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Methods

The system setup and classical molecular dynamics (MD) simulation protocols followed
those used for our previous MD simulations of ribonucleotide reductase (RNR).! The quantum
mechanical/molecular mechanical (QM/MM) free energy simulation protocols were adapted from
our previous QM/MM free energy simulations of other collinear proton-coupled electron transfer
(PCET) reactions in RNR.2* These protocols are summarized here, with more details provided in

the earlier work.

System Setup

All simulations started from the cryo-EM structure of the active a2f> complex of E.coli
RNR (PDB ID: 6W4X).* We used H++ to add hydrogen atoms to the system at pH 7.° The protein
complex was then immersed in a box of TIP3P water® neutralized with Na" ions. The salt
concentration of the solution was then adjusted by adding Na" and CI" ions to be ~ 150 mM.

We used the ff14SB force field’ for the classical MD and the molecular mechanical (MM)
part of the QM/MM simulations. We also used the same force field parameters and partial charges
for the diiron center in the  subunits, bound GDP and TTP molecules, and Y356 or Y731" as in
our previous MD simulations of RNR.! In the prior work the MCPB.py utility® with AmberTools
was used to derive partial charges of the diiron center, and the standard RESP? procedure was used
to parameterize the tyrosyl radical. The electrostatics were treated with the particle mesh Ewald
method,'? and a cutoff distance of 10 A was used for nonbonded interactions. We used the SHAKE
algorithm!! to constrain bond lengths involving hydrogen atoms and the SETTLE algorithm!'? to
treat the triangulated TIP3P water® molecules. All MD simulations in this work used a time step
of 1 fs. The MD in the NVT and NPT ensembles used a Langevin thermostat with a 2 ps™' collision
frequency, and the MD in the NPT ensemble used the Berendsen barostat.!!

MD Equilibration
The energy minimization and MD steps for equilibration were the same as those used for
our previous MD simulations of RNR.! The detailed energy minimization and MD procedures

were as follows:
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1. 5000 steps of minimization of the added solvent and ions using the steepest descent (SD)
algorithm with harmonic restraints with force constants of 500 kcal/mol A2 applied to the protein
atoms.

2. 500 ps of NVT MD of the solvent and ions at 300 K using the same restraints on the protein
atoms as the first minimization step.

3. 1 ns of NPT MD of the solvent and ions at 300 K and 1 atm pressure using the same restraints
on the protein atoms as the first minimization step.

4. 2000 steps of minimization of the protein with SD and 3000 steps of minimization using

the conjugate gradient (CG) algorithm with 100 kcal/mol A harmonic restraints on the non-
hydrogen atoms of the protein.

5. Minimization of the protein with 100, 50, and 10 kcal/mol A harmonic restraints on the
backbone atoms of the protein. Each minimization step entailed 2000 steps of minimization of
with SD and 3000 steps of minimization using the CG algorithm.

6. 2500 steps of minimization of the protein with SD and 2500 steps with CG without any
restraints.

7. 360 ps of NPT heating of the entire system from 0 K to 300 K at 1 atm. For each step, the
temperature was increased 50 K over 10 ps followed by an additional 50 ps equilibration at each
resulting temperature.

8. 20 ns of NPT MD equilibration of the system at 300 K and 1 atm.

9.20 ns of NVT MD equilibration of the system at 300 K.

Classical MD Simulations

Eight independent MD trajectories with the radical on Y356 and another eight independent
MD trajectories with the radical on Y731 were propagated. No other radicals were present in the
system. Each of these independent trajectories was propagated for 100 ns in the NVT ensemble at
300 K. The average root-mean square deviation (RMSD) for the C, atoms in the o/ subunits over
all production trajectories with respect to the cryo-EM structure was 1.42 £ 0.15 A for the system
with Y356" and 1.33 + 0.19 A for the system with Y731° (Figure S2). The RMSD, number of
hydrogen bonds, and Y356:0-Y731:0 distance were computed using CPPTRAJ within
AmberTools and further confirmed with MDAnalysis. >4
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QM/MM Free Energy Simulations

We used the QM/MM finite temperature string method with umbrella sampling to study
the PCET reaction between Y356 and Y731. We propagated four independent strings: two strings
for direct PCET with Y731 flipped out toward the o/p interface and two strings for the water-
mediated PCET mechanism with Y731 either flipped out or stacked with Y730. These QM/MM
free energy simulations were performed with the Amber/Q-Chem interface'*"!”. All nonbonded
interactions were included without any cut-off for the QM/MM simulations. We used the ®B97X-
D functional'® and the 6-31+G** basis set'*! for the QM region and the AMBER ff14SB force
field”- 2>2* with the extensions described above for the MM region. The SCF convergence criteria
for the DFT calculations was 10°. We have used the same functional and basis set for all our
QM/MM free energy simulations of the PCET reactions in RNR,2* and we showed that this level
of theory is consistent with complete active space self-consistent field with second-order
perturbative corrections (CASSCF+NEVPT?2) calculations on related model systems for PCET
between a tyrosine or a cysteine and a tyrosyl radical.

Each independent string was started from an MD equilibrated solvated protein system. To
prepare for the QM/MM free energy simulations, all water molecules and ions beyond 5 A of any
protein residue or nucleotide were removed from the system unless they were within 18 A of
Y731:0. This produced a system containing around 60,000 atoms, which is tractable for QM/MM
simulations. The QM region included the sidechains of Y356 and Y731 for all the strings, plus the
bridging water for the water-mediated PCET string with flipped Y731, and plus the bridging water
and the sidechain of Y730 for the water-mediated PCET string with stacked Y731 (Figure S1).
The link atoms were placed at the QM and MM region boundaries, namely between Cp and C, of
the two tyrosines, automatically by the Amber QM/MM interface.!'® The direct PCET strings, the
water-mediated PCET string with flipped Y731, and the water-mediated PCET string with stacked
Y731 contain 31, 34, and 50 atoms, respectively, in their QM regions including link atoms. Since
there are no residues other than water within ~3.5 — 4.0 A of Y356:0 or Y731:0 to impact the free
energy landscapes, we did not include other amino acid residues in the QM region. Three reaction
coordinates were used for the direct PCET strings, and six reaction coordinates were used for the
water-mediated PCET strings, which involved double proton transfer (Figure S1).

An important consideration for QM/MM simulations is the size of the QM region, which has

been shown to influence simulation results for some systems.?* In previous work,> we computed
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the free energy surfaces for PCET between Y731 and Y730 in RNR using different QM region
sizes, as well as different functionals and basis sets. Specifically, we tested strings without the
Y731-Y730 backbone or with two additional nearby residues, C439 and Q349, and showed that
the mechanism remained unchanged with free energy barriers varying by less than ~2 kcal/mol.
The computational expense of these simulations prevents the investigation of significantly larger
QM regions. Based on the previous benchmarking, however, the qualitative results for PCET in
RNR are expected to be captured with the QM regions used herein.

Starting from an MD equilibrated structure, we generated the initial guess of the reactant
and product by placing the proton on either Y356:0 or Y731:0 (i.e., one of the two oxygen atoms),
followed by 100 steps of energy minimization of the QM region atoms. We then generated an
approximation of the transition state by moving the proton to the midpoint between Y356:0 and
Y731:0, followed by 200 steps of energy minimization of the QM region atoms with harmonic
restraints using force constants of 200 kcal/mol A on the reaction coordinates. All these energy
minimizations were performed with the MM region atoms frozen. Subsequently, an initial string
was generated using quadratic interpolation connecting the reaction coordinates associated with
the QM region atoms for the reactant, approximated transition state, and product states. At least
20 images were evenly distributed along the string (Table S2), followed by 10 ps MD equilibration
of the MM region with the QM region atoms fixed and 100 fs QM/MM MD equilibration of both
the QM and the MM region atoms with 100 kcal/mol A harmonic restraints on the reaction
coordinates for each image.

After this initial equilibration, the iterative procedure for the QM/MM finite temperature
string method with umbrella sampling was started. For each iteration, a new string was generated
by quadratic interpolation over the average reaction coordinates for each image of the previous
iteration, and a new set of images was redistributed evenly along this new string. Each image was
associated with the values of the reaction coordinates determined from the quadratic interpolation.
Each iteration entailed 100 fs of QM/MM MD sampling for each image with harmonic restraints
applied to the reaction coordinates. The force constants for the harmonic restraints on the reaction
coordinates were typically 100 kcal/mol A, although this value was increased to 200—400
kcal/mol A2 for certain images that were more difficult to sample, such as the top of the barrier

(Table S2).
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We used the last iteration of the converged string to generate the minimum free energy path
(MFEP). Data from all iterations was used to generate the multidimensional free energy surface
using the free weighted histogram analysis method (WHAM).2%2” The bin size was 0.1 A and the
convergence criterion was 0.001 for the WHAM procedure. A string was considered converged if
the changes in the free energy barrier and reaction free energy was less than 0.1 kcal/mol for the
last five iterations (Figure S4) with two exceptions. The mediated-stacked string, which is a water-
mediated PCET mechanism with stacked Y731, has the largest QM region. Its free energy barrier
and reaction free energy are extremely high, and therefore we used a convergence criterion of 1.0
kcal/mol to avoid expending computational effort on an unlikely mechanism. The direct-flipped-
1 string, which is a direct PCET mechanism with flipped Y731, exhibited small oscillations on the
order of < 1 kcal/mol in the reaction free energy and free energy barrier due to fluctuations of
neighboring water molecules (Figure S6). In this case, we computed the MFEP from the iteration
corresponding to the lowest free energy barrier and reaction free energy. We also note that the
original string for this case did not sufficiently sample the Y731 region and excessively sampled
the Y356°. Thus, after removing the first three images on the Y356 end, extrapolating four images
on the Y731 end, and redistributing all the images evenly along the string, we started a new string
that sufficiently sampled both the reactant and the product states. For consistency, the free energy
surface reported for this string only includes data from the new string, which was started from an

26,28 was performed by

iteration labeled 1 and propagated for a total of 60 iterations. Bootstrapping
generating 100 bootstrapped free energy profiles, and the standard deviations of these free energy
profiles are given as error bars in Figure S5. Note that bootstrapping provides only statistical errors

and does not account for uncertainties due to the level of theory and computational methods.
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Figure S1. QM region and reaction coordinates used in the QM/MM string simulations for (A)
water-mediated PCET mechanism with stacked Y731, (B) water-mediated PCET mechanism with
flipped Y731, and (C) direct PCET mechanism with flipped Y731. The strings simulating the
water-mediated PCET mechanism used six reactions: the distance between the hydroxyl oxygen
of Y356 and the oxygen of the bridging water, the distance between the transferring hydrogen and
each of these oxygens, the distance between the oxygen of Y731 and the bridging water, and the
distance between the transferring hydrogen from Y731 and each of these oxygens. The red dashes
indicate the placement of link atoms. The strings simulating the direct PCET mechanism used
three reaction coordinates: the distance between the hydroxyl oxygens of Y356 and Y731 and the

distance between the transferring hydrogen and each of these oxygens.
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Figure S2. RMSD for the C, atoms in the o/ subunits over all production trajectories with respect
to the cryo-EM structure. The average RMSD was 1.42 + 0.15 A for the system with Y356 and
1.33 £0.19 A for the system with Y731". The different colors correspond to the eight independent
100 ns trajectories for each system. The RMSD increased to ~2.23 A and ~1.85 A when C, atoms

from the /B’ subunits are included as well.
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Figure S3. Distribution of distance between oxygen atoms of Y356 and Y731 and distribution of
the N-Cq-Cp-Cy dihedral angle y in the Y731 sidechain obtained from the (A,B) Y356 and (C,D)
Y731 classical MD simulations. The bin size is 0.5 A for the distance and 10° for the angle. Each
distribution was obtained over 8 x 100 ns independent classical MD trajectories. The average
distance between the oxygen atoms of Y356 and Y731 was 5.1 = 2.1 A for the Y356° simulations
and 5.9 £ 2.6 A for the Y731" simulations. For most conformations sampled, Y731 was flipped out
toward the o/ interface (y = 182.5°), and for a small number of conformations, Y731 was in what

was previously denoted the off-pathway orientation (y = 77.5°).
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Figure S4. Free energy profiles along the MFEPs for the four strings simulated. Free energy
profiles for every two iterations from iteration 50 to 60 (direct-flipped-1) or for the last five
iterations (direct-flipped-2, mediated-flipped, mediated-stacked) are shown. Further details of the
direct-flipped-1 string’s small oscillations are provided in Figure S6. The converged free energy
barriers and reaction free energies for radical transfer from Y356 to Y731 are given at the bottom
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of each panel, as also given in Table 1 of the main paper.
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Figure S5. Free energy profiles along the MFEPs for iteration 54 of the direct-flipped-1 string and
for the last iteration of the other three strings including error bars from bootstrapping shown in red.
Note that bootstrapping provides only statistical errors and does not account for uncertainties due
to the level of theory and computational methods.
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Figure S6. Analysis of the free energy barrier and reaction free energy, as well as interactions with
water molecules, for the direct-flipped-1 string. The lower right panel shows the free energy barrier
and reaction free energy as a function of iteration, illustrating the small oscillations that appear
due to motions of the neighboring water molecules. The other panels show the average distances
between the oxygen atoms of Y356 or Y731 and water molecules within ~3 A for the images
corresponding to the reactant, top of the barrier, and product. Data is shown for every five iterations
from iteration 10 to 60.
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Figure S7. Reaction coordinates for the water-mediated PCET strings with (A) Y731 in the flipped
conformation and (B) Y731 in the stacked conformation. Both water-mediated mechanisms show
concerted double proton transfer between Y356 and water and between Y731 and water.
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Table S1. Comparison of Average Distances? for Strings Simulating Water-Mediated Radical

Transfer from Y356 to Y731.

Y3560- WATO- Y3560- Y7310- WATO- Y7310-
WATH WATH WATO Y731H Y731H WATO
mediated-flipped
Reactant 1.84 0.97 2.74 0.99 1.60 2.58
Top of barrier 1.14 1.35 243 1.44 1.09 2.52
Product 0.96 1.77 2.64 1.82 0.95 2.73
mediated-stacked
Reactant 2.10 0.95 2.98 0.96 2.25 3.16
Top of barrier 1.15 1.38 2.51 1.48 1.11 2.56
Product 0.99 1.69 2.66 1.90 0.96 2.81

“ The distances in Angstroms between the transferring hydrogen and each of the tyrosine/water oxygens
(denoted Y3560-WATH, Y7310-Y731H, WATO-WATH, and WATO-Y731H) and between the oxygens
of Y356/Y731 and water (denoted Y3560-WATO and Y7310-WATO) were averaged over the final
iteration for the images closest to the reactant, top of the barrier, and product for the two strings.
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Table S2. Images with More than 100 kcal/mol A Harmonic Restraints on Reaction
Coordinates during QM/MM String Simulations of Radical Transfer from Y356 to Y731.

String Restraints Reaction Coordinates Iterations Images
(kcal/mol A-2)
direct-flipped-1 200 R1,R2 0 10-14
1-4 11-13
5-9 2,12-13
10 11-12
17-28 12-13
300 RI1-R3 0 20-24
1,2,11,12,14 1
3-9 1,10
10 10
400 R1-R2 11-15, 29-62 11-13
17-28 11
direct-flipped-2 200 R1-R3 0-1 1-22
R1-R2 2-3 1-11,13-22
4 1,2,10-14
5-13 1,2,9,10,12-14
14 1,11
15 1,9-12
16-17 111
18 11
R3 2-3 1-12
300 R1-R2 2-3 10-12
5-7,9,10 11
mediated-flipped 200 R1-R6 0,7-9,11-19 1-26
1-6 1-21
R3,R6 1-6 22-28
300 R1-R2,R4-R5 1-6 22-28
20-38 14
mediated-stacked 200 RI-R6 0-1,10-15 1-22
RI1-R2, R4-R5 17-21 10-13
300 RI1-R2, R4-R5 2-9 1-22
300 R1-R6 10 12
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