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Abstract
Capturing the dynamic processes of biomolecular systems in atomistic detail remains di�cult despite
recent experimental advances. Although molecular dynamics (MD) techniques enable atomic-level
observations, simulations of “slow” biomolecular processes (with timescales longer than
submilliseconds) are challenging, due to current computer speed limitations. Therefore, we developed a
new method to accelerate MD simulations by high-frequency ultrasound perturbation. The binding events
between the protein CDK2 and its small-molecule inhibitors were nearly undetectable in 100-ns
conventional MD, but the new method successfully accelerated their slow binding rates by up to 10–20
times. The accelerated MD simulations revealed a variety of microscopic kinetic features of the inhibitors
on the protein surface, such as the existence of different binding pathways to the active site. Moreover,
the simulations allowed estimating the corresponding kinetic parameters and exploring other druggable
pockets. This method can thus provide deeper insight into the microscopic interactions controlling
biomolecular processes.

Main Text
The microscopic observation of biomolecular processes such as protein folding, protein interactions, and
enzyme reactions, most of which occur on timescales ranging from microseconds to seconds 1, is of
great interest to the molecular biology community. Although molecular dynamics (MD) simulations
enable atomic-level observations, they are limited to several microseconds on standard high-performance
computers and are thus normally applicable only to relatively fast processes 2. Recently, the kinetics of
slower protein interaction processes were explored through long MD simulations spanning timescales of
tens of microseconds to milliseconds 3-6, which were achieved through the development of special-
purpose supercomputers for high-speed simulations (e.g., ANTON 7) and/or algorithms to aggregate
many short simulations (e.g., Markov state models (MSMs) 8). Unfortunately, MD-speci�c
supercomputers such as ANTON are accessible only to a limited number of researchers owing to their
high costs. While MSMs have a lower requirement for simulation power, this method is very sensitive to
the choice of hyperparameters 9, which makes MSM approaches less than straightforward to use.

To overcome these problems, we have developed a new MD simulation method that utilizes high-
frequency ultrasound (hereafter denoted as hypersound) shock waves to accelerate the dynamics. This
method falls into the category of nonequilibrium MD simulations under external �eld perturbation 10, 11.
Its key advantage is that it allows naturally “slow” processes such as those mentioned above to be
frequently and directly captured in a series of single MD trajectories performed on standard high-
performance computers. In the experimental �eld, ultrasound irradiation procedures have been applied to
accelerate various kinds of chemical reactions 12, 13 and to synthesize nanoparticles 14. This acceleration
is considered to be induced by acoustic cavitation (i.e., the repeated growth and collapse of cavitation
bubbles formed by the ultrasound waves, which generate local high-temperature/pressure regions in
solution) 15. Inspired by these results, in this study, we �rst analyzed the hypersound-dependent behavior
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of a liquid water model to test the effect of shock waves with a protein-size wavelength. Next, to assess
the effect of hypersound acceleration on biomolecular processes, we performed short (100–200 ns)
simulations to capture the slow binding of small-molecule inhibitor compounds (CS3 and CS242) to
cyclin-dependent kinase 2 (CDK2) 16, as a representative system in which the binding event would be
nearly undetectable in standard MD. The simulations showed a signi�cant acceleration of the binding
process under hypersound irradiation compared to standard MD simulations. The accelerated
simulations revealed the existence of various conformationally and energetically diverse binding
pathways, suggesting that the assumption of a single pathway/transition state made in conventional
kinetic models may be inaccurate. The present method allowed not only the estimation of kinetic
parameters of slow-binding inhibitors, but also the full exploration of druggable sites. This approach
would thus be helpful for e�ciently understanding the microscopic mechanism of slow biomolecular
processes.

To simulate hypersound shock waves with protein-size wavelengths, their frequency was set to 625 GHz
(corresponding to a period of 1.6 ps ) (Fig. 1A), which is more than 100 times higher than that of currently
used ultrasound waves 17. The hypersound-perturbed MD simulation of liquid water at 298 K showed the
generation and propagation of a high-density region (Fig. 1B and Supplementary Movie 1). Then, we
analyzed the MD trajectory focusing on wave propagation along the X direction as a representative
example (Fig. 1C–F). As the X coordinate of the �rst wave reached 4 nm at a simulation time of 1.7 ps
after passing through X = 2 nm at 0.7 ps (Fig. 1E), the propagation speed of the shock wave could be
estimated to be 2,000 m/s, which is similar to the speed of sound in water (~ 1500 m s-1) 18. The
wavelength of the simulated shock wave was estimated to be 3.2 nm (2000 m s-1 × 1.6 ps), which
corresponds to the hydrodynamic radii of globular proteins consisting of 300–400 residues 19. This
con�rms the successful generation of hypersound waves, which is appropriate to perturb biomolecular
processes. The pressure (px) and kinetic energy (kx) of the liquid water model also exhibited periodic
�uctuations with the same phase as the density, reaching ~ 2000 atmospheres and 0.4–0.5 kcal/mol
(corresponding to 400–500 K) at the center (X = 4 nm) of the simulation box (Figs. 1C, D, and F). In
contrast, the macroscopic properties of liquid water were not affected by the hypersound irradiation,
except for the diffusion constant, which slightly increased to 6.30 ± 0.10 × 10–5 cm2 s-1, equivalent to the
corresponding parameter of bulk water at 305 K (Supplementary Table 1). These results demonstrate that
hypersound irradiation of a liquid solvent generates local higher pressure and temperature regions
appropriate for promoting chemical processes 15 without altering the macroscopic properties of the
liquid.

 

We next assessed the in�uence of shock wave perturbation on the association between the CDK2 protein
and its slow-binding ATP-competitive inhibitors CS3 and CS242. The probability of observing the ligand-
binding event in conventional MD simulations of 100 ns was estimated to be only 0.7% (2/283,
corresponding to 2 out of 283 MD runs resulting in binding) for CS3 and 0.5% (2/369) for CS242
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(Supplementary Table 2). On the other hand, higher probabilities were attained in 100-ns long
hypersound-perturbed MD simulations. Hypersound irradiation with a higher amplitude or frequency
resulted in an increase in the probability of observing ligand binding without a signi�cant decrease in
computation speed (Supplementary Table 3). When using a parameter set of (N=50 and vmax=400m/s),
the CS3 and CS242 binding probabilities were 12.4% (22/177) and 4.8% (11/227), respectively
(Supplementary Table 2), showing that the perturbation successfully increased the association rate by
17.7 times (12.4/0.7%) for CS3 and 9.6 times (4.8/0.5%) for CS242. MD trajectories that exhibited stable
ligand binding were extended to 200 ns to observe the behavior of the bound ligand, and based on their
percentages, the association rate constants (kon) under hypersound irradiation, using the same

parameters as above, were estimated to be 3.68 × 106 for CS3 and 1.92 × 106 M-1 s-1 for CS242 (Table 1).
This analysis proved the effectiveness of the hypersound-perturbed simulations in enhancing the
sampling of infrequent binding events; this approach can thus be applied to extract further atomic-level
information on these processes, as follows.

Accelerated MD simulations revealed that multiple transitions between different conformations took
place within each individual binding pathway (see Fig. 2A and Supplementary Movie 2 for CS3 and Fig.
2B and Supplementary Movie 3 for CS242) This emerges from the inspection of the 67 (CS3) and 14
(CS242) binding pathways observed in the hypersound-perturbed MD simulations, a few representative
cases of which are shown in Supplementary Figs. 1 and 2. It should be noted that these pathways
contain those observed in conventional MD simulations (Supplementary Fig. 3). The potential energy
trajectories (also displayed in the �gures) reveal the occurrence of multiple energy barriers along each
binding pathway, and show that the position and height of the highest-energy transition state depend on
the binding pathway (Fig. 2C). The trajectories indicate that the ligand tends to adopt energetically
unstable con�gurations upon (i) entry into the CDK2 pocket (Fig. 2A, and Supplementary Figs. 1A and 2A)
or (ii) conformational rearrangement in the pocket interior (Fig. 2B, and Supplementary Figs. 1B and 2B).
These effects have not been previously captured by ensemble-averaged kinetic experiments 16, 20 or
existing generalized-ensemble MD simulations (Supplementary Fig. 3) 21, which predict a plausible
pathway by e�ciently exploring the conformational space. Ligand unbinding was also observed in some
of these trajectories, most of which also exhibited different binding and unbinding pathways
(Supplementary Figs. 1C and 2C). This suggests that the conventional kinetic model based on identical
binding/unbinding pathways is not always valid at the single-molecule level. The trajectories of individual
ligand molecules captured by the hypersound perturbation approach revealed the complex microscopic
nature of the CDK2-inhibitor binding kinetics, highlighting the effectiveness of this approach in exposing
effects not accessible by other experimental and computational techniques.

 

By averaging the energy barriers observed in the 9 (CS3) and 6 (CS242) trajectories that exhibited stable
ligand binding under hypersound irradiation with the parameters predominantly used in the simulations
(Supplementary Table 2), the activation energies for CS3 and CS242 binding to CDK2 were estimated to
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be 3.9 ± 1.8 and 6.7 ± 2.4 kcal/mol, respectively (p=0.02, one-sided Student’s t-test, Table 1), consistent
with the relative height of the energy barriers estimated from the free energy landscape (see the
Supplementary section 1.7), suggesting that the slower CDK2 association rate of CS242 than CS3 can be
attributed to a higher energy barrier. The calculated Arrhenius parameters describing the kon dependence
on the temperature (see Supplementary section 1.7) indicate that hypersound irradiation increased both
the frequency factor (i.e., from 2.2 × 108 to 8.1 × 108 M-1 s-1 for CS3 and from 2.3 × 109 to 3.6 × 109 M-1 s-

1 for CS242) and the effective temperature (from 298 to 362 K (CS3) and 445 K (CS242), see Table 1).
The increase in the frequency factor could be attributed to enhanced ligand diffusion (Table 1) 17, which
would increase the collision frequency of the ligand with the protein pocket, while enhancing the thermal
motions of the solvent molecules did not result in increased ligand diffusion and an acceleration of the
ligand binding process (the Supplementary section 1.8). In addition, the generation of local high-
energy/pressure regions in the solvent leads to an increase in the effective temperature 15; however, the
“macroscopic” temperature of the system remained unchanged at 298 K (Supplementary Table 1). As
shown in Supplementary Fig. 4, the native interactions in the CDK2 structure were stably maintained
during a series of hypersound-perturbed simulations with different frequencies and amplitudes of shock
waves, con�rming that the local high-energy regions do not induce thermal denaturation of CDK2. These
results suggest that hypersound perturbation accelerates the protein-ligand association process by
enhancing the cooperative local motions of the solvent molecules without affecting the native structure
of the biomolecules, highlighting the general applicability of this approach for the acceleration of
molecular processes in solution.

 

Table 1 Kinetic parameters of the CDK2-ligand binding process determined by conventional and
hypersound-perturbed MD simulations. See also the Supplementary section 1.7. The values are presented
as the mean ± SD.
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  Association
rate constant

kon (M-1 s-1)

Activation
energy

E (kcal
mol-1)

Diffusion
constant

D (×10-5

cm2 s-1)

Steric
factor

log(P)

Frequency
factor

log(A (M-1

s-1))

Effective
temperature

T (K)

CS3

(conventional
MD)

3.35 × 105 a 3.9 ± 1.8 0.17 ± 0.05 ‒0.76 8.35 ±
0.13

298

CS3

(hypersound
MD)  b

3.68 × 106 3.9 ± 1.8 0.61± 0.16 ‒0.76 8.91 ±
0.12

362

CS242

(conventional
MD)

3.21 × 104 a 6.7 ± 2.4 0.19 ± 0.07 0.20 9.36 ±
0.17

298

CS242

(hypersound
MD) b

1.92 × 106 6.7 ± 2.4 0.30 ± 0.10 0.20 9.56 ±
0.15

445

a Experimentally determined kon values retrieved from the Community Structure-Activity Resource (CSAR)

database 16.

b Hypersound shock waves with N = 50 steps, vmax = 400 m/s, and Tint = 2,400 N were used to determine
the kon, D, A, and T parameters, which vary depending on the hypersound parameters (Supplementary
Table 3).

 

The identi�cation of previously undiscovered druggable pockets on the protein surface plays a key role in
expanding the therapeutic target range of the protein 22. The above hypersound-perturbed binding
simulations allowed us to explore the properties of other sites beyond the ATP-binding pocket on the
CDK2 surface. We analyzed the binding simulation data of the ATP-competitive inhibitors CS3 and CS242
and two allosteric inhibitors, 2AN and 9YZ, whose binding sites are distinct from the ATP-binding pocket
23 24. Hypersound irradiation accelerated the binding of all ligands to both the ATP-binding site and the
two allosteric sites 1 and 2 (Fig. 3 and Supplementary Table 4). Allosteric site 2 was frequently accessed
by all ligands (Fig. 3A-D), suggesting that this site is remarkably nonspeci�c because of its shallow
pocket shape 24. In contrast, the CS3/CS242 (Fig. 3A and B) and 2AN (Fig. 3C) ligands showed a more
speci�c preference for the ATP-binding pocket and allosteric site 1, respectively, compared to their
nonspeci�c association with allosteric site 2, supporting the suggestion that these ligands prefer to
associate with individual binding sites, as observed in their cocrystal structures 16, 23. The analysis of
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speci�c and nonspeci�c sites based on binding simulations of multiple ligands may thus be useful for
the prediction of ligand-dependent binding site selectivity and for the exploration of novel druggable
cryptic sites that can allosterically regulate enzymatic activity 22.

 

This study shows that hypersound-stimulated MD simulations have the potential to accelerate protein-
ligand binding kinetics through a solvent-mediated mechanism without collapse of the protein structure,
thus enabling atomic-scale observation of ligand-binding processes within time scales accessible by
standard MD (~ 100 ns). In contrast to other advanced MD methods that accelerate biomolecular
processes 25, 26, this method does not require prior knowledge of the protein-ligand complex structure. In
this way, the simulations can provide signi�cant insights into fundamental biological mechanisms (such
as the discovery of microscopic ligand binding pathways involving various bound conformations) and
facilitate drug discovery (as illustrated by the present exploration of druggable binding sites on the
protein surface). The present acceleration method code is publicly available (see the Code Availability
section), can be implemented on standard high-performance computers, and is suitable for parallel
computing because performing multiple independent simulations in parallel enables the sampling of a
higher number of binding events and thus produces an improved statistical description of the process
under study. Furthermore, the hypersound irradiation modeled in the simulations is not a �ctitious
computational procedure, but a real physical process, even though hypersound waves of molecular
(several nanometers) wavelength have not yet been realized 17, which currently hampers the experimental
assessment of its impact. Further applications of the present technique to model other biomolecular (e.g.,
protein conformational changes and protein-protein interactions) and non-biomolecular (e.g., phase
transitions of materials) processes are required to assess its general effectiveness in modeling slow
dynamic events.

Abbreviations
MD, molecular dynamics; RMSF, root-mean-square �uctuation; RMSD, root-mean-square deviation; MSM,
Markov state model; CDK2, cyclin-dependent kinase; PCA, principal component analysis.
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The hypersound-perturbed MD code is available free of charge at https://github.com/clinfo/gromacs

 

Acknowledgments

We thank J. Higo and I. Fukuda for critical reading of the manuscript. This study was supported by the
Ministry of Education, Culture, Sports, Science and Technology (MEXT, Japan) projects “Priority Issue on
Post-K Computer (Building Innovative Drug Discovery Infrastructure through Functional Control of
Biomolecular Systems)” and “Program for Promoting Researches on the Supercomputer Fugaku
(Application of Molecular Dynamics Simulation to Precision Medicine Using Big Data Integration System
for Drug Discovery)”, Foundation for Computational Science (FOCUS) Establishing Supercomputing
Center of Excellence, and a Japan Society for the Promotion of Science (JSPS) KAKENHI Grant (No.
JP18K06594) to MA. The simulations were carried out on the K computer and HPCI systems provided by
the RIKEN, Osaka University (VCC), and Tokyo Institute of Technology (TSUBAME), through the HPCI
System Research Project (project IDs: hp140042, hp150025, hp150272, hp160213, hp170275, hp180186,
hp190154, hp200129, and ra000018).

References
1. Shamir M., Bar-On Y., Phillips R.& Milo R. SnapShot: Timescales in Cell Biology. Cell 2016, 164(6):

1302-1302.e1301.

2. Nakaoku T., et al. A secondary RET mutation in the activation loop conferring resistance to
vandetanib. Nat. Commun. 2018, 9(1): 625.

3. Shan Y., et al. How does a drug molecule �nd its target binding site? J. Am. Chem. Soc. 2011,
133(24): 9181-9183.

4. Lawrenz M., Shukla D.& Pande V. S. Cloud computing approaches for prediction of ligand binding
poses and pathways. Sci. Rep. 2015, 5: 7918.

5. Paul F., et al. Protein-peptide association kinetics beyond the seconds timescale from atomistic
simulations. Nat. Commun. 2017, 8(1): 1095.

�. Plattner N., Doerr S., De Fabritiis G.& Noe F. Complete protein-protein association kinetics in atomic
detail revealed by molecular dynamics simulations and Markov modelling. Nat. Chem. 2017, 9(10):
1005-1011.

7. Shaw D. E., et al. Anton, a Special-Purpose Machine For Molecular Dynamics Simulation.
Communications of the ACM 2008, 51(7): 91-97.

�. Bowman G. R., Pande V. S.& Noe´ F. An Introduction to Markov State Models and Their Application to
Long Timescale Molecular Simulation, vol. 797. Springer Heidelberg, 2014.

9. Suarez E., Adelman J. L.& Zuckerman D. M. Accurate Estimation of Protein Folding and Unfolding
Times: Beyond Markov State Models. J Chem Theory Comput 2016, 12(8): 3473-3481.



Page 9/13

10. Koshiyama K., Kodama T., Yano T.& Fujikawa S. Structural change in lipid bilayers and water
penetration induced by shock waves: molecular dynamics simulations. Biophys. J. 2006, 91(6):
2198-2205.

11. English N. J.& Mooney D. A. Denaturation of hen egg white lysozyme in electromagnetic �elds: a
molecular dynamics study. J. Chem. Phys. 2007, 126(9): 091105.

12. Thomas J. R. Sonic degradation of high polymers in solution. J. Phys. Chem. 1959, 63(10): 1725-
1729.

13. Suslick K. S., Schubert P. F.& Goodale J. W. Sonochemistry and Sonocatalysis of Iron Carbonyls. J.
Am. Chem. Soc. 1981, 103(24): 7342-7344.

14. Nakajima K., et al. Nucleus factory on cavitation bubble for amyloid beta �bril. Sci. Rep. 2016, 6:
22015.

15. Suslick K. S. Sonochemistry. Science 1990, 247(4949): 1439-1445.

1�. Dunbar J. B., Jr., et al. CSAR benchmark exercise of 2010: selection of the protein-ligand complexes.
J. Chem. Inf. Model. 2011, 51(9): 2036-2046.

17. Carrillo-Lopez L. M., Alarcon-Rojo A. D., Luna-Rodriguez L.& Reyes-Villagrana R. Modi�cation of Food
Systems by Ultrasound. J. Food. Qual. 2017: 1-12.

1�. Shchukin D. G.& Mohwald H. Sonochemical nanosynthesis at the engineered interface of a
cavitation microbubble. Phys. Chem. Chem. Phys. 2006, 8(30): 3496-3506.

19. Wilkins D. K., et al. Hydrodynamic radii of native and denatured proteins measured by pulse �eld
gradient NMR techniques. Biochemistry 1999, 38(50): 16424-16431.

20. Alexander L. T., et al. Type II Inhibitors Targeting CDK2. ACS Chem Biol 2015, 10(9): 2116-2125.

21. Bekker G. J., et al. Accurate Prediction of Complex Structure and A�nity for a Flexible Protein
Receptor and Its Inhibitor. J. Chem. Theory. Comput. 2017, 13(6): 2389-2399.

22. Bowman G. R.& Geissler P. L. Equilibrium �uctuations of a single folded protein reveal a multitude of
potential cryptic allosteric sites. Proc Natl Acad Sci U S A 2012, 109(29): 11681-11686.

23. Betzi S., et al. Discovery of a potential allosteric ligand binding site in CDK2. ACS Chem. Biol. 2011,
6(5): 492-501.

24. Craven G. B., et al. High-Throughput Kinetic Analysis for Target-Directed Covalent Ligand Discovery.
Angew. Chem. Int. Ed. Engl. 2018, 57(19): 5257-5261.

25. Tiwary P., Limongelli V., Salvalaglio M.& Parrinello M. Kinetics of protein-ligand unbinding: Predicting
pathways, rates, and rate-limiting steps. Proc. Natl. Acad. Sci. U S A 2015, 112(5): E386-391.

2�. Saglam A. S.& Chong L. T. Protein-protein binding pathways and calculations of rate constants using
fully-continuous, explicit-solvent simulations. Chem. Sci. 2019, 10(8): 2360-2372.

Figures



Page 10/13

Figure 1

Schematic illustration of the modeling of hypersound shock waves in MD simulations and hypersound-
perturbed water dynamics at 298K. (A) (top) Generation of hypersound shock waves in six directions (+X,
+Y, +Z, -X, -Y, and -Z), propagating from the X0, Y0, Z0, X1, Y1, and Z1 surfaces, respectively, of the
simulation box. (bottom) Each shock wave consisted of 5 cycles and involved 80 (=16×5 cycles) velocity
pulses (indicated by vertical bars) applied every N MD time steps (See also the Supplementary section



Page 11/13

1.2). (B-D) Spatial variation of (B) mass density, (C) pressure in the +X direction (px), and (D) X
component of kinetic energy (kx), measured at different simulation times. (E-F) Time dependence of (E)
mass density and (F) the pressure, measured at different X positions; the corresponding positions are
shown in (B) and (C). Shock waves were generated in the X = 0–1 nm region [X0 surface in (A)] of the
simulation box. Further details can be found in the Supplementary section 1.4.

Figure 2

Microscopic binding pathways of CDK2 inhibitors. (A, B) Representative binding pathways of (A) CS3 and
(B) CS242 ligands to the ATP-binding pocket of CDK2. (top) Projections of binding conformations
observed in the whole set of MD trajectories (colored dots) and of a representative binding pathway
(black line) onto the �rst and second principal components (PC1 and PC2) calculated from principal
component analysis (PCA; see the Supplementary section 1.6). Ten (CS3) and 7 (CS242) representative
binding poses (magenta sticks) on CDK2 (gray surfaces) are shown alongside the crystallographic pose
(green sticks), the closest conformation to which was assigned as Pose 1. (bottom) Potential energy
(black) and free energy (red) trajectories corresponding to the pathway shown in the PCA map. The
highest-energy transition state is indicated by a black (potential energy) or red (free energy) arrow. The
upper panel shows an enlarged view of these trajectories close to the highest-energy transition state. Note
that transition states occur (A) immediately before/after the ligand enters the CDK2 pocket and (B) during
conformational rearrangements taking place after pocket entry. (C) Schematic illustration of microscopic
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and macroscopic kinetic models. The conventional kinetic model assumes a single binding pathway with
a single transition state. However, at the single-molecule level, the ligand binds to the protein through
multiple pathways with different highest-energy transition state conformations.

Figure 3

Speci�c binding sites of (A) CS3, (B) CS242, (C) 2AN, and (D) 9YZ ligands on the CDK2 surface. The
chemical structure of each ligand is shown at the top of the �gure. After eliminating residues frequently
accessed by all ligands, the backbone (ribbons) and side chains (thin sticks) of CDK2 were colored
gradually by the interaction frequency of the individual ligands (e.g., residues with higher and lower
frequencies are indicated by red and blue colors, respectively). Further details are provided in the
Supplementary section 1.9. Enlarged views of the ATP pocket, allosteric site 1, and allosteric site 2
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(surfaces) are shown, with the crystallographic poses of CS3/CS242, 2AN, and 9YZ inhibitors (white
sticks), respectively. The percentages shown in the models indicate the probabilities of capturing the
ligand binding event in the hypersound-perturbed simulations (Supplementary Table 4).
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