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Abstract: Chiral stationary phases based on chicken alpha 1-acid glycoprotein (cAGP) have been
used for enantioseparations of various compounds. However, the chiral binding sites and mechanism
have not been clarified yet. Based on chromatographic properties of native and W26-modified cAGP
columns and docking simulations of studied compounds into the generated model structure of cAGP,
the chiral binding sites were located on cAGP and the chiral binding mechanism was discussed.
On cAGP, there existed a binding cavity lined with H25, W26, Y47, R128, T129, D161 and E168,
which contribute electrostatic or hydrogen bonding interactions. Benzoin and chlorpheniramine
enantiomers interacted with cAGP at almost the same sites a little away from W26, while propranolol
enantiomers docked, slightly shifting toward H25 and W26. Furthermore, in addition to hydrophobic
interactions, ionic interactions between amino groups of chlorpheniramine enantiomers and a car-
boxyl group of D161 or E168 played an important role in the chiral recognition, while hydrophobic
interactions and hydrogen bonding interactions worked for the chiral recognition of benzoin and
propranolol enantiomers.

Keywords: protein-based chiral stationary phase; alpha 1-acid glycoprotein; chiral recognition
mechanism; molecular docking

1. Introduction

Chiral stationary phases (CSPs) based on proteins have been used for enantiosep-
arations of racemates or chiral compounds [1,2]. Those include serum proteins such as
bovine serum albumin [3], human serum albumin [4], human alpha 1-acid glycoprotein
(hAGP) [5] and chicken AGP (cAGP) [6,7]; enzymes such as trypsin [8], cellobiohydro-
lase [9], pepsin [10] and amyloglucosidase [11]; and other proteins such as antibody [12]
and fatty acid binding protein [13]. The disadvantages of protein-based CSPs include low
capacity, lack of column ruggedness and limited understanding of the chiral recognition
mechanism. The advantages are that various drug enantiomers could be separated in
reversed-phase mode because of multiple binding interactions such as hydrophobic, hy-
drogen bonding and electrostatic interactions or multiple binding sites [1]. Among those
CSPs, a CSP based on hAGP could separate a wide range of basic, neutral and acidic
enantiomers [1]. hAGP consisted of 183 amino acid residues, which contain five N-linked
glycans, and accounted for the total 37-54 kDa mass [14,15]. It belongs to a member of the
lipocalin family, which is a transporter for small hydrophobic molecules [16,17].

Furthermore, hAGP also binds to a variety of drugs, mainly hydrophobic or basic
drugs because of its isoelectric point (pI) 2.7-3.8 [16]. Besides the high heterogeneity of
glycans, the protein part has also been found to show polymorphism [18]. The variants
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are encoded by two different genes: The F1*S variant is encoded by the alleles of the same
gene (orosomucoidl (ORM1)), while the A variant is encoded by a different gene (ORM2).
The molar ratio of the F1*S and A variant hAGPs in blood typically ranges from 3:1 to
2:1[19,20]. The first X-ray structural analysis of the F1*S variant hAGP was reported, and
its ligand-binding sites, which consist of the lobes I, I and III, were clarified. Lobe I is a
large and deep cavity, and provides sufficient spaces for ligand-binding pockets. Lobes II
and III are on each side of lobe I and are negatively charged. Furthermore, the x-ray crystal
structure of the A variant hAGP, which had only two lobes, lobes I and II, and had narrower
binding sites than the F1*S variant hAGP, were determined [21]. The drug bindings to
hAGP have been extensively investigated using co-crystals with ligands [22], docking
study with the 3D molecular model [23-30], circular dichroism (CD) and fluorescence
spectroscopy [23,31,32], photoaffinity labelling [33] and NMR spectroscopy [34]. Although
most of studies indicated that the ligand-binding sites were located on lobes I-III, only one
study by induced CD spectra suggested that W25 of hAGP was essentially involved in the
ligand-bindings [32].

Regarding chiral binding mechanism of ligands on cAGP, a few studies were re-
ported [24,34]. Chiral bindings of the coumarins (warfarin, acenocoumarol and phen-
procoumon) to hAGPs of the F1*S and A variants (ORM1 and ORM2, respectively) were
examined [24]. The enantiomers of the coumarins were docked onto the F1*S and A
variant hAGPs in essentially the same position, including W122, and orientation [24]. (S)-
Enantiomers of warfarin and acenocoumarol were found to possess a higher affinity for
ORM 1 than the corresponding (R)-enantiomers in binding measurements by stereoselec-
tive analysis of the ultrafiltrates [24]. (R)- and (S)-acenocoumarol to hAGP models of the
F1*S and A variants show a slight preference for (S)-enantiomer in the case of both variant
hAGPs [24]. However, the proposed model could not explain chiral bindings of coumarins
onto hAGP. Chiral bindings of propranolol enantiomers to cAGP were investigated with
ligand-detected NMR experiments [34]. It was found that each enantiomer bound to the
AGP binding pocket in a different orientation.

CSPs based on crude ovomucoid, ovomucoid from chicken (OMCHI), which was
isolated from egg whites, were developed [35] and used for enantioseparations of neutral,
acidic and basic compounds [36]. However, crude ovomucoid included OMCHI and
ovoglycoprotein (OGCHI), whose content was about 10%. Since OMCHI and OGCHI
had the same pI 4.1 [1], OMCHI was contaminated with OGCHI in crude ovomucoid
preparation [6]. Furthermore, OMCHI had no chiral recognition ability, but the chiral
recognition ability of crude ovomucoid came from OGCHI [6]. The amino acid sequence of
OGCHI was clarified [7]. OGCHI consisted of 183 amino acids and accounted for the total
30 kDa mass. Furthermore, OGCHI showed 31-32% identities to rabbit AGP and hAGP [7].
OGCHI was a member of the AGP family identified in mammals, and was chicken AGP
(cAGP) [7]. As hAGP, cAGP conserved the number and locations of the S-S bridges (C6-146
and C73-C163), and had five N-linked glycans: N16, 70, 77 and 87 were fully glycosylated
and N62 was partially glycosylated [37].

cAGP had only one tryptophan residue at 26 position [37]. W26-modified cAGP
completely lost chiral recognition ability for (3-blockers such as propranolol, alprenolol and
oxprenolol, while it still conserved lower chiral recognition ability for chlorpheniramine
and benzoin, compared with native cAGP [38]. Therefore, it was concluded that (3-blockers
bound on a single binding site near the W26 region and that further bindings of chlorpheni-
ramine and benzoin occurred at the secondary binding site [38]. Furthermore, by CD and
ultraviolet/visible absorption spectroscopy experiments it was supported that W26 was
responsible for the ligand-bindings to cAGP [39].

In this study, we located the chiral binding sites on cAGP and discussed the chiral recog-
nition mechanism of benzoin, chlorpheniramine and propranolol, based on chromatographic
properties of native and W26-modified cAGP columns and molecular docking results.
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2. Materials and Methods
2.1. Reagents

2-Nitrophenylsulfenyl chloride was purchased from Tokyo Chemical Industry (Tokyo,
Japan). Other reagents and solvents were obtained from Nacalai Tesque (Kyoto, Japan). All
reagents were of an analytical-reagent grade and were used without further purification.
The structures of studied compounds were illustrated in Figure 1.
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Figure 1. Structures of compounds used in this study.

2.2. Preparation of W26-Modified cAGP

cAGP was isolated as reported previously [6]. W26-modified cAGP with 2-nitro-
phenylsulfenyl chloride was obtained according to a previously reported method [40].
Briefly, 3 mg of 2-nitrophenylsulfenyl chloride dissolved in 50 pL of glacial acetic acid were
added to a 3 mL of a 20 vol% acetic acid solution including 100 mg of cAGP. Then the
reaction mixture was stirred for 5 h at 0 °C. The reaction mixture was dialyzed against
water for 60 h at 4 °C and lyophilized.

2.3. Preparation of Native and W26-Modified cAGP Columns

Native and W26-modified cAGP columns were prepared as reported previously [6].
Briefly, 2.66 umol of native and W26-modified cAGPs, respectively, were reacted with
1 g of aminopropyl-silica gels (5 um particle size, 12 nm pore size) activated with N,N-
disuccinimidyl carbonate (DSC). Each protein reacted was completely immobilized to
DSC-activated aminopropyl-silica gels [41]. The obtained materials were packed into a
2.0 mm L.D. x 100 mm stainless-steel column by a slurry packing method to evaluate chiral
recognition abilities. The flow-rate was maintained at 0.2 mL/min. Detection was carried
out at 210 nm. The retention factor, k, and enantioseparation factor, a, of a racemate were
calculated according to a method reported previously [6]. All separations were performed
at 25 °C using a water bath.

2.4. Generation of Model Structure of cAGP and Docking Simulations

The homology model of cAGP was constructed using Swiss-Model server [42]. The
crystal structure of hAGP (A variant (ORM2); pdbid, 3apu), which showed the highest
score of 28.8% homology with cAGP in amino acids sequence alignments, was selected,
and the model structure was built in accordance with the alignment with the target pro-
tein using ProMod3 [43]. In addition, the model structure of cAGP was generated using
i-TASSER server [44], and the built structure seemed to be indistinguishable with that from
Swiss-Model server. The validated model structure from Swiss-Model server was used
for docking simulations as previously reported [45-47]. First, the model structure was
prepared by Protein Preparation Wizard, which provides a state for calculation with charge,
orientation of groups, etc. Next, the chemical structures for benzoin, chlorpheniramine and
propranolol were obtained from Pubchem database (https://pubchem.ncbi.nlm.nih.gov/,
accessed on 22 May 2021) for both (R)- and (S)-configurations, and feasible conformations
were prepared by LigPrep module. Each prepared ligand was docked to the built model
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structure of cAGP using Glide module using standard precision (SP) mode [48], and the
docked structures with the highest glide score for each ligand were visualized with measur-
ing distances among atoms by the PyYMOL Molecular Graphics System from Schrodinger
(New York, NY, USA). All tools for docking and visualization were from Schrédinger.

3. Results
3.1. Enantioseparations on Native and W26-Modified cAGP Columns

Since cAGP had only one tryptophan residue at 26 position, W26 of cAGP was only
modified with 2-nitrophenylsulfenyl chloride. Table 1 shows retention and enantiosepara-
tion factors of benzoin, chlorpheniramine and propranolol on native and W26-modified
cAGP columns. Three racemic compounds were enantioseparated on a native cAGP col-
umn. Though on a W26-modified cAGP column, retention and enantioseparation factors of
benzoin and chlorpheniramine were decreased, they were still enantioseparated. However,
propranolol was not enantioseparated on a W26-modified cAGP column along with a
drastic decrease in the retention factor. Similarly, chiral resolution of p-blockers such
as alprenolol and pindolol was completely lost on a W26-modified cAGP column [38].
Furthermore, competition studies using N,N-dimethyl-n-octylamine (DMOA) as a com-
petitor indicated that propranolol competed with DMOA on a single binding site near the
W26 region and that further bindings of benzoin and chlorpheniramine occurred at the
secondary binding site in a non-competitive fashion with DMOA [38]. Therefore, it was
considered that there existed at least two chiral binding sites on native cAGP.

Table 1. Comparison of chiral recognition abilities of native and W26-modified cAGP columns !.

Entry Native cAGP Column W26-modified cAGP Column

kg 2 kg 2 o3 kg 2 kg 2 o3

Benzoin 5.97 19.5 3.27 4.82 8.00 1.66
Chlorpheniramine 8.40 4.49 1.87 4.03 2.76 1.46
Propranolol 27.0 30.5 1.13 2.06 2.06 1.00

1 Data adapted from Table 1 in [38]. 2 Retention factors of (S)- and (R)-enantiomers, kg and kg, respectively.
3 Enantioseparation factor of (S)- and (R)-enantiomers.

3.2. Docking Simulations of Studied Compounds into Generated Model Structure of cAGP

As described above, the model structure of cAGP was generated using hAGP as a
template, and then the generated structure was validated with another modeling server.
Subsequently, each enantiomer of three compounds, benzoin, chlorpheniramine and pro-
pranolol, was simulated and docked to a certain cavity on the generated model structure
of cAGP (Figure 2).

Figure 2. Docking structures of cAGP with (A) benzoin, (B) chlorpheniramine and (C) propranolol enantiomers. The

built model structure of cAGP was illustrated as surface mode and the docked enantiomers were shown as ball-and-stick

models, respectively.
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Remarkably, each enantiomer of two compounds, benzoin and chlorpheniramine,
was located onto a similar position of the surface; however the docked propranolol enan-
tiomers slightly shifted to the relatively small cliff. The differences between (R)- and
(S)-configurations in the binding site were subsequently investigated in detail.

As shown in Figure 3, both (R)- and (S)-benzoin were docked onto a similar position
of a cavity of the generated model structure of cAGP. The positions seemed to be fastened
by one of aromatic rings in both configurations by hydrophobic interactions. Furthermore,
some of hydrogen bonding interactions work for chiral recognition of (R)- and (S)-benzoin.
A hydroxyl group of (R)-benzoin is close to oxygen atoms in either a carbonyl or hydroxyl
group of D161 with a distance of 3.2 or 4.9 A, and a hydroxyl group of Y47 is nearby a
carbonyl group of (R)-benzoin with a distance of 2.8 A (Figure 3A). An oxygen atom in
either a carbonyl or hydroxyl group of D161 is also close to a hydroxyl group of (S)-benzoin
at a distance of 2.8 A; however, Y47 is a bit far from the bound (S)-benzoin at a distance of
53A (Figure 3B). These results indicate that (R)-benzoin binds to cAGP more tightly than
(S)-benzoin.

(A)

E168
& o

N\
D161/ S-=%

K Y4

Figure 3. Simulated docking structures of cAGP focusing on the surrounding of bound (A) (R)-benzoin and (B) (S)-benzoin.

The docked compounds were represented in either green or cyan for carbon atoms. Besides, nitrogen and oxygen atoms

were colored in blue and red, respectively. The remarked amino acid residues were labeled and shown in gray for carbon

atoms, and feasible interactions were depicted as dotted lines.

Next, (R)- and (S)-chlorpheniramine were also suggested to bind the same cavity
with benzoin (Figure 4). As shown in Figure 4, a carboxyl group of E168 is close to an
amino group of (R)-chlorpheniramine at a distance of 2.6 A, while an amino group of
(S)-chlorpheniramine could interact with a carboxyl group of D161 with 3.0 A instead
of E168 for (R)-chlorpheniramine. Electrostatic interactions between amino groups of
(R)- and (S)-chlorpheniramine and carboxyl groups of E168 and D161, respectively, could
work for the recognition. In addition, as shown in Figure 4B, Y47 was located nearby
bound (S)-chlorpheniramine with a distance of 3.9 A. Furthermore, the chlorine atom of
(S)-chlorpheniramine was close to a carbonyl group for main chain between R128 and T129
with a distance of 3.6 A. It implied that (S)-chlorpheniramine could interact with the main
chain via halogen bonding interactions. These results indicate that (5)-chlorpheniramine
interacts with cAGP more tightly than (R)-chlorpheniramine.

Finally, (R)- and (S)-propranolol were again docked to the generated model structure
of cAGP (Figure 5). Interestingly, the docked propranolol was slightly shifted toward H25
and W26 with a consequent distance of 4.3 A to H25. Although Y47 was again suggested to
be involved in the binding of (R)-propranolol with a distance of 4.7 A, it could be weak to
anchor the docked propranolol. A carbonyl group for main chain between R128 and T129
was remarkably located to either 2.7 or 2.8 A for (R)-propranolol or (S)-propranolol. The
former hydrogen bonding interactions were with an amino group of (R)-propranolol, while
the latter hydrogen bonding interactions were with a hydroxyl group of (S)-propranolol.
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These results indicate that the (R)-propranolol binding to cAGP is more favorable than the
(S)-propranolol binding.

(A) D161 (B)

1129

SN
H2sY L)

W26

R128

Figure 4. Simulated docking structures of cAGP with (A) (R)-chlorpheniramine and (B) (S)-chlorpheniramine. The docked
compounds were represented as in Figure 3. Besides, the same colors were used for nitrogen and oxygen atoms, and the
remarked amino acid residues as in Figure 3. Feasible interactions were depicted as dotted lines.

(B)
D161; V‘~,Y47
E168 " ™,
&~
&
\h"
»x
H25
~F =g
W26
R128 R128

Figure 5. Simulated docking structures of cAGP with (A) (R)-propranolol and (B) (S)-propranolol. The docked compounds
were represented as in Figure 3. Besides, the same colors were used for nitrogen and oxygen atoms, and the remarked
amino acid residues as in Figure 3. Feasible interactions were depicted as dotted lines.

4. Discussion

Figure 6 shows sequence alignments of F1*S and A variant hAGPs and cAGP along
with the highlighted amino acids, which consist of feasible ligand-binding sites. The
F1*S variant hAGP has lobs I, II and III as the ligand-binding sites, while the A variant
hAGP has only lobs I and II. Figure 7 shows crystal structures of F1*S (left; pdbid, 3kq0)
and A (center; pdbid, 3apu) variant hAGPs and a built model structure of cAGP (right).
These indicate that the ligand-binding sites of hAGP and cAGP are totally different: A
lot of ligands bound almost the same sites on hAGP, lobes I-1II, while the three ligands,
benzoin, chlorpheniramine and propranolol, bound the cavity near a W26 region on cAGP.
The hydrophobic cavities lined with H25, W26, Y47, R128, T129, D161 and E168, which
contribute electrostatic or hydrogen bonding interactions, were responsible for chiral
resolution of the studied compounds on cAGP.
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GASQYPPHMA

BENVQRENGTH
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IHVFRHNSTL

DKPETTKEQL
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Figure 6. Sequence alignments of F1*S and A variant hAGPs and cAGP. The cavities in hAGP were called as lobes being

highlighted in green for lobe I, orange for lobe II and cyan for lobe III. The amino acids, which consisted of feasible

ligand-binding sites in this work, were colored in magenta.

/o7

Figure 7. Crystal structures of F1*S (left) and A (middle) variant hAGPs and a built model structure of cAGP (right). The A
variant of cAGP was only showed one of subunits. The highlighted residues in the Figure 6 were colored in the structures.
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In docking simulations of studied enantiomers into the generated model structure of
cAGP, the (R)-benzoin, (S)-chlorpheniramine or (R)-propranolol binding was more favor-
able than its enantiomer. These results correlate well with the chromatographic results that
(R)-benzoin, (S)-chlorpheniramine or (R)-propranolol is more retained than its enantiomer
on a cAGP column. Furthermore, chiral resolution of propranolol was completely lost on
a W26-modified cAGP column. This could be due to the small changes in the position of
the side chains of amino acid residues in chiral binding sites near W26. However, on a
W26-modified cAGP column chiral resolution of benzoin and chlorpheniramine was still
attained. Because their chiral binding sites were a little away from W26. Previously, we
considered that there existed at least two chiral binding sites on cAGP. Taking into account
the results of docking simulations, we conclude that the chiral binding sites for the studied
compounds are near a W26 region.

In docking simulations of chlorpheniramine enantiomers, electrostatic interactions
between amino groups of (R)- and (S)-chlorpheniramine with carboxyl groups of E168
and D161 of cAGP, respectively, worked for chiral recognition. It was reported that the
retention and enantioseparation factors increased with an increase in mobile-phase pH on
a crude ovomucoid (contaminated with cAGP) column [36]. This suggests that the ionic
interactions work for the retention and chiral recognition of chlorpheniramine enantiomers.
On the other hand, in docking simulations of propranolol enantiomers, plausible ionic-
interactions between an amino group of each propranolol enantiomer with a carboxyl group
of cAGP were not found. Consequently, the results of docking simulations well coincide
with the data that the retention factor increases with an increase in mobile-phase pH on
a crude ovomucoid (contaminated with cAGP) column, but that the enantioseparation
factor remains unchanged [49]. The retention of propranolol was governed by nonspecific
interactions of propranolol with cAGP, while the enantioselectivity came from the specific
interactions of propranolol in the chiral binding site near W26. We also constructed the
model structure of W26-modified cAGP with 2-ntirophenylsulfenyl group (data not shown).
Although the generated model structure was less reliable, it seemed that the introduced
2-ntirophenylsulfenyl group could yield enhanced rigidity for the cAGP structure, and
that small changes in the position of the side chains of amino acid residues occurred.
These changes might result in the loss of enantioselectivity of propranolol on the W26-
modified column.

5. Conclusions

Based on chromatographic properties of native and W26-modified cAGP columns and
docking simulations of studied compounds into the generated model structure of cAGP,
the chiral binding sites were located on cAGP for the first time and the chiral binding mech-
anism was discussed. On cAGD, there existed a hydrophobic cavity lined with H25, W26,
Y47, R128, T129, D161 and E168. Benzoin and chlorpheniramine enantiomers interacted
with cAGP at almost the same sites a little away from W26, while propranolol enantiomers
docked in the relatively small cliff, slightly shifting toward H25 and W26. Furthermore, in
addition to hydrophobic interactions, ionic interactions between amino groups of chlor-
pheniramine enantiomers and a carboxy group of D161 or E168 played an important role in
the chiral recognition, while hydrophobic interactions and hydrogen bonding interactions
worked for the chiral recognition of benzoin and propranolol enantiomers.
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