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Abstract

Putidaredoxin (Pdx) is the exclusive reductase and a structural effector for P450cam (CYP101A1). 

However, the mechanism of how Pdx modulates the conformational states of P450cam remains 

elusive. Here we report a putative communication pathway for the Pdx-induced conformational 

change in P450cam using results of double electron−electron resonance (DEER) spectroscopy 

and molecular dynamics simulations. Use of solution state DEER measurements allows us to 

observe subtle conformational changes in the internal helices in P450cam among closed, open, and 

P450cam−Pdx complex states. Molecular dynamics simulations and dynamic network analysis 

suggest that Pdx binding is coupled to small coordinated movements of several regions of 

P450cam, including helices C, B′, I, G, and F. These changes provide a linkage between the 

Pdx binding site on the proximal side of the enzyme and helices F/G on the distal side and the 

site of the largest movement resulting from the Pdx-induced closed-to-open transition. This study 

provides a detailed rationale for how Pdx exerts its long-recognized effector function at the active 

site from its binding site on the opposite face of the enzyme.
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The cytochromes P450 form a large superfamily of hemethiolate monooxygenases, which 

utilize O2 to oxidize a vast variety of substrates.1–4 Examples can be found in bacteria, 

plants, humans, and even viruses. Even with more than 350000 gene members in this 

superfamily,5 P450s share a similar tertiary structure and catalytic cycle.6,7 P450cam 

(CYP101A1) from Pseudomonas putida is one of the best studied P450 enzymes.8–10 It 

receives two electrons from NADH to hydroxylate camphor to form 5-exohydroxycam-phor. 

The catalytic cycle starts when the substrate (camphor) binds to P450cam, which lowers 

the reduction potential to allow the first electron transfer from its specific reductase, 

putidaredoxin (Pdx).11–13 A dioxygen molecule then binds to the heme and forms 

a ferric−superoxide complex.14–17 After a second electron transfer occurs exclusively 

from Pdx and subsequent proton transfers, heterolytic cleavage of the peroxy bond 

forms Compound Ι, which is an iron(IV)−oxo complex with a radical on the porphyrin 

ring, and this intermediate enables substrate hydroxylation.18–20 A variety of P450cam 

conformational states that depend on substrate and/or Pdx binding are correlated with the 

catalytic cycle. For instance, several studies have established that helices F/G of P450cam 

undergo an open−closed conformational change upon camphor binding.21–23 A library of 

30 crystal structures of the enzyme bound to different substrate analogues have shown 

three conformational states of P450cam: open, closed, and intermediate.24 An intermediate 

state has also been recently observed in the complex formed by binding both CN− and 

Pdx.25 In addition, a movement of helices C/D of ferrous CO-bound P450cam was observed 
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by nuclear magnetic resonance (NMR) in response to substrate binding.26 Therefore, the 

presence of multiple conformational states of P450cam is an important part of substrate 

recognition and function for this enzyme.

The effector role for Pdx has long been recognized to facilitate the catalytic reaction of 

P450cam, but only recently has the structural basis for this role become better understood. 

Recent crystallography and double electron−electron resonance (DEER) spectroscopy 

studies have indicated that oxidized Pdx shifts camphor-bound ferric P450cam from the 

closed to the open state.27–29 In support of this, isothermal titration calorimetry (ITC) has 

shown that Pdx binds more strongly to the open form of P450cam than the closed form.30 

In addition, molecular dynamics (MD) simulations support the proposal that binding of 

Pdx to the proximal side of the enzyme favors the open conformation.31 Importantly, a 

recent DEER study has shown that in the ferric−CN− complex, a structural mimic of the 

ferrous−O2 complex, Pdxox induces a conformational state that is intermediate between 

open and closed.25 It was proposed that this intermediate state represents the catalytically 

competent form in which the peroxy bond is cleaved to generate Compound I.24,32 The 

intermediate pose stabilizes the catalytic water that is involved in critical proton transfer 

during Compound I formation.21,33–37 Thus, Pdx’s effector role may be to generate the 

intermediate conformation of P450cam to complete the catalytic cycle. However, several 

other studies suggest that the effector role is even more complex and unresolved. Early NMR 

work pioneered the discovery of Pdx’s effector role and noted perturbations in helices B′, 
C, and I,38–41 which originally inspired us to explore the effector role of Pdx by DEER.27,28 

However, the open−closed transition of the P450cam conformation upon substrate binding 

was not observed by NMR studies,26,42 which are in contrast with other reports.21,27,31,43 

Perhaps the most significant reason is the need to use the ferrous−CO complex of 

P450cam for NMR studies. However, our recent studies have shown that the ferrous−CO 

complex does not undergo the closed−open conformational change upon binding of oxidized 

Pdx.28,29 Results of the Spiro group have suggested a potential explanation, where the linear 

mode of the CO adduct in ferrous P450cam, which is distinct from the bent O2 adduct,16 

probably causes this structural discrepancy in CO-bound P450cam.44

The central question of our study is how Pdx binding at the proximal face of P450cam 

causes conformational changes at the substrate binding site on the opposite distal side of 

the enzyme. Two models have been proposed to explain this long-range effector role in the 

past two decades (Figure 1). One hypothesis suggests that Pdx-induced heme ruffling causes 

a long-range conformational change in P450cam.45 To clarify this hypothesis, a P450cam 

mutant, L358P, has been of interest because this mutant introduces an additional movement 

on the heme pyrrole ring and enhances the donation of an electron from C357 to the heme.46 

However, a previous study of L358P P450cam suggests heme ruffling is less relevant 

to the Pdx-induced conformational change.47 Another model for the effector role of Pdx 

emphasizes the interaction between the C-terminus of Pdx and helix C of P450cam.43,48–51 

The camphor-bound P450cam−Pdx crystal structure suggests that helix C of P450cam 

moves 2−3 Å toward the Pdx binding site, while PdxW106 adopts a new conformer to 

maintain its interaction with A113 and N116 of P450cam,27,49,52 which is significant 

for both the second electron transfer reaction and the binding affinity for P450cam.10,49 

However, as the effector role of Pdx is still under debate, the relative movements of elements 
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of the P450cam structure upon Pdx binding in solution require further investigation. Herein, 

we report the combination of DEER measurements53,54 and MD simulations to characterize 

movements of specific marker sites within the P450cam structure, including helices A, C, D, 

F/G, and J, that occur upon binding of Pdx.

METHODS

Mutagenesis, Protein Expression, and Purification.

All mutants of P450cam (BSL-AC, BSL-CD, BSL-AJ, and MTSL-P450cam) were prepared 

by site-directed mutagenesis, with four additional mutated amino acids (C58S, C85S, 

C136S, and C285S) to remove surface accessible cysteines.22 P450cam and Pdx were 

expressed and purified as previously described,29 except for the following mutants. The 

expression of P450cam BSL-AC and BSL-CD was induced with 0.3 mM isopropyl β-

D-1-thiogalactopyranoside (IPTG) after the OD600 reached 0.5−0.6, and the culture was 

maintained for 36−48 h at 26 °C while being shaken. Cells were harvested and lysed 

using a French press; the crude lysate was clarified by centrifugation, loaded on a 70 mL 

DEAE-anion exchange column (DEAE Sepharose Fast Flow, GE Healthcare), and eluted 

with a salt gradient from 30 to 270 mM KCl in 840 mL, and the fractions with A417/A280 

values of >0.6 were pooled. After concentration by ultrafiltration, the sample was purified on 

a 1.8 L bed volume Sephacryl S-200 gel-filtration column, and the fractions with A417/A280 

values of >1.1 were retained. To increase the purity, the sample was further polished with a 

6 mL Resource Q column (GE Healthcare) with an initial buffer that consisted of 50 mM 

KPi, 1 mM camphor, and 1 mM dithiothreitol (pH 6.5). The protein was eluted with a salt 

gradient from 15 to 300 mM KCl in 84 mL, and the fractions with A417/A280 values of >1.6 

were collected for later usage.

Site-Directed Spin Labeling and DEER Sample Preparation.

The MTSL [(1-oxyl-2,2,5,5-tetramethyl-Δ3-pyrroline-3-methyl) methanethiosulfonate] and 

BSL [3,4-bis(methanethiosulfonylmethyl)-2,2,5,5-tetramethyl-2,5-dihy-dro-1H-pyrrol-1-

yloxy] spin-labels were purchased from Toronto Research Chemicals. Experimental 

procedures used to introduce spin-labels into P450cam mutants were described previously.29 

The extent of labeling was measured by ESI mass spectroscopy with an Agilent 1260/6120 

series liquid chromatograph−mass spectrometer (Table S1 and Figures S1 and S2). All 

electron paramagnetic resonance (EPR) samples contained 100 μM P450cam, 250 μM Pdx 

(if applicable), and 30% d8-glycerol (cryogenic glassing agent) and were loaded into quartz 

tubes (100 mm length, 1.1 mm inside diameter, and 1.6 mm outside diameter, VitroCom) 

and hand-frozen in liquid nitrogen for later experiments.

EPR and DEER Spectroscopy.

Continuous-wave EPR measurements were performed at X-band (9.8 GHz) using an Elexsys 

E500 spectrometer with a superhigh Q resonator (ER4122SHQE). The temperature and 

microwave power of high-spin spectra were 15 K and 2 mW, respectively (unsaturated 

conditions), and those of low-spin spectra were 50 K and 0.2 mW, respectively 

(unsaturated conditions). Q-Band (∼34 GHz) DEER spectra were recorded with a 

Bruker EN5107D2 EPR/ENDOR probe-head at 30 K by applying a four-pulse sequence 
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π∗/2 − τ1 − π∗ − τ1 + T − π# − τ2 − T − π∗ − τ2 − echo  with probe pulses (*) and pump 

pulse (#) as indicated, and T was advanced in 20 ns steps. The probe pulse lengths were 

16 and 32 ns for the π/2 and π pulses, respectively. The length of the π pulse at the 

pump frequency was determined by nutation experiments, usually at either 16 or 20 ns. The 

frequency difference between the pump and probe pulse was 80 MHz.55 Thirty-two-step 

phase cycling was used to remove any unwanted echo. DeerAnalysis2013 was used to 

analyze DEER data.56 After background subtraction, least-squares fits were performed using 

Tikhonov regularization with L-curve selection to suppress artifact peaks and oversmoothing 

(Figures S3−S6).57

Experiments to exclude the effects of orientation selection were performed. Different 

orientations of the nitroxide were excited by a series of DEER measurements at intervals 

of the probe and pump frequency (90, 80, 70, and 60 MHz).58 During these experiments, 

the pump frequency was kept at the maximum absorption of the nitroxide field-swept echo 

spectrum (Figures S7−S9).

Molecular Dynamics Simulations.

Starting structures for MD simulations were obtained from the RCSB for closed P450cam 

[Protein Data Bank (PDB) entry 2CPP], open P450cam (PDB entry 4JX1, with Pdx, 

camphor, and hydroxycamphor removed), and the open P450cam−Pdx complex (PDB 

4JX1, hydroxycamphor replaced with camphor). All crystallographic water molecules were 

retained in the simulation. In addition, each system was solvated in a truncated octahedral 

water box with TIP3P waters using a 10 Å cushion, and potassium or chloride ions were 

added to neutralize the system. The B3LYP/6–31G* level of theory was used to calculate 

geometry optimization and the electrostatic potential for the heme moiety and Fe2−S2 

cluster, and force-field parameters were built by MCPB.py in AmberTools. The force-field 

and charge parameters for camphor were calculated by using the Antechamber package59 

with the BCC charge fitting method.60,61 The molecular structure of BSL was obtained 

from the PDB (3L2X).62 To calculate atomic partial charges for BSL and its attached 

cysteine residues, two cysteines were attached to the BSL through disulfide bonds and 

capped with ACE and NME on the N- and C-termini of cysteines, respectively.63 The 

geometry optimization and the electrostatic potential of the whole molecule were calculated 

with the Gaussian09 program at the Hartree−Fock level with the 6–31G* basis set, and the 

Antechamber package was used for RESP charge fitting.64

The MD simulations were carried out using the GPU compatible Amber1665 with the 

ff14SB force field.66 Each simulation started with energy minimization and a steepest 

descent algorithm for 10000 steps with 100 kcal mol−1 Å−2 harmonic restraints first on 

the entire protein and then on heavy atoms only, followed by another energy minimization 

without restraints to minimize the entire system. The system was then gradually annealed 

to 300 K with a Langevin thermostat with a 2.0 ps−1 collision frequency. After a 7 ns 

equilibration with gradually weaker restraints, the production run was conducted for 100 

ns at a constant pressure (1 atm) employing periodic boundary conditions. The nonbonded 

interaction cutoff was 10.0 Å, and the hydrogen bonds were constrained by the SHAKE 

algorithm.67 For BSL-labeled systems, distance restraints were applied to maintain the 
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DEER-observed distance during equilibration and production runs, followed by a gradual 

restraint release and another 100 ns production run without restraints.

Data Analysis and Dynamical Network Analysis of MD Trajectories.

MD trajectories were analyzed by using CPPTRAJ.65 The root-mean-square deviation 

(RMSD) was calculated using the crystal structures as the reference. Cluster analysis was 

performed using the average-linkage method, and the coordinate RMSD was the distance 

metric. The analysis stops when either five clusters are reached or the minimum distance 

between clusters is 3.0 Å.68

Dynamic network analysis was performed by the Network-View plugin in VMD.69 In this 

analysis, either Cα, Cβ, or the center of mass of each residue is defined as a node. An 

edge was generated between nodes if their distance is <4.5 Å over 75% of the 100 ns MD 

trajectory. The correlation between the two nodes is calculated by normalized covariance: 

Cij =
Δ r i(t) ⋅ Δ r j(t)

Δ r i(t)2 Δ r j(t)2 1/2 , where Δ r i(t) = r i(t) − r i(t)  is the deviation of the ith node 

Cartesian position at time t to its time average. The weight of the edge (as the width in 

the network figure) is defined as dij = − log Cij , which depends on the correlated motion 

between nodes. To classify the community of substructures in the dynamic network, the 

Girvan−Newman algorithm was applied. The nodes belonging to the same community 

are shown in the same color code. To simplify community substructures, the generated 

communities maintain a modularity of 95%.70

RESULTS

Role of Specific Pdx Residues in Effector Function.

A number of studies have identified residues of Pdx that are important for electron transfer 

to P450cam. For example, PdxD38 forms a salt-bridge interaction with P450camR112,27and 

the mutation of this residue affects the efficiency of electron transfer.49 In addition, 

the interactions between PdxW106 and residues N116, A113, and R109 of P450cam are 

important features in the P450cam−Pdx complex. Two Pdx mutants, D38A and W106A, 

were reported to dramatically lower the second electron transfer and/or the binding constant 

with respect to P450cam.49 We thus examined the effector role of these Pdx mutants 

by continuous-wave (CW) EPR and pulsed DEER experiments. Two monofunctional spin-

labels (MTSL) were attached to P450cam at residues S48C and S190C (named MTSL-

P450cam), which has been established as a useful probe pair for monitoring the open/closed 

state of the P450cam substrate access channel (Figure 2 and Table 1).22,29 CW EPR spectra 

in Figure S10 show that an addition of an equimolar amount of either PdxD38A or PdxW106A 

causes camphor-bound MTSL-P450cam to undergo approximately 50% conversion from the 

high-spin to low-spin state, in contrast to wild-type Pdx, which induces a nearly complete 

conversion. This suggests that the binding affinity of these Pdx mutants for P450cam is 

weaker than for wild-type Pdx, yet both mutants still induce an effect on the distal heme 

environment resulting in a partial spin state conversion.71 Wild-type Pdx plays an effector 

role for P450cam, resulting in conversion of the closed camphor-bound P450cam to the open 

form.28,29 The DEER data in Figure 3 show that addition of either PdxD38A or PdxW106A to 
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camphor-bound MTSL-P450cam gives the most probable distance of 48.5 Å, matching the 

distance of 48.4 Å for the closed form and distinct from the distance of 55.1 Å as seen in 

the open form. This is in marked contrast to the demonstrated effect of wild-type Pdx, which 

causes conversion of the closed to the open state.27–29 Thus, the effector function of Pdx to 

induce conversion to the open state is abolished in the PdxD38A and PdxW106A mutants.

Effector-Induced Movements of Helices A, C, D, and J of P450cam.

To monitor movements of specific structural elements of P450cam upon Pdx binding, four 

separate sites were chosen to introduce bifunctional spin-labels (BSL).72 BSL spin-labels 

were introduced pairwise at these sites to probe movements between them (Table 1 and 

Figure 4). The first, denoted BSL-AC, contained a spin-label on helix A (N33C and S35C) 

and on helix C (Q110C and A113C). It is noted that Ala113 makes direct contact with 

Pdx, so this label pair should be useful in detecting binding of Pdx to the proximal face of 

P450cam. The second pair, denoted BSL-CD, contains labeling sites on helix C (Q110C and 

A113C) and helix D (C136 and E140C). A third pair, BSL-AJ, contained labeling sites on 

helix A (N33C and S35C) and helix J (Q272C and E276C) as a control because these two 

sites are not expected to move in response to Pdx binding. Mass spectra of these labeled 

proteins (Figure S2) verified that two BSL labels are attached in each case, while CW EPR 

spectra (Figures S11 and S12) show that binding of Pdx to either BSL-AC or BSL-CD 

caused conversion of most of the high-spin signal (g ≈ 8) to the low-spin (gz ≈ 2.45) state, 

which is seen for the wild-type protein.71 Similar results were observed for BSL-AJ (Figure 

S13). These results demonstrate that the BSL-labeled P450cam proteins do not disrupt the 

Pdx-induced high- to low-spin conversion of camphor-bound P450cam.29

Shown in Figure 5 are the time-domain DEER data and in Figure 6 are the distance 

distributions of BSL-AC and BSL-CD in different states. For BSL-AC, the distances for 

open and closed states (54.6 and 54.7 Å, respectively) (Table 2) indicate that helices A and 

C do not move relative to each other during the open to closed transition in the absence of 

Pdx. However, Figure 6 shows that binding of Pdx to the camphor-bound BSL-AC results 

in a distance at 55.5 Å, which is 1 Å longer than that in the open state in the absence of 

Pdx. It is important to note that the data of Figures 5 and 6 contain repeated measurements, 

using different batches of purified protein. Thus, while small, the 1 Å shift seen for binding 

of Pdx to BSL-AC is reproducible. In addition, a series of DEER measurements of BSL-AC 

with different probe−pump frequency differences show no significant orientation selection 

effects (Figures S7−S9). The control pair data, BSL-AJ, shown in Figure 7 and Table 2 

gave distances of 40.0, 40.1, and 40.0 Å for each of the open, closed, and Pdx-bound states, 

showing that no movements were seen between helices A and J for these states. As shown 

in Figure 5B, Figure 6B, and Table 2, much larger changes were seen for BSL-CD. When 

camphor binds to open state P450cam to form the closed conformation, the distance between 

the helix C and D probes changes from 41.3 to 44.6 Å. This 3.3 Å shift is not observed 

by crystallography as measured between Cα atoms. Addition of Pdx to camphor-bound 

P450cam causes a further shift to 39.4 Å, which is 1.8 Å shorter than the open state distance.
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Molecular Dynamics Simulations and Dynamic Network Analysis.

To account for the observed DEER distances and their changes, molecular dynamics 

simulations were performed for P450cam in the closed, open, and Pdx complex states. 

MD simulations were performed on both unlabeled protein and on protein labeled on helices 

A, C, and D. Compared with those of the unlabeled proteins with crystal structures, the 

distances between Cα atoms at S35 and E276 (on helices A and J) in our simulations are 

essentially identical to the crystallographic distances in the closed and open states. The 

crystal and MD distances are 32.8 and 32.9 Å in the closed state, respectively, and 32.8 and 

32.9 Å in the open state, respectively, and this is why helices A and J were designed as a 

control pair. For BSL-AC and BSL-CD, the distance distributions between pairs of nitrogen 

atoms of the spin-label from the MD trajectories were compared with distances measured 

by DEER. Table 2 and Figure 8 show that the MD distances are in good general agreement 

with our DEER observations. In addition, crystallographic distances between Cα atoms at 

the labeling site are included in Table 2. In particular, MD simulations predict that the A−C 

label distance changes only slightly upon the closed−open transition but increases by 1.6 Å 

upon binding of Pdx. This result is consistent with our DEER results but is not observed 

in crystal structures of these states. In addition, the MD simulations predict that the C−D 

distance becomes 1.8 Å shorter during the closed−open transition, and this distance is 4.2 Å 

shorter still upon binding of Pdx compared to that of the camphor-bound closed state.

To better understand the protein backbone and BSL movements, cluster analysis of the 

MD trajectories was performed to obtain representative structures for different states. In 

Figure 9, small shifts in the helix C and D spin-labels were observed between the closed 

and open conformations, contributing to the change in the BSL-CD distances as seen by 

DEER experiments. The movements result from a combination of small helix backbone 

and spin-label rotamer changes. After Pdx binding, the BSL on helix C was perturbed by 

the direct contact with Pdx. This direct steric contact with the C-terminus of Pdx causes 

a significant BSL side-chain movement and is accompanied by movement of helix C as 

observed between closed and open states.

Although Pdx binding induces a small conformational change in helices C and D, how these 

movements are coupled to the closed−open conformational change in distal helices F/G is 

of significant interest. Thus, dynamic network analysis was applied to the MD trajectories 

to reveal correlations in the movements of specific sites in the protein structure. Correlation 

and principal component analysis of MD simulations have been carried out by Carma73 to 

determine the correlated motion between residues that may suggest a pathway for allosteric 

communication in proteins. In a recent review, we reported that helices F and G merge 

into the same community with helices C, H, and I when Pdx binds to the proximal site of 

P450cam.47 In this study, to elucidate the pathway for the Pdx-induced effector function, the 

center of mass of each residue was considered as a node to calculate a contact map, which 

was then used to probe the critical side-chain mobility and interactions between helices. On 

the basis of this analysis, the residues in P450cam and Pdx with highly correlated motions 

were obtained and are listed in Table 3. A previous study has suggested that the interactions 

involving PdxW106 are crucial to regulate the conformational change of P450cam27 thus was 

considered as a “source” of the communication pathway in this event. To determine the 
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linkage from Pdx to helix G, residue Y201 in P450cam, a residue in the center of helix 

G, was chosen as a “sink” of the pathway. As initial and final nodes were assigned, the 

predominant path from the dynamical network matrix then can be extracted from the contact 

map. This analysis indicates a pathway for transmission of the structural change occurs 

through PdxW106, helices C, B′, I, and G, as shown in Figure 10. Although some edges 

between the helix interfaces may vary slightly due to node selection (Cα or Cβ atoms as the 

nodes), similar allosteric regulation paths were obtained for different node selections (Figure 

S14). Furthermore, principal component analysis (PCA) was performed to characterize the 

large-scale motion of P450cam and Pdx in the complex state, and the first principal mode of 

motion (PC1) is shown in Figure 11 and Movie 1, where the arrows represent the direction 

and relative amplitude of the motion. This result indicates a larger movement of helices F 

and G is coupled to a smaller amplitude of motion on helix C, which directly results from 

interactions with Pdx.

DISCUSSION

The effects of Pdx mutants at the interface between Pdx and P450cam that affect electron 

transfer were studied. The binding of these Pdx mutants to P450cam induces a partial spin 

state conversion, suggesting weaker binding. However, there is no DEER evidence of a 

conformational change from the closed to open state as is seen for wild-type Pdx.25,28,29 

Thus, the loss of electron transfer in these mutants may result from not attaining the active 

conformation as suggested by Chuo et al.25

In addition, the measured conformational changes of helix C upon Pdx binding demonstrate 

Pdx’s effector role in regulating the conformational change of P450cam. The agreement 

between simulations and experiments sheds light on how this allosteric regulation is 

transmitted from helix C of P450cam to its F/G helices. The significant 1.8 Å shift of 

the BSL-CD distance between the open and closed state and the even larger shift of 4.2 Å 

upon binding of Pdx are features that are not observed by crystallography. This discrepancy 

may result from the influences of crystal packing forces, which have been shown to prevent 

the conversion of the open forms to the closed forms upon soaking open state crystals in 

camphor.29 This substrate-dependent movement of helices C/D might be relevant to previous 

NMR observations of the ferrous CO form of P450cam,26 although binding of CO to the 

heme has been demonstrated to prevent the opening on helices F/G.22,29 The role of these 

movements between helices C and D warrants further study.

The relative movements among helices A, C, D, and J were measured by pairwise DEER 

measurements, and results indicate only a small 1 Å shift of the BSL-AC distance is 

observed upon binding of Pdx. MD simulations show minor helix C movement upon binding 

of Pdx, which is consistent with the small BSL-AC distance shift observed by DEER upon 

binding of Pdx. MD simulations also indicate the larger shift of the BSL-CD distance is due 

to the combination of movements in helices C and D and direct interactions between the 

spin-label side chain on helix C and Pdx. By analyzing MD trajectories, network analysis 

suggests that Pdx causes its effector role not by a single shift in a structural element but by 

a complex set at interactions propagating from W106 on Pdx to helices C, B′, I, and G. This 
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extended linkage from the Pdx binding site to the distal active site provides an intriguing 

proposal for the effector role of Pdx on P450cam function.

It remains unclear whether the most relevant complex to examine for insight into the effector 

role of Pdx is the reduced form of Pdx bound to ferrous−O2 P450cam, which would exist 

before electron transfer, or the ferric form of Pdx bound to the ferric−hydroperoxo state of 

P450cam. The latter is the state that would exist after the second electron transfer but before 

the enzymatically committed cleavage of the hydroperoxo bond. Neither of these complexes 

can be easily generated in DEER samples at present. However, we have previously examined 

various redox and ligand-bound states that each provides insight in its own way. Our study 

of oxidized Pdx bound to ferrous−CO P450cam29 shows no closed−open conversion by 

DEER but is most relevant to the states that can be studied by NMR. These studies40,41 

have shown smaller changes involving helices B′, C, and I but no larger changes in helices 

F and G, in agreement with the DEER results.25,28–30 Our recent study of oxidized Pdx 

bound to ferric−CN P450cam25 may be most relevant as the ferric−CN complex is likely 

to be a better model for ferrous−O2 than is ferrous−CO. Most importantly, an intermediate 

conformation involving changes in the active site near the catalytic water in this form was 

seen in the ferric−CN complex.25 Further studies of the complex of the ferric−CN complex 

using probes for movements in helices A, C, D, and I should be very revealing.

CONCLUSIONS

This study has allowed us to reach a number of important conclusions about the Pdx-

induced effector function on P450cam. We have examined the details of the Pdx-induced 

conformational change in P450cam using DEER spectroscopy and MD simulations. These 

results show that Pdx binding causes small coordinated movements of several regions of 

P450cam, including helices C, B′, I, G, and F. These changes suggest a mechanism by 

which the Pdx binding site on the proximal side of the enzyme influences changes in helices 

F/G on the distal side.
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Figure 1. 
Proposed models for the linkage between Pdx binding and movement of helices F/G. One 

model (shown with red arrows) includes a small movement of helix C of P450cam as it 

interacts with W106 of Pdx and propagation of this change through helix I. Another model 

(shown with black arrows) involves a direct effect of Pdx on heme ruffling that changes the 

distal active site environment.
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Figure 2. 
Spin-label pair of positions at residues S48 and S190 on P450cam to probe movements of 

helices F/G. The Cα and Cβ atoms of S48 and S190 are shown as blue and yellow spheres, 

respectively. The mutant D38 and W106 residues on Pdx are shown as orange sticks. The 

heme and iron−sulfur cluster are shown as magenta sticks.
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Figure 3. 
(A) Time-domain data and (B) distance distributions of the DEER data for PdxW106A- 

and camphor-bound P450cam (green), PdxD38A- and camphor-bound P450cam (blue), the 

closed form of camphor-bound P450cam (red), and the open form of camphor-free P450cam 

(cyan). P450cam was labeled with MTSL at residues 48 and 190 to monitor movements of 

helices F/G.
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Figure 4. 
Bifunctional spin labeling on pairs of residues (N33 and S35, Q110 and A113, C136 and 

E140, and Q272 and E276) on P450cam for probing movements of helices A/C, C/D, 

and A/J. The Cα and Cβ atoms of each residue are shown as blue and yellow spheres, 

respectively. The heme and iron−sulfur cluster are shown as magenta sticks.
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Figure 5. 
Time-domain data after background subtraction of the DEER measurements for (A) 

P450cam BSL-AC and (B) BSL-CD in the camphor-bound (green), camphor-free (blue), 

and camphor- and Pdx-bound (red) states. Data analysis is shown in the Supporting 

Information. The two data sets with the same color represent independent measurements 

on separate protein batches.
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Figure 6. 
Distance distributions for the DEER data of Figure 5 for (A) BSL-AC and (B) BSL-CD. The 

color scheme is the same as in Figure 5. The two data sets with the same color represent 

independent measurements on different protein batches.
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Figure 7. 
(A) DEER spectra and (B) distance distributions of P450cam BSL-AJ in different states. 

Data analysis is shown in the Supporting Information. The minor distance distribution at 3.1 

nm may due to the orientation selection effect.
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Figure 8. 
Comparison of MD distance distributions (solid curves) of P450cam BSL-CD and BSL-AC 

with their corresponding main DEER peaks (dotted curves) for different states, the camphor-

bound (green), camphor-free (blue), and camphor- and Pdx-bound (red) states. The dashed 

lines indicate DEER distances at the distance distribution peaks for closed states of BSL-CD 

and BSL-AC.
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Figure 9. 
Movements of BSL and helices C/D induced by Pdx binding in MD structures. The BSL 

spin-label groups in the closed (camphor-bound, green), open (camphor-free, blue), and 

complex (camphor- and Pdf-bound, brown) states are shown as sticks. PdxW106 perturbed 

the BSL on helix C upon binding of Pdx, resulting in a significant BSL side-chain 

movement. Because P450cam in open and complex states has a similar open conformation, 

only the most representative structures of MD trajectories from cluster analysis in the closed 

and complex states are compared and shown as green and brown cartoons, respectively. The 

dashed lines indicate the BSL-AC and CD distances between nitroxide nitrogen atoms in 

closed, open, and complex states.
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Figure 10. 
Dynamic network analysis of the wild-type P450cam−Pdx complex. P450cam and Pdx 

are shown as blue and orange cartoons, respectively. The orange amino acids are directly 

involved in the coupled movements of PdxW106 to Y201 on helix G of P450cam, and yellow 

nodes represent the center of mass of the labeled residues. Heme and the iron−sulfur cluster 

are also shown.
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Figure 11. 
Dynamics of the P450cam−Pdx complex along the first principal mode of motion (PC1). 

The movement vectors in the P450am−Pdx complex are denoted with red arrows, with the 

length corresponding to the magnitude, and arrowheads indicate the direction of motion.
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Table 1.

Notations of P450cam Variants for Monofunctional or Bifunctional Spin Labeling on Helices FG, A/C, C/D, 

and A/J

spin-labeled P450cam variant spin-labeled positions

    MTSL-P450cam S48 and S190

    BSL-AC N33/S35, helix A; Q110/A113, helix C

    BSL-CD Q110/A113, helix C; C136/E140, helix D

    BSL-AJ N33/S35, helix A; Q272/E276, helix J
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Table 3.

Significant Residue Pairs between P450cam and Pdx, Recognized by Dynamic Network Analysis

Pdx P450cam

T33 M121, P122, D125

D38 R112, L358

C39 G353, L356

G40 L356

S42 G353

S44 G353, S354

W106 R109, R112, A113, N116
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