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SUPPORTING INFORMATION

The supporting information of this manuscript is presented below, and it has some important

results that could help to understand the work presented above.
Methodology used in the initial enzyme modeling and MD simulations.

The initial system was constructed starting from the 4HVP X-ray structure downloaded from the
Protein Data Bank (PDB). This initial structure contains the complete enzyme complexed with a
substrate-based peptide inhibitor with the sequence Ac-Thr-Ile-Nle-[CH2-NH]-Nle-Gln-Arg-

amide. This structure was modeled to a true substrate with the following sequence: Ac-Thr-Ile-



Met-[CO-NH]-Met-GlIn-Arg-amide, in the same way as in a previous works~ . A nucleophilic
water molecule was added to the active center and the Asp25B carboxylate was protonated. It is
experimentally known that this residue needs to be protonated to initiate the catalytic mechanism
of this enzyme, and that its pKa is high.

Prior to the MD simulation, 9960 TIP3P water molecules were added to the protein:substrate
complex ° , in a rectangular box of 88 A x 67 A x71A. At least 12 A were left between any
atom of the complex protein-substrate surface and the external molecules of the solvent box. To
equilibrate the modeled complex, we performed a first MD simulation without any restrictions
on the structure. In this simulation, the catalytic water molecule diffused away from the active
site to the solvent and the catalytic aspartates turned their side chains to each other (the well-
known, very stable, “resting state” of HIV-1 PR). To circumvent this, we forced the protein to
adopt the less abundant catalytic conformation by constraining the distance between the catalytic
hydrogen atom of Asp25B and the carbonyl oxygen atom of the substrate. We used a harmonic
potential having an equilibrium length of 1.80 A between these two atoms and a force constant
of 50 kcal.mol'A>, using the same protocol as described in a previous work ' . This procedure
enriched the MD simulation in productive conformations, avoiding the need of a much longer
MD simulation to collect a relevant number of them. The PME method « was used to calculate
the Coulomb interactions with the real part truncated at 10 A. Explicit van der Waals interactions
were also truncated at 10 A. We used the SHAKE algorithm * and a time step of 1 fs. In order to
relax the system, removing possible tensions or clashes we started by a three-step minimization
using Amber 12 simulation package: with parm 99SB force field. First, the water molecules
were minimized with the remainder of the system fixed. In these calculations the steepest

algorithm for 5000 cycles and conjugated gradient algorithm for the last 5000 steps. Then the



hydrogen atoms were minimized, fixing the remainder of the system (steepest descent algorithm
to the first 5000 cycles, and conjugate gradient algorithm for the last 5000 steps). Finally, the
positions of all atoms were minimized (steepest descent algorithm to the first 15000 steps and
conjugate gradient algorithm for the last 15000 steps). Starting from the structures obtained after
the minimization procedures, we ran MD simulations, with an initial warm-up of the system
from 0 to 300 K during a 40 ps long simulation maintaining a constant volume and with periodic
boundary conditions. Then we ran an MD equilibration on the whole system in the isothermal-
isobaric ensemble (NPT) with the Langevin thermostat and isotropic position scaling,
maintaining the temperature at 300 K and the pressure at 1 bar. Then the production dynamics

ran during 130 ns with the same conditions.
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Figure S1. Energy distribution of the NPT ensemble generated by the MD calculation (grey
bars) and of the microstates extracted for the QM/MM calculations (violet line). The distribution
peaks around the average energy and decays slowly in both directions, very well in line with the
expected NPT ensemble distribution of energy, which results from the product of the Boltzmann
distribution, decaying very fast with increasing energy, and the density of states, increasing very
fast with increasing energy. The states taken from the MD simulation to perform the QM/MM
calculations correspond to well-populated regions of the MD ensemble, and follow the MD
ensemble distribution reasonably well. As the phenomenological rate constant depends linearly
in the state probability, but exponentially on the activation free energy, small differences in both
QM/MM and MD probability distributions, like the ones shown above, do not have any
significant impact in the resulting rate constant, when compared to the standard error of ~3
kcal/mol obtained in the activation free energies on DTM/MM calculations. The latter affects the
rate constant by ~100 fold, up or down, which is orders of magnitude larger than the differences

in distribution seen in the figure above.
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Figure S2. Correlations between six selected active site distances from reactant structures and
the corresponding activation barriers. Purple and blue circles correspond to structures that react
through the One Asp and Two Asp mechanism, respectively. There was no evident correlation
between these distances and the barriers. However, for the Two Asp mechanism a small trend
between d/ and the activation barrier can be seen. The smallest distances were associated with
small energies and large distances with large energies. The opposite trend can be observed for

d2, and the same tendency for d3. The One Asp mechanism seemed to be more dependent on d4.
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Small values of d4 and d5 seemed to be required for this last mechanism.
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Figure S3. Correlations between six selected active site distances from transition state structures
and the corresponding activation barriers. Purple and Blue circles correspond to structures that
react through the One Asp and Two Asp mechanism, respectively. Once again, there was no
evident correlation between these distances and the barriers. Small d/ slightly correlate with the

smallest energy for both mechanisms. The Two Asp Mechanism was associated with smaller
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Table S1. Specific reaction mechanism and activation barriers (Zero-point corrected Total

Energy AE, *, calculated at the M06-2X/6-311++G(2d,2p)-D3:ff99SB level of theory) for each
selected reactant structure, respective imaginary frequency at the transition state and active site

distances in both reactant and transition state structures.

Reactant/A TS/A
TS
Time Reaction | Barrier/ imaginary a n B i &5 &6 a n B i &5 &6
(ns) mech. keal/mol frequency
(cm™)
100 One Asp 252 -679.4 305 1.63 1.87 3.05 170 2.09 1.76 .02 2.67 1.29 .72 2.26
101 Two Asp 19.3 -329.8 297 1.69 1.63 297 179 416 1.86 1.44 1.07  2.01 2.02  4.04
103 One Asp 23.6 -307.8 295 164 180 295 182 1.78 1.68 1.02 1.87 1.39 1.93 1.85
105 Two Asp 21.6 -234.4 279 168 171 279 448 1.87 1.68 1.01 1.49 1.62 512 1.89
107 Two Asp 26.3 -731.9 298 1.66 178 298 3.05 194 1.68 1.05 1.38 1.63 3.41 2.78
108 One Asp 21.2 -524.2 274 168 173 274 181 1.68 1.70 1.02 1.91 1.32 1.90 1.71
109 Two Asp 31.5 -769.6 292 166 180 292 177 199 1.74 .02  2.11 1.28 1.81 2.05
110 Two Asp 17.8 -376.6 278 169 178 278 347 1.83 1.69 1.04 1.42 1.62 3.80 213
111 One Asp 18.0 -160.4 290 168 179 290 182 1.72 1.67 1.02 1.65 1.44 1.95 1.78
112 One Asp 29.1 -849.9 275 168 170 275 275 2.05 1.92 1.07 122 205 282 325
113 Two Asp 22.1 -358.0 2.89 167 1.69 289 1.77 3.04 1.76 1.33 1.21 1.88 1.88  3.51
116 Two Asp 19.2 -71.2 300 1.65 1.86 3.00 3.58 250 1.61 1.02 1.56 148 372 3.58
117 Two Asp 232 -710.9 2.84 167 171 284 174 3.12 1.74 1.03 1.32 1.74 190 3.54
118 Two Asp 25.7 -735.9 291 168 177 291 174 185 1.73 1.02 1.89 1.28 1.80  3.03
120 Two Asp 17.3 -923.9 275 168 170 275 275 2.05 1.92 1.07 122 205 282 325
121 Two Asp 31.3 -762.3 3.04 162 1.73 3.04 178 1.78 1.77 1.03 2.45 1.27 1.84 1.72
124 One Asp 26.5 -413.6 280 165 176 280 179 1.65 1.64 1.02 1.76 1.39 1.91 1.67
125 One Asp 24.0 -854.9 282 167 178 282 179 1.75 1.68 1.01 1.85 1.28 1.86 1.75
129 One Asp 322 -845.6 3.02 1.66 173 3.02 185 1.85 1.80 1.02 241 1.29 1.87 1.88
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