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Introduction

　Arginine has a broad application in protein research and 
the development of therapeutic proteins due to its suppressive 
effects on protein aggregation during the storage and unfolding 
processes. The mechanism of such arginine effects has been 
attributed to its interaction with the solvent-exposed hydrophobic 
moieties of the unfolded protein that cause protein aggregation. 
Some hypotheses for the origin of the arginine effect have been 
proposed, including the interaction of arginine with aromatic 
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bonding or salt-bridge formation,1,2 the gap effect using arginine 
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Abstract.

   We have previously demonstrated that arginine increases the solubility of aromatic compounds that have poor water solubility, an 
effect referred to as the “arginine-assisted solubilization system (AASS).” In the current study, we utilized a molecular dynamics 
simulation to examine the solubilization effects of arginine on caffeic acid, which has a tendency to aggregate in aqueous solution. 
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with hydroxyl groups and a carboxyl group. While its solubility increases at higher pH values due to the acquisition of a negative 
charge, the solubility was greatly enhanced by the addition of 1 M arginine at any pH. The results of the simulation indicated that 
the caffeic acid aggregates were dissociated by the arginine, which is consistent with the experimental data. The binding free energy 
calculation for two caffeic acid molecules in an aqueous 1 M arginine solution indicated that arginine stabilized the dissociated state 
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caffeic acid molecules in the arginine solution exhibited a local minimum at approximately 8 Å, at which the arginine intervened 
between the caffeic acid molecules, causing a stabilization of the dissociated state of caffeic acid. Such stabilization by arginine 
likely led to the caffeic acid solubilization, as observed in both the experiment and the MD simulation. The results reported in this 
paper suggest that AASS can be attributed to the stabilization resulting from the intervention of arginine in the interaction between 
the aromatic compounds.
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as a neutral crowder,3 and the hydrophobic interaction of arginine 
with the protein surface.4 The characteristic properties of 
arginine are attributed to its guanidinium group. In addition, the 
cluster formation of arginine in bulk solution or in the vicinity of 
the protein surface is considered to be partially associated with 
its suppressive effects on protein aggregation or stabilization by 
arginine.1,4–7 We have extended these arginine effects to small 
molecules to develop new applications that could enhance the 
solubility of drugs with low water solubility, such as drugs 
of type II and type IV in the biopharmaceutics classification 
system (BCS), which have low bioavailability in vivo. We also 
hope to further the understanding of the interaction between 
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arginine and small molecules that have simpler structures. We 
have previously reported that arginine increases the solubility 
of some aromatic compounds (e.g., alkyl gallates, coumarin, 
nucleobases and acycloguanosine).8–14 In addition, other groups 
have reported the solubilization of naproxen by arginine.15,16 
We have experimentally and theoretically (i.e., via molecular 
dynamics (MD) simulations) demonstrated that the solubilization 
mechanism is largely due to the interaction of the guanidinium 
group of arginine with an aromatic ring through a process 
known as the “arginine-assisted solubilization system” (AASS).8 
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surfactant preventing the hydrophobic or aromatic interactions 
of organic molecules because arginine has a hydrophilic head, a 
hydrophobic body, and a poorly hydrated guanidinium tail above 
and below its plane in aqueous solution.7 This result is partially 
based on previous computational results using MD simulations 
to study guanidine, which were obtained by Mason et al.17 
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aromatic peptide by arginine and attributed the solubilization 
mechanism to the interaction between the guanidinium group of 
arginine and the aromatic moieties.18

　Despite the aforementioned reports, the understanding of 
the interaction between aromatic compounds and arginine is 
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elucidate the behavior of arginine upon interaction with small 
aromatic compounds using MD simulations. Most of the MD 
simulations of arginine’s effects have been attempted to clarify 
the radial distribution function or the preferential interactions.7,18 
However, the binding free energy between the solute molecules 
solubilized by arginine should also be considered as a key factor 
for AASS because the solubility of the solutes is essentially 
determined at equilibrium and is described by thermodynamics. 
Therefore, we calculated the binding free energy of two caffeic 
acid molecules, as a model compound, in an arginine solution. 
The binding free energy combined with the distribution data 
of arginine at each distance between the caffeic acid molecules 
provides new insight into the stabilization of the dissociated 
caffeic acid molecules in solution. Specifically, the insertion 
of arginine into the space between the caffeic acids accounts 
for the stabilization of the dissociated state of the caffeic acid. 
Therefore, this intervention produces the solubilization effect 
in the AASS. Caffeic acid is generally found in plants and 
beverages such as wine and coffee and is known as an active 
antioxidant;19 however, its poor aqueous solubility limits its 
practical application. Therefore, this solubilizing technique 
involving arginine is useful for future applications of caffeic acid 
in the food industry.

Experimental Section

　Solubility Measurements. Caffeic acid (> 98.0%) was 

obtained from Sigma-Aldrich (St. Louis, MO, USA). The L(+)-
arginine hydrochloride, sodium dihydrogenphosphate, citric 
acid, hydrochloric acid, and sodium hydroxide were purchased 
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). The 
caffeic acid was transferred into test tubes containing a 0 or 1 
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using hydrochloric acid or sodium hydroxide. The suspension 
was maintained at 40°C for 1 hour with frequent vortex mixing 
to dissolve the caffeic acid powders. Then, the solution was 
incubated at 25°C over 18 hours with frequent vortex mixing. 
The suspension was centrifuged at 25°C and 16,400 xg for 20 
min to obtain supernatants saturated with caffeic acid. After 
either a 50-fold (for the additive-free samples) or 200-fold 
dilution (for samples in 1 M arginine) with a 50 mM citrate-
phosphate buffer (pH 6.5), the absorbance of the supernatants 
was determined at 286 nm using a UV-vis spectrophotometer 
(ND-1000; NanoDrop Technologies, Inc.; Wilmington, DE, 
USA). The absorbance was converted to concentration based on 
the standard curve determined for caffeic acid. The solubility 
was determined as the average of three experiments.
　Calculation of the Transfer Free Energy. The transfer 
free energy of the protonated caffeic acid from the additive-free 
solutions to the 1 M arginine solutions was calculated according 
to the following equation:8

(1)

in which

(2)

(3)

　In these equations,  and  are the corresponding 
standard chemical potentials of the protonated caffeic acid in the 
presence and absence of 1 M arginine, respectively;  and 
are the chemical potentials of caffeic acid in the presence and 
absence of 1 M arginine, respectively; xa and xw represent the 
corresponding mole fraction of the protonated caffeic acid in the 
presence and absence of 1 M arginine, respectively. In addition, 

 and  are the molarities of component i at saturation, and 
the subscripts HA, H2O, and a correspond to subscript i and 
denote the protonated caffeic acid, water (additive-free solution), 
and arginine, respectively, in the presence and absence of 1 
M arginine. In the above equations, R and T represent the gas 
constant and absolute temperature, respectively. The activity 
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of caffeic acid.
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Computational Section

　Molecular Dynamics Simulation for Protonated and 
Deprotonated Caffeic Acid. The microscopic states of the 
protonated and deprotonated caffeic acid were studied in a water 
box using MD simulations. The calculations were performed 
twice for the protonated caffeic acid system and once for the 
deprotonated caffeic acid system. The system contained 27 
caffeic acid and 13,255 water molecules, which corresponded to 
approximately 0.261 M caffeic acid. The caffeic acid molecules 
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The water molecules were described using the TIP3P model.21 
An restrained electrostatic potential (RESP) charge was used for 
the caffeic acids.22 The simulations were conducted with the NPT 
ensemble (300 K, 1 bar) in a rectangular box with dimensions 
of approximately 83.7 Å (x-axis), 78.2 Å (y-axis), and 72.4 
Å (z-axis). The temperature was controlled using a Langevin 
thermostat with a viscosity of 0.5 ps-1. The pressure was 
controlled by a Berendsen barostat23 with relaxation times of 2.0 
ps. The electrostatics were treated using the particle mesh Ewald 
(PME) method24 with a 10.0-Å cutoff distance. The van der 
Waals interactions were expressed using the twin-range cutoff 
method with 10.0- and 12.0-Å cutoff distances. The covalent 
bonds for the hydrogen atoms in caffeic acid were constrained 
using the linear constraint solver (LINCS).25 The covalent bonds 
in the water were constrained using the SETTLE algorithm. The 
integration time step was 2 fs. The simulations were conducted 
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　Free Energy Calculation for the Interaction between 
Protonated Caffeic Acids in Water and Arginine Solutions. 
The thermodynamic interaction between two protonated 
caffeic acids in the presence and absence of 1 M arginine was 
investigated using MD simulations. The arginine molecules were 
described using the AMBER99SB force field.27 We performed 
an umbrella sampling simulation to determine the free energy 
���%�	������	�����	�����������
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�8 In 
umbrella sampling, the change in the free energy, A( ), along 
the order parameter  is acquired by combining the potential 
�	��� ����	� ^�Z`j� ������  using an MD or Monte Carlo 
simulation. These simulations are performed with a series of 
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order parameter. The relevant range of the order parameter is 
divided into bins. Then, each bias potential, wi ( ), is assigned to 
a window.
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follows:

(4)

in which . The PME of an unbiased system in each 
window is

(5)

in which Fi is a constant.
　The weighted histogram analysis method (WHAM) is the 
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The umbrella integration (UI), as used in this study, has been 
further developed for WHAM with some advantages.29,30 Each 
bin of the UI is calculated from the derivative of the unbiased 
PME as shown in the following equation:

(6)

Kästner and Thiel demonstrated that if the restraint potential has 
a harmonic formula, then

(7)

in which  is the center of the window and  is well 
approximated by a normal distribution. Therefore, equation 6 
can be rewritten as follows:

(8)

in which  is the mean of the biased simulation in the window i 
and  is the variance.
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	�������	�	��  as the distance 
between the center of mass for the protonated caffeic acids. The 
umbrella sampling was conducted for  = 3.0–14.5 Å, which was 
divided into 24 bins with window lengths of 0.5 Å. Using K�~�
239 kcal/mol/Å2�^~�+///　kJ/mol/Å2), 10-ns MD simulations 
were performed in each window in which the last 9 ns of data 
were analyzed and used to determine the free energy. The total 
simulation time was 1920 ns.
　The biased simulation procedure was nearly identical to 
that of the previously described MD simulation of 27 caffeic 
acid molecules. The atomic coordinates of the amino acids were 
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side chains were assigned based on neutral pH conditions. The 
system contained 1620 water molecules and 40 chloride ions, 
which were added to neutralize the net charge. The molecules 
were placed in a 
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BCC charges, similar to our system, to predict the binding 
affinity between a protein and small compounds and obtained 
calculated and experimental data that were in good agreement.31 
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in our MD simulations of the interaction between two protonated 
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caffeic acids. However, to the best of our knowledge, there is no 
published experimental data such as the solvation free energy.
　Principal component analysis (PCA) was employed to 
analyze the free energy landscape.32–34�`�������	��	�	��	
�=+;�///�
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the last 9 ns of the simulation at  = 4.0–12.0 Å in water and in 
a 1 M arginine solution. We considered the common region of 
the system in which all heavy atoms of the protonated caffeic 
acid and arginine were used for PCA. These conformations were 
superimposed onto a reference conformation, and the caffeic 
acid positions were fitted to those of the caffeic acid in the 
reference conformation. Then, the variance-covariance matrix 
of the ensemble was diagonalized to obtain the eigenvectors 
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the conformational distribution along the ith PC axis). Here, 

 was regarded as the relative contribution of the 
distribution along the ith PC.

Result and Discussion

　Because caffeic acid contains a carboxyl group, its 
solubility is pH dependent. Therefore, the solubilization effect 
of arginine should be experimentally examined at different pH 
values and calculated for the protonated and deprotonated forms 
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of caffeic acid solubility in the presence and absence of arginine 
over a pH range of approximately 3.5–5.5 and then demonstrate 
the molecular mechanism for the solubilization of each form of 
caffeic acid using MD simulations. The solubility data yielded 
the transfer free energy, which describes the thermodynamic 
stabilization of caffeic acid when it is transferred from an 
additive-free solution to an arginine solution. The MD simulation 
provides the interaction mechanism between the arginine and the 
caffeic acid and its thermodynamic effects on the interactions 
between the caffeic acid molecules. These results, which are 
subsequently discussed, should aid in understanding the effects 
of arginine on the solubilization.
　Solubility Experiment. The aqueous solubility was determined 
as the concentration of a compound in a saturated solution 
containing excess solid. By assuming that the deprotonated form 
is fully soluble in aqueous solution, the intrinsic solubility (S0) 
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equation to the data:

(9)

in which S denotes the apparent solubility of the caffeic acid 
(i.e., the sum of the solubility of the protonated and deprotonated 
forms) measured directly in the solubility experiment, and the 
pKa is the acid dissociation constant for caffeic acid. Equation 
9 indicates that the apparent solubility of caffeic acid in an 
aqueous solution is dominated by the pH of the solution.

Figure 1. Solubility of caffeic acid in an additive-free solution 
(circles) or a 1 M arginine solution (squares).

　`��
�	�+������� ��	�	��	���	����� �	�
������� ��	������	���
solubility of caffeic acid in the presence and absence of 1 M 
arginine. The apparent solubility (S) increased with increasing 
pH in both the additive-free and 1 M arginine solutions and was 
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equation 9 to the data, the intrinsic solubility of the protonated 
form (S0) in the additive-free solution was determined to be 
~1.2 mM. In addition, the pKa of caffeic acid in the additive-
free solution was found to be ~4.1. Assuming that the pKa of the 
carboxyl group in caffeic acid is not altered by the arginine, the 
%��������
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arginine to be ~8.9 mM. The ratio of the apparent solubility in 
the additive-free solution to that in the 1 M arginine solution was 
found to be ~7 in the pH range examined in this study.
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　Transfer Energy from the Additive-Free Solution to 
the Arginine Solution. The transfer free energy of caffeic acid 
from the additive-free solution to the 1 M arginine solution 
was calculated from the solubility data using equation 1 and 
assuming that the chemical potential of the solid phase is 
independent of the presence of arginine. This assumption is often 
made when the transfer free energy is calculated from solubility 
measurements.8,35,36 The transfer free energy was determined to 
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the low-molecular-weight compounds that either our group or 
other groups have tested for solubilization using arginine (Table 
1). Our previous study suggested that the guanidinium group of 
the arginine interacts with the aromatic groups via cation�� or 
��� interactions leading to the solubilization by arginine. Caffeic 
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system of ��electrons. Therefore, a much greater potential exists 
for interactions between the guanidinium group of arginine 
and the caffeic acid, which accounts for the highest reported 
transfer free energy. The arginine may have a much greater 
solubilizing effect on compounds with larger ������
���	
�
systems. As shown Table 1, the transfer free energy of tyrosine 
is more negative than that of phenylalanine, which suggests that 
the phenol group is stabilized more by arginine than the phenyl 
group. The larger transfer free energy of caffeic acid may also be 
attributed to the phenol group.
　Molecular Dynamics Simulation of Caffeic Acid Solubilization 
in an Arginine Solution. Computational studies are useful for 
understanding the behavior of arginine in the solubilization 
process. We report the results from an MD simulation of caffeic 
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dynamics simulation of 27 protonated (uncharged) caffeic acid 
molecules in water (261 mM) was calculated in a cubic box 
with an NPT ensemble (P = 1 bar). The concentration was ~200-
fold higher than the intrinsic solubility (S0) of caffeic acid as 
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snapshots of the simulation. The caffeic acid molecules, which 
were initially located in a lattice pattern at 0 ns, began to 
aggregate after 1 ns and clumped into a large aggregate after 
33 ns (see Supporting Information, Movie S1). An additional 
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simulation and led to an essentially identical result as indicated 
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acid molecules did not form large aggregates except for the 
occasional formation of small oligomers, which was attributed 
to the electrostatic repulsion between the carboxyl groups (see 
Supporting Information, Movie S2). Next, the protonated caffeic 
acid aggregate was transferred to a 1 M arginine solution as 
���������/�������`��
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smaller oligomers and solubilization into monomeric caffeic acid 
molecules occurred at 25 ns followed by a further dispersion 
at 50 ns. Complete disaggregation occurred at approximately 
118 ns (see Supporting Information, Movie S3). Therefore, 
the effect of arginine on the solubilization of caffeic acid was 
demonstrated in silico. To the best of our knowledge, this is 
the first report of a study in which MD simulations were used 
to predict the aggregation and solubilization of low-molecular-
weight compounds with arginine.

Table 1. Transfer free energy of various aromatics from an additive-free solution to a 1 M arginine solution.
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A thermodynamic study of the interaction between caffeic acid 
molecules aids in elucidating the molecular mechanism for 
solubilization because the solubility is determined at equilibrium 
and can be expressed using thermodynamic parameters as shown 
in Table 1. We previously reported a thermodynamic analysis 
using MD simulations of the interaction between arginine or 
lysine and alkyl gallates, which provided the binding free energy 
as a function of the distance between the arginine and alkyl 
gallates.8 The results suggested that arginine binds more strongly 
than lysine to the alkyl gallates via a cation-� or ��� interaction. 
However, the previous simulation of the interaction between one 
amino acid molecule and one solute with low solubility does 
�����	�	���������	�	��� ��	��	��$���������	����
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solutions. Therefore, we performed the first thermodynamic 
analyses of the interaction between two solute molecules (i.e., 
caffeic acid molecules) in water and in a 1 M arginine solution 
using MD simulations, which was expected to more accurately 
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　Protonated caffeic acid was used for the thermodynamic 
analyses because, as previously mentioned, the apparent 
solubility of caffeic acid depends on its intrinsic solubility. 
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acid molecules as a function of the distance between these two 
molecules. The free energy minimum occurred at approximately 
4 Å in both the water and 1 M arginine solutions in which the 
two caffeic acid molecules were in direct contact. As the distance 
increased, the free energy of the state increased. At distances 
greater than 15 Å, the free energy plateaued indicating that the 
caffeic acid molecules no longer interacted with each other. 
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lower than that in water (i.e., the former value was ~7.5 kJ/
mol and the latter was ~14 kJ/mol). Therefore, the caffeic 
acid molecules were more weakly associated with each other 
in the arginine solution than in water, which suggests that the 
arginine stabilizes the dissociated state of the caffeic acid. More 
importantly, the binding free energy in the 1 M arginine solution 
has a local minimum at approximately 8 Å, which was not 
observed in water. Therefore, this unique behavior of arginine 
at this distance is considered important for understanding the 
solubilization effect of arginine.

Figure 3. Binding free energy of two caffeic acid molecules in the 
presence (solid line) and absence (broken line) of 1 M arginine.

Figure 2. Snapshot of the aggregation reaction of 27 caffeic acid molecules in water (A) and the solubilization 
of the aggregate in 1 M arginine solution (B) at each time calculated by an MD simulation. The caffeic acid 
and arginine structures are represented by spheres and sticks, respectively.
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Figure 4. Three-dimensional free energy landscapes of the binding free energy of two caffeic acid molecules in water expressed along 
the principal component axes at each distance: (A) 4 Å (B) 6 Å (C) 8 Å (D) 10 Å (E) 12 Å. The colors of the spheres correspond to the 
free energy level displayed above. The bottom figures show the two-dimensional free energy landscape. The colors were arbitrarily 
normalized for convenience. The structures corresponding to the lowest free energy of the clusters (a)–(f) are shown in the lower 
models.
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Figure 5. Three-dimensional free energy landscape of the binding free energy of two caffeic acid molecules in a 1 M arginine solution 
expressed along the principal component axes at each distance: (A) 4 Å (B) 6 Å (C) 8 Å (D) 10 Å (E) 12 Å. The colors of the spheres 
correspond to the free energy level displayed above. The bottom figures show the two-dimensional free energy landscape. The colors 
were arbitrarily normalized for convenience. The structures corresponding to the lowest free energy of the clusters (a)–(f) are shown in 
the lower models.
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　Principal Component Analyses of the Conformation of 
Two Caffeic Acid Molecules. Investigating the conformational 
characteristics of the solubilization system is useful in understanding 
the thermodynamic effects of arginine. Although caffeic acid is 
not a large molecule, the conformational space of the present 
system is too large to intuitively describe its characteristics. 
Therefore, we expressed the conformational space of the system 
��������	����	��
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�������� �	��
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for the caffeic acid molecular conformations in water. The PCA 
corresponds to the three-dimensional free energy landscape at 
each distance between the two caffeic acid molecules in water. 
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arginine solution. The colors of the spheres displayed in these 
%�
�	������	����
������	���		�	�	����^�		���	��	�	�
����$	�	����
%�
�	j����	��������
������������+�����;����
�������	�	��<�����
28.1%, and 24.7%, respectively, and the total contribution of the 
PC was 87.2%, which is sufficient to describe the free energy 
landscape of the interaction between the caffeic acid molecules. 
`��
�	�������������	�������������	����		�
��	����������"���	�
two-dimensional free energy landscapes obtained by mapping the 
three-dimensional free energy landscape onto a two-dimensional 
PC-1–PC-2 plane. The colors of the two-dimensional free energy 
were arbitrarily normalized for convenience.
　When the distance between the caffeic acid molecules was 
4 Å, the conformation of the caffeic acid molecules in water 
was roughly divided into two clusters depicted in (a) and (b) 
^`��
�	�<"j��`��
�	�<����
����������	������������������ ��	�
caffeic acid molecules that correspond to the respective minima 
�����	���		�	�	�����	��	�	��	
����^�j���
�^�j����`��
�	�<"����	�
����������	��������������^�j����������	
����^+����+���j������`�
���;�</����	��	���
�����������	��������������^�j����������	
�
���^�+;���;��+j������`����+��>����	�	�%�
�	���������	����������
rings of the  caffeic acid molecules stacked together in a face-
to-face conformation with either a head-to-head or head-to-
tail association at 4 Å. The characteristic conformations at 
this distance are likely due to the steric hindrance between the 
caffeic acid molecules. The conformational and free energy 
profile of the interaction between the caffeic acid molecules 
�����	
��
���������������=����������������<���^`��
�	�<�j��"�������
distance, there were primarily four clusters, which are depicted

by (c), (d), (e), and (f). The most stable conformations at this 

������	� ��� ������ ��� ^�j��	�	� �����	
� ��� ^�+���+��� <j������
`����+��>����	�$��
	���� ��	� ��		�	�	���� ���� �������
��	������
�����%�����������	���������	������
��$��
	����<��������

�������
the face-to-face stacking at 6 Å was significantly looser than 
that at 4 Å. As the distance between the caffeic acid molecules 
continued to increase, the conformational space expanded, as 
���������`��
�	�<��]������	��������	���		�	�	�������	������
��	��
��� ��	�
������	� ����	��	
�����`��
�	�<��]�����	����
����������
10, and 12 Å, respectively, the clusters were no longer observed 
in the three-dimensional PC spaces.
　�����	�+�Z��������	����
��������	���		�	�	�������%�	������	�
interaction between the caffeic acid molecules differed from 
����� ������	��^`��
�	�{"�]j����	�������������������%�	������	�
�������	����
��������<���^`��
�	�{"j������	������
	���������������
������	��^`��
�	�<"j�^��	��� ������
��	����	�	����	�$	
����
���	�
caffeic acid molecules interacted with each other in a face-to-face 
fashion). The free energy for both primary clusters depicted in 
^�j���
�^�j�����`����+�>{����������������
	����������	���������	�
minimum value in water at 4 Å. Therefore, the conformational 
space in the arginine solution was somewhat expanded over that 
������	���"��=���^`��
�	�{�j����	������������������
���		�	�	����
���%�	������	��������	����
������	�	��
������������
���	�	��������
����	�������	
�������	��^`��
�	�<�j��F����������
��	����������
are depicted in (c) and (d), were found in the arginine solution. 
The most stable conformation at this distance, which is depicted 
���^�j�����������	
����^+{���+<��+�j������`����;�</����	�$��
	����
the free energy was lower than that at 4 Å, indicating that a large 
population was located at cluster (c) compared with the case at 
4 Å even though the conformational space at 6 Å was expanded 
more than that at 4 Å. The free energy was not only more 
negative than the minimum value at 4 Å in the arginine solution 
but also comparable to that at 4 Å in water. Another cluster was 
�����	
��������������	����������^�+;��+����+;j�����������
	����	
�
���^
j������`����+��>�^`��
�	�{�j��"������	���������������������
���
	����	
����^	j��������
�
�������������	��������	����
�����^`��
�	�
5C), although no cluster was found at this distance in water 
^`��
�	�<�j����	��������������
	����	
� ���^	j����� �����	
����
^�;{��>����j������`����+�+/�����	
������	�	��	�
�������	��������	�
was found to confine the interaction between caffeic acid 
molecules dramatically altering the conformational spaces.
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　Distribution Mapping of the Guanidinium Group of 
Arginine around the Caffeic Acid Molecules. Investigating 
the behavior of arginine in the interaction between the caffeic 
acid molecules is essential to understanding its role in the 
�������E�������`��
�	�="�]����$�
	�� ��	������������������ ��	�
caffeic acid molecules and the distribution of the guanidinium 
group of arginine that corresponds to the clusters depicted in 
^�j�^	j� ���`��
�	�{"����]�������	�	� ��
����	�� ��	�������������
the center of mass for the guanidinium group, and its color 
indicates the number density. The guanidinium group of arginine 
has a tendency to be near the aromatic or hydrophilic groups of 
����	������
�^`��
�	�="���
��j����<��������
���
���
�����
��
was located between the caffeic acid molecules at this distance 
because the caffeic acid molecules interact closely with each 
���	�����<������������� ���`��
�	�{����
������	��
���
���
��
group of arginine reportedly has the ability to interact with 

carboxyl groups via hydrogen bonding.1,37,38 Such interactions 
can be attributed to the distribution of the guanidinium group 
around the hydrophilic groups of caffeic acid although its 
interaction with the protonated carboxyl groups is expected to be 
somewhat weaker than that with the charged carboxyl groups.4,7 
The most stable conformation at 6 Å indicated an insertion 
of arginine into the small space made by the two caffeic acid 
���	�
�	��^`��
�	�=�j���������	�����	
���	�������������������	�
caffeic acid molecules into the intervened conformation. A minor 
stable conformation with a comparatively scattered distribution 
������������	
� ^`��
�	�=�j��"������� ��	��������	������	�	���
intervened in the interaction between the caffeic acid molecules, 
��� ������ ��� `��
�	� =]��"�� ����� 
������	�� ��	� �
���
���
��
group of arginine interacted less with the hydrophilic groups 
of caffeic acid. Therefore, the arginine should interact with the 
hydrophobic moieties or the ������
���	
� ����	�� ����

����

Figure 6. The population density maps of the guanidinium group of arginine around the caffeic acid molecules. Each figure (A)–(E) 
����	����
�������	���
��	���^�j�^	j����`��
�	�{"�]��`���	������
��	�����	��������
�	��
	��������	������
���	�	���$�	�����������	��������
of the spheres correspond to the number density of the guanidinium group’s center of mass: Blue indicates a density that is more than 
10 times the average value, and green indicates a density that is 7–10 times the average value. All caffeic acid conformations belonging 
to each cluster are merged with the maps.
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the aromatic group via the hydrophobic, ��� and cation�� 
interactions. Our previous study suggested that arginine 
interacts with aromatics via the ��� and cation�� interactions.8 
In addition, Mason et al. indicated that guanidine is poorly 
hydrated above and below its plane in aqueous solutions.17 This 
property of the guanidinium group of arginine may be the origin 
of the hydrophobicity that is associated with the hydrophobic 
interactions.7 Based on these results, we have successfully 
demonstrated that arginine stabilizes caffeic acid molecules via 
its interaction with the hydrophobic and hydrophilic moieties at 
short distances (i.e., 4 or 6 Å). The arginine primarily interacts 
with the ������
���	
�����	�������	���
������������	��	�������
Å at which the arginine can intervene into the space between the 
caffeic acid molecules.
　The interaction of caffeic acid with arginine observed at 8 
Å is likely critical to the stabilization of caffeic acid over a wide 
range of distances beyond 8 Å. As previously mentioned, the 
�����%������������E�����������������������
�	
������	��	����	�	���
of the interactions between the caffeic acid molecules by the 
interactions between the caffeic acid and arginine. At distances 
much greater than 8 Å, the binding free energy appeared to 
plateau, suggesting that the intervention of arginine in the 
interaction between caffeic acid molecules also occurred at 
8–12 Å. We concluded that the stabilization over a long distance 
caused by this intervention accounts for the solubilization 
observed in the results from both the experiments and MD 
simulations. This stabilization is primarily due to ���, cation��, 
�����
������������	����������?����������@�����
���	����	
������
arginine forms a solvation layer around hydrophobic or aromatic 
particles at intervals of ~10 Å, leading to their solubilization.7 
Therefore, the behavior of arginine around interfaces at 
subnanometer distances should be closely associated with their 
stabilization and solubilization.
　`���������	����	�����	���	���$	���� ��	� �
�
�	������	��	��
regarding the AASS mechanism based on the current results. 
While caffeic acid exhibits antioxidant activity,19 its low 
aqueous solubility limits its practical application in the food 
industry. Solubilizing caffeic acid using arginine could provide 
an alternative to other solubilization techniques such as 
physicochemical formulations and chemical modifications.39,40 

Another potential application might involve the interaction 
of arginine or proteins with nanoscale particles, such as 
carbon nanotubes, that are often associated with cytotoxicity, 
therapeutic applications, or drug delivery. The interactions 
between an aromatic moiety and arginine described in this 
paper are applicable to the interfaces between nanoscale 
�������	�� ��
� ��	��� ���$	�����?����������@�����
��
�	
�Z��
simulations to investigate the interaction between arginine 
and subnanoscale hydrophobic and aromatic particles that can 
lead to the solubilization of the particles. Our group and others 
have demonstrated that proteins, such as lysozyme, can be 

incorporated into and disperse carbon nanotubes.41–47 Calvaresi 
et al. showed that the interaction between carbon nanotubes and 
lysozyme is primarily due to the interaction between the arginine 
residues of lysozyme and the carbon nanotube surfaces.48 The 
AASS mechanism can also be applied to understand such 
interactions and should be investigated further.

Conclusion

　�������

��
	��������	
��������	�%�������	����	����
����E������
dynamics of an aromatic compound (i.e., caffeic acid) by 
arginine. The local minimum of the binding free energy between 
the caffeic acid molecules at approximately 8 Å was attributed to 
the intervention of arginine in their interaction, which is related 
to the solubilization mechanism of the AASS. The driving 
force of the intervention is likely due to the interaction of the 
guanidinium group of arginine with the ������
���	
�����	���
such as a cation�� or ��� interaction. Insight into the AASS is 
useful for plying arginine to the solubilization of aromatic drugs 
and for understanding the mechanism by which arginine can 
prevent protein aggregation.
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