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Changes in the acid dissociation constant, pKa, of p-carboxybenzeneboronic acid (PCBA) upon complex formation
with monosaccharide are considered by using the three-dimensional reference interaction site model self-
consistent field theory. The pKa of PCBA is lowered through complex formation, which is consistent with exper-
imental observations. Free energy component analysis of the dissociation reaction was performed to investigate
the details of the contribution to the pKa shift. The magnitudes of the changes in both the electronic energy and
the solvation free energy were smaller for the PCBA-complex than for PCBA. These smaller changes can be attrib-
uted to the delocalization of the excess charge and to a reduction of the solvent-accessible area near the boric acid
group because of the steric bulk of the monosaccharide.
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1. Introduction

The solubility of drug molecules under the physiological conditions in
the human body is a crucial issue in pharmacology. Thus, factors that
affect the solubility of organic compounds in aqueous medium under
physiological conditions have attracted considerable attention in the
fields of chemistry and biochemistry as well as in pharmacology. A num-
ber of approaches have been used to increase the solubility of compounds
under the physiological pH conditions found in the human body [1-3].

One way to increase the solubility of a compound is to change
the acidity by combining the drug molecule with another compound.
p-Carboxybenzeneboronic acid (PCBA), which is considered to be a
promising candidate for boron neutron capture therapy (BNCT), is
known to have low solubility in aqueous medium under physiological
conditions [4-8]. In aqueous solution, at physiological pH, PCBA exists
in the equilibrium:

HO Ka1 HO
:BQCOOH + H0 ,BOCOO“ + H;0"
HO HO

(1)

Under higher pH conditions the following equilibrium forms:

HO Kap
B OCOO' + 2H,0
HO

OH

OH

2)
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Here, Ka; and Ka, denote the dissociation constants of the reactions.

Given that the acid dissociation constant, pKa, of reaction (2) is
approximately 8.7 (based on "B NMR measurements), PCBA could
not dissociate under physiological conditions at pH 7.4 [9]. This result
indicates that PCBA will only be soluble in aqueous solutions that are
too alkaline for safe use in the human body [10]. Islam et al. reported
that complex formation of PCBA with monosaccharide increases the
solubility of the compound at physiological pH [9]. They showed that
the complex of PCBA with monosaccharide undergoes a two-step acid
dissociation reaction similar to that of PCBA and that the pKa values of
those reactions are lower for the complex. The change in solubility of
PCBA should be closely related to the shift of pKa value. However, the
origin of the change in solubility is unclear.

In the present study, to determine the origins of the change in solu-
bility at the molecular level, we employed three-dimensional reference
interaction site model self-consistent field (3D-RISM-SCF) theory to
analyze the acid dissociation reactions of PCBA and of the PCBA-
monosaccharide complex in aqueous solution. The 3D-RISM-SCF theo-
ry, which is a hybrid of quantum mechanics electronic structure theory
and statistical mechanics integral equation theory (IET) of molecular
liquids, allows the solvation free energy (SFE) of the solute molecule
as well as the solvation structure to be considered at the molecular
level [11,12]. This approach has been applied to a range of chemical pro-
cesses that involve changes in the electronic structure of the solute mol-
ecule [13-16]. In addition, the hybrid approaches of the IET and
quantum mechanics theory have been successfully applied to evaluate
pKa [17-20].

In the following sections, we evaluate the reaction free energies,
AG, of the acid dissociation reactions of PCBA, (1) and (2), and of
the PCBA-monosaccharide complex (hereafter, referred to as the
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PCBA-complex), which can be directly connected to the acid dissoci-
ation constant, pKa:

A7][H;0'] 1 AG
[HA3] ~ In10RT’ 3

pKa = -logKa = -log

where HA is a compound that dissociates into A™, and R and T denote
the gas constant and absolute temperature, respectively. We assume
that all the protons exist as hydronium ions, H30™, and that the con-
centration of water, [H,0], does not change during the reaction. From
the computed pKa values, the mole fractions of the three different spe-
cies (neutral molecule and monovalent and divalent anions) are obtain-
ed as a function of pH. The components of the reaction free energy and
the solvation structures of PCBA and PCBA-complex are discussed in an
attempt to elucidate the origin of the change in solubility upon the com-
plex formation.

2. Computational methods

Density functional theory (DFT) with the B3LYP functional [21] and
the 6-31+4+4G(d,p) basis set [22,23] were employed for all the elec-
tronic structure calculations performed in this study. Prior to the free
energy calculations, the molecular structures of the solute species
were optimized by using the polarizable continuum model (PCM).
For these optimized structures, the SFEs, the electronic structures
of the solute molecule, and the solvent distribution of the PCBA,
[3-p-galactopyranose, and those of the complex in water at infinite
dilution were computed by using the 3D-RISM-SCF theory. Details
of the computational conditions are given below.

We employed the Kovalenko-Hirata closure for solving the 3D-RISM
equation [11,24,25]. The parameters used in the 3D-RISM-SCF theory
were as follows. The temperature was 298 K and the density of solvent
water was 1.0 g cm™>. The Lennard-Jones parameters for solute mole-
cules were taken from the general Amber force field (GAFF) parameter
set [26,27]. The simple point charge model (SPC/E) parameter set for
the geometrical and potential parameters for the solvent water was
employed with modified hydrogen parameters (0 = 1.0 A and ¢ =
0.046 kcal mol ') [28]. The grid points in the 3D-RISM-SCF calculations
were 1283, with a spacing of 0.5 A.

All of the calculations were performed with a modified version of the
GAMESS program package [29], for which the 3D-RISM-SCF theory has
been implemented [14,30].

3. Results and discussion
3.1. pKa of PCBA

The acid dissociation reactions (1) and (2) were considered. The re-
action free energies and the computed pKa values, which are summa-
rized in Table 1, show that there is a rather large discrepancy between
the computed pKa value of PCBA and the experimental value. This dif-
ference stems mainly from the difficulty in evaluating the free energy
of a proton. In general, obtaining accurate pKa values by using first-
principles theory is known to be challenging because of the dependence

energy computation of a proton [31]. Several methods have been pro-
posed to circumvent these difficulties. Matsui et al. developed a method
to predict the pKa by using DFT and the PCM [32]. They showed that the
experimental pKa values are well reproduced from computed reaction
free energy by utilizing the linear correlation relation between them.
In line with their method, we have adjusted the computed pKa value
by a constant shift. We chose several carboxylic acids as reference mol-
ecules to determine the pKa correction parameter based on the similar-
ity of their molecular structures. The pKa values of reference molecules
are shown in Table 2 [33-35]. The average of the differences between
the computed and experimental values was 16.4; thus, the correction
parameter was determined to be pKaca;, = 16.4. The corrected pKa
values,

pKa = pKacomp—pKaciib “)

are summarized in the rightmost column of Table 1. Although the
corrected value of pKa, of PCBA (10.6) is still an overestimation of the
experimental value (8.7), it is sufficient for our discussion. We use the
corrected pKa values for the following discussion.

3.2. pKa shift upon complex formation

To consider the effects of complex formation on the solubility of
PCBA, the acid dissociation reactions of the PCBA-complex with 3-p-
galactopyranose were examined. The PCBA-complex is assumed to
exist in the following equilibriums in aqueous solution:

OH OH
HO o, Ka, HO o,
B@—COOH + H0 B—@—COD’ + HO
OH OH
5)
and
OH OH
HO . _A_.0 Kay HO, _~_.0
oo+ w0 <2 PR e
i o [
OH OH £oor
(6)

and we define the acid dissociation constants of the reactions (5) and
(6) as Ka; =[HA™][H307"]/[H,A] and Ka, =[A%~][H;0™"]/[HAT], re-
spectively. The reaction free energy, the computed pKa, and the
corrected pKa (Table 1) show that complex formation decreases both
the first and second pKa values. In particular, the second pKa changes
drastically upon complex formation, which is probably because the
reactions (2) and (6) occur at the boric acid group that forms chemical
bonds with 3-p-galactopyranose.

From the pKa values, the distribution of the three chemical species,
namely H,A, HA™, and A%, can be obtained as a function of pH: [36]

[HoA] 1

on the computational methodologies employed, such as the basis func- Qo(X) = H,A] + [HA™] + [Az,] - 1+ 10"Ka; + 10%Ka;Ka,’ 7

tions, density functionals, and solvent models, in addition to the free 2

Table 1

Reaction free energies and pKa values.
Reaction AG [kcal mol™'] pKacomp pka®
PCBA + H,0 — PCBA~ + H;0* 28.74 21.1 4.7
PCBA™ + 2H,0 — PCBA?™ + H;0™ 36.76 26.9 (8.7 10.6
PCBA-complex + H,0 — PCBA-complex™ + H30™ 28.13 20.6 43
PCBA-complex™ + 2H,0 — PCBA-complex®>~ + H3;0*" 31.22 229 6.5

2 The experimental value taken from Ref. [9].
b Adjusted pKa values.
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Table 2

Comparison of pKa values of the carboxylic acids between the computational, pKacomp, and
experimental values, pKaeyp.. The computational values of the reaction free energy of the
acid dissociation reactions, AG, and the difference of pKa values, ApKa, are also shown.

Molecule AG [kcal mol~'] PKacomp PKaexpic ApKa
CH3COOH 28.71 21.0 4.8° 16.3
C4HoOCOOH 25.92 19.0 3.7° 15.3
PhCOOH 29.12 214 4.2°¢ 17.2
p-F-PhCOOH 2838 20.8 4.1° 16.7
p-Br-PhCOOH 28.08 20.6 4.0° 16.6
p-NO,-PhCOOH 26.52 19.4 347 16.0
¢ Ref. [34].

b Ref. [35].

€ Ref. [33].

[HA™] 10"Ka,
ap(x) = 8)

[HoA] + [HA] + [A27] "1+ 10%Ka; + 10%Ka,Kay '

A 10%Ka; Kay

A(X) = = ,
2 [HA] + [HA™] + {AZ’] 1+ 10°Ka; + 10*Ka;Ka,

where ag(x), a—1(x), and a_,(x) denote the mole fractions of neutral,
monovalent anion, and divalent anion species H,A, HA™, and A2 re-
spectively, at pH x. The mole fractions of H,A, HA™, and A®~ against
pH are plotted in Figs. 1 and 2 for PCBA and the PCBA-complex, respec-
tively. Near the physiological conditions (pH 7.4), PCBA takes the mono-
valent anion form, whereas the PCBA-complex predominantly takes the
divalent anion form, a_, = 0.89.

To elucidate the mechanism underlying these changes, the free
energy profile of the reaction was decomposed into a number of compo-
nents. The reaction free energy, AG, is expressed as:

AG = AEsolute + ASGsolw (10)

where AEgqute and A6Gs,y, denote the change in solute electronic and
SFEs, respectively. Note that A and 6 denote the energy changes due
to the reaction and the solvation, respectively. The SFE is further
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Fig. 1. Distribution of three chemical species of PCBA as a function of pH.
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Fig. 2. Distribution of three chemical species of the PCBA-complex as a function of pH.

delineated into the sum of the excess chemical potential, 6y, and the
electronic distortion energy, 6Eqist:

6Gsolv = 6“[(H + 6Edist: (1 ])

where we have employed the Kovalenko-Hirata formula to evaluate the
excess chemical potential. The electronic distortion energy means the
energy due to the electronic structure change of the solute molecule
by solvation.

The components of the reaction free energy of the acid dissociation
reactions are summarized in Table 3. The AG values of the first acid
dissociation reactions for PCBA and the PCBA-complex are similar,
namely, 28.74 and 28.13 kcal mol ™!, respectively, whereas those of
the second acid dissociation reactions show a difference of more than
5 kcal mol ™! between PCBA and the PCBA-complex; namely, 36.75
and 31.22 kcal mol~". In all the reactions, AEso e is positive because
the excess charge is localized in right hand sides of Egs. (5) and (6).
On the other hand, A6Gsyy is always negative because the PCBAs in
the right hand sides of Eqgs. (5) and (6) have larger negative net-
charge than those in the left hand sides, which results in greater stabili-
zation due to the interaction with solvent water. AG, the sum of AEg e
and AbGsor, is positive in all the reactions. This means that the destabi-
lizations of the solute electronic energy due to the reaction are partially
compensated by the stabilization through solvation.

The second acid dissociation reactions show higher reaction free en-
ergies than the first for both PCBA and the PCBA-compleX. AEgojye be-
comes higher from the first to the second acid dissociation reactions
because of the charge localization in the product species. In contrast,
Ab6Gsor becomes lower; that is, the divalent product species show great-
er stabilization by solvation. For the PCBA-complex, the magnitudes of
both AEg e and AdGsqy are smaller than those for PCBA, which is be-
cause the monosaccharide connected to the boric acid group allows de-
localization of the excess charge and the solvent-accessible area near
the boric acid group is smaller because of the steric bulk of the monosac-
charide. The second acid dissociation reaction of the PCBA-complex has
a stronger effect on the electronic structure of the molecule than solvent
effects, which results in a 5 kcal mol~ ! lower free energy change, AG, for
the second acid dissociation reaction of the PCBA-complex than that of
PCBA. Based on these results, we can say that the balance of the two ef-
fects determines the pKa shift upon complex formation.
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Table 3
Reaction free energies and their components. Units are in kcal mol~".
AG AEsoiute AdGsoly Aoty ASEgist
PCBA + H,0 — PCBA™ + H;0™" 28.74 175.04 —146.30 —156.55 10.25
PCBA™ + 2H,0 — PCBA?™ + H;0™ 36.75 221.13 —184.37 —177.43 —6.94
PCBA-complex + H,0 — PCBA-complex ™ + H30™ 28.13 170.90 —142.77 —153.71 10.94
PCBA-complex ™ + 2H,0 — PCBA-complex?>~ + H;0*" 31.22 199.42 —168.20 —165.58 —2.62

To gain more insight into the origins of the SFE changes, the solva-
tion structures of the dissociation compounds were considered. In
Fig. 3(a)-(d), the three-dimensional distribution functions (3D-DFs) of
water around PCBA~, PCBA?~, PCBA-complex—, and PCBA-complex?~
, respectively, are depicted. It is clear from these structures that the
divalent species, namely PCBA? ~ and PCBA-complex®~, attract strongly
with hydrogen atoms of the solvent water around the boric acid group
through coulombic attraction. For a quantitative discussion, the radial
distribution functions (RDFs) between the boric acid oxygen atom of
PCBA and solvent water molecules are shown in Fig. 4. These RDFs
were obtained by averaging 3D-DFs over the direction around the
boric acid oxygen atom. In Fig. 4(a), a conspicuous peak of water hydro-
gen can be found at around r = 2.0 A, whereas that of water oxygen
appears at around r = 3.5 A. The first peak of hydrogen for the PCBA di-
valent anion is more than twice as high as that for the PCBA monovalent
anion. These features indicate that the hydrogen bond between solvent
water and boric acid oxygen is enhanced by the second acid dissociation
reaction of PCBA. In contrast, all the peaks of the PCBA-complex shown
in Fig. 4(b) are lower than those of PCBA, which is due to the steric bulk
of the monosaccharide. The hydrogen bond between solvent water and
boric acid oxygen is also enhanced with the progression of the reaction
of the PCBA-complex. The steric bulk of the monosaccharide means that

a)

the hydrogen bond is affected to a lesser extent than in the case of PCBA.
For these reasons, A6Gs,y has a higher value for the PCBA-complex than
for PCBA.

Finally, let us consider the solubility of PCBA and the PCBA-complex.
Fig. 5 shows the SFE of PCBA and the PCBA-complex plotted against pH.
Here, the SFE related to the neutral species at pH x, A6Gso1,(X), is defined
as:

A‘SGsolv(x) = Z (¢4 (X)(SGsolv,i_(SGsolv,O (i = 0; _17 _2): (12)
i

where 6Gsoyy,; is the SFE of the species with net charge i. (Here we
employed 6Gs1y,; in pure water for all the pH range for simplicity, al-
though the SFE actually changes depending on the solvent environment
such as pH.) The SFE of PCBA has a plateau region (pH = 6.5-9). This can
be explained from the bias of the equilibrium. As can be seen in Fig 1, the
equilibrium of the acid dissociation reaction is biased to one-side, which
indicates that PCBA takes a single specific dissociation state (PCBA™) in
the plateau region in addition to the lower (PCBA; pH < 3) and higher
(PCBA2~; pH > 12.5) regions. On the other hand, the PCBA-complex
shows only a small shoulder at around pH = 5.5, because the PCBA-
complex™ cannot be a single component. (See Fig. 2.) The PCBA-

Fig. 3. 3D-DFs of solvent water around (a) PCBA™, (b) PCBA?~, (c) PCBA-complex ~, and (d) PCBA-complex®~. Red and gray surfaces denote the 3D-DFs of water oxygen (isovalue = 3.0)

and hydrogen (isovalue = 1.5), respectively.
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Fig. 4. RDFs of solvent water from specific center atoms of the solute molecule. Specific center atom: a) boric acid oxygen of PCBA and b) boric acid oxygen of PCBA-complex. The solid,
dotted, dot-dashed, and dashed lines denote the water oxygen and water hydrogen around monovalent anion, and the water oxygen and water hydrogen around divalent anion,

respectively.

complex shows greater stabilization under physiological conditions be-
cause the divalent anion form is dominant at this pH in the PCBA-
complex, whereas the monovalent anion form is dominant in PCBA.
This greater stabilization is thus the origin of the higher solubility of
the PCBA-complex.

4. Conclusion

The effect of complex formation of PCBA with monosaccharide on
the acid dissociation reaction has been investigated by applying the
3D-RISM-SCF theory. The acid dissociation reactions of PCBA and the
PCBA-complex both involve two reaction steps. The first step is the dis-
sociation of a proton from the carboxyl group, and the second step is the
association of a hydroxide group to the boric acid moiety. The second
pKa of the PCBA-complex showed a lower value than that of PCBA;
that is, the PCBA-complex can take a more soluble form in the lower
pH region.

The 3D-RISM-SCF analysis revealed at the molecular level the mech-
anism through which complex formation affects the solubility. Complex
formation with the monosaccharide allows delocalization of the excess

0 =
20 T PCBA

40 T \ — ‘PCBA-complex

8

|
— |
< =)
(=] (==}
L
T
-

SFE [kecal mol™']
—

-120 T \
-140 T \
—160 T \

~180 + ~N—— - —

=200 t t f t t t
pH

Fig. 5. SFE relative to the neutral species as a function of pH.

charge of the product species of the reaction, which means that the pen-
alty on the solute electronic energy due to charge localization becomes
lower in the PCBA-complex than in PCBA. Complex formation also
changes the solvation structure. The boric acid group, which is the
reaction center of the second acid dissociation reaction, is capped by
the monosaccharide in the complex, which means that the solvent-
accessible surface around the boric acid group is smaller than that in
PCBA. This reduced area of accessible surface results in a smaller change
of magnitude of the solvent effect upon reaction of the PCBA-complex.
As a result of the balance between these two effects, the reaction free
energy of the PCBA-complex is lower, leading to a lower pKa.

In the present study, we used a simple scheme to adjust overestimated
computed pKa values. The corrected values worked well in our investiga-
tion; however, accurate pKa prediction is essential in the field of biochem-
istry and pharmacology, and an elaborated method beyond the simple
empirical correction used herein is highly anticipated. Such studies,
based on the 3D-RISM-SCF theory, are in progress.
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