This article was downloaded by:

On: 24 January 2011

Access details: Access Details: Free Access
Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

1l \L OF
LIQUID

Journal of Liquid Chromatography & Related Technologies
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597273

Investigation of Interactions Between Drug Enantiomers and Flavoprotein

as a Chiral Selector by Affinity Capillary Electrophoresis
N. Mano* Y. Oda* Y. Ishihama? H. Katayama? N. Asakawa?
* Analytical Chemistry Section Tsukuba Research Laboratories, Eisai Co., Ltd, Tsukuba Ibaraki, Japan

Supsoiical Fluid T
ana Tach:

Fi o Fract
Proparstsa & Anaktical Sap

Exfitess by
dack Cazes, Ph.D.

To cite this Article Mano, N., Oda, Y., Ishihama, Y. , Katayama, H. and Asakawa, N.(1998) 'Investigation of Interactions
Between Drug Enantiomers and Flavoprotein as a Chiral Selector by Affinity Capillary Electrophoresis', Journal of
Liquid Chromatography & Related Technologies, 21: 9, 1311 — 1332

To link to this Article: DOI: 10.1080/10826079808005880
URL: http://dx.doi.org/10.1080/10826079808005880

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with prinary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713597273
http://dx.doi.org/10.1080/10826079808005880
http://www.informaworld.com/terms-and-conditions-of-access.pdf

11: 08 24 January 2011

Downl oaded At:

J. LIQ. CHROM. & REL. TECHNOL., 21(9), 1311-1332 (1998)

INVESTIGATION OF INTERACTIONS
BETWEEN DRUG ENANTIOMERS AND
FLAVOPROTEIN AS A CHIRAL SELECTOR BY
AFFINITY CAPILLARY ELECTROPHORESIS

N. Mano,* Y. Oda, Y. Ishihama, H. Katayama, N. Asakawa

Analytical Chemistry Section
Tsukuba Research Laboratories, Eisai Co., Ltd.
Tokodai 5-1-3, Tsukuba
Ibaraki 300-26, Japan

ABSTRACT

Interactions between drug enantiomers and flavoprotein as
a pseudo chiral stationary phase were investigated by using
affinity capillary electrophoresis (CE) in order to avoid the
effects of nonspecific interactions that occur in chiral HPLC.
Circular dichroism (CD) measurement was used to monitor
changes of the secondary structure of flavoprotein under
various analysis conditions in affinity CE. The chiral
discrimination region for ketoprofen on the flavoprotein
surface was concluded to consist of a-helix structure, and the
decrease of chiral separation ability with increase of methanol
content in the electrophoretic buffer was directly related to
conformational change of the o-helix. Studies with
chemically modified flavoprotein indicated that two types of
interaction at the chiral discrimination region are required for
chiral separation: n-n interaction of a tryptophan residue with
the aromatic ring of ketoprofen, and ionic interaction of the
carboxyl group of ketoprofen with an amino group and a
carboxyl group of the protein.
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INTRODUCTION

High-performance liquid chromatography (HPLC) with a protein-
conjugated chiral stationary phase (protein-CSP) and an aqueous mobile
phase’? can be used to separate a wide range of enantiomers,” and is often
used for pharmacokinetic and toxicokinetic studies, and so on,*® during
pharmaceutical development. Many kinds of protein-CSPs have been
reported.’®'’ We have shown that a flavoprotein-CSP can simultaneously
separate individual drug enantiomers and their metabolites in the reversed-
phase mode.’® However, the chiral discrimination mechanism is expected to
be complicated, and may involve ionic interaction, hydrophobic interaction,
hydrogen bonding and n-n interaction.

Several researchers have investigated the interactions between protein-
CSPs and solute. Wainer and co-workers'>?' reported that k'/k'+1 showed a
linear relation to protein-binding capacity when human serum albumin
(HSA) was employed as a chiral selector, and allosteric cffects were
observed. Oda et al.?? prepared an acyl-derivatized avidin column and
investigated the retention and chiral separation of several drug enantiomers.
They demonstrated that a carboxyl group at the binding site plays an
important role in the chiral separation of basic drug enantiomers, while the
chiral separation of acidic drug enantiomers is related to an interaction
between an amino group of the binding site and a negative charge in the
solute molecule. Kaliszan et al. > investigated the relationship between
chiral separation and physicochemical properties of solutes such as
hydrophobicity, molecular size, and electron excess charge on the nitrogen
atom. They concluded that solutes bind to the chiral discrimination region
through hydrophobic interaction and a nearby ionic region is also related to
the chiral separation. Pinkerton et al.*® found that only the third domain of
turkey ovomucoid has chiral discrimination capacity, and they considered
that ionic interaction, hydrophobic interaction, and hydrogen bonding all
contribute to the chiral discrimination on the basis of NMR and
computational studies.

We have developed four protein-CSPs?’° and established that mobile
phase conditions such as pH and organic solvent content influence retention
and chiral separation.’ However, protein-CSPs show not only specific
binding, but also non-specific interaction, e.g., at the silica gel surface, at
unreacted aminopropyl groups, and in the linkage region, as we showed in
the case of flavoprotein-CSP,** and it is very difficult to investigate only the
specific interaction involved in chiral discrimination by using HPLC.



11: 08 24 January 2011

Downl oaded At:

DRUG ENANTIOMERS AND FLAVOPROTEIN 1313

33,34

Capillary electrophoresis (CE) has a very high separation efficiency
and many drug enantiomers have been separated by using various chiral
selectors.*>*! Chiral separation by CE using protein as a pseudo stationary
phase has been reported recently.**

In CE, the protein used as a chiral selector is in a nearly native
situation in solution, so retention of the solute may reflect quite well the
specific interaction between protein and solute in solution. Lloyd et al.¥
compared retention on HPLC and CE with HSA as a chiral selector, and
found that the capacity factor (k') of benzoin on HPLC and CE showed a
linear relationship in running buffer, containing various amounts of 1-

propanol.

In this study, we investigated the relationship between the k' values on
HPLC and CE for eight kinds of racemic compounds under the same
conditions. The results suggested that affinity CE, using protein as a chiral
selector, can accurately evaluate the specific interaction between proteins
and solutes.

We then investigated the effect of varying the mobile phase conditions
on the retention and chiral separation in affinity CE. We also examined the
nature of the moieties involved in the chiral discrimination on the protein
surface by using flavoprotein specifically modified at tyrosine residues,
tryptophan residues or amino or carboxyl groups.

EXPERIMENTAL

Reagents and Materials

Ketoprofen (KE), ibuprofen (IB), flurbiprofen (FL), fenoprofen (FE),
proglumide (PG), oxprenolol (OX), aminoglutethimide (AG), 2-hydroxy-5-
nitrobenzylbromide (HNBB), and N-acetylimidazole were purchased from
Sigma (St. Louis, MO, USA). Pranoprofen (PP) was extracted from
pharmaceutical capsules (Mabul capsule). N,N-Disuccinimidylcarbonate
was from Wako Pure Chemical (Osaka, Japan), and Nucleosil SNH2 was
from Macherey-Nagel (Diiren, Germany). Sulfosuccinimidy! carbonate and
1-ethyl-3(3-dimethylaminopropyl)carbodiimide hydrochloride were from
Pierce (Rockford, IL, USA). Flavoprotein was purified from chicken egg-
white.”® Protein assay Kit II was from Bio-rad (Hercules, CA, USA). Other
reagents were commercial products of high purity or HPLC grade.



11: 08 24 January 2011

Downl oaded At:

1314 MANOET AL.

Apparatus

The HPLC system was an LC-10A system equipped with an LC-10AD
pump, an SCL-10A auto sampler and an SPD-10A UV detector (Shimadzu,
Kyoto, Japan), and all components were contirolled by CLASS LC-10
software. The flavoprotein (apoprotein) column (4.6 mm ID. x 100 mm)
was prepared by our reported method.®® The CE system was equipped with
an 890-CE high-voltage supply (Jasco, Tokyo, Japan) and an 870-CE UV
detector (Jasco). An uncoated fused silica capillary (50 pm ID., 375 pum
0.D., 30 cm total length, 17 cm effective length, GL Science, Tokyo) was
used for measurement of the electrophoretic mobility of drugs. The
measurement of the electrophoretic mobility of apoprotein and the affinity
CE analyses were carried out by using a polyethylene glycol coated capillary
(uSIL, 50 ym ID., 375 um O.D., 40 cm total length, 25 cm or 15 ¢cm
effective length, J&W Scientific, Folsom, CA). The UV spectrophotometer
was a model U-3500 (Hitachi, Tokyo) and the circular dichroism (CD)
spectra were obtained with a J-720WTI instrument (Jasco).

Purification of Apoprotein

Flavoprotein (2 g) was dissolved in 50 mM sodium acetate buffer (pH
4.0) containing 5% sodium chloride. Activated charcoal (Nacalai Tesque,
Kyoto) was added to the flavoprotein solution, which was adjusted 1o pH 3.0
by adding acetic acid. After mixing, the activated charcoal was filtered off
and the filtrate was adjusted to neutral pH with sodium hydroxide. This
solution was subjected to gel chromatography (Hiload 26/60 Superdex 200
prep grade, 2.6 cm I.D. x 60 cm, Pharmacia Biotech, Uppsala, Sweden)
using 50 mM tris-hydrochloride buffer containing 150 mM sodium chloride.
A single peak at a position corresponding to nearly MW 30000 was
collected, dialyzed using a semipermeable membrane (MW cut-off;, 6000-
8000, Spectrum Medical Industries, Inc., Los Angeles, CA), and then
lyophilized (960 mg, white powder).

Chemical Modification of Apoprotein
Tryptophan residues

Apoprotein (29 mg) was dissolved in sodium acetate buffer (pH 5.0,
ionic strength 0.05, 2.375 mL); and HNBB methanol solution (2.32

mg/0.125 ml) added. Afier reaction for 30 min at room temp. the mixture
was dialyzed and lyophilized (HNBB-apoprotein, pale-yellowish powder).
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Tyrosine residues

Apoprotein (29 mg) was dissolved in sodium acetate buffer (pH 5.0,
ionic strength 0.05, 2.375 mL) and N-acetylimidazole methanol solution
(6.6 mg/0.125 ml) was added. After reaction for 60 min at room
temperature, the mixture was dialyzed and lyophilized (O-acetylated
apoprotein, white powder).

Amino groups

Sulfosuccinimidyl acetate was dissolved in 50 mM sodium hydrogen
carbonate (25 mg/0.5 mL) and added to the apoprotein solution (50 mM
sodium hydrogen carbonate, 29 mg/2 ml). After reaction for 60 min at
room temperature, the mixture was dialyzed and lyophilized (N-acetylated
apoprotein, white powder).

Carboxyl groups

The Apoprotein (29 mg) was dissolved in a solution of 1-ethyl-3(3-
dimethylaminopropyl)carbodiimide hydrochloride in 50 mM potassium
dihydrogen phosphate (pH 4.6, 50 mg/2 mL). Glycine ethyl ester
hydrochloride in 50 mM potassium dihydrogen phosphate (10 mg/0.5 mL)
was added. After reaction for 6 hours at room temperature, the mixture was
dialyzed and lyophilized (ethylglycyl-apoprotein, white powder).

Theory of Affinity CE

The electrophoretic separation process in affinity CE can be explained
in terms of a simple model.* In the running buffer, solute (S) and protein
(P) are in a binding equilibrium

S+P

1

SP 1)

We assume that the interaction forms a monovalent complex (SP). Then the
binding constant (K) is expressed as

« 1Pl

2
[SIPI @

In affinity CE using a protein as a chiral selector, the binding capacity of the
solute to the protein is similar to that in electrokinetic chromatography. *®
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Figure 1. Molecular Structures of 8 Compounds Used in Comparison of Chiral
HPLC and Affinity CE. The chiral centers are indicated by asterisks.

From in the viewpoint of chromatography, the k' value is given as the ratio
of solute in the stationary phase to that in the mobile phase. Thus, the
binding capacity of solute to protein as a pseudo stationary phase in affinity
CE using a coated capillary with no electroosmotic flow can be
chromatographically written as*

K = K[p] = _HS~HapP

3
papp — pcom ®

where ps is the electrophoretic mobility of the solute, papp is the apparent
electrophoretic mobility and pcom is the electrophoretic mobility of the
protein-solute complex which is given by the Eq. (4),

Z+z M3
Z M+m??

jiCOm = Upro C))
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where ppro is the electrophoretic mobility of the protein, Z and z are the
charges of the protein and solute, respectively, and M and m are the
molecular weights of the protein and solute, respectively. The charge of
protegl is calculated by using a semiempirical equation described by Rickard
et al.

RESULTS AND DISCUSSION

Comparison of HPLC and CE

Flavoprotein purified from chicken egg-white includes a considererable
amount of riboflavin and is yellow in color. In the case of chiral HPLC,
riboflavin can be washed out with an acidic solution. However, the protein
as a chiral selector for CE is dissolved directly in the electrophoretic buffer,
so we removed the riboflavin and further purified the flavoprotein by gel
chromatography prior to use (see Experimental).

In this study, we used the eight model compounds shown in Fig. 1.
KE, IB, FL, FE and PP are acidic a-aryl propionates having similar
structures around the chiral center, while PG is an acidic compound
containing a carboxyl group in the molecule, and OX and AG are basic
compounds whose pKa values are appreciably different.

First we investigated the binding capacity and chiral separation of
these model compounds by chiral HPLC and affinity CE using flavoprotein.
Table 1 shows the k'l, k'2 and o values.

Acidic compounds were strongly retained on HPLC, and appreciably
different values of k’ and o. among the profens were obtained. Interestingly,
OX and AG, which are basic compounds, showed good chiral separations
although they had small k' values (less than 2).

In CE, however, the k' values of all the acidic compounds were around
2, and PP showed the smallest k' value among the profens, in spite of giving
the largest k' value on HPLC. The basic compound OX, which showed a
smaller k’ value than AG on HPLC, was bound to flavoprotein more strongly
than AG on CE. The k' values of all the compounds on CE versus those on
HPLC are plotted in Fig. 2. No relationship was apparent, in contrast to the
findings of Lloyd et al. for benzoin.”’
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Table 1

Comparison of k' and o Values of Model Compounds on HPLC and CE

HPLC CE
Compound k1 k2 o k1 k2 o
KE 11.94 14.85 1.24 249 2.78 1.12
IB 8.52 9.09 1.07 2.66 275 1.03
FL 17.99 19.00 1.06 2.30 2.40 1.04
FE 10.10 10.10 1.00 2.70 2.70 1.00
PP 3825 57.29 1.50 1.88 2.02 1.07
PG 5.61 21.27 3.79 1.85 1.94 1.05
0). ¢ 0.79 1.00 1.27 5.02 5.68 1.13
AG 1.01 1.54 1.52 0.94 0.98 1.04

k’'1 = smaller capacity factor; k"2 = larger capacity factor; o = enantio-
selectivity. HPLC conditions: column, apoprotein column (100 mm x 4.6
mm 1D, 5 um); mobile phase, acetate buffer (pH 5.0, [=0.05)/methanol
(95:5); flow rate, 1.0 mL/min; detection, UV 214 nm; column temperature,
25+2°C; sample amount, 1 nmol (100 pM, 10uL injection). CE
conditions: capillary, pSIL (polyethylene glycol coated capillary, 375 pm
0.D., 50 um 1.D.); total length, 40 cm; effective length, 25 cm;
electrophoretic buffer, acetate buffer (pH 5.0, I = 0.05)/methanol (95:5)
containing 200 uM apoprotein; applied voltage, 10 kV; detection, UV 254
nm; sample amount, 1 mM.

It appears that the contribution of non-specific interaction to retention
was different among the various compounds on HPLC. On the other hand,
the rather similar k' values of the profens on CE, in spite of the considerably
different k' values on HPLC, suggested that these analogues bound to the
same specific binding site on the protein surface with similar strength.
Affinity CE should thercfore be useful for the evaluation of specific
interactions between solute and protein without the interference of non-
specific interaction.

Effect of pH of the Running Buffer on k' and « Values in Affinity CE

In chiral protein HPLC, the pH of the mobile phase greatly influences
the retention and chiral separation of drug enantiomers.”>">° The effect of
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Figure 2. Plots of k' as Determined by CE vs k' as Determined by HPLC.

Table 2

Effect of pH of Running Buffer on Binding Capacity
and Enantioselectivity

pH k1 k2 o
4.4 3.01 3.38 1.12
50 2.12 227 1.07
56 1.94 1.94 1.00
6.2 1.64 1.64 1.00
6.8 1.22 1.22 1.00

k’1 = smaller capacity factor; k'2 = larger capacity factor;
o. = enantioselectivity. Conditions; capillary, pSIL (poly-
ethylene glycol coated capillary, 375 um O.D., 50 um 1.D.);
total length, 40 cm;effective length, 25 cm; electrophoretic
buffer, acetate or phosphate buffer (I=0.05) containing

200 uM apoprotein; applied voltage, 10 kV; detection, UV
254 nm; sample amount, 1 mM.
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pH on the k' and a values of KE in affinity CE is shown in Table 2. The
binding and the chiral separation capacity decreased with increase of pH in
the range of pH 4.4-6.8, as was found in the case of chiral flavoprotein
HPLC.>**' However, there was no change of the CD spectra in the range of
pH 3-7 (data not shown), so the change of pH of the running buffer did not
influence the secondary structure of flavoprotein. Therefore, the effect of pH
may be due to a change of the ionic state of amino acid residue(s) related to
the interaction between KE and the protein binding site.

Further, KE is an acidic compound whose pKa value is 3.9, so neutral
pH favors ionization of the carboxyl group. The non-ionic form of KE may
bind stably to the chiral discrimination region on the flavoprotein surface in
the range of pH 4.4-6.8, but binding of the negatively charged form may be
disfavored by ionmic interaction. This would explain why the binding
capacity is lower at neutral pH than at acidic pH. On the other hand, in
HPLC, KE is most strongly retained at pH 4.6 and more acidic pH of the
mobile phase decreased both the retention and the chiral separation.*
Therefore, both an acidic amino acid residue and a basic amino acid residue
in the chiral discrimination may play important roles in the chiral separation
by flavoprotein.

Effect of Methanol Content of the Running Buffer on k' and o Values in
Affinity CE

The content of organic modifiers greatly affected the retention and the
chiral separation in chiral protein HPLC,”?"* implying that hydrophobic
interaction between solute and protein binding site is very important. Table
3 shows the effect of the methanol content of the running buffer on binding
and chiral separation in affinity CE. The k' values slightly increased up to
20% methanol content and decreased at more than 25% methanol, whereas
they decreased with increase of ethanol content in the range of 4-12% in
HPLC.*® On the other hand, the o values decreased with increase of
methanol content, and the chiral separation of KE was not achieved at 25%
methanol or more. When the flavoprotein as a solute was analtyzed by CE,
broadening of the flavoprotein peak was seen with increase of the methanol
content of the running buffer (data not shown). This suggests that partial
denaturation of flavoprotein resulted in increased adsorption on the capillary
wall. Fig. 3 shows the change of molecular ellipticity of flavoprotein in
relation to the methanol content of the running buffer. The increase of
methanol content up to 20% caused a marked change of molecular ellipticity
at 208 nm, reflecting conformational change of the secondary structure (ot~
helix) of flavoprotein, and this coincides with the change of o value in
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Figure 3. Effect of Methanol Content on the Molar Ellipticity at 245 nm of
Flavoprotein. Conditions: sample concentration, 5 pM; solvent, acetate buffer (pH
5.0, I=0.05)methanol mixture; cell length, 1 mm; scan range, 200-350 nm; scan
speed, 50 nm/min; resolution, 0.1 nm; band width, 1.0 nm; accumulation, 5.

Effect of Methanol Content in Running Buffer on Binding Capacity
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k’1 = smaller capacity factor; k"2 = larger capacity factor; o0 =
enantioselectivity. Conditions: capillary, pSIL (polyethylene
glycol coated capillary, 375 um O.D., 50 um 1.D.); total length, 40
cm,; effective length, 25 cm; electrophoretic buffer, acetate

buffer (pH 5.0, 1=0.05) containing 200 pM apoprotein; applied
voltage, 10 kV; detection, UV 254 nm; sample amount, 1 mM.



11: 08 24 January 2011

Downl oaded At:

1322 MANO ET AL.

1 (2)

Molar Eflipticity (degecm?decimole’)

x103
20 —~ 100004
b
10+ ® o 2
° s
0- ° %
104 . 4
“ L ©
[ ] b E;
204 ©° < ¢
Z 20000} ——  OuMKE
k] i/
301 e ) i e 40 uM KE
@ -s0000V
40 P 100 uM KE
° °
501 T T T 1 = 40000 T T T T n!
0 25 5 7.5 10 250 275 300 325 350
Ketoprofen/Flavoprotein (Molar Ratio) Wavelength (nm)

Figure 4. Variation of CD Spectra of Flavoprotein Induced by Binding of
Ketoprofen. 1) Molar ellipticity of flavoprotein at 245 nm, 2) Representative CD
spectra. Conditions: sample concentration, 50 uM; solvent, acetate buffer (pH 5.0,
1=0.05)/methanol (95:5); cell length, 10 mm; scan range, 240-350 nm; scan speed, 50
nm/min; resolution, 0.1 nm; band width, 1.0 nm; accumulation, 5.

affinity CE. The decrease of the chiral separation of KE with increase of
methanol content seems to be closely related to conformational change of
flavoprotein. and the behavior of the k' values indicated that electrostatic
repulsion between negative charges of the carboxyl group in KE and a
component of the specific binding was reduced by the methanol-induced
conformational change of flavoprotein, whereas the hydrophobic interaction
was unaffected. In addition, the decrease of binding capacity at more than
25% of methanol may be due to be weakening of the interaction between the
carboxyl group of KE and an amino group in the binding site.

CD Spectra of Flavoprotein-KE Complex

In order to investigate the nature of the amino acid residue in the chiral
discrimination region that interacts with KE, the molecular ellipticity of
flavoprotein was measured when various concentrations of racemic KE were
added to a constant concentration of flavoprotein solution. Fig. 4(1) shows
the change of the molecular ellipticity of flavoprotein at 245 nm, and
representative CD spectra are shown in Fig. 4(2). Flavoprotein has a weak
negative Cotton effect at 245 nm in methanol-acetic acid buffer (pH 5.0,
1=0.05) mixed solution (5:95). When the molar ratio of KE and flavoprotein
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Figure5. UV Spectra of Modified Flavoproteins. Conditions: sample
concentration, 5 pM; dissolving solvent, acetate buffer (pH 5.0, 1=0.05)/methanol
(95:5); cell length, 10 mm; scan range, 250-350 nm; scan speed, 60 nm/min; slit, 2.0
nm.

was 1:1, the Cotton effect at 245 nm was enhanced, while it decreased at a
molar ratio of more than 2. These results suggest a strong interaction of KE
with the side chain of the amino acid residue which contributed to the
Cotton effect at 245 nm. A molar ratio of more than 2 may result in
racemization of this amino acid residue.

Chemical Modification of Flaveprotein

Tryptophan, tyrosine, phenylalanine, and cystine residues influence the
long-wavelength CD of proteins.”*> Among them, tryptophan can be easily
and specifically modified with HNBB under aqueous condition>>* and

tyrosine is O-acetylated specifically by N-acetylimidazole >

Figure 5 shows the UV spectra of unmodified, HNBB-modified and O-
acetyl-modified flavoprotein. A new absorption maximum appeared at 320
nm due to the modified tryptophan residue and the molar number of residues
involved was calculated from the difference absorbance versus the native
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Figure 6. CD Spectra of Modified Flavoproteins.  Conditions: sample
concentration, 50 pM,; solvent, acetate buffer (pH 5.0, I=0.05)/methanol (95:5); cell
length, 10 mm; scan range, 240-350 nm; scan speed, 50 nm/ min; resolution, 0.1
nm; band width, 1.0 nm; accumulation, 5.

flavoprotein spectrum.” It amounted to 0.8 mole of tryptophan residue per
mole of flavoprotein. On the other hand, O-acety! modification is known to
reduce the absorbance at 278 nm,>* and the mole number of O-acetylated
tyrosine residues per mole of flavoprotein was 4.0. Flavoprotein has 6 mole
of tryptophan residue and 9 mole of tyrosine residue,® and the modified
residues are presumably among those existing at the flavoprotein surface.

Figure 6 shows the CD spectra of native, HNBB-modified and O-
acetyl-modified flavoprotein. The CD spectrum of O-acetyl-modified
flavoprotein was similar in shape to that of native flavoprotein. On the other
hand, HNBB-modified flavoprotein lacked both the negative Cotton effect at
245 nm and the positive Cotton effect at around 280 nm. The CD spectra of
these modified flavoproteins at less than 230 nm (related to secondary
structure) were almost the same as that of the native flavoprotein (data not
shown). These results showed that a tryptophan residue on the flavoprotein
surface is related to the flavoprotein-KE interaction.

The chiral discrimination by flavoprotein also appears to be influenced
by ionic interaction between the carboxyl group in KE and ionic group(s) at
the binding site. Therefore, carboxyl groups of glutamic acid and aspartic
acid residues on the flavoprotein, whose pl value is 3.9-4.1,%” were modified
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Table 4

Electrophoretic Mobilities and Charge of Amino-
and Carboxy-Modified Flavoprotein

peof (cm?/V " s) papp (cm*/V * s) ppro (cm*/V-'s) Z
Native 3.457 x 107 1.082 x 10 -2.375x 10* 30.9

Amino-modified 3.511 x 10™ 6.590 x 10° -2.852x 10 37.8
Carboxy-modified 2.855 x 10™ 1.857x 10  -9980x10° 10.9

*neof = electrophoretic mobility of electroosmeotic flow; paap = apparent
electrophoretic mobility of proteins; ppro = electrophoretic mobility of
proteins; Z = charge. Conditions: capillary, dextran sulfate coated capillary
(375 pm O.D., 50 pm LD.); total length, 19.1 cm; effective length, 9.1 cm;
electrophoretic buffer, phosphate buffer (pH 7.4, I = 0.05); applied voltage, 5
kV; detection, UV 214 nm; sample amount, 5 pM.

by coupling with glycine ethyl ester in the presence of 1-ethyl-3(3-
dimethylaminopropyl)carbodiimide, and amino groups of lysine and
arginine residues were modified by acylation using sulfosuccinimidyl
acetate.

The results of analysis of native, amino-modified and carboxy-modified
flavoproteins by CE using a dextran-sulfate coated capillary’® are shown in
Table 4. The electrophoretic mobility of the amino-modified flavoprotein
increased to 1.2 times and that of carboxyl-modified flavoprotein decreased
to 0.42 times that of the unmodified protein. The charges of the three
proteins were calculated by using a semiempirical equation,* and were 30.9
for the native protein, 37.8 for the amino-modified protein, and 10.9 for the
carboxy-modified protein. These results showed that seven amino groups
were modified in the amino-modified flavoprotein and twenty carboxyl
groups were modified in the carboxy-modified flavoprotein.

Affinity CE Using Modified Flavoproteins

Figure 7 shows electrophoregrams of KE obtained with native, HNBB-
modified and O-acetyl-modified flavoprotein as chiral selectors. With O-
acetyl-modified flavoprotein, the migration and chiral separation of KE were
almost the same as with the native flavoprotein. However, the HNBB-
modified flavoprotein showed diminished chiral discrimination though the
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Figure 7. Electrophoregrams of Ketoprofen by affinity CE using Tryptophan- and
Tyrosine-modified flavoproteins as chiral selectors. 1) Native flavoprotein, 2)
HNBB flavoprotein, 3) O-Acetyl flavoprotein. Conditions: capillary, uSIL (linear
polyacrylamide coated capillary, 375 ym O.D., 50 um ID.); total length, 40 cm;
effective length, 25 om; electrophoretic buffer, acetate buffer (pH 5.0,
1=0.05)/methanol (95:5) containing 200 pM apoprotein or modified apoprotein;
applied voltage, 10 kV; detection, UV 254 nm; sample amount, 1 mM.

migration time was almost unchanged. These results indicated that a
tryptophan residue is involved in chiral discrimination of KE by
flavoprotein, and m-n interaction between the aromatic ring in KE and the
indole side chain in the tryptophan residue presumably plays an important
part in the chiral separation of KE.

Fig. 8 shows electrophoregrams of KE obtained with native, amino-
modified and carboxy-modified flavoprotein as chiral selectors. The
modification of amino groups quenched chiral separation capacity, and the
peak shape was sharper than that with native flavoprotein though the
migration time was almost the same. This phenomenon is considered to be
due to loss of ionic interaction between the carboxyl group in KE and an
amino group in the chiral discrimination region. On the other hand, the
carboxyl-modified flavoprotein achieved chiral separation of KE, although
the migration time was longer because of the reduction of electrophoretic
mobility of the protein based on the change of negative charge. These
resuits indicated that the ionic interaction between a carboxyl group in KE
and an amino group in the chiral discrimination region is important for
chiral separation. However, a repulsive interaction between the carboxyl
group of KE and a carboxyl group of the protein destabilizes the interaction.
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Figure 8.  FElectrophoregrams of Ketoprofen by affinity CE using carboxyl and
amino group modified flavoproteins as chiral selectors. 1) Native flavoprotein, 2)
Amino-modified flavoprotein, 3) Carboxy-modified flavoprotein.  Conditions:
capillary, uSIL (linear polyacrylamide coated capillary, 375 uym O.D., 50 pm 1D.),
total length, 40 cm; effective length, 25 cm; electrophoretic buffer, acetate buffer
(pH 5.0, 1=0.05)/methanol (95:5) containing 200 pM apoprotein or modified
apoprotein; applied voltage, 10 kV, detection, UV 254  nm; sample amount, 1
mM.

CONCLUSION

We have established that the chiral recognition region of flavoprotein
for KE in affinity CE consists of an o-helix structure, and the critical groups
involved are a tryptophan residue, an amino group, and a carboxyl group of
the protein.

As the pKa of KE is 3.9, variation of the pH of the running buffer
markedly influenced the retention and the chiral separation capacity. The
observed changes were consistent with those reported in HPLC with a
flavoprotein-CSP column (strongest retention at pH 4.0 and best chiral
separation at pH 4.6).*°

Increase of the methanol content ini the running buffer resulted in
changes of the o-helical structure of the chiral recognition region,
decreasing chiral discrimination capacity. At more than 25% methanol, the
putative m- interaction between the aromatic ring of KE and the tryptophan
residue is retained, so that binding capacity is largely maintained, but the o
helical structure is considered to be substantially denatured, abrogating the
ionic interaction, and, consequently, the chiral discrimination. This

— 1
25
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interaction, that the chiral discrimination requires a dual interaction (m-m
and ionic), whereas the n-n interaction alone is sufficient for retention, is
consistent with the observed effects of pH on affinity CE, and with the
effects of organic modifier in chiral HPLC.** However, the retention
behavior in HPLC was not the same as in affinity CE, because non-specific
interaction of the solute with the silica gel surface, unreacted aminopropyl
groups and spacer linkages contribute to the retention changes in HPLC.

Thus, affinity CE is particularly effective for investigating the
mechanism of chiral discrimination by proteins.
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