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Abstract: The flavoprotein Cytochrome P450 reductase (CPR) is the 

unique electron pathway from NADPH to Cytochrome P450 (CYPs). 

The conformational dynamics of human CPR in solution, which 

involves transitions from a "locked/closed" to an "unlocked/open" 

state, is crucial for electron transfer. To date, however, the factors 

guiding these changes remain unknown. By Site-Directed Spin 

Labelling coupled to Electron Paramagnetic Resonance spectroscopy, 

we have incorporated a non-canonical amino acid onto the flavin 

mononucleotide (FMN) and flavin adenine dinucleotide (FAD) 

domains of soluble human CPR, and labelled it with a specific 

nitroxide spin probe. Taking advantage of the endogenous FMN 

cofactor, we successfully measured for the first time, the distance 

distribution by DEER between the semiquinone state FMNH• and the 

nitroxide. The DEER data revealed a salt concentration-dependent 

distance distribution, evidence of an "open" CPR conformation at high 

salt concentrations exceeding previous reports. We also conducted 

molecular dynamics simulations which unveiled a diverse ensemble 

of conformations for the “open” semiquinone state of the CPR at high 

salt concentration. This study unravels the conformational landscape 

of the one electron reduced state of CPR, which had never been 

studied before.  

Introduction 

Microsomal cytochrome P450s (CYPs) occupy a pivotal role in 

human drug (70% of commonly prescribed drugs), fatty acid and 

steroid metabolisms.[1,2] To perform their functions, CYPs require 

electrons, which are provided by a specific flavoprotein, the 

NADPH cytochrome P450 reductase (CPR). CPR is located on 

the cytoplasmic side of the endoplasmic reticulum (ER). The 

electron transfer (ET) process involves a nicotinamide adenine 

dinucleotide phosphate (NADPH) co-factor, which provides a 

hydride to CPR. Electrons then transit via CPR’s flavin cofactors 

(Figure 1A), from flavin adenine dinucleotide (FAD) to flavin 

mononucleotide (FMN), reaching its final electron acceptor, the 

heme iron of CYPs. Molecular ET requires extensive domain 

movements, transitioning between so-called “locked/closed” (for 

intra-ET “FAD to FMN”) and “unlocked/open” (for inter-ET “FMN 

to the heme iron of CYPs”) states of CPR.[3] The conformational 

equilibrium within Homo sapiens CPR has been studied through 

both spectroscopic and structural approaches, essentially on 

mutated or truncated proteins.[3–7] Undoubtedly, these studies 

highlight the immense significance of the connection between 

dynamics and function, as domain movement can exert precise 

control over the efficiency of ET and activities of CYPs, and 

consequently have a substantial impact on CYP-mediated drug 

metabolism.[7,8] Crystal structures of Rattus norvegicus soluble 

CPR are available in two distinct states: the “locked/closed” (pdb. 

1amo, 64) and partially “unlocked/open” (pdb. 3ES9, TGEE), 

the last one being non-functional. In these structures, the FMN to 

FAD N5-N5 distances span a range from 13 to 32 Å respectively. 

On the other hand, crystal structures have been reported for 

Homo sapiens wt CPR (Figure 1B), captured in its “locked/closed” 
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state, with a FMN to FAD N5-N5 distance of 13 Å (pdb. 5FA6 for 

66 and 3QE2 for 66-P228L/A503V). A highly open state, 

derived from a chimeric Saccharomyces cerevisiae/Homo 

sapiens construct, and featuring a FAD-FMN N5-N5 distance of 

84 Å, has also been reported (Figure S1, pdb. 3FJO).[9] The 

existence of these closed/open states was the foundation for a 

two-state equilibrium model hypothesis. Still, the factors 

governing the presence of CPR multiple conformations in solution, 

and the switch between them, remain a subject of ongoing 

debate.[2,10] Indeed, it has been demonstrated that factors such as 

flavin redox states, ionic strength[6] and specific mutations on CPR 

play important roles in the conformational equilibrium 

modulation.[2] Nevertheless, molecular data on functional wt 

Homo sapiens CPR in solution related to its dynamics are still 

missing, especially in presence of CYPs isoforms. Here we 

demonstrate the power of Site-Directed Spin Labelling coupled to 

Electron Paramagnetic Resonance (SDSL-EPR) spectroscopy to 

unravel the conformational landscape of “locked/closed” and 

“unlocked/open” of soluble and functional Homo sapiens CPR in 

solution. 

SDSL-EPR and DEER (Double Electron-Electron Resonance) 

stand as a robust method for acquiring precise dynamic and 

structural insights into both soluble and membrane proteins. This 

approach relies on the strategic introduction of a nitroxide label, 

typically on cysteine residues, at a specific site.[11–13] When two 

such labels are present on the protein, DEER reports on spin-spin 

dipolar interaction, providing access to distance distributions in a 

1/r3 manner.[13–15] SDSL-EPR investigations of membrane-bound 

CPR have previously been conducted by incorporating spin 

probes on surface exposed cysteine residues. However, these 

chemical modifications proved detrimental to the activity of the 

protein, especially in the case of C629 (numbering based on the 

NCBI Reference Sequence NP_001382342) given its essential 

role.[16,17] Cysteines are often implicated in catalytic or binding 

sites, and therefore not the optimal choice for probe labelling. To 

overcome this biological obstacle, a valuable alternative lies in the 

bio-orthogonal incorporation of non-canonical amino acids (ncaa) 

for subsequent labelling with specific nitroxide labels.[18–23] Indeed, 

recent years have seen the development of bio-orthogonal 

approaches for biophysical studies.[7] These include SDSL-EPR 

methods that utilize labels such as i) nitroxide reactive to 

ncaa,[24,25] ii) triarylmethyl radicals,[26] iii) metal centres like 

Gd3+,[27] Cu2+,[28] Mn3+.[29,30] In the case of flavoproteins such as 

CPR, the flavin can be used to an advantage thanks to its possible 

semi-quinone (sq) state. Indeed, the stabilization of this sq 

intermediate, and subsequent labelling of the protein, enables us 

to accurately measure the distances between said sq and 

nitroxide sites. In this case, the flavin radical serves as a tightly 

bound, inherent paramagnetic cofactor. Indeed, the localized spin 

density distribution within flavin radicals (C(4a) and N(5), figure 

1C) makes the DEER based approach valuable to investigate 

conformational changes in flavoproteins.[31,32] While a handful of 

DEER data have been previously reported to measure flavin-to-

flavin[33–36] or flavin-to-nitroxide distances,[37,38] none of these 

studies have employed a ncaa. As for CPR, only a single DEER 

distance measurement between the two sq species, namely 

FADH•-to-FMNH•, has been reported to date.[34] 

In this study, we have successfully investigated the dynamics and 

conformational changes of the one electron reduced soluble form 

of human CPR by incorporating a p-azidophenylalanine (pAzPhe) 

amino acid at selected strategic positions and subsequent 

specific nitroxide labelling. DEER experiments on sq/nitroxide 

pairs on CPR, and molecular dynamics (MD) studies, have been 

conducted proving the existence of two main states in solution.  

Figure 1. A) Schematic representation of soluble Homo sapiens CPR 

organization and B) “Locked/closed” state crystal structure of soluble Homo 

sapiens CPR (pdb. 5fa6) with Q157 and K668 residues for labelling highlighted 

as red and green spheres respectively. The FAD and FMN domains are 

represented in brown and cyan ribbons respectively, FAD and FMN co-factors 

are shown as sticks in orange and dark blue, linker is shown as light pink ribbon, 

the flexible loop is shown in yellow. Red and green lines represent distances 

between FMNH• and the label at positions Q157 and K668, respectively ; blue 

rectangle highlights the FMNH• species. C) Chemical structure and IUPAB 

numbering of the isoalloxazine ring of FMN semi-quinone state. 

Results and Discussion 

Incorporating non-canonical amino acids in soluble CPR 

and labelling  

Two individual Homo sapiens soluble CPR (His-Tag-61 wt, 

numbering based on the NCBI Reference Sequence 

NP_001382342, see SI) mutants were designed, expressed and 

purified. They both contained a pAzPhe non-canonical amino acid 

at surface exposed sites in either two positions: 157 (FMN 

domain) or 668 (FAD domain), noted hereafter Q157pAzPhe or 

K668pAzPhe (Figure 1, SI and figures S2 and S3).[7] Each mutant 

was labelled with HO-4451 (1-Fluoro-N-[(1-oxyl-2,2,5,5-

tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl]cyclooct-2-

ynecarboxamide) nitroxide label (noted hereafter Q157pAzPhe* or 

K668pAzPhe*, star standing for the label) through Strain-Promoted 

Azide-Alkyne Cycloaddition (SPAAC) reaction (SI and scheme 

1).[19,39,40] Activity assays of Q157pAzPhe or K668pAzPhe mutants and 

of Q157pAzPhe* or K668pAzPhe* labelled mutants gave activities 

comparable to that of CPR wt and mutants as previously reported 

in the literature[7,16] (Figure 2), indicating that neither the ncaa 

incorporation nor its labelling have impacted the ET capacity of 

CPR. The activity of soluble CPR before and after labelling (WT 

and mutants) increases as a function of salt concentration in the 

same manner. This behaviour is consistent with what has already 
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been reported, showing a maximum of kobs value at 500 mM 

NaCl.[7,41] 

 

Scheme 1. Labelling SPAAC reaction scheme for pAzPhe ncaa with HO-4451 

label. Conditions: rt, overnight, into the dark, Tris HCl 20 mM pH 7.4. 

Figure 2. Cytochrome c reduction efficiencies determined by the initial velocity 

kobs of CPR wt (grey), Q157pAzPhe (blue) and CPR K668pAzPhe (magenta) as a 

function of NaCl concentration. Dashed bars correspond to labelled mutants 

respectively. Error bars represent the standard deviations of triplicates. 

Temperature: 37°C. 

Cw EPR of labelled protein containing ncaas 

Continuous wave (cw) EPR spectra of CPR Q157pAzPhe* or 

K668pAzPhe* (Figure 3A and 3B) were typical of a label in the so-

called “intermediate regime of mobility”.[42,43] Analysis of the 

spectra indicated that the label at position Q157 (Figure 3A) 

experiences a little more constrained environment than at position 

668 (Figure 3B), which could be seen by a broader line width of 

the low- and high-field lines as well as the presence of a 

supplemental broader component (Figure 3A, arrows). In addition, 

these results showed that HO-4451 is able to provide structural 

information on the label environment despite i) the size of the 

ncaa compared to cystein and ii) the label larger size compared 

to the “classical” MTSL (1-oxyl-2,2,5,5-tetramethylpyrroline-3-

methylmethanethiosulfonate spin label) label (distance between 

Cα and the N atom of HO-4451 nitroxide of 14 Å for pAzPhe, 

compared to 8 Å distance in the case of MTSL) (Figure S4).[18] 

 

 

 

 

 

 

Figure 3. Room temperature cw X-band EPR spectra of labelled Homo sapiens 

CPR mutants A) Q157pAzPhe*, B) K668pAzPhe*. Arrows indicate the broader 

component in the spectrum. [Q157pAzPhe*] = 516 µM, [K668pAzPhe*] = 417 µM. 

Buffer: Tris HCl 20 mM pH 7.4. See SI for experimental conditions. 

Preparation of FMNH• sq state in labelled CPR and 

cw EPR characterization 

In order to obtain simultaneously a nitroxide site and a 

paramagnetic flavin co-factor for each mutant, we stabilized the 

FMNH• sq state by the addition of 1 eq. of NADPH, the 

physiological electron provider for CPR, to CPR Q157pAzPhe* or 

K668pAzPhe*. Formation of the sq state was followed by the 

increase of the electronic absorption band at 620 nm at room 

temperature, following the same procedure as for the wt protein 

(Figure S5). An air stabled species FAD/FMNH• (1 electron 

reduced state)[44–46] was obtained by allowing the solution to 

oxygenate in air for approximately 10 minutes. 

Cw EPR spectra of FMNH•/Q157pAzPhe* and of FMNH•/K668pAzPhe* 

were recorded in non-saturated conditions in order to quantify 

each paramagnetic species FMNH• and CPR* (Figure 4 and SI). 

Note that the EPR spectrum of the flavin radical is quite broad 

(~30 gauss), which explains the very low amplitude of the FMNH• 

signal in comparison to the nitroxide one, despite its larger 

amount. Each experimental spectra was superimposed with those 

resulting from the linear combination of Q157pAzPhe* or K668pAzPhe* 

EPR signals (Figure 4A and 4B, spectrum a) with the 

corresponding FMNH• signal (Figure 4A and 4B, spectrum b). 

These results indicated the presence of the nitroxide grafted on 

the protein and the sq species simultaneously (Figures 4A and 

4B), in similar sq/nitroxide ratios for both mutants, and consistent 

with the labelling yield (see SI). Addition of NADPH did not change 

the nitroxide signals, showing that the label dynamics remained 

the same in solution for both oxidized and semi-reduced states 

(Figures 3 and figure 4, spectra a).  
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Figure 4. Cw X-band EPR spectra recorded at room temperature of labelled 

one electron reduced Homo sapiens CPR mutants A) FMNH•/Q157pAzPhe* and 

B) FMNH•/K668pAzPhe*. Orange line: experimental spectrum. Blue line: final 

spectrum obtained from a linear combination of CPR* alone (spectrum a) and 

FMNH• alone (spectrum b) (black lines) with indicated proportions. [Q157pAzPhe*] 

= 516 µM, [K668pAzPhe*] = 417 µM. Buffer: Tris HCl 20 mM pH 7.4. See SI for 

experimental conditions. 

Ncaa*-FMNH• distance measurements  

To provide more information on the domain movement of soluble 

CPR, we investigated intra-protein distance distribution between 

the nitroxide spin probe and the FMNH• species. We conducted 

DEER experiments under varying salt conditions (NaCl at 0, 50 

and 250 mM) that favoured the so-called “unlocked/open” state of 

CPR, depending on the amount of added salt.[3,7,10,11,47] Indeed, 

ionic strength has been recognized as an in vitro experimental 

condition capable of monitoring the equilibrium between different 

CPR states. We measured inter-spin distance distributions 

between the FMNH• sq and the nitroxide label inside the FMN 

domain (FMNH•/Q157pAzPhe*) and between both the FMN and FAD 

domains (FMNH•/K668pAzPhe*). For all experiments, the pump 

(pump) and observer (observe) frequencies were chosen at the 

maximum of the FMNH• and nitroxide signals on the echo field 

sweep (EFS), respectively (Figure S6). The results obtained by 

DEER experiments are shown in figures 5 and 6 for 

FMNH•/K668pAzPhe* and FMNH•/Q157pAzPhe* respectively. DEER 

data showed the presence of a spin-spin dipolar signal for both 

CPR labelled mutants in the absence of salt (Figures 5A and 6A, 

blue lines). The observed modulation depth  values indicated a 

high amount of FMNH•/CPR pAzPhe* species, and was in agreement 

with ~50% spin labelling efficiency with our spectrometer 

configuration (see SI), whatever the labelled position ( = 0.113 

and 0.094 for position Q157 and K668 respectively). In the 

absence of salt, a restricted ensemble of population centred 

around a distance distribution of 29 ± 5 Å for FMNH•/K668pAzPhe* 

and 28 ± 2 Å for FMNH•/Q157pAzPhe* were observed. These values 

were in agreement with the predicted ones using MMM[48] based 

on the crystal structure of Homo sapiens CPR “locked/closed” 

state (Figures 5B and 6B, red lines, figure S7). One can note that 

the width of distance distributions for both mutants probably arise 

from the presence of label rotamers (Figures S6), as predicted by 

MMM on a static crystal structure.  

Figure 5. A) Experimental Q-band DEER traces recorded at 60 K for 

FMNH•/K668pAzPhe* in absence (blue line) or in presence of NaCl 50 mM (green 

line), 250 mM (orange line). The black dashed lines indicate the baseline used 

for background correction. DEER traces were shifted vertically for the sake of 

clarity. B) Distance distributions obtained using the auto-computed mode in 

DeerAnalysis 2022[49,50] (blue and green lines) and calculated distance 

distributions for the Homo sapiens CPR “locked/closed” (red line) state (pdb. 

5FA6 or 3QE2) obtained using the MMM software.[48] For colour code in the x 

axis, see SI. [K668pAzPhe*] = 90 µM. Buffer: Tris HCl 20 mM pH 7.4, D2O, 10% 

v/v d8-glycerol. 

Figure 6. A) Experimental Q-band DEER traces recorded at 60 K for 

FMNH•/Q157pAzPhe* in absence (blue line) or in presence of NaCl 50 mM (green 

line), 250 mM (orange line). The black dashed lines indicate the baseline used 

for background correction. DEER traces were shifted vertically for the sake of 

clarity. B) Distance distributions obtained using the auto-computed mode in 

DeerAnalysis 2022[49,50] (blue and green lines) and calculated distance 

distributions for the Homo sapiens CPR “locked/closed” (red line) state (pdb. 

5FA6 or 3QE2) obtained using the MMM software.[48] For colour code in the x 

axis, see SI. [Q157pAzPhe*] = 90 µM. Buffer: Tris HCl 20 mM pH 7.4, D2O, 10% 

v/v d8-glycerol. 

Then, we monitored the effect of the ionic strength in order to 

mimic in vitro the opening of the CPR. For FMNH•/Q157pAzPhe*, 

addition of NaCl did not change the modulation depth ( = 0.124 

and 0.119 for 50 and 250 mM NaCl, respectively), nor the time 

trace oscillations. Consequently, the distance distributions 

between the nitroxide and the FMNH• sq remained the same 

(Figure 6, and figure S9, S10). This result was expected since 

position Q157 belongs to the FMN domain, and confirmed that i) 
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the FAD remained in its oxidized form, and ii) the FMN domain 

stayed fixed with respect to the rest of the protein (Figure 1). 

For FMNH•/K668pAzPhe* the modulation depth decreased by a 

factor of 2 when adding 50 mM of NaCl ( = 0.055), and reduced 

to zero with 250 mM of NaCl. Nevertheless, the EFS signals were 

comparable for all experiments indicating that the concentration 

on spin for both FMNH• and the nitroxide were not affected or 

modified in all three samples with 0, 50 and 250 mM NaCl (Figure 

S6, S11). The absence of modulation depth and oscillation proved 

a decrease of the spin-spin dipolar interaction beyond what can 

be measured with pulsed EPR spectroscopy. This result 

prevented the extraction of a distance distribution, suggesting an 

important increase of the distance between the FMNH• sq and the 

label at position 668. Position 668 being located on the FAD 

domain, our results highlighted the effect of ionic strength in 

favouring a more “unlocked/open” state of the CPR in solution, in 

agreement with previous biophysical studies.[7,8] Nevertheless, 

our DEER results proved wider open conformations for the 

specific 1 electron reduced CPR form (FAD/FMNH• state) than 

what was reported with SAXS data on oxidized or reduced 

CPR.[6,51] This opening appeared to be reversible as well (Figure 

S12). Indeed, our results are consistent with MMM calculation 

performed on the chimeric crystal structure of Saccharomyces 

cerevisiae/Homo sapiens CPR construct reported by Aigrain et 

al.[9] In that case, a broad range of distance distributions between 

FMNH• and position K668 (80 to 100 Å, figure S13C) were 

obtained, in agreement with the previously mentioned loss of 

dipolar coupling seen by DEER, and supported by the calculated 

one (Figure S13A, B). As a comparison, the calculated 

nitroxide/FMNH• distances for Rattus norvegicus in the 

“unlocked/open” state remained below 40 Å (Figure S14). Overall, 

our experimental data highlighted the strong effect of ionic 

strength in modulating the semiquinone CPR conformations 

between two main “unlocked/open” and “locked/closed” states 

indicating that this redox state (FAD/FMNH•) does not change the 

conformational landscape of CPR. For high amount of salt, a 

highly wide-open conformation was favoured in solution. 

Molecular dynamics 

To better understand the dynamic behaviour of the Homo sapiens 

CPR, MD simulations were performed on its non-labelled wt 

soluble form. For all simulations, the wt enzyme was defined in 

the air stable state FAD/FMNH•, to match the experiments. Two 

starting points were created for 400 ns simulations: one in the 

“locked/closed” state based on the crystal structure of the Homo 

sapiens CPR (pdb code: 3QE2), and one in the “unlocked/open” 

state inspired by the chimeric Saccharomyces cerevisiae/Homo 

sapiens crystal structure (Figure S1, pdb code: 3FJO). For this 

second conformation, the flavins were initially 84 Å apart (distance 

N5-N5). Two different salt concentrations were tested for each 

starting point as well, giving a total of 13 simulations (Table 1). 

From each MD simulation, the evolution of the distance between 

the FMNH• (N5) and the K668 Cα was extracted (Figure 7), 

hereafter named FMNH•/K668. 

 

 

 

 

Table 1 : Number of MD replicas for each condition. 

   

  

Starting conformation of CPR 

Locked/closed unlocked/open 

No salt 3 (green) 4 (red) 

NaCl 150mM 3 (dotted brown) 3 (dotted blue) 

 

Figure 7.  FMNH•/K668 distance evolution for CPR in the FAD/FMNH• redox 

state. Starting point of the simulation corresponds to the “unlocked/open” state 

(no salt: red, 150mM NaCl: dotted blue) or “locked/closed” state (no salt: green, 

150mM NaCl: dotted brown). 

For all simulations starting with a “locked/closed” state (Figure 7, 

green and dotted brown curves), no large inter-domain movement 

was calculated over time and the FMNH•/K668 distance therefore 

remained around 20 Å. This value is in the same range as the 

experimental one (29 Å, FMNH•/K668pAzPhe*), as we had to take 

into account the size of the labelled ncaa and the flexibility of this 

moiety (Figures S4, S7), instead of considering the Cα of the 668-

lysine residue. Moreover, these results were in agreement with 

those reported on the soluble form of the Rattus norvegicus CPR, 

where Iijima et al. proposed that the closed form was intrinsically 

stable and the enzyme predominantly adopted the closed state.[52] 

The presence of salt did not appear to significantly affect the 

dynamic behaviour of the semiquinone “locked/closed” state on 

the timescale of several hundreds of nanoseconds (Figure 7, 

dotted brown curves). 

On the other hand, starting with an “unlocked/open” state (Figure 

7, red and dotted blue curves), the dynamic behaviour of the 

protein was highly dependent on the presence or absence of salt. 

Indeed, in presence of 150 mM NaCl (dotted blue lines), the two 

flavin domains (FD) remained highly mobile relative to each other 

as seen by the broad range of FMNH•/K668 distances, fluctuating 

between 60 and 90 Å. Nevertheless, the CPR remained overall in 

an “open” form, reflecting a flexibility and a multiple set of open 

conformations. In the absence of salt (red lines), the simulations 

indicated multiple conformation pathways, with a global tendency 

to a significant decrease of the FMNH•/K668 distance with time. 

For two of the four simulations, this distance ended up between 

10 and 30 Å shortly after 100 ns. In a third simulation, the same 

result was obtained after a much longer time (300 ns), bringing in 
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both cases the flavin domains closer to each other in a more 

“closed” state on this timescale. In the fourth simulation, CPR 

conformational state stayed in an “open” form all along the 

simulation time, with a FMNH•/K668 distance above 60 Å. These 

four different runs suggested once again the effect of the ionic 

strength in inducing the opening of the two flavin domains and the 

possibility for the soluble CPR to reach a less “open” state when 

no salt was present. The time scale of these in silico 

conformational changes were still longer than the ones reported 

by Šrejber et al. where a 10 ns time scale was shown to be 

sufficient for a spontaneous closing of the structure, the open 

state being stabilized in presence of a CYP partner.[53] 

To have an overall view of the conformations obtained beyond a 

few hundred nanoseconds, the distribution of the FMNH•/K668 

distance obtained using the data for the last 200 ns is presented 

in figure 8. After 200 ns and in presence of 150 mM NaCl (Figure 

8, dotted blue and dotted brown curves), CPR adopted mainly two 

types of conformations: one with a sharp distribution centred at 

20 ± 3 Å, and a second with a broad distribution of FMNH•/K668 

distances between 60 and 100 Å. These two distinct families of 

conformations could be associated to the “locked/closed” and 

“unlocked/open” states, respectively. The sharp distribution 

obtained by MD confirmed that the distance distribution width of 

the DEER data probably arose mainly from conformational states 

of CPR than from rotamers of the label. In absence of salt (red 

and green curves), shorter FMNH•/K668 distances were observed. 

Two groups of preferred distances (around 10 and 20 Å) clearly 

stand out in the region corresponding to the “locked/closed” state. 

The small variation in distance in this conformation might be 

explained by the presence of numerous salt bridges and bonds 

that restrict interdomain movement. Two less populated groups 

appeared at 32 and 60 Å, representing a significant part of the 

conformational landscape of the protein when starting from an 

open conformation. 

 

Figure 8. FMNH•/K668 distance distribution for CPR in the FAD/FMNH• redox 

state using the data for the last 200 ns. Starting point of the simulation 

corresponds to the “unlocked/open” conformation (no salt: red, 150mM NaCl: 

dotted blue) or “locked/closed” conformation (no salt: green, 150mM NaCl: 

dotted brown). 

Overall, MD calculations were in agreement with our experimental 

results in showing the presence of two preferred “unlocked/open” 

or “locked/closed” conformations, the latter being stabilized 

whatever the ionic strength. On the other hand, the presence of 

salt seemed to promote an “unlocked/open” state, which existed 

in a range of several conformations. This flexibility on the open 

conformational states may be necessary to interact with several 

partners, in particular specific CYP isoforms and/or substrate 

binding.[10,47,53,54] 

Conclusion 

In this work, SDSL-EPR as well as MD were used to study a 

specific flavoprotein involved in electron transfer from NADPH to 

CYPs, i.e. CPR. Soluble 66-CPR, devoid of both linker 

truncation (known to impose a specific conformation on the 

system) and any other mutation, was employed for an 

unconstrained study of the protein in solution. We have 

succeeded in the insertion of the ncaa pAzPhe into either the FAD 

or FMN domain (positions 668 and 157, respectively). We then 

selectively and efficiently labelled the ncaa using the HO-4451 

nitroxide spin label, through a SPAAC reaction, without modifying 

the protein activity.[19] Additionally, we prepared the FMNH• 

semiquinone state of the labelled protein in order to use the flavin 

site as an intrinsic spin centre, together with nitroxide spin HO-

4451 label for distance measurements by DEER experiments. We 

demonstrated that the specific redox state FAD/FMNH• of CPR, 

the resting state, exists in solution as two major states, namely 

“unlocked/open” and “locked/closed”. In the presence of high salt 

concentration, the two flavin domains moved significantly apart, 

resulting in a FAD to FMN domain distance consistent with an 

extensively “open” state in solution. This highly open electrostatic 

driven state was obtained for the one-electron reduced form of 

CPR, in contrast to other reported data for which CPR was 

prepared as fully oxidized or fully reduced protein.[6,51,55,56] 

Moreover, this extended “open” state is consistent with the 

possibility of the protein to experience a large scale 

conformational landscape, as shown by the chimeric crystal 

structure of Saccharomyces cerevisiae/Homo sapiens CPR 

construct.[9] This result is confirmed by MD simulations where 

“unlocked/open” state was shown to be stable as an ensemble of 

conformations over a range of 60 to 100 Å in presence of salt, 

over several hundreds of nanoseconds. In comparison with other 

biophysical studies, our results provide evidence for an ensemble 

of wider opening conformations of the one electron reduced CPR 

in solution than what was reported on oxidized or reduced 

CPR.[51]We also observed an increase of activity of soluble CPR 

as a function of salt concentration. In light of our DEER and MD 

results, this could be interpreted as a higher efficiency of the 

“open” state of CPR for ET to an external partner (cytochrome c 

or CYPs). In parallel, the “closed” state was shown to be stable 

but with a restricted scale of space. In the one-electron reduced 

state of human soluble CPR, ionic strength induces a switch from 

the “locked/closed” to the “unlocked/open” states. The range of 

conformations in the unlocked/open state may be crucial to the 

interaction and binding between CPR and CYPs, possibly via the 

selection of competent conformations depending on the redox 
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state of CPR. The alterations in the conformational equilibrium of 

CPR induced by mutations on the FD or by the binding of small 

molecules have been previously documented.[2,10] However, 

these studies did not concurrently track the redox state of flavins. 

To address this gap, the next phase will involve the monitoring of 

CPR's distance changes during the main redox states implicated 

in ET: FAD/FMN, FAD/FMNH•, and FADH2/FMNH2, and/or under 

varying ionic strengths. This will provide comprehensive insights 

into the dynamic interplay between locked/closed and 

unlocked/open CPR states at various redox states, particularly 

those competent in ET to CYPs. Our investigation marks a 

pioneering achievement by introducing a novel methodology, 

concurrently employing a flavin semiquinone and a nitroxide 

specific to ncaa, within a protein framework for DEER distance 

measurements. Notably, this innovative approach holds the 

potential for widespread applications across various flavoproteins, 

when the existence of non-modifiable cysteine residues is present, 

and when the stabilization of sq is feasible. We worked on the 

soluble CPR but this work has the potential to be applied to the 

full-length protein to study its native environment and its 

partnership with CYPs, by assessing the effect of membrane, the 

nature of lipids,[57–60] co-enzyme binding and redox chemistry in 

structural changes. Understanding the interplay between CPR 

and CYPs is of high importance due to their profound impact on 

drug and steroid metabolism. 
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