on the microscope, which
was allowed to incubate for 30 min and a 10 min time trace
was recorded; this was repeated for a total of three
fluorescence time traces at each temperature point. The
experiment was repeated at all temperature points for both
CPR™ samples and CPR™ samples in triplicate. All analyses
were also performed in Igor Pro 8 (Wavemetrics, Inc.).

2.7. Single-Protein Counting in Planar-Supported
Lipid Bilayers. The instrument used for tracking CPR*™ and
CPR™ in ER membranes has been described in detail
previously."*'” Briefly, fluorescent samples were excited with
a stabilized CW-He:Ne laser producing a 633 nm beam with
the power adjusted to 0.8 mW at the sample using a neutral
density filter wheel. The beam was first passed through a laser
line filter (633/10X; Chroma Tech.) and then a 1/4 waveplate
(WPQOSM-633; Thorlabs, Inc.) to produce a circular
polarized laser beam. The beam was then directed by a series

of mirrors and focused by a 200 mm lens onto the back edged
of a 100X 1.45 N/A apochromatic TIRF microscope objective
(Olympus Inc.) with a dichroic mirror (FFS545/650-Di01;
Semrock, Inc.). The beam was positioned along the far edge of
the microscope object using a translation stage so that the
angle of the excitation beam was greater than the critical angle
between the glass water interface of the sample. This produced
an evanescent field (through objective total internal reflection
fluorescence microscopy; TIRF). This allows for the excitation
of only a small area above the lipid bilayer and eliminates most
of the fluorescence from the solution phase.

The emission from single fluorescently labeled proteins was
then collected by the microscope objective, passed through the
dichroic mirror, passed through a long-pass filter (ET655lp;
Chroma Technologies Corp.), and imaged onto an EMCCD
camera (iXon 888; Andor Tech.) with a 300 mm achromatic
lens. The exposure time was set to SO ms, and the frame rate
was only slightly higher at 50.02 ms. Temperature control was
maintained at the sample and the microscope objective with a
custom-made sample holder and objective collar. Both were
fitted with Peltiers (TEC3-2.5; Thorlabs Inc.) and interfaced
to separate Meerstetter Engineering temperature controllers
(model TEC-1091). The temperature was monitored at the
sample with a Pt temperature sensor (TH100PT; Thorlabs
Inc.) and the hot side of the Peltiers with a thermistor
(TH10K; Thorlabs Inc.).

Sample preparation was identical to those described for the
FCS experiments. Each temperature point (21, 25, 29, 33, and
37 °C) was collected in triplicate for CPR™ and CPR™. All
samples were equilibrated at temperature for a minimum of 30
min before data collection. A minimum of 50 images was
collected at different locations on each sample, giving a particle
count greater than or equal to 1003 (see histograms in the
Supporting Information). Counting was performed with a
custom MATLAB (The Mathworks Inc.) script based on the
work of Crocker and Grier, which has been implemented
previously by our group.'#'”** In this analysis, only diffraction-
limited particles with an intensity threshold set to 2.6 times the
background were counted. Analysis was performed in
MATLAB using custom scripts.

3. RESULTS

3.1. Temperature-Dependent Concentration
Changes above ER Membranes. FCS is a sensitive method
for measuring the concentration of fluorescent molecules (and
fluorescently labeled proteins) in dilute solutions. Depicted in
Figure 1 are FCS curves and fits for ATTO 680-labeled CPR™
and CPR™ in the solution above the ER membrane at 21 and
37 °C. Five curves at 21, 25, 29, 33, and 37 °C were collected
for each redox state of CPR. In all, 30 independent samples
were prepared: 3 independent samples for each temperature
point for both CPR™ and CPR™, The fits of the raw data are
depicted in Figure S2 (see the Supporting Information) and
using the model function for a singly labeled protein that is
freely diffusing in solution is given in eq 1 below™®

1
() VN,

-1 2 -1/2
T N T
g (—] _]
[ TD) [ u/ p (1)
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Figure 1. FCS curves and the analysis for Alexa 680-labeled CPR™
(upper) and CPR™ (lower) as a function of temperature at 21 and 37
°C. Data collected in the solution above the ER membrane. The data
was fit to a triplet model (eq 1). Individual fits for the full temperature
range are found in the Supporting Information.

where T is the equilibrium triplet fraction, 7 is the lag time, 7,
is the average residence time of the protein in the detection
volume, 71 is the triplet relaxation time (different from the
triplet lifetime), s is the beam waist, u is the radius along the
optical axis, Vg is the effective probe volume (measured to be
1.18 fL), N, is Avogadro’s number, and (C) is the
concentration of labeled proteins in solution.

Figure 2 summarizes the temperature-dependent concen-
trations of CPR™ and CPR™! in solution as determined from

Concentration via FCS (nM)

1.0
0.8
0.6
§ ________ ;h.-....g CPRred
TRl §
T T T Tr T T T
295 300 305 310

Temperature (K)

Figure 2. Concentration of Alexa 680-labeled CPR*™ (blue squares)
and CPR™ (red circles) in solution above the ER membrane as a
function of temperature. The concentrations were determined from
the FCS analysis using eqs 1 and 2. The lines drawn through the data
are linear trend lines.

eq 1. In these experiments, a 25 uL droplet of a 2.5 nM
solution of either CPR™ or CPR™ was allowed to equilibrate
with the ER membrane and the CPR concentration in the
droplet was then measured using FCS. Figures 1 and 2 show
that the solution concentration of CPR™ is greater than that of
CPR™ at all temperatures. This is consistent with our earlier
observations that demonstrated that CPR™? is predominately
an integral membrane protein, and CPR® shows some
characteristics of being a peripheral membrane protein.'*
The current study clearly demonstrates that the partitioning of
CPR from the solution phase to the membrane phase is
temperature-dependent. We also observed that the solution
phase concentration increases with temperature for CPR** and
decreases with temperature for CPR™. This indicates
fundamentally different processes that lead to CPR-membrane
interactions that depend on whether it is oxidized or reduced.

1694

3.2. Partitioning Coefficients. In a parallel experiment,
the number of CPR™ and CPR™ molecules was counted
within a 1600 ym? area of the ER membrane as a function of
temperature using the single-molecule tracking microscope
described in Section 2.7. While it is known that FCS
experiments are accurate in determining concentrations in
very dilute solutions, it is also known that single-molecule
fluorescence imaging can severely undercount the number
fluorescent molecules in the field of view.”” The undercounting
is due to the blinking and bleaching seen in single-molecule
fluorescence trajectories. Depending on the fluorescent probe,
the blinking and bleaching rates can also be affected by the
temperature and redox environment. In FCS, the fluctuations
due to blinking and bleaching can be easily accounted for
within the fluorescence correlation fitting function (made
possible by the high temporal resolution in modern correlators;
32 ps time bins in our instrument). On the other hand, the
single-molecule fluorescence trajectories measured in a wide-
field TIRF experiment have a much slower time resolution (S0
ms per frame in the present study). Since there is a large
buildup of molecules in a dark state in this time frame (triplet
or photochemical), undercounting is inevitable. This along
with temperature affecting the blinking and bleaching rates
leads to unreliable thermodynamic values when the compar-
ison is between multiple phases and temperatures. In this work,
we avoided the molecular counting problem seen in single-
molecule fluorescent trajectories by only using the FCS data
for the thermodynamic analysis. Here, the single-molecule
tracking was used to qualitatively verify that the trend in the
membrane coincided with the FCS experiments. Figure 3
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Figure 3. Surface density of freely diffusing Alexa 680-labeled CPR™
(blue squares) and CPR™ (red circles) in the ER membrane as a
function of temperature. The lines drawn through the data are linear
trend lines for the corresponding data. The histograms used for each
point can be found in Figure S1, and the means used are in Table S2.

depicts the results of these single-molecule imaging experi-
ments in which the number of CPR® molecules in the ER
membrane decreases with temperature, and the number of
CPR* molecules increases with temperature. These trends are
consistent with the solution phase studies, showing that the
concentration in solution decreases as the number of particles
in the membrane increases and vice versa. The FCS data along
with the trends seen in the single-molecule fluorescence
imaging experiments lead to the following equilibrium
equation for the partitioning of CPR from the liquid phase
into the ER and its corresponding partitioning coefficient
(equilibrium constant)*®
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where [CPR]™™" js the concentration of CPR in the ER
and [CPR]®M" js the concentration of CPR in the droplet
above the ER. The concentration of CPR in the membrane was
determined from eq 4 below

moles moles
CPRtotal - CPRsol
1%

mem

[CPR]sqution —
4

where CPR™® s the total number of moles of CPR in the
droplet before equilibrium, which was determined from a UV—
vis experiment of the stock solution before placing the diluted
sample on the ER membrane, CPR™™™ is the number of moles
in the droplet once equilibrium is reached with the ER
membrane being obtained from FCS data (see Figure 2), and
Viem is the total volume of the ER membrane. V,,, was
estimated from the thickness of the membrane, the height that
CPR protrudes from the membrane, and the total area of the
membrane. The thickness was estimated previously by taking
the thickness of the ER membrane to be the same as its major
component (POPC, which is 30 A) and the height of CPR
protruding from the ER membrane (which is 44 A as measured
by neutron reflectivity).'"'>'” The area of the membrane
(0.283 cm?) was assumed to be the same as the paraffin gasket
used to contain the ER membrane on the glass coverslip. The
initial concentration of CPR in the droplet was 2.5 nM, and the
concentration of CPR in the droplet after equilibrium is
plotted in Figure 2. Using these data, the partition coefficients
were calculated and are summarized in Table S1. Taking the
standard state to be 25 °C and 1 M, the standard state
partitioning coefficients are K§*(25°C) = 1.10 X 10° for the
oxidized form and Ki4(25°C) = 4.44 x 10° for the reduced
form.

3.3. Standard State Gibbs Free Energies, Enthalpies,
and Entropies. The partitioning coefficients (Kp, eq 3) were
measured between 21 and 37 °C as described above in 4 °C
increments. Assuming that the enthalpy and entropy do not
change much in this temperature range, the van’t Hoff
equation can be written as (eq S)

AHy  ASp
In(K;) = — RTP + —R" )

where AHp and ASp are the standard state enthalpies and
entropies for CPR interacting with the ER, respectively. The
slopes of the curves in Figure 4 give AHp ,, = — 11 kJ mol™
and AH} .4 = 15 kJ mol™". These results show that CPR™
insertion into the ER membrane is an exothermic process, and
CPR™ is an endothermic process. The standard state entropies
are determined from the intercepts of the curves in Figure 5,
which are AS} ,, =61 J mol™" K" and AS, .4 = 160 J mol™
K. From eq 6

AGp = AHp — TASy (6)
AG o = — 28 kJ mol ™" and AG} g = — 32 kJ mol™".

Alternatively, it is known that enthalpy changes slowly with
temperature and it is a good approximation to assume that it is
temperature-independent over a small temperature range (not
always the case with entropy). This allows us to pick a standard
state temperature (25 °C in this study) and measure the
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Figure 4. Arrhenius plots of Alexa 680-labeled CPR™ (upper curve)
and CPR™ (lower curve). The partition coefficients K, are given in
eq 3, and the data (Table S3) was fit to the Arrhenius equation (black
lines through the data). The standard change in Gibbs free energies
was calculated from eq 7 at 25 °C, the standard enthalpies were
determined from the slope of the Arrhenius plot (eq S), and the
change in standard entropy was determined from equations AG°,

AH® and eq 6.

partitioning coefficient from the experiment (see Section 3.2)
without making any assumptions about entropy.
AG} .4(25°C) can then be determined from

AGp(25°C) = —RTIn(Kp(25°C)) 7)
AHP(25°C) is determined from
" Ky(T) | _ _AHE’(i 1 )
K3(25°C) R \T  298.15K (8)

and AS3(25°C) is determined from eq 6. Carrying this analysis
forward gives AG} ,(25°C) = — 28 kJ mol ™', AS} (25°C) =
61 J mol™" K™, AG} ,4(25°C) = — 322 kJ mol™!, and
AS} 4(25°C) = 161 J mol™" K. These values are in close
agreement with eq S and demonstrate that entropy changes
little over the experimental temperature range. A figure of the
analysis using eq 8 is included in the Supporting Information
(Figure S3), and a table of thermodynamic values with errors is
included in Table S4.

4. DISCUSSION

The thermodynamic driving forces for CPR partitioning into
an ER membrane are drastically dependent on whether CPR is
oxidized or reduced. Both redox states of CPR have a chemical
potential that strongly favors partitioning into the ER
membrane at 25 °C, but the process is more favored for
CPR™ than CPR™. Interestingly, even though K& > K3 for all
conditions measured in this study, the process is exothermic
for CPR™ and endothermic for CPR™Y Therefore, as
temperature rises, the membrane partitioning of CPR®*
decreases and CPR™ increases. In addition, the ASS is
positive for both CPR*™ and CPR™ but is 2.6 times larger for
CPR™ than CPR®. Moreover, our earlier studies have shown
that CPR™ diffuses more slowly than CPR™ in an ER
membrane (1.5 gm?*/s compared to 2.5 gm?/s) and that CPR™
shows some characteristics of a peripheral membrane protein
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Figure S. Sketch depicting the redox state-dependent interaction of CPR with the ER. The MBD is depicted in dark gray as an alpha helix, while
FMN and FAD are the blue and yellow prosthetic groups that are separated by a hinge domain, respectively, allowing for a confirmational change
between open and closed states. Starting from the left, CPR is in the oxidized state and in solution from which it is able to insert into the lipid
bilayer in down orientation. Once in the bilayer, NADPH binds to the protein transferring its electrons, reducing CPR. As NADP* unbinds, it
leaves CPR™ in an open conformation and an up orientation relative to the membrane surface. Finally, in solution, the equilibrium conformation of
CPR™ is a near 50:50 equilibrium between open and closed conformations. The process of reduction in solution is also shown following the same
steps as the lipid population. The blue and red boxes represent the parts of the model measured in this study.

while CPR™® shows none.'* All together, these results
suggested that the membrane binding domain (MBD) of
CPR™ is more deeply embedded into the ER membrane,
which decreases its diffusion coeflicient and results in a greater
partitioning over CPR®™. The results of this study are
consistent with those earlier conclusions. This study presents
evidence that the drastically different changes in enthalpy
(endothermic vs exothermic) and large differences in entropy
are probably more due to the overall conformational change of
this multidomain protein (FAD/NADPH, FMN, Hinge
domains) and how they interact with the surface of the ER
and then insertion of the MBD, which is similar for both redox
states.

It is well known that CPR has two conformational states:
open and closed."*'> The open state is the conformation in
which the FAD and FMN domains are furthest apart, and the
closed conformation is when the two domains are closest to
one another, allowing inter-flavin electron transfer. Using
solution phase NMR and SAXS (small-angle X-ray scattering),
it was demonstrated that CPR™ is predominately in its closed
state with only a small percent existing in the open state (S—
7.5% according to Vincent et al. and 15% according to Huang
et al.).”'> This was later confirmed by Jenner et al. using
ionization ion mobility spectrometry (IMS).”” Roberts et al.
also concluded that the conformational distribution of CPR™
is pushed more toward the open conformation in solution but
still has a significant, if smaller, population in the closed state
(they did not estimate the percent distribution of the
populations for CPR™).'> These results are consistent with
a recent cryo-EM study conducted by Su et al. that
demonstrated the conformational flexibility between open
and closed states of the CPR domain in dimeric cytochrome
P450 CYP102A1.%° A simplified electron transfer mechanism
is as follows: (i) CPR* starts in its mostly closed conformation
and is ready to accept a NADPH ligand, (ii) NADPH then
binds to CPR™ where it undergoes a two-electron reduction
through a hydride ion transfer to FAD and subsequent inter-
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flavin electron transfer, and (iii) NADP* is then released,
leaving CPR™ in an equilibrium that favors the open
position.”’lz’31 Moreover, a recent computational study
carried out by Sellner et al.'® using molecular dynamics
simulations to map out the conformational landscape of CPR
in a membrane describes four important observations: (i)
CPR™ in its closed conformation favors a position in which the
FAD and FMN domains are orientated face down into the
membrane, resulting in significant protein—lipid interactions
(closed-down position); (i) upon reduction, CPR™ favors an
open conformation and flips to a position in which the FAD
and FMN domains face away from the surface of the
membrane (open-up position), breaking the superficial
membrane contacts found in the closed-down position; (ii)
in the closed-down position, CPR has two energetically
favorable closely related conformational states, while (iv) in
the open-up position, there are no discernable minima and
CPR™ occupies a rather large conformational landscape (i.e.,
it is highly flexible)."® Though not mentioned in Sellner et al.’s
paper, we have interpreted their results to mean that, while
embedded in the membrane, the closed-down position is in a
relatively low entropy state (not flexible) and has favorable
protein—lipid interactions in comparison to the open-up
position that is more flexible (more entropic) but lacks
favorable protein—lipid interactions. It is also true that trapped
solvent molecules in the interface between globular domains in
a close conformation will be liberated in the open
conformation, and the lipid molecules in the vicinity of the
vertically aligned MBD of CPR™ should be less structured
than those near the MBD of CPR™ adding to the higher
entropy in the open-up position. Sellner et al. also
demonstrated that, when in the open-up position, the MBD
has a more vertical orientation in the membrane (deeper
penetration) than it has in the closed-down position. Finally,
the equilibrium between the open and closed conformation
and their orientation relative to the membrane (up and down)
still exists but CPR™ favors the closed-down state and CPR™
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favors the open-up state. A phenomenological model that only
includes the dominant membrane states and equilibrium
solution states is summarized in Figure S. A solution phase
reduction pathway is also included in Figure S.

In this study, the samples were equilibrated in the oxidized
and reduced states in the presence of an ER membrane. The
thermodynamic driving forces of partitioning were then
measured. These processes are indicated by the red and blue
squares in Figure S, but the measured partitioning is more
correctly described as between all conformational states
between solution and membrane phases for each redox state.
Besides the reorientation of the MBD, the conformational
states (open vs closed) and the orientation relative to the
membrane (up vs down) have profound effects on the
thermodynamic driving forces keeping CPR in the membrane
as indicated above. CPR™ is >92% closed in solution and will
probably remain, so when entering the membrane, the
significant contacts between the globular domains of CPR™
with the membrane can lead to a favorable protein—lipid
enthalpic interaction (exothermic) and a positive entropy
change as the MBD embeds into the membrane and as water
associated with the bilayer is displaced by CPR®*. In total, this
should lead to a favorable free energy change (negative) that
drives the partitioning of CPR™ into the ER.

CPR™ is hypothesized to primarily be in the in the open-up
position in the membrane, and CPR™ in solution has a
significant population in both open and closed states. While
the driving forces responsible for the membrane orientation are
up for debate, the extra negative charge on FMNH, or FMNH-
will certainly cause some electrostatic repulsion with the
negatively charged ER membrane surface. With this in mind, as
CPR™ partitions into the membrane, the electrostatic
repulsion and lack of significant contacts between the globular
domains and membrane cause an endothermic change in
enthalpy. As discussed, the open-up position has increased
entropy in comparison to the closed conformation because of
flexibility and no well-defined minimum in its potential energy
surface (see above). If the equilibrium distribution between
open and closed states shifts more toward the open
configuration when entering the membrane, then the added
entropy gained from being predominantly in the open position
may contribute to the larger entropy change observed in
CPR™ partitioning. Regardless of the explanation, our
experiments clearly show that the entropic changes signifi-
cantly outweigh the enthalpic changes, leading to a highly
favorable free energy driving force for membrane partitioning
for CPR™,

5. CONCLUSIONS

Cytochrome P450 reductase is an important di-flavin
oxidoreductase that is a redox partner for nearly all P450
enzymes. Presented in this work are the measured free
energies, enthalpies, and entropies of human CPR insertion
into ER membranes as a function of the redox state and
temperature. This was accomplished using FCS and single-
protein tracking to directly measure the partitioning
coefficients (and therefore free energies), while enthalpies
and entropies were determined using a van’t Hoff analysis.
These measurements have shown that (i) the thermodynamic
driving force for CPR™ insertion into an ER membrane is due
to a large change in entropy that outweighs an endothermic
enthalpy change, and (ii) the thermodynamic driving forces for
CPR™ insertion are due to a negative enthalpy change and a
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smaller positive entropy change. A standard state of 25 °C, pH
7.4, and physiological ionic strength were chosen, and the
standard state Gibbs free energy, enthalpy, and entropy
changes for CPR insertion were determined for each redox
state (AG} ,(25°C) = — 28 kJ mol™!, AH} ,, 11 kJ
mol ™, and AS} ,(25°C) = 61 J mol™" K™'; AG} ,.4(25°C) =
— 322K mol™l, AH} 4 = 15 kJ mol™", and ASY 4(25°C) =
161 J mol™" K7/, respectively). These results are consistent
with a model in which CPR™ is predominately in its closed
conformation in solution and predominately in the closed-
down position in the ER membrane and the CPR™¢
equilibrium shifted to the closed conformation in solution
and an open-up position in the ER membrane.
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[methoxy(polyethylene glycol)-2000]; LMV large multilamel-
lar vesicle; ER buffer 100 mM HEPES, 5 mM CaCl,, and 140
mM NaCl at pH 7.4; nanopure water water that was purified
by a Barnsted Nanopure 18 MQ organic free water purifier;
TIRF total internal reflection fluorescence microscopy; MBD
membrane binding domain; FMN flavin mononucleotide;
FAD flavin adenine dinucleotide; ER endoplasmic reticulum;
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