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The dipeptide N-acetyl-Arg{Nx-(N-methylcarbamoyl)}-N-methyl-Phe(2), which is a part of the natural-
product cyclopentapeptide chitinase inhibitor argifin (1), inhibits chitinase B from Serratia marcescens
(SmChiB) with a half-maximal inhibitory concentration (IC50) of 3.7 lM. Despite the relatively small size
of 2, its inhibitory activity is comparable with that of 1 (IC50 = 6.4 lM). To elucidate the basis for this
interesting phenomenon, we investigated the interaction between 2 and SmChiB using a combination
of nuclear magnetic resonance spectroscopy and computational methods. The transferred nuclear Over-
hauser effect (TRNOE) experiment obtained structural information on the SmChiB-bound conformation of
2. The binding mode of 2 and SmChiB was modeled by the novel molecular-docking approach proposed in
our laboratory, which can explicitly consider water-mediated hydrogen-bonding interactions in protein-
ligand interfaces. The SmChiB-bound conformation of 2 in the resulting model satisfied all proton-proton
distance constraints derived from the TRNOE experiment, indicating that our model structure of the 2-
SmChiB complex is reasonable. A molecular dynamics (MD) simulation examined the stability of the
resultant complex structure and suggested that 2 binds to SmChiB in a similar fashion to the binding
mode observed for Nx-(N-methylcarbamoyl)-Arg(1) and N-methyl-Phe(2) of 1 in the crystal structure
of the argifin–SmChiB complex. Finally, the binding free energies of 1 and 2 with SmChiB were estimated
by the molecular mechanics Poisson–Boltzmann surface area (MM-PBSA) method using the MD trajec-
tory. The MM-PBSA calculation suggested that both 1 and 2 bind to SmChiB with similar affinities, which
is consistent with their experimental IC50 values. Energetic analysis revealed that the van der Waals
interaction of 2 with SmChiB is much less than that of 1, but is completely compensated by the more
favorable contribution of solute entropy and the total electrostatic component. The improved total elec-
trostatic component was derived from more favorable electrostatic interactions. Therefore, we conclude
that dipeptide 2 was also better optimized against SmChiB than 1 in an electrostatic point of view.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Family 18 chitinases catalyze the hydrolysis of chitin, which is a
linear polymer of b-(1,4)-linked N-acetyl-D-glucosamine (GlcNAc)
and is one of the most abundant biopolymers in nature. These
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enzymes are present in a wide range of organisms including bacte-
ria, fungi, insects and mammals, including humans.1–5 As chitin is
a major structural component of fungi and insects, family 18 chitin-
ases play important physiological roles in these organisms.2,3,6,7

Mammalian acidic chitinase has also been implicated in triggering
asthma.8 Therefore, chitinase inhibitors have attractive potential
to function as fungicides, insecticides and anti-asthma medica-
tions.9–11 Nevertheless, no practical use for chitinase inhibitors has
been developed to date.

During screening for chitinase inhibitors in our laboratory, the
novel cyclic pentapeptide argifin (1) was isolated from the culture
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broth of Gliocladium sp. FTD-0668 (Fig. 1).12 Its potent inhibitory
activity against chitinases12,13 and the recent establishment of to-
tal synthesis strategies, independently established by Eggleston
and co-workers and our groups,14,15 suggest that it might be useful
as a candidate for the development of novel drugs. The three-
dimensional (3D) structure of 1, in complex with chitinase B from
Serratia marcescens (SmChiB), was also resolved by X-ray crystal-
lography.16 1 inhibits SmChiB with a half-maximal inhibitory con-
centration (IC50) value of 6.4 lM.15

These observations led us to study the structure-activity rela-
tionship (SAR) between 1 and SmChiB. In our previous SAR study15

on acyclic analogs of 1, we found that the dipeptide N-acetyl-
Arg{Nx-(N-methylcarbamoyl)}-N-methyl-Phe(2), which corre-
sponds to Nx-(N-methylcarbamoyl)-Arg(1) and N-methyl-Phe(2)
of 1 (Fig. 1), exhibits a half-maximal inhibitory concentration
(IC50) of 3.7 lM for SmChiB. As 2 is much smaller than 1, this is
an interesting result. Therefore, we performed interaction analysis
between 2 and SmChiB using a combination of nuclear magnetic
resonance (NMR) spectroscopy and computational methods. Ini-
tially, we obtained interproton distance constraints for the
SmChiB-bound conformation of 2 using the transferred nuclear
Overhauser effect (TRNOE) experiment.17–19 Then, the binding
mode of 2 with SmChiB was modeled using the novel molecular-
docking approach proposed in our laboratory,20 which can explic-
itly consider water molecules forming hydrogen-bond bridges
between proteins and ligands. The resulting binding mode was
validated using distance constraints derived from the TRNOE
experiment. Finally, the binding affinities of 1 and 2 with SmChiB
were estimated by applying the molecular mechanics Poisson–
Boltzmann surface area (MM-PBSA) method21 combined with the
Figure 1. Chemical structures and IC50 values against SmChiB of argifin (1) and
dipeptide (2).
molecular dynamics (MD) simulation. The energetic analysis re-
vealed the basis for 2 to possess the potent inhibitory activity com-
pared with 1.

2. Results and discussion

2.1. TRNOE experiment

The TRNOE experiment is widely used to analyze conformations
of ligands bound to large proteins.17–19 It offers the advantage over
other NMR methods and X-ray crystallography in that it does not
require large amounts of proteins or expensive isotopic labeling.
In this study, we performed the TRNOE experiment to obtain struc-
tural information about the SmChiB-bound conformation of 2,
which is used to validate the complex structure of 2 with SmChiB
modeled in the following computational analysis.

The 1H resonance assignments of 2 in aqueous solution were
first made by DQF-COSY,22 TOCSY23 and ROESY24 experiments.
We found that 2 gave two different sets of resonances in an
approximate 4:5 ratio, due to the presence of cis- and trans-config-
urations of the amide bond between Nx-(N-methylcarbamoyl)-
Arg(1) and N-methyl-Phe(2). The resonance assignments of 2 are
given for both trans- and cis-configurations in Supplementary
Table 1. Next, the 1D spectra of 2 were compared in the absence
and presence of SmChiB (Fig. 2). Interestingly, only the resonances
for the cis-configuration of 2 were selectively broadened in the
presence of SmChiB, suggesting that SmChiB binding is cis-configu-
ration-specific.

The 2D-NOESY25 spectra of 2 were then recorded in the absence
and presence of SmChiB. The 2D-NOESY spectra of 2 in its free state
provided only a few cross-peaks with the opposite sign to diagonal
resonances. These cross-peaks are due to positive proton-proton
Figure 2. (A) 1D 1H NMR spectrum of dipeptide 2 in the absence of SmChiB. (B) 1D
1H NMR spectrum of dipeptide 2 in the presence of SmChiB. Addition of SmChiB
selectively broadened resonances from molecule with cis-configuration of amide
bond between Nx-(N-methylcarbamoyl)-Arg(1) and N-methyl-Phe(2) (arrows).
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NOEs, indicating a fast correlation time for 2 in the free state
(sc <10�10 s). On the other hand, the 2D-NOESY spectrum of 2 in
the presence of SmChiB is shown in Figure 3. Interestingly, we only
observed negative NOE cross-peaks with the same sign as the diag-
onal resonances for 2 in the cis-configuration (Fig. 3). These nega-
tive NOEs (TRNOEs) clearly confirmed that only the molecule with
cis-configuration binds with SmChiB. The intensities of these
TRNOEs were calculated to extract interproton distance constraints
on the SmChiB-bound conformation of 2. As the NOE cross-peak
intensity is approximately proportional to the inverse sixth power
of the interproton distance, we could quantitatively classify the ob-
served TRNOE data into three distance ranges, 1.8–3.0, 1.8–4.0 and
1.8–5.0 Å, corresponding to strong, medium, and weak TRNOEs,
respectively. A total of 13 distance constraints were obtained as
shown in Table 1. These constraints were used to validate the com-
plex structure of 2 with SmChiB modeled in the following compu-
tational analysis.

A strong TRNOE was observed between Ha protons of Nx-(N-
methylcarbamoyl)-Arg(1) and N-methyl-Phe(2) of 2 (Fig. 3 and
Table 1), indicating that the cis-configuration between these two
residues is retained even in the SmChiB-bound conformation.
Importantly, two TRNOEs were observed between the aliphatic pro-
tons of Nx-(N-methylcarbamoyl)-Arg(1) and the benzyl protons of
N-methyl-Phe(2) (Table 1). This result suggests that the side chains
of these two residues pack tightly together in the SmChiB-bound
conformation of 2.
2.2. Modeling of binding mode of 2 with SmChiB

Figure 4A shows the binding mode observed in the crystal struc-
ture of the argifin–SmChiB complex.16 Argifin (1) used Nx-(N-meth-
ylcarbamoyl)-Arg(1) and Asp(3) to form a total of five direct
hydrogen-bonds with W97, D142, E144, and Y214 of SmChiB. An
aromatic stacking interaction between the N-methyl-Phe(2) of 1
and W97, Y145, F191 and W220 of SmChiB was also observed.
Importantly, a total of six water molecules were suggested to form
Figure 3. 2D NOESY spectrum of dipeptide 2 in the presence of SmChiB using a 200-ms m
hydrogen-bonding bridges between 1 and SmChiB (Fig. 4A).16 These
water molecules may be important both in allowing SmChiB to rec-
ognize 1 and in stabilizing the complex structure. In particular, the
region of Nx-(N-methylcarbamoyl)-Arg(1) and N-methyl-Phe(2) of
1, which corresponds to dipeptide 2, is related to two water-medi-
ated hydrogen-bonding interactions with SmChiB (Fig. 4A).

Based on these observations, we consider that the binding of 2
with SmChiB might also require such water-mediated interactions.
Therefore, we modeled the binding mode of 2 with SmChiB using
the novel molecular-docking procedure proposed recently in our
laboratory.20 This procedure includes the docking calculation using
hypothetically hydrated ligand molecules, which are prepared by
connecting ligand hydrogen-bonding functional groups with water
molecules through a hypothetical bond of 2.7 Å (a typical distance
for hydrogen bonding).20 Therefore, it can explicitly consider water
molecules forming hydrogen-bond bridges between proteins and
ligands. The details are described in Section 4. Our previous study
showed that this novel approach could reproduce the binding
modes including water-mediated hydrogen-bonding interactions
determined crystallographically.20

The resulting binding model of dipeptide 2 with SmChiB is shown
in Figure 4B. First, we confirmed that the binding conformation of 2
in this model satisfied all structural information derived from the
TRNOE experiment. For example, our procedure could select the
binding mode where 2 adopted cis-configurations of the amide bond
between Nx-(N-methylcarbamoyl)-Arg(1) and N-methyl-Phe(2),
although both cis- and trans-configurations were observed in the
generated poses (see Supplementary Table 2). Therefore, our bind-
ing model of 2 with SmChiB was strongly suggested to be reasonable.
We note that the docking calculation using only a native structure of
dipeptide 2 without incorporating water molecules could not gener-
ate docking poses satisfying all experimental constraints, indicating
that our procedure was useful for investigating the binding mode of
2 with SmChiB.

The orientation of 2 within the ligand binding-site of SmChiB is
visually similar to that of the region of Nx-(N-methylcarbamoyl)-
Arg(1) and N-methyl-Phe(2) of 1 (Fig. 4A and B). Therefore, 2
ixing time. Only cross-peaks with same sign as diagonal resonances are displayed.



Table 1
Distance constraints obtained by the TRNOE experiment of dipeptide 2

Atom A Atom B Upper bound (Å)

Arg(1) Ha Arg(1) Hb (0.90 ppm) 4.0
Arg(1) Ha Arg(1) Hb (1.22 ppm) 3.0
Arg(1) Hb (0.90 ppm) Arg(1) Hd 4.0
Arg(1) Ha N-Methyl-Phe(2) Ha 3.0
Arg(1) Hb (1.22 ppm) N-Methyl-Phe(2) Ha 3.0
Arg(1) Hb (1.22 ppm) N-Methyl-Phe(2) Hd 5.0
Arg(1) Hd N-Methyl-Phe(2) He 4.0
N-Methyl-Phe(2) N-CH3 N-Methyl-Phe(2) Hd 3.0
N-Methyl-Phe(2) Ha N-Methyl-Phe(2) Hb (2.96 ppm) 3.0
N-Methyl-Phe(2) Ha N-Methyl-Phe(2) Hb (3.38 ppm) 4.0
N-Methyl-Phe(2) Ha N-Methyl-Phe(2) Hd 4.0
N-Methyl-Phe(2) Hb (2.96 ppm) N-Methyl-Phe(2) Hd 3.0
N-Methyl-Phe(2) Hb (3.38 ppm) N-Methyl-Phe(2) Hd 3.0

Figure 4. (A) Stereoview of binding mode of argifin with SmChiB determined crystallographically. (B) Stereoview of binding mode of dipeptide 2 with SmChiB determined by
our docking procedure. Hydrogen-bonding interactions are indicated by red dashed lines. Cyan spheres represent water molecules potentially forming hydrogen-bonding
bridges between ligand and SmChiB.
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formed four direct hydrogen-bonds with D142, E144 and Y214 of
SmChiB, as observed in the crystal structure of the argifin–SmChiB
complex. Unlike 1, 2 did not make a direct hydrogen-bond with
W97 of SmChiB, however it formed an alternative one with R294
using a backbone oxygen atom of Nx-(N-methylcarbamoyl)-
Arg(1) (Fig. 4B). As a result, the number of direct hydrogen-bonds
in the 2–SmChiB complex was the same as in the argifin–SmChiB
complex. The N-methyl-Phe(2) of 2 was located in the hydrophobic
pocket formed by W97, Y145, F191 and W220 of SmChiB, similar to
1, although its location was shifted toward Y145.
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In our model of the dipeptide 2–SmChiB complex, a total of three
water-mediated hydrogen-bonding interactions were suggested
(Fig. 4B). A water molecule between the Ng2 atom of Nx-(N-methylc-
arbamoyl)-Arg(1) and D215 of SmChiB, observed in the crystal struc-
ture of the argifin–SmChiB complex, was conserved in the binding
mode of 2 with SmChiB. Two further water-mediated interactions
were formed between the backbone N atom of Nx-(N-methylcarba-
moyl)-Arg(1) and R294 and between the carbonyl O atom of the C-ter-
minal and D316. Both R294 and D316 of SmChiB were also related to
the water-mediated interactions in the argifin–SmChiB complex,
although their partner atoms in 1 were different from those in 2.

The molecular dynamics (MD) simulation in a box of water mol-
ecules was performed to examine the stability of the resultant
structure of the 2–SmChiB complex. The 2000 ps MD simulation
was performed using the AMBER8.0 package and the Cornell et al.
force field.26,27 The RMSD values relative to the initial structure
were monitored along the entire MD trajectory. We calculated
RMSD values for the whole and for the subregions, that is, the cat-
alytic domain with dipeptide 2 and the C-terminal domain. These
values of the catalytic and C-terminal domains almost reached a
stable state after about 1000 ps, and nearly converged (see Supple-
mentary Fig. 1). However, the RMSD on the whole fluctuated be-
tween 1.5 and 3.0 Å, which was due to interdomain motion via
the flexible linker between these two domains as observed in the
MD simulation of the argifin–SmChiB complex in our previous
study.28 Therefore, a total of 100 snapshots with an interval of
10 ps from the last 1000 ps trajectory was considered for an
ensemble of solution structures, and used for our subsequent
hydrogen-bonding analysis. For comparison, the ensemble of solu-
tion structures for the argifin–SmChiB complex was also prepared
from the MD trajectory obtained in our previous study.28

Figure 5 shows a comparison of the final MD structure between
the argifin–SmChiB complex and the dipeptide 2–SmChiB complex.
The MD simulation could relax the dipeptide 2–SmChiB complex
to move the N-methyl-Phe(2) of 2 into the same position as observed
in the argifin–SmChiB complex (Fig. 5A and B). Thus, the MD simula-
tion was useful to refine the local structure. Hydrogen-bonding
analysis over the MD trajectory showed that the five direct hydro-
gen-bonds between 2 and SmChiB were as stable as those in the argi-
fin–SmChiB complex (Table 2). This suggests that the binding model
of 2 was relatively stable, implying that 2 is highly likely to bind to
SmChiB with the interaction mode shown in Figure 5B. In the MD
simulation, an additional direct hydrogen-bond was formed be-
tween the Ng2 atom of Nx-(N-methylcarbamoyl)-Arg(1) of 2 and
D215 with a high occupancy (about 95%), as shown in Table 2B.

In the docking model, a water-mediated hydrogen-bonding
interaction was observed between these two atoms (Fig. 4B), of
which occupancy was about 5% over the MD trajectory (Table 2B).
The sum of these two occupancy values approached 100%. These re-
sults indicate that there was a dynamic transition between direct
(major) and water-mediated (minor) hydrogen-bonding formations
for this interaction site. The SmChiB template structure for docking
was extracted from the crystal structure of the argifin–SmChiB com-
plex, in which D215 of SmChiB was related to a water-mediated
interaction with 1 (Fig. 4A). Therefore, the observation of minor
interaction in the docking model of 2 is probably due to the disposi-
tion of D215 in the SmChiB template structure. Interestingly, a sim-
ilar dynamic interaction was also observed between the Ng2 atom of
Nx-(N-methylcarbamoyl)-Arg(1) of 1 and D215 in the MD trajectory
of the argifin–SmChiB complex (Table 2A). The water-mediated
hydrogen-bonding between the backbone N atom of Nx-(N-meth-
ylcarbamoyl)-Arg(1) of 2 and R294 also showed a relatively low
occupancy of 7% (Table 2B), as the N-terminal region of 2 was found
to be flexible in the MD trajectory. These two water-mediated inter-
actions described above seem to be temporary and less important
for the binding of 2 with SmChiB.
By contrast, the water-mediated hydrogen-bonding bridges be-
tween the C-terminal carbonyl O atom of 2 and D316 showed very
high occupancy of 84% (Table 2B). Moreover, we found that an
average of two water molecules were involved in this interaction
site (Fig. 5B and Supplementary Fig. 2), although they were fre-
quently replaced with bulk molecules. These results indicate that
this water-mediated interaction is important for the binding of 2
with SmChiB. The water molecules probably play an important role
in shield effects on the unfavorable electrostatic interaction be-
tween the C-terminal carbonyl O atom of 2 and D316. In the MD
trajectory of the argifin–SmChiB complex, three of six water-med-
iated interactions observed in the crystal structure showed high
occupancies (>60%), indicating their importance in the binding of
1 with SmChiB (Fig. 5A and Table 2A).

Overall, dipeptide 2 is likely to bind to SmChiB in a very similar
fashion to the binding mode observed for Nx-(N-methylcarba-
moyl)-Arg(1) and N-methyl-Phe(2) of 1, although there are a few
differences, such as the number of water-mediated interactions.
Therefore, we were unable to clearly explain the basis for 2 to pos-
sess potent activity compared with 1 from a structural point of
view. In the following, we performed binding free energy calcula-
tions to examine the energetic basis.

2.3. Estimation of binding free energy by the MM-PBSA method
using the MD trajectory

In the general MM-PBSA method, the absolute binding free en-
ergy is defined as follows:

DGbind ¼ Gcomplex � ðGfree protein þ Gfree ligandÞ: ð1Þ

Here, Gcomplex, Gfree protein, and Gfree ligand are the free energies of the
complex, the free protein, and the free ligand, respectively.21 In our
calculations, we used the following approximation:

Gfree protein � Gbound protein: ð2Þ

This assumes that the protein conformations are similar in both
bound and free states. With respect to this approximation, we used
the crystal structures of the argifin–SmChiB complex (PDB:1H0I)
and SmChiB in the free state (PDB:1E15) to calculate the RMSD be-
tween the free SmChiB and the argifin–bound SmChiB with a total
of 37 residues surrounding the binding site. The calculated RMSD va-
lue of 1.01 Å was relatively small, indicating that the binding site
structure of the free SmChiB was similar to that of argifin–bound
SmChiB. Therefore, we assumed that the approximation of Eq. 2
was adequate for the binding of dipeptide 2 as well as 1 to SmChiB,
that is, the coordinates for unbound SmChiB were taken from the
complex trajectory to estimate Gfree protein (�Gbound protein). The esti-
mation of binding free energies using this approximation has been
successfully performed for a variety of protein–ligand,29–33 RNA–
ligand,34 and DNA–ligand35 interactions.

On the other hand, the unbound conformations of 1 and dipep-
tide 2 were obtained from separate MD trajectories of the ligand
free in solution. For dipeptide 2 in the free state, two MD simula-
tions were performed, one for the cis-configuration of the amide
bond between Nx-(N-methylcarbamoyl)-Arg(1) and N-methyl-
Phe(2) and the other for trans-configuration. Gfree ligand of 2 was
estimated using the unbound conformations derived from these
two MD simulations in the weighted-average manner according
to the ratio from the NMR experiments. As observed earlier, two
water molecules in the dipeptide 2–SmChiB complex and three in
the argifin–SmChiB complex involved in the hydrogen bonding
bridges with high occupancies seem to play an important role in
forming and stabilizing their structures. Therefore, these water
molecules were explicitly considered as part of the protein.

The results are summarized in Table 3. The calculated DGbind

values were �6.32 and �6.30 kcal/mol for the dipeptide 2–SmChiB



Figure 5. (A) Stereoview of final MD structure of argifin–SmChiB complex. (B) Stereoview of final MD structure of dipeptide 2–SmChiB complex. Hydrogen-bonding
interactions are indicated by red dashed lines. Only water molecules forming hydrogen-bonding bridges with high occupancy over MD trajectory are included.
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and argifin–SmChiB complexes, respectively. The DGbind value
(�6.30 kcal/mol) for the argifin–SmChiB complex was in very good
agreement with that derived from the experimental inhibition
constant value (–6.36 kcal/mol) reported by Eggleston and co-
workers,16 indicating that the MM-PBSA method considering
water-mediated interactions can accurately reproduce absolute
binding free energies. In our previous MM-PBSA study without
analysis of water-mediated interactions, we obtained a DGbind va-
lue of �6.98 kcal/mol for the binding of 1 with SmChiB.28 The com-
parison suggested that the consideration of water-mediated
interactions in protein–ligand interfaces could provide a small
but significant improvement for the calculation of DGbind value.
The importance of considering water-mediated interactions in
the MM-PBSA method has also been reported in several stud-
ies.33–35

As shown in Table 3, the MM-PBSA calculations suggested that
both 2 and 1 bind to SmChiB with similar affinities. This result is
consistent with the observation that both dipeptide 2 and 1 pos-
sess almost identical IC50 values against SmChiB (Fig. 1 and Table
3). Therefore, we compared the contributions to binding between
dipeptide 2 and 1 to examine the basis for 2 to possess potent
activity compared with 1. The van der Waals and nonpolar solva-
tion energies of dipeptide 2 were less favorable than that of 1, as
expected from its smaller size. However, these losses were com-
pletely compensated by the more favorable contributions of solute
entropy and total electrostatic component (DGelec + PB) of 2. As a
result, calculated DGbind values were almost the same between
dipeptide 2 and 1.

Normal mode analysis indicated that the binding of 2 leads to a
less tightening of the complex structure and, hence, a more favor-
able contribution from the solute entropy when compared with
that of 1. In other words, the change in vibrational entropy upon
binding is smaller in the 2–SmChiB complex. The total electrostatic
component of the binding free energy (DGelec + PB) is the sum of the
electrostatic interaction energy (DEelec) and the electrostatic term
in the solvation energy (DGPB). As shown in Table 3, the much
greater electrostatic interaction of 2 with SmChiB led to the more
favorable contributions of the total electrostatic component.
Therefore, we could consider that the more favorable electrostatic
interactions are significantly responsible for 2 to possess potent
activity compared with 1. Accordingly, the electrostatic interaction
energies between individual residues of SmChiB and dipeptide 2
(argifin) were calculated to determine which residues of SmChiB
make an important contribution to the differential in the electro-
static interaction.

Figure 6 shows the subtraction between the electrostatic inter-
action energies of the dipeptide 2–SmChiB complex and those of
the argifin–SmChiB complex. Residues with negative and positive
differences have more favorable electrostatic interaction energies
with 2 and 1, respectively. In total, there were seven residues with
an absolute difference larger than 10.0 kcal/mol, five of which
(D102, E315, D316, D334, and D336) possessed increased electro-



Table 2
Hydrogen-bonding interactions observed in the MD trajectory of complexes

Argifin SmChiB % Occupied

A: Argifin–SmChiB complex
Direct H-bonding interactions between argifin and SmChiB
Methyl-carbamoyl N D142 Od2 72.0
Methyl-carbamoyl O Y214 Og 99.0

L-Arg(1) Ne E144 Oe1 100.0

L-Arg(1) Ng1 E144 Oe2 99.0

L-Arg(1) Ng2 D215 Od2 84.0

L-Asp(3) Od1 W97 Ne1 95.0

Water-mediated H-bonding interactions between argifin and SmChiB

L-Arg(1) O R294 Ng2 69.0

L-Arg(1) Ng2 D215 Od2 12.0

L-Asp(3) Od1 N101 Od1 93.0

L-Asp(3) O D316 Od2 83.0

L-Asp(4) Od1 D336 Od2 0.0

L-Asp(4) O D336 Od2 0.0

Dipeptide 2 SmChiB % Occupied

B: Dipeptide 2–SmChiB complex
Direct H-bonding interactions between dipeptide 2 and SmChiB
Methyl-carbamoyl N D142 Od2 70.0
Methyl-carbamoyl O Y214 Og 99.0

L-Arg(1) Ne E144 Oe1 100.0

L-Arg(1) Ng1 E144 Oe2 100.0

L-Arg(1) Ng2 D215 Od2 95.0

L-Arg(1) O R294 Ng2 76.0

Water-mediated H-bonding interactions between dipeptide 2 and SmChiB

L-Arg(1) Ng2 D215 Od2 5.0

L-Arg(1) N R294 Ng1 7.0

N-Methyl-L-Phe(2) O D316 Od1 or Od2 84.0

Hydrogen-bonding analysis was performed using ptraj module. Cutoff distance
between heavy atoms, 3.8 Å. Cutoff H-donor–acceptor angle, 35�.

Table 3
Energy contributions (kcal/mol) to the binding free energy of dipeptide 2–SmChiB and
argifin–SmChiB complexesa

Contribution Dipeptide 2–
SmChiB
complex

Argifin–SmChiB
complex

Differencej

DEint
b �0.04 (7.31) 0.07 (8.94) �0.11

DEVDW
c �35.97 (4.72) �43.26 (5.55) 7.29

DEelec
d �51.97 (6.89) �9.19 (8.34) �42.78

DGPB
e 61.24 (6.62) 22.42 (7.55) 38.82

DGnp
f �6.09 (0.26) �6.91 (0.23) 0.82

�TDSg 26.51 (8.41) 30.57 (8.25) �4.06
DGelec + PB

h 9.27 (3.18) 13.23 (3.49) �3.96
DGbind

i �6.32 (11.17) �6.30 (12.07) �0.02

Experiment IC50 = 3.7 lM IC50 = 6.4 lM
(Kd = 33 lM)

a Results are mean values from 100 (5 in the case of entropy contributions)
snapshots. Values in parentheses are standard deviations.

b Internal contributions from bond, angle dihedral terms.
c Nonbonded van der Waals.
d Nonbonded electrostatics.
e Electrostatic component to solvation.
f Nonpolar component to solvation.
g Entropic contributions to binding.
h DGelec + PB = DEelec + DGPB.
i Total change of free energy in binding.
j Dipeptide 2—Argifin.
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static interaction energies with dipeptide 2. All of these five resi-
dues were acidic amino acids, that is, aspartic acid and glutamic
acid. Figure 7 shows the location of these residues in the dipeptide
2–SmChiB complex, which were close to the binding site of dipep-
tide 2 and 1. The net charge of dipeptide 2 is zero in solution, while
that of 1 is �1 (Fig. 1). Based on these observations, dipeptide 2
could be considered to have improved the electrostatic interaction
with the acidic residues of SmChiB by reducing the net negative
charge of the molecule. Therefore, we conclude that dipeptide 2
was better optimized against SmChiB than 1 from an electrostatic
point of view.

3. Conclusion

We used a combination of NMR experiments and computational
methods to investigate the basis for dipeptide N-acetyl-Arg{Nx-(N-
methylcarbamoyl)}-N-methyl-Phe(2) to possess potent inhibitory
activity against SmChiB compared with argifin (1). The TRNOE
experiment and docking calculation indicated that 2 binds to
SmChiB in a similar fashion to that observed for Nx-(N-methylcarba-
moyl)-Arg(1) and N-methyl-Phe(2) of argifin in the crystal structure
of the argifin–SmChiB complex. The binding free energy calculations
with the MM-PBSA method considering water-mediated interac-
tions suggested that both 1 and 2 bind to SmChiB with similar affin-
ities, which is consistent with their experimental IC50 values. The
van der Waals and nonpolar solvation energies of dipeptide 2 were
less favorable than that of 1. However, dipeptide 2 takes advantage
of more favorable contributions of the total electrostatic component
(DGelec + PB) and solute entropy to possess a binding affinity compa-
rable with 1. The binding of 2 with SmChiB resulted in a reduced
tightening of the complex structure compared with 1 and, hence, a
more favorable contribution of solute entropy. The improved total
electrostatic component was derived from more favorable electro-
static interactions. Therefore, dipeptide 2 could be better optimized
against SmChiB than 1 from an electrostatic point of view. The in-
sights obtained herein might provide a general basis for the design
of potent small-molecule inhibitors.
4. Materials and methods

4.1. NMR experiment

SmChiB was overexpressed in Escherichia coli and purified as
previously described.36 The preparation of dipeptide 2 was carried
out by the efficient solid-phase synthesis strategy developed in our
laboratory.15 For NMR experiments, 2 was dissolved in 600 ll
0.1 M phosphate D2O buffer (pH 7.0) to a final concentration of
1.5 mM. The dipeptide 2-SmChiB complex NMR sample was pre-
pared by dissolving 2 and SmChiB at concentrations of 1.5 mM
and 0.05 mM, respectively, in 600 ll of D2O buffer solution at a
dipeptide 2/SmChiB ratio of 30:1. High-resolution one-dimensional
(1D) and two-dimensional (2D) 1H NMR experiments were per-
formed on a Varian INOVA600 spectrometer operating at a proton
frequency of 600 MHz. All spectra were recorded at 37 �C. Water
suppression was achieved by continuous low-power irradiation
(2 s) during the relaxation delay with the transmitter frequency
set on H2O resonance. Two-dimensional DQF-COSY,22 TOCSY,23

ROESY,24 and NOESY25 were performed in the phase-sensitive
mode.37 DQF-COSY spectra were recorded with 512 increments
of 4 K data points and 32 transients. NOESY experiments were car-
ried out with mixing times of 100, 150, 200 and 250 ms. ROESY
experiments were performed with mixing times of 200 ms. 256
increments of 2 K data points were recorded with 32–96 transients
for TOCSY, NOESY and ROESY experiments.

4.2. Modeling of dipeptide 2–SmChiB complex

The initial three-dimensional (3D) structure of dipeptide 2 was
constructed using ChemDraw Ultra 8.0 and Chem3D Ultra 8.0
(CambridgeSoft Corporation, Cambridge, MA) and translated into



Figure 6. Distribution of difference of electrostatic interaction energies between dipeptide 2–SmChiB complex and those of argifin–SmChiB complex. Residues with an
absolute difference larger than 10.0 kcal/mol are labeled.

Figure 7. Stereoview of surroundings of dipeptide 2 binding site of SmChiB. Five
acidic residues (D102, E315, D316, D334, and D336) colored orange.
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Tripos Mol2 file (.mol2) format. Hypothetically hydrated ligand
molecules for dipeptide 2 were then prepared by connecting ligand
hydrogen-bonding functional groups with water molecules
through a hypothetical bond of 2.7 Å (a typical distance for hydro-
gen bonding, Fig. 8).20 In this preparation, the carbonyl (or car-
boxyl) and hydroxyl oxygen atoms were translated to sp2 and
sp3 carbon atoms (C.2 and C.3 Sybyl atom types), respectively,
which was intended for the future molecular design of novel inhib-
itors by incorporating water-mediated interactions.20 These
changes also aim to remove the hydrogen bonding ability of ligand
oxygen atom connected to a water molecule during the docking
calculation. We constructed the hypothetically hydrated ligand
molecules with a maximum of two water molecules. As a result,
we prepared a total of 46 molecular structures for the docking cal-
culation of peptide 2, which consisted of a native molecule not con-
nected to water molecules, nine molecules connected to one water
molecule, and 36 molecules connected to two water molecules
(Supplementary Fig. 3).

The docking calculation of peptide 2 against SmChiB was per-
formed by the SURFLEX-DOCK

38 program implemented in SYBYL 7.3.3
(Tripos, St. Louis, MO). The crystal structure of the argifin–SmChiB
complex (PDB: 1H0I) was used to obtain the SmChiB template
structure for docking. A total of 2300 different docking poses were
generated, and each was evaluated using five different score func-
tions: Surflex-Score,38 D-Score,39 G-Score,40 ChemScore41 and PMF-
Score42 implemented in the SYBYL CScore module. The AASS (Aver-
age of Auto-Scaled Scores)43 index, recently defined in our labora-
tory to rank docking models more adequately, was then applied.
The top 20 poses were selected, and each pose was restored to
the native structure of peptide 2 and the water molecules (Supple-
mentary Fig. 4A and B).

The top 20 poses were solvated in water droplets by applying
the SYBYL SOLVENT command (Supplementary Fig. 4C), and refined
through energy minimization for a region of 8 Å around docked
peptide 2 using the Tripos force field. The partial atomic charges
of SmChiB were obtained from AMBER parm94, and those of peptide
2 were obtained by the Gasteiger–Hückel method. A dielectric con-
stant of 1 was used. After the energy minimization calculations,
water molecules not involved in water-mediated interactions be-
tween ligands and proteins were removed. This enabled us to find
additional potential water-mediated interactions (Supplementary
Fig. 4D).

The resulting complex structures were subjected to MM-PBSA
calculations using the SYBYL ZAP program.44 Using the general MM-
PBSA method,21 the free energy of a molecule (Gmol) is calculated
as follows:

Gmol ¼ Egas þ Gsolv � TSsolute: ð3Þ

Here, Egas, Gsolv, and �TSsolute denote the total molecular mechanical
(MM) energies of a molecule in the gas phase, its solvation free en-
ergy, and an estimate of the solute entropy, respectively. The –TSsol-

ute term was not included in this calculation. When comparing a
number of poses obtained in the docking calculation between a pro-
tein and a ligand, however, we might reasonably assume that the
contribution of the –TSsolute term is relatively constant. Therefore,
the free energies of complex structures (Gcomplexs) were approxi-
mated without the �TSsolute term as follows:

Gcomplex � Egas þ Gsolv: ð4Þ

Egas includes the internal (Eint; i.e., bond, angle and dihedral), van
der Waals (EVDW), and electrostatic (Eelec) energies. It is calculated
using the Tripos force field and the partial atomic charges used in
the energy minimization described above. The solvation free energy
is divided into two parts:

Gsolv ¼ GPB þ Gnp: ð5Þ

GPB and Gnp are electrostatic and nonpolar contributions to the
solvation free energy, respectively. They were calculated with the



Figure 8. Preparation procedure of hypothetically hydrated ligand molecules.
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SYBYL ZAP program. Dielectric constants of 2 and 80 were used for the
interior and exterior, respectively. The dielectric boundary was
taken as the solvent-accessible surface defined by a 1.4-Å probe
radius. Gnp was calculated using the solvent-accessible surface area
(SASA), where Gnp = c (SASA) + b (c = 0.00542 kcal/[mol Å2],
b = 0.92 kcal/mol).29 Finally, we selected a pose with the lowest
Gcomplex as the interaction model. The result of the MM-PBSA calcu-
lation for the top 20 poses is included in Supplementary Table 2.
The top-ranked pose was shown to be more stable than the second
by at least 2 kcal/mol.

4.3. MD simulations

All MD simulations presented herein were performed using the
AMBER8.0 simulation package.26 For consistency with our previous
argifin–SmChiB complex study, we used the Cornell et al. force
field27 and the partial charges for peptide 2 derived from the
restraint electrostatic potential (RESP) method using an ab initio cal-
culation at the HF/6-31G* level.28,45 The resulting structure of the
peptide 2–SmChiB complex was solvated in a box of TIP3P water
molecules with a margin of 10 Å along each dimension. Four Na+ ions
were added to neutralize the system. The total number of atoms was
67,666.

Equilibration was carried out as follows: to relax the water
around the solute, it was minimized for 1000 steps, followed by
35 ps of 310 K MD with 100 kcal/(mol Å2) restraints on all solute
atoms. This was followed by five rounds of 1000-step energy mini-
mizations on the entire system. Harmonic constraints were applied
to all heavy atoms with a strength of 100, 25, 5, 1 and 0 kcal/(mol Å2)
at each round. Finally, the system was heated from 0 to 310 K in
40 ps. After this equilibration phase, the production phase followed
at 310 K for up to 3000 ps. The MD simulation was carried out at con-
stant pressure (1 atm) and temperature (310 K), under periodic
boundary conditions, and with particle-mesh Ewald treatment of
electrostatics.46

SHAKE
47 was applied to all bonds involving hydrogen,

and a time step of 1 fs was used. An 8-Å cutoff was used for the non-
bonded interactions.
The MD simulation of peptide 2 in its free state was performed
to obtain its solution conformations. We constructed two different
initial structures: one with a cis-configuration of the amide bond
between Nx-(N-methylcarbamoyl)-Arg(1) and N-methyl-Phe(2)
and another with a trans-configuration. MD simulations using
these two initial structures were performed using the conditions
described above.

Hydrogen-bonding analysis of MD trajectories was performed
using the ptraj module of AMBER8.0.26 The cutoff distance between
the heavy atoms was 3.8 Å, and the cutoff H-donor–acceptor angle
was 35�.

4.4. Estimation of binding affinities by the MM-PBSA method
using the MD trajectory

The binding free energy of peptide 2 to SmChiB was estimated
as follows: a total of 100 snapshots were extracted from the last
1000 ps on the MD trajectory of the peptide 2-SmChiB complex
with an interval of 10 ps. As observed in Section 2, two water mol-
ecules involved in the hydrogen-bonding bridges between dipep-
tide 2 and SmChiB with high occupancy seem to play an
important role in forming and stabilizing the complex structure
(Fig. 5B). Therefore, these water molecules were explicitly retained,
while other water and Na+ molecules were removed from the snap-
shots. The above procedure led to a representative ensemble of the
dipeptide 2–SmChiB complex. The coordinates for unbound
SmChiB were prepared by removing dipeptide 2 from the ensemble
of complex structures. Water molecules involved in the hydrogen-
bonding bridges were part of the protein. The unbound conforma-
tions of peptide 2 were obtained from two separate MD trajectories
of free ligand in solution.

Utilizing these conformations taken from the MD simulations,
Gcomplex, Gfree protein (�Gbound protein), and Gfree ligand were estimated
using Eq. 3. Gfree ligand of 2 was estimated in the weighted-average
manner according to the ratio from the NMR experiments. Egas was
calculated using the AMBER8.0 anal program without applying a cut-
off for nonbonded interactions.26 GPB was estimated with the DELPHI
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II program.48 A dielectric constant of 80 was used for the solvent.
On the other hand, three different dielectric constants of 1, 2 and
4 were examined for the interior. The MM-PBSA calculation using
an interior dielectric constant of 2 could provide the value of bind-
ing free energy of argifin with SmChiB much closer to the experi-
mental one. Therefore, the interior dielectric constant of 2 was
also used for the peptide 2–SmChiB complex. The radii of the atoms
were taken from the PARSE parameter set.49 Gnp was calculated
by applying the MSMS program50 with a solvent probe radius of
1.4 Å. In this binding free energy calculation, the solute entropy
(–TSsolute) was estimated using the normal-mode analysis. The
structures of complex, unbound SmChiB, and unbound 2 were
minimized with no cutoff for nonbonded interactions using the
conjugate gradient and Newton–Raphson minimizations until the
root-mean-square of the elements of the gradient vector was less
than 10�4 kcal/(mol Å). Then, normal mode calculations were
carried out with no cutoff for nonbonded interactions. A dis-
tance-dependent dielectric constant (e = 4Rij) was used to mimic
solvent screening. Because this analysis required extensive com-
puter time, only five snapshots were used to estimate the order
of magnitude of the solute entropy. Finally, the absolute binding
free energy (DGbind) was estimated according to Eq. 1. The absolute
binding free energy (DGbind) is represented by the following
equation:

DGbind ¼ DEint þ DEVDW þ DEelec þ DGPB þ DGnp � TDS: ð6Þ

Here, DEint is the ligand strain defined as the difference in internal
energies (bond, angle and dihedral terms) between the conforma-
tion in the bound state and the conformation free in solution, the
DEVDW and DEelec terms are the van der Waals and electrostatic
interaction energies contributing to binding, respectively, the DGPB

and DGnp terms are the electrostatic (polar) and nonpolar contribu-
tions of solvation free energy to binding, respectively, and �TDS is
the contribution of solute entropy to binding.

The binding free energy of 1 to SmChiB was also estimated using
the MD trajectory obtained in our previous study.28 Of note is that,
unlike our previous study,28 water molecules involved in the hydro-
gen-bonding bridges (Fig. 5A) were explicitly considered herein.
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