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Computational Methods

Evaluation of the Relaxation Time of Protein Conformational Transition. In the present study,
we attempt to assess the relaxation time of protein conformational change using Kramers’ theory of
unimolecular reaction rates in solution.!-* Kramers’ theory assumes that the dynamics of the reaction
can be described by one-dimensional diffusion along a reaction coordinate in which both the reactant
well (in the case of protein conformational change, the minimum in the free-energy profile
corresponding to the endpoint structure) and barrier top are parabolic (see the free-energy profile of

nCaM in Fig. 4B as an example). The relaxation time for protein conformational change is given by:

27k, T AG* 27k, T AG*
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where ®,;, and @, are frequencies that characterize the curvature of the free-energy profile at the

and 0 are the diffusion

X

endpoint structure well and (inverted) barrier top, respectively; 2

constant of protein at the two abovementioned positions; AG" is the height of the free-energy barrier,
k, is Bolzmann’s constant and 7' is the temperature. It has been reported that the approximation of

o, = o, and D . ~ D __ could be reasonable for the estimation of the mean folding time for

small proteins.3-3
AG* and o, can be measured from one-dimensional free-energy profile (e.g., Fig. 4B for

nCaM). To measure the diffusion constant /7 . , non-enhanced conventional MD simulations with

explicit solvent were performed. AMBERI14 package® was used for the simulations with
FF14SBonlysc all-atom force field” modeling protein and TIP3P model® mimicking water,
respectively. The functional (closed or open or semi-open) structures of the three proteins under

study were solvated in cubic TIP3P water boxes and the simulation systems were neutralized by

adding an appropriate number of counterions. Each constructed system was minimized for 5000
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steps with the protein fixed using a harmonic restraint (using a force constant of 10 kcal/mol/A? to
apply to protein heavy atoms). Subsequently, the system was heated to 300 K in 2 ns and
equilibrated at 300 K for 5 ns with a harmonic restraint (force constant = 10 kcal/mol/A2) applied to
protein heavy atoms. Finally, the equilibrium simulation (production run) for each system was
performed without any constraint for 20 ns. The production run was performed at a constant
temperature of 300 K and a constant pressure of 1 atm. The integration time step was set to be 2 fs,
and the temperature was regulated using Langevin dynamics with the collision frequency of 2 ps™'.
All covalent bonds involving hydrogen atoms were fixed by SHAKE algorithm. Periodic boundary
conditions were used to avoid edge effects, and the particle mesh Ewald method® was applied to treat
the long-range electrostatic interaction. The cutoff distance for long-range electrostatic and van der
Waals energy terms was set to 10.0 A.

The time series of the mean square displacement for protein molecule was calculated using ptraj

command in AMBER software and the diffusion constant was evaluated by
> » |2
lim<‘r(t +0) - rlt )‘ > = 6Dt )
The simulation parameters of the explicit-solvent conventional MD simulations for determining

the diffusion constant of protein (/2 . ) and all parameters involved in the calculation of the

relaxation time (Eq. (1)) are organized in Table S2.
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Figure S1. Left panel: nine structures from the closed to open states of AdK selected from the NMA

measurement. Right panel: the corresponding nine ITSMD simulation trajectories represented by the

time series of potential energies.
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Figure S2. Left panel: nine structures from the closed to wide-open states of HIV-1 PR selected from
the NMA measurement. Right panel: the corresponding nine ITSMD simulation trajectories

represented by the time series of potential energies.
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Figure S3. The top six clusters measured in (A) NMA-ITS and (B) explicit-solvent REMD
simulations. Under the representative structure of each cluster is shown the cluster order, the average

population present from the simulation, and the average value of ADrmsd. The common clusters

observed in both simulations are connected by dashed arrows.
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Figure S4. One-dimensional free-energy profile as the function of ADrmsd for the conformational
change of nCaM (free-energy unit: kgT). (A-I) The free-energy profiles generated by the data from
either combination of eight out of nine ITSMD simulation trajectories. (J) The free-energy profile

generated by the data from a total of twelve ITSMD simulation trajectories.
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Figure S5. One-dimensional free-energy profiles and corresponding error bars calculated for nCaM,

AdK, and HIV-1 PR at 300 K.
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Figure S6. The crystal structures of AdK: (A) closed conformation (PDB code: 1AKE) and (B) open
conformation (PDB code: 4AKE). The LID domain is colored in green, NMP domain is colored in

red, and CORE domain is colored in silver, respectively.
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Figure S7. (A) Superposition of the crystal structures of the closed (1T3R), semi-open (1HHP), and
wide-open (1TW7) forms of HIV-1 PR (arrows indicate the upward direction of changes during the
flap opening). (B-C) Top view of the closed form (red flaps) superposed onto the semi-open form
(blue flaps) and the wide-open form (green flaps), respectively. B and C indicate the relative
orientation of the two flaps (the handedness) in the lateral direction in various structures of HIV-1

PR.

S11



Ing
=3

&,

%

Free Ener
(=]

Semi-open >SS
T1(36.0%) 00{ Close T3 (14.0%)
15 20 25 3.0

RMSD (A)

Figure S8. Superposition of the three popular conformations (T1-T3) of the transition state (green
flaps) onto the closed state (red flaps) of HIV-1 PR. Upper: top view; lower: side view. Expanded
view of the flap regions is presented for all three conformations to show the detailed difference in

flap orientations. The percentages of the three conformations in the structure ensemble of the

transition state are also provided.
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Flap-Flap Interaction Pairs Flap-80s (80’s) Loop Interaction Pairs

States
54-50" (50- | 79-50° (50- 81-50’ (50-  84-50" (50-

50-47° (47-  50-53° (53-
50-50°
50°) 50°) 54%) 79°) 81°) 84%)

Closed | 743% 832(95.00%  6.6(5.6)%  92.3(90.00% | 6.5(10.5)% 20.2(56.7)% 94.5(80.7)%

0.32(4.5% 38.8(28.6)% 2.8(5.00% | 0.8(1.1)%
1.89.1)% | 0.6(0.00%  0.1(00.00%  0.4(0.0)%
0.0(0.0)%

Semi-open | 67.5% 0.4(0.04)%  12.2(0.5)%

62%  0.0(5.4)%  60.4(5.7)%
0.000.00%  0.0(0.00% | 0.000.0%  0.0(0.0)%

Curled-in

Fully open 0.0%  0.28 (0.0)%
Table S1. Survival probability of individual hydrophobic interactions among flaps and 80s (80’s)

loops of HIV-1 PR in important states.
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Protein .. D. (100 Ag* Simulation Simulation Box Simulation
Transition Pmdfs) (k) System Size (A3) Length (ns)
nCaM Closed State of
0.186 5.65 5.5 58.3x58.5%58.0 20
(Closed — Open) NCaM in water
HIV-1 PR Closed Closed State of
1.70 2.26 1.2 82.0x64.7x65.7 20
— Semi-open HIV-1 PR in
water
HIV-1 PR Semi- Semi-open State
2.65 2.62 9.1 60.9x61.4x81.1 20
open— Fully of HIV-1 PR in
open water
AdK Lid Closed State of
0.093 2.83 1.5 60.3%x62.2x65.0 20
Opening AdK in water
AdK Lid Closing 0.022 3.00 3.0 Open State of
60.3x73.4x73.7 20

AdK in water

Table S2. Parameter determination for the evaluation of the relaxation time associated with the

conformational transitions under study. Left: the values of the parameters used in Eq. (1); right:

simulation parameters of the explicit-solvent conventional MD simulations for the determination of

diffusion constants.
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