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Abstract

Branched-Chain Amino Acids (BCAAs) are essential amino acids mainly produced through fer-
mentation. With respect to BCAA crystallization, the incorporation behavior of L-form BCAAs as a
guest amino acid in the crystallization of L-form BCAAs is well known. However, the incorporation
behavior of D-form BCAAs as a guest amino acid in the crystallization of L-form BCAAs is not clear.
In this study, we focused on the crystal conformation and incorporation behavior of D-Leucine
(D-Leu) and L-leucine (L-Leu) in the crystallization of L-valine (L-Val). Moreover, the difference in
the incorporation behavior was investigated on the basis of the distribution ratio of crystals to
mother liquor, and the crystal structure and interaction energy were calculated using a molecular
dynamics method. The crystal composed of L-Leu in L-Val formed as a solid solution and L-Leu was
substituted into the crystal lattice of L-Val. In the case where D-Leu was added as a guest amino
acid during L-Val crystallization, D-Leu was not incorporated into the L-Vallattice because the in-
teraction energy between a D-Leu molecule and the L-Val crystal lattice was substantially greater
than that between an L-Leu molecule and the L-Val crystal lattice.
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1. Introduction

Amino acids are the fundamental building blocks of peptides and proteins and are used innumerous applications
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including pharmaceuticals, medical food, and fine chemicals. Collectively, L-leucine (L-Leu), L-isoleucine
(L-Ile), and L-valine (L-Val) are known as Branched-Chain Amino Acids (BCAAs). BCAAs are essential amino
acids and necessary for proper muscle function. Recently, BCAAs have been reported to prevent locomotive
syndrome in the elderly [1] [2]. In most cases, BCAAs are commercially produced through fermentation. Small
quantities of other amino acids, including other BCAAs, are also produced as impurities during the BCAA fer-
mentation process. The target BCAAs must be separated from impurity-containing mixtures to be shipped as a
product. In BCAA crystallization, other BCAAs are known to be difficult to separate because of their common
components and tendency to form solid solutions [3]. In this case, “solid solution” refers to a crystal structure
produced by random inclusion of impurities into the lattice of the host amino acid (i.e., the target amino acid)
crystal. The formation of a solid solution during BCAA crystallization has been reported to be a consequence of
the host and the guest amino acids (impurity amino acids) having similar branched hydrophobic side chains and
crystal structures [4]-[8]. Co-crystals with a 1:1 ratio of D-form and L-form BCAAs have been reported [9]-[11];
however, quantitative evaluations of their mutual incorporation behavior are rare.

In this report, we focus on the crystal conformation and incorporation behavior of D-leucine (D-Leu) in crys-
talline L-Val (D-Leu/L-Val). For comparison, the incorporation behavior of L-Leu in L-Val crystals was also
studied.

2. Experimental

2.1. Materials

The D-Leu used in this study was a special grade (purity > 98.0%) and purchased from WAKO Pure Chemicals.
L-Leu and L-Val used in this study were pharmaceutical grade and purchased from AJINOMOTO Co., Inc.

2.2. Methods

The experimental flow is shown in Figure 1. First, a 30 g/L L-Val aqueous solution was prepared. L-Leu or
D-Leu was added to this solution and the resulting solution was stirred. The solution was then evaporated until
the concentration of L-Val in the solution (C_.v,) was 20 wt%. Crystals formed in the solution. The resulting
slurry was subsequently placed in a 50°C water bath, cooled from 50°C to 10°C at a cooling rate of 10°C/h, and

L-Val solution 30g/L

<« Guest Amino acids (L-Leu or D-Leu)
Mix liquor

<Concentration>  Under vacuum: 50 °C (123 hPa)

final concentration: 20 wt%

<Cooling> Ending temperature: 10 °C
’ cooling rate: 10 °C/hr
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|
|
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Figure 1. Experimental flow of L-Leu or D-Leu crystal-

lization in L-Val.
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then maintained at 10°C overnight. The slurry was filtrated using 0.45 um membrane filters. The wet crystals
were washed using MeOH. The concentrations of L-Leu, D-Leu, and L-Val were analyzed by high-performance
liquid chromatography (HPLC; column: MCIGEL CRS10W; column temperature: 30°C; detection wavelength:
254 nm; measuring time: 15 min; mobile phase: 1 mM CuSO, aq./MeOH [v/v] = 85/15; flow rate: 1 mL/min).
The crystal structure was analyzed using powder X-ray diffraction (PXRD: Bruker D2 PHASER, CuKa, 30 kV)
and the crystal shape was analyzed by scanning electron microscopy (SEM; JEOL JSM-6510).

3. Results and Discussion
3.1. Solid-Liquid Equilibria of L-Leu/L-Val and D-Leu/L-Val

The initial experimental system is represented as the molar ratio between the guest amino acid and the host
amino acid. For example, L-Leu crystallization in L-Val is represented as “L-Leu/L-Val”. A comparison of the
incorporation behaviors of L-Leu/L-Val and D-Leu/L-Valis shown in Figure 2, where the ratios of guest amino
acids to L-Val in the crystals are plotted against those in the mother liquor at equilibrium. In the case of L-Leu
used as aguest amino acid (blue solid circles), L-Leu was incorporated into L-Val crystals. The impurity content
in the crystals was linearly plotted against tha tin the mother liquor. By contrast, in the case where D-Leu was
used as aguest amino acid (red open circles), all D-Leu remained in the mother liquor. When the molar ratio of
D-Leu to L-Val (represented as Xp..ey) in the mother liquor was less than 0.12, D-Leu was not incorporated into
L-Val crystals. However, when xp_ o, Was greater than 0.12, D-Leu crystallized with L-Val crystals. Thus, the
solubility of D-Leu in the mother liquor was Xp. e, = 0.12.

In summary, L-Leu was incorporated in a certain ratio of x_ ¢, in the mother liquor. D-Leu was not incorpo-
rated when its concentration in the mother liquor was less than the solubility limit; however, D-Leu was crystal-
lized when its concentration in the mother liquor was greater than the solubility limit. In this report, we mainly
discuss cases where X ey < 0.12 and Xp_r e, < 0.12 in the mother liquor.

3.2. Crystal Conformation

The structure of crystals obtained by crystallization was analyzed by PXRD (Figure 3). The molar ratio between
L-Val and L-Leu in the crystal is denoted as L-Leu/L-Val in this figure. The diffraction angles (26) of the (001)
and (002) peaks in the pattern of L-Val were detected at 20 = 7.3° and 14.6°, respectively. The diffraction angles
of the (001) and (002) peaks in the pattern of L-Leu were detected as 20 = 6.0° and 12.1°, respectively. In the
case of L-Leu incorporated into L-Val crystals, these peaks were shifted to lower angles than those of single-
crystalline L-Val and the extent of their shift was dependent on X, ¢, in the crystals. The relationship between
the diffraction angle and lattice spacing, known as Bragg’s law, is shown in Equation (1):

2dsin@=ni 1)

where d is the lattice spacing, n is an integer (n = 1, 2, 3, --) representing the order of diffraction, and 4 is the
X-ray wavelength (CuKa: 1.5418 A). As 6 decreases, d increases. Our PXRD results show that L-Leu was
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Figure 2. Plot of the distribution ratio of Leu and
L-Val in crystals and mother liquors.
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Figure 3. PXRD patterns of L-Leu/L-Val crystals. The molar ratio

of L-Val and L-Leu in the crystal is represented as “L-Leu/L-Val”
[mol/mol] in the figure.

incorporated into the unit cell of an L-Val crystal and that the c-axis expanded. Moreover, the incorporation of
greater amounts of L-Leu into L-Val crystals resulted in broader peaks. It was speculated that the regularity of
the crystal array decreased because L-Leu was randomly incorporated into the L-Val crystal lattice. We there-
fore considered these crystals to be a solid solution. L-Val and L-Leu peaks were not detected in any of the
PXRD patterns of L-Leu/L-Val. Therefore, L-Val and L-Leu single crystalsdid not form; only the L-Leu/L-Val
solid solution crystallized.

3.3. Crystal Morphology

The crystal shape differed markedly between the L-Leu/L-Val crystal and the D-Leu/L-Val crystal (Figure 4).
When Xp_ ¢, Was less than 0.12 in the mother liquor, the molar ratio of the obtained crystal was D-Leu/L-Val =
0.03/99.97. D-Leu was hardly incorporated into L-Val by crystallization. The crystal clearly exhibited a hex-
agonal-plate morphology, which was identical to that of the L-Val single crystal. However, vaguely outlined
fine crystals were obtained in the case of L-Leu/L-Val crystallization; this morphology was a result of the for-
mation of a solid solution. In the L-Leu/L-Val solid solution, L-Leu was randomly incorporated into the L-Val
crystal lattice. Because the side chain of L-Leu is larger than that of L-Val, L-Val crystal growth was stopped at
the point of L-Leu incorporation, disturbing the normal growth of L-Val crystals. Therefore, the L-Leu/L-Val
solid solution crystallized as vaguely outlined and fine crystals.

3.4. Estimation of Interaction Energy

L-Leu was incorporated into L-Val crystals, whereas D-Leu was not. We speculate that this difference in incor-
poration behavior was due to the magnitude of the interaction energy between a molecule of the guest amino
acid (L-Leu or D-Leu) and an L-Val crystal. The interaction energy is correlated with the stability of the crystal
structure: when the interaction energy is lower, the crystal structure is more stable.

We calculated the interaction energy on the basis of this assumption. The interaction energy is difficult to de-
termine experimentally; we therefore calculated it using a molecular dynamics package (Materials Studio, from
Dassault Systemes Biovia K.K.). The L-Val 4 x 4 x 2 crystal structure was drawn and optimized geometrically
using the cvff function, which is a generalized valence potential function used to model small organic crystals
and gas-phase structures such as amides, carboxylic acids, proteins, and a wide range of organic compounds [12]
[13]. A guest amino acid was used to replace one of the existing L-Val (100) surfaces (structure A). The crystal
lattice in which the guest compound was removed from structure A was constructed (structure B). The crystal
lattice in which all L-Val except the guest compound was removed from structure A was also constructed
(structure C). Structures A-C are shown in Figure 5. The interaction energy (E;) was estimated from Equation

(2):
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Figure 4. SEM micrographs of crystals: (a) L-Val single crystal (100x), (b) D-Leu/L-Val = 0.03/99.97 (100x), (c) D-Leu/
L-Val = 0.03/99.97 (300x), (d) L-Leu/L-Val = 2/98 (100x), and (e) L-Leu/L-Val = 2/98 (400x), where the molar ratio be-
tween L-Val and L-Leu or D-Leu in the crystals is represented as L-Leu/L-Val [mol/mol] and the magnification is denoted
in parentheses.

Figure 5. Crystal structure (projection figures from the a-axis). This figure shows the case of
D-Leu in an L-Val crystal lattice. L-Val molecules are shown as stick models, D-Leu mole-
cules are shown as ball-and-stick models, and the void represents vacuum. Structure A:
L-Val 4 x 4 x 2 crystal lattice in which one of the L-Val molecules in the (100) surface was
substituted with D-Leu and the lattice was optimized geometrically using Materials Studio.
Structure B: Substituted D-Leu was removed from structure A. Structure C: Only D-Leu re-
mained in structure A.

Table 1. Calculated interaction energies between guest amino acid molecules and an L-Val
crystal [kJ/mol].

Guest amino acid Ea Es Ec E
L-Val 123 128 29 -34
L-Leu 120 136 15 31
D-Leu 340 143 12 185

“Guest amino acid” means substituted amino acid. Materials Studio was used to estimate the interaction energy

(module: forcite, potential function: cvff).
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E,=E,—(Es +Ec) )

where Ep, Eg, and E¢ were calculated as the total energy of structure A, structure B, and structure C, respective-
ly.

The estimated interaction energy is shown in Table 1. In the case where L-Val was used as a guest amino acid,
E, represents the interaction energy between a molecule of L-Val and an L-Val crystal. A comparison of the in-
teraction energies reveals that the energy of D-Leu was remarkably higher than those of L-Leu and L-Val. The
interaction energy is correlated with the likelihood of incorporation. In the case of a high interaction energy, the
crystal lattice became unstable and difficult to construct; therefore, D-Leu was difficult to be incorporated.

4. Conclusion

A mixture of L-Leu and L-Val crystals was formed as a solid solution randomly constructed by L-Leu and
L-Val in the crystal lattice. By contrast, D-Leu was not incorporated into L-Val crystals and did not result in the
formation of a solid solution when xp_ ¢, Was less than 0.12 in the mother liquor because the interaction energy
between a D-Leu molecule and the L-Val crystal lattice was remarkably higher than that between an L-Leu mo-
lecule and the L-Val crystal lattice.
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