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The molecular mechanics/Poisson—-Boltzmann surface area (MM/PBSA) method has been widely used in predicting
the binding affinity among ligands, proteins, and nucleic acids. However, the accuracy of the predicted binding energy by
the standard MM/PBSA is not always good, especially in highly charged systems. In this work, we take the protein—nucleic
acid complexes as an example, and showed that the use of screening electrostatic energy (instead of Coulomb electrostatic
energy) in molecular mechanics can greatly improve the performance of MM/PBSA. In particular, the Pearson correlation
coefficient of dataset II in the modified MM/PBSA (i.e., screening MM/PBSA) is about 0.52, much better than that (< 0.33)
in the standard MM/PBSA. Further, we also evaluate the effect of solute dielectric constant and salt concentration on the
performance of the screening MM/PBSA. The present study highlights the potential power of the screening MM/PBSA for

predicting the binding energy in highly charged bio-systems.

Keywords: molecular mechanics/Poisson—-Boltzmann surface area (MM/PBSA), screening electrostatic inter-
action, protein, nucleic acid, molecular dynamics simulation

PACS: 87.14.E—-, 87.14.G—, 87.15.A—, 87.15.kj

1. Introduction

The molecular mechanics/Poisson—Boltzmann surface
area (MM/PBSA) and the molecular mechanics/generalized
Born surface area (MM/GBSA) methods are two popular
approaches to estimate the binding free energy of ligand-
biomolecule and biomolecule-biomolecule interactions.!!=I
Compared to the alchemical free energy (AFE) methods like
free energy perturbation (FEP) and thermodynamic integra-
tion (TI),>-71 the MM/PBSA and MM/GBSA methods re-
quire much lower computational cost; moreover, they can
also reproduce and rationalize experimental findings better
than the molecular docking.’®'!l Thus, the MM/PBSA and
MM/GBSA have been widely used in many studies, especially
in bio-systems like protein-ligand binding,!!%!>-16] protein—
protein interactions. [>17-20]

However, recently more and more studies have shown that
the performance of the MM/PBSA or MM/GBSA could be

[1.221.22] particu-

just moderate and even poor in some cases,
larly in highly charged systems. To overcome such problem,
the high value of solute dielectric constant in the MM/PBSA
and MM/GBSA or the residue-type-dependent dielectric con-
stant in the MM/GBSA was recommended. [>%-1417:19.23.24] 1¢
is shown the latter one can indeed greatly improve the per-
formance of the MM/GBSA. 1923241 Moreover, the enhanced
sampling is another possible way, but the improvement is usu-

ally limited.!'”] Notably, it is still difficult to introduce the
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residue-type-dependent dielectric constant in the MM/PBSA,
thus presently the performance of the MM/PBSA (even if a
very large solute dielectric constant was set) is usually worse
than that of the MM/GBSA in the highly charged systems.
Therefore, it is a challenging problem to improve the perfor-
mance of the MM/PBSA in such systems.

Recently, we raised a modified approach of MM/PBSA
that considers the screening effect of ions on the electrostatic
interaction between the proteins. The modified method (i.e.,
screening MM/PBSA) showed a good performance on the
protein—protein interactions, > especially in the SARS-CoV-
2 RBD-ACE2 interaction. 20! However, it is still unclear how
about its performance on other bio-systems like the nucleic
acid-involved systems.

Actually, the nucleic acids (including DNA/RNA) are
highly negative-charged biomolecules. For example, the lin-
ear charge density of the single strand DNA is about 0.17 e/nm
while that of the double strand DNA is about 0.34 e/nm.
Thus, there are many counter ions that could condensed on
the DNA, namely the well-known Manning condensation, [*]
which could greatly decrease the effective charges of DNA
molecules. As a result, the DNA/RNA may be compacted
closely to form specific structures in nature!?® and can be as-
sembled into various three-dimensional (3D) structures in the

29-31

experiments. | I Moreover, their interaction with proteins is

of great importance in bio-systems like transcription, replica-
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tion and recombination.*®! For example, the expression level
of genes is regulated by transcription-factor proteins, which
can recognize a specific sequence of the DNA in the binding
domain. 3?]

In this work, we take the protein—nucleic acid interaction
as an example, and show that the use of the screening electro-
static energy (instead of the coulomb electrostatic energy) in
molecular mechanics can greatly improve the performance of
the MM/PBSA in the systems, especially when the proteins are
also negatively charged. Moreover, the effect of the solute di-
electric constant and the salt concentration on the performance

of the screening MM/PBSA is also investigated.

2. Model and methods

2.1. Preparation of the datasets for the protein—nucleic
acid complexes

In order to systematically assess the performance of the
standard MM/PBSA and screening MM/PBSA for the nucleic
acid-protein interaction, two different datasets (i.e., dataset I
and dataset II) were provided, which were listed in Table S1
and Table S2. The dataset I was mainly selected from the
dataset by Hou er al.'>!) The dataset I covered a broad range
of 8 orders of magnitude (experimental binding affinities be-
tween 750 uM and 2.14 pM). The proteins in dataset [ were all
positively charged (or charge-neutral), thus there may exist the
attractively electrostatic interactions between the proteins and
the nucleic acids. On the contrary, the proteins in dataset II
were all negatively charged, and were downloaded from the
PDBbind database. 3334 Notably, since the nucleic acids were
negatively charged, there may exist the repulsively electro-
static interaction between the nucleic acids and the proteins.
Thus, the data points were not easily collected in dataset II.
Nevertheless, it also covered a relatively broad range of 6
orders of magnitude (experimental binding affinities between
50 uM and 90 pM).

2.2. All-atom molecular dynamics (MD) simulations

Each system (i.e., the protein—nucleic acid complex) was
solvated in TIP3P water3°! (the minimum distances from the
surfaces of the box to the complex atoms were set to 15 A)
and NaCl to neutralize the systems at salt concentration of
0.15 M. In this work, all-atom MD simulations were carried
out by using GROMACS 2019.03 package**37! with Am-
ber ff14sb_parmbsc1 force field.!38! The LINCS constraints[*”!
were used to all bonds involving hydrogen atoms. The particle
mesh Ewald method was used when calculating the long-range
electrostatic interactions,*?! and the Lennard—Jones (LJ) in-
teractions were cut off at a distance of 1.0 nm. The periodic
boundary conditions were adopted in all three directions.

During the simulations, the system was first energy-
minimized by the steepest descent method for about 10000

cycles when the heavy atoms of the protein and the nucleic
acid were harmonically restrained with spring constant of
1000 kJ-mol~!-nm
by the steepest descent method for about 10000 cycles with

~2. Then the system was energy-minimized

turning off all the constraints.!'”] After that, the system was
gradually heated from O K to 298 K in the NVT ensemble over
a period of 100 ps, and then relaxed by 100 ps in the NPT en-
semble, where the temperature was controlled at 298 K by the
V-rescale thermostat!*!l with a time constant of 0.2 ps and the
pressure was kept at 1 atm (1 atm = 1.01325 x 10° Pa) by the
Parrinello-Rahman barostat*?! with a time constant of 1.0 ps.
The protein and the nucleic acid were harmonically restrained
with spring constant of 1000 kJ-mol~!-nm~? in the above two
stages. Finally, 5-ns free NPT simulations were performed for
each system.[!7]

2.3. MM/PBSA calculation of the protein—nucleic acid

binding energy

In the binding free energy calculation, 100 frames (with
an interval of 10 ps in the final 1 ns) of the MD trajectories
or the minimized structure were used to calculate the bind-
ing energy in each system via the MM/PBSA method. All the
MM/PBSA calculations were performed by using the modified
shell script gmx_mmpbsa. 4]

In standard MM/PBSA, the binding free energy AGy;yg is

calculated as follows: 3]

AGing = AE¢ie + AE\qw + AGpp +AGsa — TAS,

where AE,|. and AE,qy are the electrostatic energy and van der
Waals energy between the protein and the nucleic acid at the
gas-phase, respectively. AGpg and AGgp are the polar contri-
bution and non-polar contribution of the desolvation free en-
ergy, respectively. —TAS is the entropy change upon binding,
and is not considered here due to the high computational cost
and low prediction accuracy.!?!->?!

Notably, AE. usually has the Coulombic form in the

standard MM/PBSA:[1-3

ele __ LIqu
B =Y dmeerrs 4meoEinri;’
where ¢; is the charge of atom i in the protein, ¢g; is the charge
of atom j in the nucleic acid, r;; is the distance between atom
i and atom j, & is the dielectric constant in vacuum, and &, is
the relative dielectric constant of the solute.
While in the screening MM/PBSA, AE,). has the follow-

ing form: [25.26]

qiqj —rii /2
AEde oty s l_}/ D
Y Z Z'J 47r£0£mr,j ’
where Ap is the Debye screening length and is about 0.8 nm
when the salt (NaCl) concentration is 0.15 M.

The experimental binding energy was estimated as AG =
kgT InKy4, where kg is the Boltzmann constant, T is the tem-

perature, Ky is the equilibrium dissociation constant. Then,
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the Pearson correlation coefficient r, was employed to eval-
uate the linear correlation between the predicted binding free
energies and the experimental ones.

3. Results and discussion

3.1. Comparison of accuracy of binding energy between
standard MM/PBSA and screening MM/PBSA

The binding free energy of the protein—nucleic acids in
dataset I was first calculated using the standard MM/PBSA
methods. In terms of the correlation coefficients, the accu-
racy of the standard MM/PBSA in dataset I was relatively
satisfied — the Pearson correlation coefficient (rp) was about
0.69, 0.69, 0.67, respectively when the solute dielectric con-
stants (&) were set as 2.0, 4.0, and 8.0 (see Figs. 1(a)-1(c)
and Figs. S1(a)-S1(c)). Notably, the MM/PBSA calculations
based on the minimized structures was nearly the same as the
MM/PBSA calculations based on the MD trajectories, which
agreed with previous studies.!”??! Moreover, such results also
indicated that here rp was nearly independent on &;,. Neverthe-
less, when g, was small (e.g., 2.0 or 4.0), the predicted bind-
ing energy was over thousands of kJ/mol in some cases, which
was extremely larger than the experimental value (~ dozens
of kJ/mol), even though we did not consider the entropy term
here. On the contrary, when using a relatively larger g,, the
predicted binding energy greatly decreased to tens or hundreds
of kJ/mol. However, there existed some positive values in the
binding energy (see Fig. 1(c)), meaning that the complex of
the protein and the nucleic acid may be dissolved, probably
due to the fact that the larger &, may underestimate the at-
tractively electrostatic interaction between the protein and the
nucleic acid.
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Fig. 1. Pearson correlation coefficient for the dataset I based on the mini-
mized structures in the standard and screening MM/PBSA methods. (a) Stan-
dard MM/PBSA under solute dielectric constant 2.0; (b) standard MM/PBSA
under solute dielectric constant 4.0; (c) standard MM/PBSA under solute di-
electric constant 8.0; (d) screening MM/PBSA under solute dielectric con-
stant 2.0.

The binding energy of the protein—nucleic acid com-
plexes in dataset I was then calculated using the screening

MM/PBSA method based on the screening electrostatic en-
ergy. As shown in Fig. 1(d) and Fig. S1(d), the Pearson cor-
relation coefficient rp (0.718-0.730) was slightly better that
(0.667-0.695) in the standard MM/PBSA using different &;,.
Besides, the MM/PBSA calculation based on the minimized
structures (rp = 0.718) was also similar to the MM/PBSA cal-
culations based on the MD trajectories (rp = 0.730). More im-
portantly, the predicted binding energy predicted by screening
MM/PBSA was between —100 kJ/mol and —2000 kJ/mol, and
no positive values were observed, which was more reasonable
than that in the standard MM/PBSA to some extent.
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Fig. 2. Pearson correlation coefficient for the dataset II based on the mini-
mized structures in the standard and screening MM/PBSA methods. (a) Stan-
dard MM/PBSA with solute dielectric constant 2.0; (b) standard MM/PBSA
with solute dielectric constant 4.0; (c) standard MM/PBSA with solute di-
electric constant 8.0; (d) screening MM/PBSA with solute dielectric constant
2.0.

The binding energy of the protein—nucleic acid com-
plexes in dataset II was further calculated using the standard
MMPBSA and the screening MM/PBSA (Fig. 2 and Fig. S2).
In terms of the correlation coefficients, the accuracy of stan-
dard MM/PBSA in dataset II was quite poor (—0.060 < rp <
0.330, the average of rp was about 0.15), where the MM/PBSA
calculations under g, = 8.0 gave the worst prediction and
even predicted the opposite trend using the MD trajectories
(rp = —0.060). Moreover, there were many positive binding
energies predicted by the standard MM/PBSA in dataset II,
namely nearly half of the values was positive under &, = 8.0
and over one third of the values was positive under &, = 2.0
or 4.0. All these results indicated that the performance of the
standard MM/PBSA in dataset II was much weaker than that
in dataset I, which is mainly caused by the repulsively electro-
static interactions between the proteins and the nucleic acids
carrying the charges of the same sign.

On the contrary, the accuracy of the screening MM/PBSA
in dataset II was much better than that of the standard
MM/PBSA and was in the moderate range (Fig. 2(d) and
Fig. S2(d)), where the Pearson correlation coefficient was
0.516 based on the minimized structures and it was 0.528
based on the MD trajectories. Moreover, the predicted binding

048701-3
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energies were all negative. We analyzed the electrostatic en-
ergy in the cases where the binding energy predicted by the
standard MM/PBSA was positive. The electrostatic energy
was divided into two parts on the basis of the Debye screen-
ing length (0.8 nm), namely, the long-range part (» > 0.8 nm)
and the short-range part (r < 0.8 nm). As shown in Table S3,
the long-range electrostatic energy was always positive (i.e.,
repulsive) when using the standard MM/PBSA. More impor-
tantly, the repulsively long-range energy was comparable to
(and even greater than) the attractively short-range energy. As
a result, the total electrostatic energy was small and can be
even positive. On the contrary, the long-range electrostatic
energy was negative or weakly positive, and the attractively
short-range electrostatic energy dominated in most cases when
using the screening MM/PBSA. On the basis of above discus-
sion, we can conclude that the usage of Coulomb interaction
in the standard MM/PBSA may overestimate the repulsively
electrostatic energy (especially in the long range) between the
proteins and the nucleic acids carrying the charges of the same
sign. On the contrary, the screening interaction corrected the
overestimated electrostatic energy between the proteins and
the nucleic acids in the long range, thus it gave a relatively
better result.

(a) Data points =20
O 8 ok

(b) Data points =30
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Fig. 3. Overall comparison of the prediction accuracies between the stan-
dard and screening MM/PBSA methods using different data points. We ran-
domly selected the data points from dataset I and dataset II for 11 times in
each case. The p values were calculated using multiple 7 tests (**p < 0.01,
**p < 0.001).

Taking dataset I and dataset II together, the screening
MM/PBSA method (rp = 0.628) still yields the best perfor-
mance, following with 0.534 (g, = 2.0), 0.516 (g, = 4.0),
0.458 (g, = 8.0) in the standard MM/PBSA. We also com-
pared the performance of the screening MM/PBSA and the
standard MM/PBSA by using different mixtures of dataset I
and dataset II. Not surprisingly, the accuracy of the binding

energy calculated by the screening MM/PBSA was always the
highest, and with the increase of data points, the significant
difference between the screening MM/PBSA and the standard
MM/PBSA became more obvious (Fig. 3), indicating that the
usage of the screening electrostatic energy in molecular me-
chanics can indeed improve the performance of MM/PBSA in
highly charged systems.

3.2. The effect of solute dielectric constant in screening
MM/PBSA on accuracy of predicted binding energy

The accuracy of the predicted binding energy is usually
related to the solute dielectric constant &, in the standard
MM/PBSA. Here, we investigated the effect of solute dielec-
tric constant on the performance of the screening MM/PBSA.
As discussed above, the results based on the minimized struc-
tures was similar to that based on the MD trajectories, thus, for
the sake of simplicity, we just used the minimized structures
for the MM/PBSA calculation in this subsection.

As shown in Table 1, the accuracy of the screening
MM/PBSA in dataset I was nearly independent on &, (rp was
about 0.70) except that the Pearson correlation coefficient was
0.658 when g, = 3.2. The best performance of the screening
MM/PBSA (rp = 0.728) in this case corresponded to &, = 2.4
or 2.6. While in dataset 11, the Pearson correlation coefficient
decreased with the increase of the solute dielectric constant,
but the difference was not obvious when g, <= 2.0. With fur-
ther increase of the solute dielectric constant, the performance
of the screening MM/PBSA became worse, particular when
&n > 2.6, indicating that the large &, may underestimate the
electrostatic energy and was harmful for the prediction accu-
racy in this case. Actually, when the proteins and the nucleic
acids carried the opposite charges in dataset I, there should
be a strong polarization at the interface of the protein—nucleic
acid complex. Thus a large &, should be used to well de-
scribe the polarization but this value should not be very large
to avoid overestimating the polarization. While in dataset II,
the proteins and the nucleic acids carried the like charges, there
should be no obvious polarization at their interface. Thus, a
small &, (i.e., 1.0) should be used. Taking the two datasets
together, the screening MM/PBSA showed good performance
when g, <= 2.6 (see the last column in Table 1), where it
(rp = 0.628) showed the best performance under &, = 2.0.

We also investigated the relationship between the corre-
lation coefficient and the solute dielectric constant in the stan-
dard MM/PBSA (Table 2). Similar to that in the screening
MM/PBSA, there was also an optimal value of g, in dataset |
while the Pearson correlation coefficient decreased with the
increase of the solute dielectric constant in dataset II. How-
ever, since such difference in dataset II was much more obvi-
ous than that in dataset I, the Pearson correlation coefficient
also decreased with the increase of the solute dielectric con-
stant in the whole dataset.
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Table 1. Overall prediction accuracies of the screening MM/PBSA under
different solute dielectric constants.

En rp in dataset | rp in dataset 11 rp in all datasets
1.0 0.698 0.563 0.623
1.2 0.702 0.557 0.624
14 0.705 0.550 0.625
1.6 0.710 0.540 0.626
1.8 0.714 0.530 0.627
2.0 0.718 0.516 0.628
2.2 0.723 0.493 0.627
2.4 0.728 0.462 0.625
2.6 0.728 0415 0.618
2.8 0.723 0.349 0.602
3.0 0.700 0.255 0.568
32 0.658 0.140 0.500

Table 2. Overall prediction accuracies of the standard MM/PBSA under
different solute dielectric constants.

En rp in dataset T rp in dataset IT rp in all datasets
1.0 0.688 0.381 0.540
2.0 0.691 0.330 0.534
3.0 0.692 0.281 0.525
4.0 0.688 0.230 0.516
5.0 0.687 0.176 0.505
6.0 0.684 0.119 0.492
7.0 0.680 0.058 0.477
8.0 0.673 —0.002 0.458

3.3. Effect of salt concentration in screening MM/PBSA on
accuracy of predicted binding energy

In real experiment, the conditions for measuring the
protein—nucleic acid binding affinity could be very different,
where the type of salts could be various and the concentra-
tion could be in a broad range. Since the Debye length in the
screening electrostatic energy and the polar energy was related
to the salt concentration, it is of great importance to investigate
the effect of the salt concentration on the accuracy of bind-
ing energy predicted by the screening MM/PBSA. Here, for
the sake of simplicity, three different salt concentrations were
considered (0.05 M, 0.15 M, 0.30 M) and the salt type (i.e.,
NaCl) was kept the same.

As shown in Fig. 4, when the salt concentration was
0.05 M, most of the predicted binding energy became larger
due to the weaker screening effect of the electrostatic inter-
action, particularly in dataset I. On the contrary, most of the
predicted binding energy become smaller due to the stronger
screening effect when the salt concentration was 0.30 M.
In terms of the correlation coefficients, the accuracy of the
screening MM/PBSA at 0.05 M was very similar to that at
0.15 M (i.e., 0.709 versus 0.718 in dataset I and 0.519 ver-
sus 0.516 in dataset II). However, the accuracy of the screen-
ing MM/PBSA at 0.30 M became worse than that at 0.15 M,
especially in dataset II (0.291 versus 0.516), indicating that
the high screening effect could be harmful for the predic-
tion, which was similar to the standard MM/PBSA using a

very large &, (e.g., 8.0) or the screening MM/PBSA using a
large &, (e.g., 3.0). As we know, the interaction energy at
the interface between the protein and the nucleic acid usually
played an important role in total binding energy. The high
screening of electrostatic interaction would certainly underes-
timate the attractively electrostatic energy at the binding inter-
face, particularly in dataset II (the protein was also negatively
charged), thereby it would lead the inaccuracy of the screening
MM/PBSA.

z O “(b)
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] )
T E TE —400
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Fig. 4. Pearson correlation coefficient for the dataset I and dataset I based on
the minimized structures in the screening MM/PBSA methods. (a) Dataset I
under the concentration of 0.05 M; (b) dataset I under the concentration of
0.30 M; (c) dataset II under the concentration of 0.05 M; (d) dataset II under
the concentration of 0.30 M.

4. Conclusion

In this study, we have applied a modified approach via
the screening electrostatic energy within the framework of the
MM/PBSA method. Based on 60 protein—nucleic acid com-
plexes in dataset I and dataset II, the screening MM/PBSA
shows an excellent performance in dataset I and a moderate
performance in dataset II; while the standard MM/PBSA just
yields a good performance in dataset I and a poor performance
in dataset II (probably due to the overestimated long-range
electrostatic energy). Besides, we also evaluated the perfor-
mance of the screening MM/PBSA under different solute di-
electric constant &,, and recommend that a small &, should
be used. In general, the screening MM/PBSA can indeed pro-
vide reasonable predictions on the binding energy in charged
bio-systems.
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