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Protein Label Predicted Mass Actual Mass
- 46426 46420BSL-AC
BSL 46890 46880
- 46409 46407BSL-CD
BSL 46873 46877
- 46369 46364BSL-AJ
BSL 46833 46836

W106A Pdx - 11304 11303
D38A Pdx - 11375 11374

Table S1: The mass of the proteins with and without label.

Figure S1: The ESI-MS spectra of Pdx mutants, W106A (left) and D38A (right).
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Figure S2: The ESI-MS spectra of BSL-AC, BSL-CD and BSL-AJ P450cam without (blue) or 
with BSL attachment (green), respectively.
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Figure S3: Background subtractions and L-curves for the DEER data in Figure 3. The numbers 
shown in the L-curve figure are the regularization parameters.
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Figure S4: Background subtractions (left) and L-curves (right) for the BSL-AC DEER data from 
two protein batches.
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Figure S5: Background subtractions (left) and L-curves (right) of the BSL-CD DEER data from 
two protein batches.
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Figure S6. Background subtractions (top) and L-curves (bottom) of BSL-AJ DEER data.
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Figure S7: A series of orientation selection experiments for camphor-bound BSL-AC at different 
intervals (90, 80, 70 and 60 MHz) of the probe and pump frequency.
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Figure S8: A series of orientation selection experiments for camphor-free BSL-AC at different 
intervals (90, 80, 70 and 60 MHz) of the probe and pump frequency.
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Figure S9: A series of orientation selection experiments for camphor and Pdx bound BSL-AC at 
different intervals (90, 80, 70 and 60 MHz) of the probe and pump frequency. Notably, the 90 
MHz DEER experiment was unsuccessful due to weak echo intensity.
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Figure S10 CW EPR spectra of high-spin camphor-bound P450cam in different states and with 
different Pdx mutants. Shown in blue is the camphor-bound wild type P450cam, and in green and 
red are the MTSL-FG P450cam with PdxW106A and PdxD38A, respectively. The magenta spectrum 
is the camphor- and Pdx-bound wild type P450cam.
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Figure S11. CW EPR spectra of the low-spin signal for BSL-AC (left) and BSL-CD (right). Green 
and blue curves are camphor-bound and camphor-free P450cam, and the brown curves are the 
camphor- and Pdx-bound P450cam. 
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Figure S12. CW EPR spectra of the high-spin signal for BSL-AC (left) and BSL-CD (right). The 
color schemes are identical to Figure S11.
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Figure S13. CW EPR spectra of the low-spin (left) and high-spin (right) signal for BSL-AJ. The 
color schemes are identical to Figure S11.
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Figure S14. Comparison of dynamic network analysis on the wild-type camphor-bound P450cam-Pdx 
complex with different node selections. (A) Cα atoms are selected as nodes. (B) Cß atoms are selected as 
nodes. The camphor-bound P450cam-Pdx complex is shown as a cartoon representation in cyan, and the 
first three most optimal paths between Tyr201 on P450cam and Trp106 on Pdx are shown in blue, yellow, 
and red. Two cofactors (heme and iron-sulfur cluster) are shown as red and orange sticks, respectively. 
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Molecular dynamics simulations

To parameterize BSL, the molecular structure of BSL was obtained from the Protein Data Bank 
(PDB, PDB ID: 3L2X).1 The BSL was connected to two cysteine residues, in which ACE and 
NME were used to cap the N-terminus and C-terminus of each cysteine, and geometry optimization 
and electrostatic potential calculations were performed in Gaussian092 using the Hartree-Fock 
method3 with the 6-31G* basis set,4 and the Antechamber package5 was used for RESP charge 
fitting,6 and Amber preparation files and force field parameters were generated with GAFF.7 The 
heme and Fe2-S2 cluster parameters were built using MCPB.py module8 in AmberTools,9 and 
parameters for camphor were generated using the GAFF force field7 with the BCC charge fitting.10, 

11

The initial coordinates for classical MD simulations of P450cam systems were obtained from 
the PDB: ferric closed P450cam (P450cam+cam, PDB ID: 2CPP),12 ferric open P450cam 
(P450cam, PDB ID: 4JX1, with Pdx, camphor, and hydroxycamphor removed),13 and ferric open 
P450cam-Pdx complex (P450cam+cam+Pdx, PDB ID: 4JX1, with camphor removed, and 
hydroxycamphor replaced with camphor).13 All crystallographic water molecules were retained, 
and the systems were built with the LEaP module of AmberTools9 and were solvated with 
truncated octahedra of TIP3P water14 with minimum 10.0 Å cushion. K+ or Cl- counterions were 
used to neutralize the system. All molecular dynamics simulations were performed using 
AMBER16 with ff14SB force field.15 Steepest-descent energy minimization was performed for 
10000 steps with 100 kcal/mol/Å2 harmonic restraints first on the entire protein, then on backbone 
atoms, and followed by another energy minimization without restraints to minimize the entire 
system. The temperature of the system was gradually increased to 300K in the canonical (NVT) 
ensemble. For wild-type systems, the equilibration was continued for 7 ns with gradually released 
harmonic restraints on protein backbone in the isothermal-isobaric (NPT) ensemble, and 
production runs were conducted for 100 ns in the NPT ensemble (1atm and 300K) without 
harmonic restraints. For BSL-systems, energy minimization and annealing procedures are the same 
as described above. The equilibrium was continued for 7 ns with gradually released harmonic 
restraints on protein backbone in the NPT ensemble, and distance restraints were assigned to 
maintain the distance between nitroxide nitrogens as the DEER observed distance. Production runs 
were performed for 100 ns in the NPT ensemble (1atm and 300K) with distance restraints, followed 
by a gradual restraint release for 7 ns and another 100 ns production run without restraints in the 
NPT ensemble. 

Principal Component Analysis (PCA)

PCA was applied to MD trajectories to extract the essential dynamics of the P450cam-Pdx 
complex system. In PCA, diagonalization of the covariance matrix of the protein Cα atoms 
generates a set of eigenvectors and eigenvalues, which describe the correlated motion throughout 
the protein, and the largest amplitude motion of the protein corresponds to the first principal 
component (PC1).16 Before PCA analysis, the solvent, ions, and cofactors were stripped from MD 
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trajectories using CPPTRAJ module17 in Amber16, and these MD trajectories were aligned on 
residues 295-405 of P450cam, where these residues are the structurally invariant core. ProDy 
interface of Normal Mode Wizard (NMWiz) plugin18 in Visual Molecular Dynamics (VMD)19 was 
used to perform PCA for all backbone of the P450cam-Pdx complex, and the largest principal 
component was visualized by NMWiz in VMD.
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