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To study the effects of the interdomain flexibility on the encounter rate of nucleocapsid-type protein with drug
molecules, where two domains (NTD) are connected by a flexible linker and each NTD has a drug binding site,
two-dimensional random walk simulation was carried out as a function of the interdomain flexibility and the
drug concentration. NTDs represented as circles undergo random motions constrained by the interdomain
flexibility while drug molecules are represented by lattice points. It was found that as the interdomain flexibility

increases, the time interval between the drug bindings to the 1st and 2nd NTDs decreases, suggesting that the 2nd
drug binding is accelerated. Furthermore, this effect was more significant at lower drug concentrations. These
results suggest that the interdomain linker plays a key role in the drug binding process and thus emphasize the
importance of characterization of their physicochemical properties to better evaluate the efficacy of potential

drugs.

1. Introduction

As of today, it is known that there exist 7 human coronaviruses
including the newest SARS-CoV-2, which is the pathogen of coronavirus
disease 2019 (COVID-19) pneumonia causing the pandemic [1]. The
virion of coronavirus mainly consists of four structural proteins called
spike protein, membrane protein, envelope protein, and nucleocapsid
protein (NP). Among them, the nucleocapsid protein is the most
abundant viral protein during infection cycle. The major role of NP is to
package the viral RNA genome to form a helical ribonucleoprotein
complex, which is essential for replication and transcription of the viral
genome. Furthermore, it has been shown that NP™ modulates the host
innate immune response [2]. Due to its high immunogenicity, NP has
been used in vaccine development and also emerged as a potential drug
target [3]. Coronavirus NP™ consists of two domains called as N-terminal
domain (NTD) and C-terminal domain (CTD), which are connected by a
linker region (Fig. 1 (a)). Although both domains (NTD and CTD) have
an RNA-binding site, it is known that while NTD is responsible for RNA
binding, CTD is responsible for oligomerization [4].

It is well accepted that molecular flexibility in protein molecules
such as the one in the active sites and their surrounding regions plays a
major role in ligand (or drug) binding by flexibly changing their
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structure to fit the conformation of the binding partners, which is the so-
called “induced-fit” mechanism [5]. In the case of NP™, it is thus
important to investigate the binding between a drug molecule and the
RNA-binding site on each NTD. Recent molecular dynamics simulation
studies on the affinity of various potential drug molecules and the RNA-
binding site on the NTD have detected antiviral agents that bind the NTD
with high affinity [6-9], suggesting that the new drug development
targeting NP™ will be accelerated using promising in silico simulation.

However, in addition to the intradomain flexibility described above,
there is another important factor that determines the drug binding ki-
netics, which is an interdomain flexibility. According to small-angle X-
ray scattering, NP™ forms a homodimer, in which the CTDs bind to each
other while NTDs are connected to the CTDs through flexible linkers,
which are assumed to be in a disordered state [10]. NTDs are thus
considered to move freely in solution constrained by the flexible inter-
domain linker. On the other hand, in the last two decades, it has been
shown that intrinsically disordered regions are not completely in an
unstructured state but in equilibrium with those in a partially folded
state having a-helices [11] and their relative population varies between
10% and 70% depending on proteins [12]. Moreover, some physiolog-
ical substances such as osmolytes are known to induce helical folding in
the intrinsically disordered proteins [13]. Since the chemical
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composition inside the cell varies by external stress and during the cell
cycle [14-19], the interdomain linker of NP™ likely takes various forms
with different flexibility, which could change the mobility of each NTD.
It is thus essential to gain insights into whether such differences in
intramolecular flexibility have any effect on the encounter rate of each
NTD with drug molecules or not in order to give further direction in the
future research aiming for new drug developments. However, there has
been no study addressing this aspect theoretically nor experimentally.
Furthermore, it is not straightforward to simulate a three-dimensional
system where both the protein and many drug molecules diffuse, and
follow the system over a long time until the proteins bind drugs.
Based on the above reasons, this study has employed a two-
dimensional random walk simulation on NP™-type proteins in order to
gain fundamental information on possible effects of the interdomain
flexibility on the drug encounter rate of the NTDs when the interdomain
flexibility and the drug concentration change. Random walk simulation
is a useful tool to investigate the events governed by probability [20]. It
has been used to study the diffusion process of entire protein molecules
and explain their diffusive behavior observed experimentally [21-23].
However, to the best of the author’s knowledge, this technique has not
been applied to a protein where two domains are interconnected by a
flexible linker such as NP™. Application of this technique to such pro-
teins would be useful to obtain the information on the effects of the
interdomain flexibility. The purpose of this study is to see the relative
change in time required for drug binding to each NTD caused by
increasing interdomain flexibility at different drug concentrations with
respect to the case where the interdomain flexibility is low, meaning that
the results obtained at F = 0.02 (see Materials and Methods below) serve
as a control. This corresponds to comparison of the state where the
interdomain linker have different degrees of disordered regions with the
extreme state where most of the linker takes on folded structures (F =
0.02). Therefore, in this study, parameters extracted from the trajec-
tories were described after normalization by those obtained at F = 0.02.
From the analysis of the simulation results, it was found that as the
interdomain flexibility increases, the drug binding to NTDs is generally
promoted. Moreover, the time interval between the drug binding to the
1st and the 2nd NTDs decreases with increasing the interdomain flexi-
bility, suggesting that the 2nd drug binding is accelerated. The magni-
tude of these effects was found to be larger at lower drug concentrations.
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Fig. 1. (a) Approximation of the NP™ structure, where mono-
mers are shown in blue and orange (left), by two circles with the
radii corresponding to the size of each N-terminal domain
(NTD). The interdomain distance is denoted as R (right), the
range of which represents the interdomain flexibility. The
structure of NP™ was depicted using UCSF Chimera [27]. (b) A
flow diagram of random walk simulation employed in this study
to generate trajectories of proteins. In the chart, R denotes the
interdomain distance as shown in (a), Ry, and Ry.¢ denote the
minimum and maximum interdomain distances defined by a
given interdomain flexibility, respectively (see also Table 1). On
the right side, directions that each domain is allowed to move
during the simulation are shown in blue arrows. The distance
per step was randomly determined based on the gaussian dis-
tribution with the standard deviation of 3 nm (see Materials and
Methods), and thus has a distribution as shown in marine blue.
(c) An example of the trajectory of a two-dimensional random-
walk simulation at F = 0.75 and C = 1.7 (For F and C, see
Tables 1 and 2, respectively). The initial positions of the 1st
domain and of the 2nd domain are shown by cyan and orange
circles with their trajectories shown in solid lines in corre-
sponding colors. The drug molecules are represented in grey
dots. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

2. Materials and methods
2.1. Random walk simulation

Random walk simulation was carried out in two dimensions. Since
the stochastic processes occur independently in each direction (x, y, and
z axes in the Cartesian coordinate system), reducing one dimension
should not affect the features that are focused on in this study.

First, to estimate the overall size of the NP™ molecules, a template
structures was generated based on the atomic structure of the NTD (PDB
ID: 6m3m [24]) and CTD (PDB ID: 7¢22 [25]) of NP™ of SARS-CoV-2.
The interdomain linker was modelled using the Ranch program [26].
One of the obtained models that was randomly selected are shown in
Fig. 1 (a), where two NTD domains are separated by about 20 nm. Based
on this model, the two NTDs were represented as two identical circles
with their radii of 1.8 nm. To carry out the random walk simulation in
realistic space- and time-scales, the spatial and time steps in the random
walk simulation were determined based on the translational diffusion
coefficients (Dr) of the atomistic model of NP*® above. The Dt value of
this model was calculated using the software HydroPro [28], which was
4.7 x 1077 em?/s. This roughly corresponds to the translational move-
ment of 2 nm during 21 ns according to the relation Dt = a%/ (47), where
a is the spatial step and t is the time step. Furthermore, to take account
of the fluctuations of the distance that a particle proceeds at each step,
the spatial step was randomly selected based on the gaussian distribu-
tion f(a) = exp.(f(a/(c\/ 2))2)/(6\/ (27)), where o is the standard devi-
ation and set to be 3 nm, which leads to the average distance of 2 nm (the
a value at 50% of the integrated area of f(a)). The time step of random
walk was set to be 21 ns.

During the simulation, the interdomain distance R between the
centers of the 2 circles (NTDs) was allowed to change within specified
ranges, which reflect the interdomain flexibility. The ranges of the R
values used in the simulation are shown in Table 1 with corresponding
values of the interdomain flexibility F, which was defined as F = (Rpax —
Rmin)/Rdmax, Where Rpax and Ry, denote the maximum and minimum R
values at a given condition shown in Table 1, respectively, and Rqmax
denotes the (Rmax — Rmin) value of the highest F value, i.e. 106 (=
109.6-3.6). The movement of each domain is thus restrained according
to a given F. The initial positions of the two NTDs were randomly
determined so that their interdomain distance falls within the range of
the given condition. The procedure to generate trajectories is summa-
rized in a flowchart shown in Fig. 1 (b). At each step of the simulation,
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Table 1
The range of the interdomain distance and corresponding values of the inter-
domain flexibility.

Range of the interdomain distance (R)
Rmin < R [nm] < Riax

Interdomain Flexibility (F)

19.0 <R < 21.0 0.02
16.0 <R < 24.0 0.07
125 <R <275 0.14
6.0 <R < 34.0 0.26
3.6 <R <576 0.51
3.6 <R <836 0.75
3.6 <R <109.6 1.00

the domains were randomly moved to one of the 8 neighboring points
such that they satisfy the distance restraints in Table 1. The directions of
the movement in each step were those along the x- or y-axis and in di-
agonal directions in both plus and minus directions.

For each condition, 6000 runs were carried out, where each run
contains 5000 steps of random walk (corresponding to 105 ps), to
observe the statistical nature of the system. It was confirmed that even
2000 runs give essentially the same results as those obtained by 6000
runs, which show smaller statistical errors and are presented in this
paper, indicating that 6000 runs are enough to extract the statistical
features of the current system.

Drug molecules are represented as the two-dimensional lattice points
which are evenly spaced. The distance between neighboring drug mol-
ecules was determined according to the drug concentrations employed
in this study. Since the in vivo drug concentration is generally in the
range of 1-5000 nM [29], the corresponding grid intervals are employed
in the simulation as shown in Table 2.

2.2. Analysis of the trajectory

Analysis of the trajectories obtained was carried out by super-
imposing the trajectories described above with the two-dimensional
square lattice, where each lattice point represents the position of drug
molecules. The trajectories were placed on the lattice such that at the
time t = 0 [ns], one NTD is randomly positioned in the square area with
the side of the lattice spacing defined in Table 2, and the center of the
square is at the origin. In the case where the distance between the center
of an NTD and a lattice point is within 1.8 nm, the NTD (the 1st domain)
was judged to bind the drug molecule at t = T; [ns]. In the same manner,
another NTD (the 2nd domain) binds a drug molecule at t = Ty [ns].
Note that the encounter with a drug molecule is considered to be equal
to binding because the affinity between proteins and drug molecules is
not taken into account here, which would not affect the conclusions
obtained in this study.

During the simulation, there is a possibility that both NTDs bind to
the identical drug molecule after some time interval, i.e., the 2nd
domain reaches the same lattice point as the one that the 1st domain has
already passed some time earlier. It is reasonable to assume that after
binding of a drug molecule with the 1st domain, it becomes unavailable
to the 2nd domain. On the other hand, from the thermodynamical
viewpoint, to keep the drug concentration constant, that lattice point
must be occupied again by another drug molecule after some time.

Table 2
The values of the grid interval and corresponding drug concentration.

Grid interval [nm] Drug concentration (C) [nM]

7 4843
10 1661
15 492
25 106
32 50.7
50 13.3
100 1.7
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Because this can be done through diffusion of a drug molecule located on
the neighboring lattice points, it is important to estimate the time for this
process. The molecular weight of several potential drug molecules for
coronavirus NP™ is reported to be about 300-400 [6,30], which corre-
sponds to the translational diffusion coefficient of Dy ~ = 1.3 x 107°
cm?/s [31]. The average time (tg) that it takes for a drug molecule to
move to the neighboring lattice point is given by ty = L2/(4Dr), where L
is the distance between the neighboring lattice points at a given drug
concentration. Therefore, the binding events between the NTDs and the
identical drug that occur within the time tqy were omitted from the
analysis of the trajectories.

3. Results and discussion
3.1. Features of the trajectories of the random-walk simulations

In order to see the properties of the trajectories obtained, mean
square displacements (MSDs) of the two NTDs were calculated for all the
6000 runs and they were averaged. As shown in Fig. 2 (a), the MSDs are
linear functions of time, meaning that the obtained trajectories gener-
ated in this study show a typical feature expected for random-walk or
Brownian motions. In addition, the interdomain distance between the
two NTDs was calculated for each step in each run of the randomly
selected 20 runs at each F value and its distribution is shown in Fig. 2
(b). It is clear that as the interdomain flexibility increases, both domains
are more separated each other during the simulation time, confirming
that the constraint between the interdomain distance is properly
incorporated into the current simulation. Then, the effects of the inter-
domain flexibility on the binding rate with drug molecules were
analyzed with changing the drug concentrations.

3.2. Assumption on the positions of drug molecules

In this study, three parameters were analyzed based on the
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Fig. 2. (a) Mean square displacements (MSD) of the 1st and the 2nd domains
during simulations as a function of time. The MSDs shown are those averaged
over 6000 runs. Those at different interdomain flexibility (F) are shown. The
solid lines denote the MSDs of the 1st domain and the dotted lines denote the
MSDs of the 2nd domain. Except for F = 1.00, the solid and dotted lines are
almost overlapping. (b) Distributions of the interdomain distance during the
simulation (20 runs randomly selected, i.e. 10° steps) at all the F values
employed in this study.
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trajectories obtained. Those parameters are the time required for bind-
ing of the 1st domain to a drug molecule (T;), the time required for
binding of the 2nd domain to a drug molecule (T5), and the time interval
between the 1st and the 2nd drug bindings (AT = Ty — T;) (For the
definition of T; and To, also see the Materials and Methods). Regarding
the drug molecules, it is assumed that they are positioned at square
lattice points with their intervals changing according to a given drug
concentration. Compared with the real system where both the proteins
and drug molecules undergo Brownian motion, this assumption would
definitely affect the absolute values of Ty, AT, and T,. However, when
focused on the ratios of these parameters obtained at, for instance, two
different values of interdomain flexibility at the same drug concentra-
tion, the relative changes in these parameters would not be affected by
the current assumption: In the real system, all drug molecules undergo
random diffusive motions and form ensembles of various trajectories.
Statistically, these ensembles of trajectories of the drug molecules are
common among different systems (e.g. between two systems which
contain the drug molecules and NTDs at either of two different F values).
For each trajectory of drug molecules, the only differences between the
two systems are the positions and the movements of the 1st NTD and the
2nd NTD. In this case, even if the drug molecules are fixed on their
average coordinates estimated from the corresponding drug concentra-
tion, the effects of the difference in interdomain flexibility would be
reflected in the ratio of the parameters extracted from the two systems.
After all, the changes in parameters obtained at different F values rela-
tive to those at F = 0.02 would not be affected. Therefore, in the
following, the Ty, AT, and T, values are shown after normalization by
those at F = 0.02, and their absolute values are in Fig. S1 of the sup-
plementary material only for reference.

3.3. Drug binding to the 1st domain

First, T; values were calculated for all the runs and then its statistical
feature, i.e. the average and the standard error of the mean of the dis-
tribution of the T; values were calculated. Then, to see the effects of the
interdomain flexibility, the T; values at each drug concentration were
normalized by that at F = 0.02 and their values are shown in Fig. 3 (a) as
a function of F. It is found that the T; values decrease as F increases. The
decreases in T; except for C = 4843 [nM] are statistically significant
according to the Steel-Dwass test for nonparametric multiple compari-
sons [32,33] (in particular, p < 0.001 for F > 0.51), suggesting that the
1st drug binding is promoted. This would be due to that the less
restrained NTD can diffuse more freely, facilitating finding a drug
molecule. This promotion effect is enhanced as the drug concentration
decreases. At the highest concentration of C = 4843 [nM], the decrease
in T; compared with that at F = 0.02 is not statistically significant,
suggesting that the interdomain flexibility does not play a role on the
drug binding. Under this condition, there are many drug molecules
around the NTD, and thus it can bind to the nearest drug molecule
within a relatively short time regardless of the degree of the interdomain
flexibility. This result also implies that at high drug concentrations, it
may be possible to estimate the drug binding kinetics of the proteins
properly without considering the effect of flexible linkers. At the lowest
concentration of C = 1.7 [nM], the T; values do not decrease as much as
at the higher concentrations though the decrease in T; compared with
that at F = 0.02 is statistically significant (p < 0.001 for F > 0.26),
suggesting that there exists an environmental condition that maximizes
the binding-promotion effects of the interdomain flexibility depending
on the size of the protein and drug concentrations.

3.4. Drug binding to the 2nd domain

Next, AT (= Ty — T;) values were calculated at each value of F and C,
and their distributions after normalization by the value at F = 0.02 are
shown in Fig. 3 (b). It is found that at C = 4843 [nM], the AT values do
not change significantly as F increases (p > 0.05), indicating that the

Biophysical Chemistry 272 (2021) 106574

D
N

Drug concentration

1.2} 4843 nM —-= 1661 nM
- 492 nM 106 nM
114 -= 50.7nM -= 13.3nM
- -2 1.7 nM

Normalized T,

0.0 02 04 06 08 1.0
Interdomain flexibility

T

-
—— =
.

Normalized AT

00 02 04 06 08 1.0

Interdomain flexibility

—t
—r
T

Normalized T,

0 02 04 06 08 1.0
Interdomain flexibility

Fig. 3. Summary of the extracted parameters from the trajectories of the
random-walk simulation. The time required for the 1st drug binding (T;), the
time interval between the 1st and the 2nd drug binding (AT = T; — T»), and the
time required for the 2nd drug binding (T»), are shown as a function of inter-
domain flexibility in (a), (b), and (c), respectively. These profiles are normal-
ized by the corresponding values at F = 0.02. Error bars show the standard error
of the mean. The profiles of Ty, AT, and T, before normalization are shown
in Fig. S1.

interdomain flexibility does not play a role on drug binding as observed
in T;. On the other hand, the AT values decrease at other drug con-
centrations (p-values were in the range of 0.001-0.004 for F > 0.26)
except for C = 1.7 [nM], suggesting that the flexible interdomain linker
promotes the second drug binding. As a result, as shown in Fig. 3 (c), the
time required for the second drug binding (T>) is also found to decrease
except for C = 4843 and 1.7 [nM] as the interdomain flexibility in-
creases (p < 0.001 for F > 0.07). These results also imply that the total
number of drugs that the NTDs encounter during a given time increases
as well.

At C=1.7 [nM], the AT values are found to increase as F increases (p
< 0.001 for F > 0.51) while the T, values do not decrease as the inter-
domain flexibility increases unlike at other drug concentrations. To
ascertain the origin of this unique behavior, the distribution of the po-
sitions of the 2nd domain at a time step when the 1st domain has bound
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to a drug molecule was calculated for all the runs as shown in Fig. 4. In
this figure, the coordinates of the 1st domain are translated to the origin.
It is found that when the interdomain flexibility is the lowest (F = 0.02),
the 2nd domains are circularly distributed near the origin because of the
restraints imposed on the R values. On the other hand, at F = 1.00, the
2nd domains are distributed in much larger areas than at F = 0.02. Thus,
on average, while the 2nd domains at F = 0.02 tend to bind to a drug
molecule at the origin, those at F = 1.00 need to move a longer distance
to bind to a drug. This explains why the T9 and hence AT do not decrease
as the interdomain flexibility increases at the lowest drug concentration.
Since the binding events which take place against the identical drug
molecule within the time interval of tq (see Materials and Methods) are
omitted, it appears that the results obtained at the lowest drug con-
centration might also occur in the real situation.

3.5. Separation of contributions of interdomain flexibility and
interdomain length

In the current simulation, higher F values result in both a broader
distribution of interdomain distances in addition to a significant increase
in maximum interdomain distance. Although in the real system, partial
folding/unfolding in secondary structures in the linker, which could
occur in different chemical environments, brings about these both ef-
fects, it is intriguing to separate the role of flexibility and length. For this
purpose, additional simulations were carried out as follows: For each
condition on interdomain flexibility in Table 1, the range of the inter-
domain distance was significantly narrowed down by setting Rpyin =
0.95Rnax- Under these conditions representing very “rigid” molecules,
the same procedures as above were conducted. Because the molecules in
these conditions are stretched and hence almost preserve their
maximum interdomain distance during the simulation, comparison of
the results obtained for these conditions and those obtained for the
conditions in Table 1 (i.e. those described above) would provide infor-
mation on the effect of the interdomain flexibility on the Ty, AT and T,
parameters with minimizing the effect of the differences in maximum
interdomain distance. The T, AT and T values obtained for the “rigid”
conditions are denoted as Ti;, ATy and Tg, respectively, while those
obtained for the original calculation described above are denoted here as

100¢ o o -

E. 0 B L] () °
>

C =1.7 [nM]

-100} o ° e Drug molecules
F =0.02
F=1.00
-100 0 100
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Fig. 4. The positions of the 2nd domain at the time when the 1st domain has
bound to a drug molecule, the coordinate of which is translated to the origin (x,
y) = (0, 0). The positions of the 2nd domain were extracted from all the runs at
two conditions of F = 0.02 and 1.00, which are shown in cyan and magenta
markers, respectively. Drug molecules are shown in grey and their concentra-
tion is 1.7 [nM] (C = 1.7). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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T1n, ATy and Ty, respectively. Fig. 5 shows the ratios of T1y/T11, AT/
ATy, and Tay/To, at each drug concentration. It is seen that all these
parameter values are lower than 1.0 (p < 0.001 according to the one-
sample Wilcoxon signed rank test [34]) at all the drug concentrations
except for two Tay/Top, values at (F, C) = (0.02, 1.7) and (1.00, 1.7),
suggesting that it is the interdomain flexibility rather than the differ-
ences in maximum interdomain length that facilitates the drug binding
of each domain. At the extreme drug concentrations at C = 4843 and 1.7
[nM], the parameter values are found to be closer to 1.0 than at other
drug concentrations, suggesting that the impact of the interdomain
flexibility depends on drug concentrations. Moreover, combined with
the results shown in Fig. 3 that the promotion effects of drug binding are
reduced at these two drug concentrations compared with at other con-
centrations, these results support the notion of the interdomain flexi-
bility promoting drug binding.

(a) Interdomain flexibility
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Fig. 5. Separation of the contributions of interdomain flexibility and inter-
domain distance to the parameters obtained for simulations at different inter-
domain flexibility. T1y, ATy, and Tay denote those obtained for the simulation
shown in Fig. 3 while Ty, ATy, and To;, denote those obtained for the simulation
for “rigid” molecules the interdomain distance of which is allowed to move only
between 0.95R,.x < R < Ryax at each F value in Table 1. Error bars show the
standard error of the mean.
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3.6. Implications of the current simulation results

NP™ has emerged as a potential target for new drug developments
and thus been particularly paid much attention. However, there has
been no study on what effects the elusive interdomain flexibility might
have on its behavior in terms of drug encounter, the understanding of
which would be required for efficient in silico drug development against
NP™ of various pathogens in the future. It is thus important to use the
system where the protein size is similar to that of NP and drug con-
centration is within the realistic range in order to obtain fundamental
information on the effects of interdomain flexibility. The present study
suggests that both the interdomain flexibility and the drug concentration
affect the encounter rate between the drug molecules and the NP™
molecules, which puts an emphasis on the importance of experimental
characterization of physicochemical properties of their flexible linker.
This would then affect the approaches and procedures employed in the
future in silico studies aimed for searching the potential drugs against
NP™ and estimating their efficacy at a molecular level. The current study
thus provides a foundation for further research to improve the meth-
odology in new drug developments and estimation of molecular in-
teractions between NP™ and drugs/ligands.

It has been shown that more than 70% of eukaryotic proteome are
proteins where domains are connected by linkers with variable lengths
and sequences [35]. Some of them are proteins containing two domains
and both domains have a ligand binding site such as an RNA-binding
protein Maleless (MLE) [36] and a S-type lectin Galectin-4 involved in
tumor progression [37]. Although the behavior of the parameters
analyzed in this study depends on the structural features of the targeted
proteins such as the domain size and the linker length given a realistic
range of drug concentration, the findings obtained in the present study
could also be useful to design further experimental and theoretical ap-
proaches to elucidate the molecular mechanism of biochemical re-
actions that such proteins are involved in because of the simplification of
the system employed here.

4. Conclusion

Two-dimensional random-walk simulation was carried out in order
to study the effects of the flexibility of the interdomain linker of a NP™-
type protein on the encounter rate of its domains with drug molecules.
The simulation has shown that the increase in the interdomain flexibility
facilitates the binding of the 1st NTD with a drug molecule. Further-
more, it has been found that the time interval between the 1st and the
2nd drug bindings decreases as the interdomain flexibility increases,
suggesting that the 2nd drug binding is accelerated once the 1st drug
binding has occurred. Moreover, the magnitude of the acceleration of
the drug binding is more significant at lower drug concentrations,
showing that the interdomain linker plays a pivotal role in these con-
ditions. The simulation at the lowest concentration even implies that the
interdomain flexibility might slow down the binding events. The present
study thus suggests the importance of interdomain flexibility in terms of
drug binding rate and thus would give a future research direction to
improve the approaches for more efficient drug developments. Simul-
taneously, this study suggests that it is imperative to study the dynam-
ical nature of interdomain flexible linkers in addition to the binding
kinetics between a drug molecule and an active site in the domain. The
powerful experimental techniques to study such a dynamical aspect
include nuclear magnetic resonance [38] and incoherent neutron scat-
tering [39]. Moreover, since the dynamical aspect of the molecule is
closely related to its structure, the structural characterization of flexible
linkers by, for instance, X-ray scattering [40] is also promising. Future
studies combining these methods would provide detailed structural and
dynamical information on the interdomain linker in a wide range of
spatial and temporal scales, which would advance our understanding of
the molecular mechanism of functions of flexible proteins not limited to
NP™, and hence contribute to the further improvement in the accuracy of

Biophysical Chemistry 272 (2021) 106574

molecular dynamics simulation, leading to more efficient new drug
developments targeting these proteins.
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