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Cyclolab R&D Ltd., Budapest, H-1097 Illatos út 7, Hungary
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a b s t r a c t

Direct capillary zone electrophoretic methods were developed for the separation of the enantiomers of
unnatural �-methyl-amino acids such as erythro- and threo-�-methylphenylalanine, �-methyltyrosine,
�-methyltryptophan and �-methyl-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid. Capillary zone elec-
eywords:
apillary zone electrophoresis
-Methyl-amino acids
ative and sulfated cyclodextrins

trophoresis was carried out using sulfopropylated-�-CD (SP2-�-CD), sulfopropylated-�-CD (SP2-�-CD)
both with a degree of substitution of 2 moles/mole cyclodextrin, and sulfopropylated-�-CD (SP4-�-CD)
with a degree of substitution of 4 moles/mole �-cyclodextrin. The effects of selector and buffer con-
centrations, electrolyte pH and applied voltage were studied on the separation efficiency. Varying the
electrophoretic conditions with application of 20 kV, hydrodynamic injection, unmodified silica capillary,
three different buffers (borate, phosphate and acetate) and modified cyclodextrins as chiral selectors all
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. Introduction

The incorporation of conformationally constrained �-amino
cids into peptides allows the study of structure–activity rela-
ionships and the synthesis of peptide analogs with improved
harmacological properties [1–4]. Special mention must be made
f the constrained analogs of aromatic amino acids, the three-
imensional arrangement of the side-chain moiety of aromatic
mino acid residue is crucial in eliciting the desired response.

The side-chain groups in peptides are generally quite flexible
n the dihedral angle �1 to give gauche (−), trans and gauche (+)
onformations, and the specific arrangement of these side-chain
roups relative to one another can dramatically alter the three-

imensional architecture of peptide and such changes will directly
ffect the biological activity. The side-chain conformation can be
onstrained by introducing an alkyl-group at the �-position of an
-amino acid residue without significantly perturbing the back-
one conformation. �-Methyl substitution tends to eliminate at

� This paper is part of the Special Issue ‘Enantioseparations’, dedicated to W.
indner, edited by B. Chankvetadze and E. Francotte.
∗ Corresponding author at: Department of Inorganic and Analytical Chemistry,
niversity of Szeged, P.O. Box 440, H-6720 Szeged, Dóm tér 7, Hungary.
el.: +36 62544000/3656; fax: +36 62420505.

E-mail address: apeter@chem.u-szeged.hu (A. Péter).
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rly baseline resolved. The elution sequence was determined in most cases.
© 2008 Elsevier B.V. All rights reserved.

east one of the three �1 rotamers, depending on the substituent
onfiguration at positions � and � [5].

The unusual �-methyl-substituted amino acids have two chi-
al centers and two pairs of enantiomers are possible (Fig. 1). They
ave been produced synthetically and control of their enantiopu-
ity requires analytical methods. In the course of peptide synthesis
ome racemization may occur which also requires precise analyti-
al procedures for the identification and determination of all four
tereoisomers. Chiral separations of unusual �-methyl-substituted
mino acid enantiomers mainly involve high-performance liquid
hromatographic (HPLC) methods. Indirect HPLC separation was
arried out by application of different chiral derivatizing agents
6–13]. Direct HPLC separations were performed on teicoplanin
11–15], ristocetin A [16], crown ether [10,12], ligand exchange-
17,18], amylose- [18,19] and crown ether-based [20] chiral station-
ry phases (CSPs). Some data are available on the application of
as-chromatography [10,11] and thin-layer chromatography [9,21]
n the separation of �-methyl-amino acids. Recently amino acid
nalysis by CE have been reviewed by Rizzi [22] and Chankvetadze
23], but very few papers dealing with capillary electrophoresis (CE)
f �-methyl-amino acids have appeared. Gübitz and coworkers [17]
pplied ligand-exchange CE, Érchegyi et al. [24] separated erythro

nd threo stereoisomers of �-methyl-3-(2-naphthylalanine) by CE
nd very recently Jiang et al. [25] resolved some racemic erythro-
nd threo-�-methyl-amino acid enantiomers. Survey of literature
ata revealed that the baseline separation of all four stereoisomers

n one run is rarely attainable.

http://www.sciencedirect.com/science/journal/15700232
mailto:apeter@chem.u-szeged.hu
dx.doi.org/10.1016/j.jchromb.2008.05.020
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substituted amino acids l-amino acid oxidase was used. This
enzyme desaminates �-amino acids possessing the l configuration
Fig. 1. Struc

The present paper describes direct capillary zone elec-
rophoretic method for the enantioseparation of racemic �-methyl-
mino acids with application of different sulfated cyclodextrins
CDs) and CD sulfates (CDSs). To achieve total separation of four
tereoisomers in one electrophoretic run the separation was opti-
ized by variation of the electrophoretic conditions. The effects of

ifferent parameters on the selectivity, such as the nature and pH of
he buffer, the mobile phase composition, concentration of chiral
dditives, applied voltage were examined and are discussed. The
lution sequence was determined in all cases.

. Experimental

.1. Chemicals and reagents

Racemic erythro-(2S,3S and 2R,3R)-�-methylphenylalanine
erythro-�-MePhe) (1a) and threo-(2S,3R and 2R,3S)-�-methylphe-
ylalanine (threo-�-MePhe) (1b); erythro-(2S,3S and 2R,3R)-�-
ethyltyrosine (erythro-�-MeTyr) (2a) and threo-(2S,3R and

R,3S)-�-methyltyrosine (threo-�-MeTyr) (2b); erythro-(2S,3S and
R,3R)-�-methyltryptophan (erythro-�-MeTrp) (3a) and threo-
2S,3R and 2R,3S)-�-methyltryptophan (threo-�-MeTrp)
3b); erythro-(2S,3S and 2R,3R)-4-methyl-1,2,3,4-tetrahydroi-
oquinoline-3-carboxylic acid (erythro-�-MeTic) (4a) and
hreo-(2S,3R and 2R,3S)-4-methyl-1,2,3,4-tetrahy-droisoquinoline-
-carboxylic acid (threo-�-MeTic) (4b) were prepared by literature
ethods [9,26] (Fig. 1). The nomenclature and abbreviations of

he investigated compounds are in accordance with the IUPAC-IUB
CBN recommendations [27].

Triethylamine (TEA), glacial acetic acid (AcOH), trifluoroacetic
cid (TFA), boric acid, phosphoric acid and other reagents of analyt-
cal reagent grade were from Merck (Darmstadt, Germany). �,�,�-
ris-(hydroxymethyl)methylamine (TRIS) of ultrapure grade was

rom Aldrich (Steinheim, Germany). Dimethylsulfoxide (DMSO)
nd l-amino acid oxidase type I was from Sigma (St. Louis, MO,
SA). Native �-CD, sulfopropylated-�-CD sodium salt (SP2-�-CD),

ulfopropylated-�-CD sodium salt (SP2-�-CD), sulfopropylated-�-
D (SP2-�-CD) sodium salt, all with a degree of substitution of

t
u
s
2
o

f analytes.

moles/mole CD, sulfopropylated-�-CD sodium salt (SP4-�-CD)
ith a degree of substitution of 4 moles/mole �-CD, �-CDS with
degree of substitution of 11 moles/mole �-CD and �-CDS with a
egree of substitution of 12 moles/mole �-CD were from Cyclolab
&D Ltd. (Budapest, Hungary). Ultrapure water was obtained from
Millipore Milli-Q system (Milford, MA, USA) and was used for the
reparation of all aqueous solutions. Milli-Q water was further puri-
ed by filtration on a 0.45-�m filter Type HV Millipore (Molsheim,
rance).

.2. Solutions

Background electrolyte (BGE) solutions, 75.0 mM borate buffer
pH 9.0), 15.0 mM phosphate buffer (pH 7.2) and 15.0 mM acetate
uffer (pH 4.75) were prepared with Milli-Q water by dissolving
ppropriate amount of boric, phosphoric and acetic acids in ca.
5 ml water in a beaker, adjusting the pH with 1.0 M NaOH and
iluting with Milli-Q water to a final volume of 50 ml in a volumet-
ic flask. The buffer solutions were purified by filtration on 0.45-�m
lter Type Anotope (Millipore) and were degassed in an ultrasonic
ath for 5 min.

Chiral additives were dissolved in BGE. Stock solutions of amino
cids (1 mg ml−1) were prepared by dissolving them in water or
uffers.

.3. Identification of enantiomers of ˇ-methyl-amino acids

To prove the migration sequence of the amino acids, enzy-
atic degradation was applied to obtain enantiomerically pure

r enriched isomers. For the enzymatic degradation of the �-
o produce �-keto acids, leaving the d forms of the �-amino acids
nchanged. 0.2 mg of racemic erythro or threo compounds were dis-
olved in 200 �l of 0.1 M TRIS buffer (pH 7.0) in a test tube and
mg l-amino acid oxidase was added. The test tube was filled with
xygen, tightly capped and incubated for 1–14 days at 37 ◦C.
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.4. Apparatus

All experiments were performed using a HP3CE full automated
nstrument (Agilent Technologies, Palo Alto, CA, USA) equipped

ith a diode array detector and Chemstation software for data
andling. Fused silica capillary 64.5 cm total length, 56 cm effec-
ive length, 50 �m I.D. was purchased from Agilent Technologies.
he capillary was preconditioned prior to all runs by flushing
ith Milli-Q water (0.5 min), 1.0 M NaOH (1.0 min), Milli-Q water

1.0 min) and BGE (10.0 min). Detection was accomplished via mea-
urement of the UV absorption at 210 and 225 nm. The capillary
as thermostated at 25 ◦C. Samples were injected hydrodynami-

ally (50 mbar × 4 s) and during measurement 20 kV was applied.
he electroosmotic flow (EOF) was determined by DMSO (c = 0.05%
v/v) in water).

The pH was measured with a Model 420A digital precision pH-
eter (Orion, Beverly, MA, USA).

.5. Evaluation procedure

As primary response functions we recorded the total (t1 and t2)
nd reduced migration times t* = t − tEOF. The selectivity (˛) and
esolution (RS) were applied as the secondary response functions
hen evaluating the performance of the separation system. Selec-

ivity was calculated as

= t2 − tEOF

t1 − tEOF

here t2 and t1 are the total migration times and tEOF is the migra-
ion time of DMSO. Resolution was calculated as

S = 2(t2 − t1)
w1 + w2

here w2 and w1 are the extrapolated peak widths at the baseline.

. Results and discussion

Anionic CD derivatives have been among the most widely used
ypes of chiral selectors for CE [28–31]. In the normal polarity mode
f CE, the bulk solution moves toward the cathode in consequence
f the EOF, while the anionic CD chiral selectors move toward the
node due to electrophoretic movement [29]. Neutral enantiomers
with no electrophoretic mobility themselves) display different
istributions between these two countercurrent moving phases,

eading to different mobilities. Synthetic amino acids, which have
wo ionizable groups with pKas of around 3 and 10, will exist mainly
n zwitterionic form between the two pKas. In the appropriate pH
ange, therefore, enantiomeric separation can be achieved, simi-

arly as for non-ionizable analytes. All of the analytes investigated
n the present work have an aromatic ring and two stereogenic
enters, and they can exist as two pairs of enantiomers (Fig. 1).
owever, this study started with the separation of a single pair of
nantiomers (erythro or threo) on native �-CD. It was expected that

1
b
e
s
i

able 1
eparation data, migration times (t1 and t2), selectivity (˛) and resolution (RS) for �-m
elector at different CD concentrations

D concentration (mM) erythro-�-MeTrp

t1 (min) t2 (min) ˛

10 7.6 7.8 1.06
25 10.2 10.5 1.08
50 12.3 12.8 1.15
00 38.3 40.3 1.08

GE, 75.0 mM borate buffer (pH 9.0) (see Section 2.2), n.d., not determined, broad peaks.
875 (2008) 273–279 275

he aromatic ring in these amino acids can fit into the cavity of
-CD, resulting in a separation of the enantiomers. Unfortunately,
hen native �-CD was applied, dissolution problems arose and

eproducible results could not be obtained. To avoid fouling of the
apillary, sulfopropylated CDs possessing higher water solubility
ere utilized as chiral selectors.

.1. Effect of CD concentration on separation efficiency

The effect of the CD concentration on the separation has been
eported to be an essential parameter in CD-modified CZE by several
uthors [32–34]. Accordingly, this was investigated for the enan-
iomers erythro- and threo-�-MeTrp over the concentration range
0–100 mM SP2-�-CD in a 75 mM borate buffer system (pH 9.0)
Table 1). With increasing CD concentration, the migration time
ontinuously increased. However, optimum separation (highest ˛
nd RS values) for both model substances was achieved at 50 mM
P2-�-CD. The concentration of SP2-�-CD giving maximum resolu-
ion depends on the strength of the isomer–chiral selector complex.

further increase in concentration can result in either a slow or a
apid decrease in resolution. Similar tendencies were observed for
ther CDs investigated. In further experiments, SP2-�-CD and SP2-
-CD were used at 50 mM, and SP4-�-CD at 25 mM. SP4-�-CD has

wice the charge of SP2-�-CD. Thus, to keep the current low enough
at the same level as for SP2-�-CD), the half concentration of the
ther CDs was applied for SP4-�-CD.

.

.2. Effect of buffer concentration on separation efficiency

The use of buffers is essential in electrophoretic techniques.
n CE, increase of the buffer concentration lowers the EOF and
ncreases the current and the temperature, producing more Joule
eat. For this reason, the maximum usable ionic strength is lim-

ted by the electrical conductivity of the buffer. For investigation
f the effect of the concentration of the buffer on the separation
fficiency, the concentration of borate buffer (pH 9.0) was varied in
he range 25–100 mM for the separation of the erythro- and threo-
-MeTrp enantiomers. With increasing buffer concentration, the
igration time changed slightly and the separation factor increased

lightly. Optimum resolution was achieved at 75 mM borate buffer
Table 2). For the acetate (pH 4.75) and the phosphate buffer (pH
.2), an optimum concentration of 15.0 mM was used.

.3. Effect of electrolyte pH

pH effects were studied over the range 4.75–9.0 for all of the
nalytes. For this purpose, three buffer systems were applied, i.e.

5 mM acetate (pH 4.75), 15 mM phosphate (pH 7.2) and 75 mM
orate (pH 9.0). Table 3 lists the separation data relating to the
nantiomeric pairs in the presence of SP2-�-CD in the three buffer
ystems. The pH dependence of the migration times followed a min-
mum curve, i.e. the highest migration times were observed at the

ethylTrp enantiomers by capillary zone electrophoresis using SP2-�-CD as chiral

threo-�-MeTrp

RS t1 (min) t2 (min) ˛ RS

1.10 7.4 7.5 1.04 0.65
1.65 9.8 9.9 1.16 1.25
4.15 12.1 12.4 1.10 2.55
1.00 n.d. n.d. n.d. n.d.
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Table 2
Separation data, migration times (t1 and t2), selectivity (˛) and resolution (RS) for �-methylTrp enantiomers by capillary zone electrophoresis using SP-2-�-CD as chiral
selector at different borate buffer concentrations

Buffer concentration (mM) erythro-�-MeTrp threo-�-MeTrp

t1 (min) t2 (min) ˛ RS t1 (min) t2 (min) ˛ RS

25 12.1 12.3 1.07 1.63 11.1 11.3 1.08 1.96
75 12.3 12.8 1.15 4.15 12.1 12.4 1.10 2.54
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100 12.2 12.7 1.14

GE, borate buffer (pH 9.0) (see Section 2.2.).

owest pH; increase of the pH to neutral led to shortened migra-
ion times, while further increase of the pH caused the migration
imes to become longer. However, the ˛ and RS values decreased
ontinuously with increasing pH (the only exceptions being where
esolution was obtained only in borate buffer: threo-�-MeTyr and
hreo-�-MeTic). These results can be explained by the pH depen-
ence of protonation and complex formation. The pK of SP2-�-CD is
bout 2, which means that in the investigated pH range (4.75–9.0)
t is negatively charged. Some of the amino acid enantiomers are
ositively charged at pH 4.75; they form strong complexes with
he negatively charged SP2-�-CD, and these complexes “contrami-
rate” with EOF, resulting in high retention and good resolution. At
eutral pH, the amino acids are in “zwitterionic” form, the stability
f the complexes with SP2-�-CD may be lower, the “zwitterionic”
mino acids migrate with EOF, and both the retention and the res-
lution are decreased. At high pH, both amino acid enantiomers

nd SP2-�-CD are negatively charged, and they “contramigrate”
ith EOF again, the migration time being increased; the stability

nd the difference in stability of the complex formed between the
egatively charged amino acid enantiomers and negatively charged

able 3
eparation data, reduced migration times (t∗

1 and t∗
2), selectivity (˛) and resolution

RS) for �-methyl-amino acid enantiomers by capillary zone electrophoresis using
P2-�-CD as chiral selector at different pHs

ompound t∗
1 (min) t∗

2 (min) ˛ RS BGE**

rythro-�-MePhe 1.7 1.8 1.06 0.70 A
0.8 0.9 1.13 0.65 B
3.3 3.4 1.03 0.65 C

rythro-�-MeTyr 1.8 2.1 1.17 1.55 A
0.7 0.8 1.14 1.35 B
2.7 2.8 1.04 0.80 C

rythro-�-MeTrp 6.0 8.9 1.48 8.25 A
1.6 2.1 1.31 6.35 B
3.0 3.5 1.15 4.15 C

rythro-�-MeTic 9.2 9.2 1.00 0.00 A
1.7 1.7 1.00 0.00 B
3.4 4.0 1.00 0.00 C

hreo-�-MePhe 2.0 2.4 1.20 2.20 A
1.1 1.2 1.15 1.80 B
3.5 3.6 1.03 0.75 C

hreo-�-MeTyr 2.6 2.6 1.00 0.00 A
1.0 1.0 1.00 0.00 B
2.9 23.0 1.03 1.00 C

hreo-�-MeTrp 7.5 9.5 1.27 6.65 A
1.5 1.9 1.24 3.50 B
3.2 3.5 1.10 2.55 C

hreo-�-MeTic 8.9 8.9 1.00 0.00 A
1.5 1.5 1.00 0.00 B
3.5 3.6 1.01 0.20 C

∗
1 = t1 − tEOF, t∗

2 = t2 − tEOF; BGE**: A, 15.0 mM acetate buffer (pH 4.75), B, 15.0 mM
hosphate buffer (pH 7.2) and C, 75.0 mM borate buffer (pH 9.0) (see Section 2.2);
P-2-�-CD, 50 mM.
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3.71 11.7 12.0 1.11 2.50

P2-�-CD are small, and the resolution is decreased. (However, sul-
opropylated CDs are not 100% pure; they may contain 1–10% native
D. The native CDs migrate with EOF, and therefore the observed
igration is the resultant of these two effects.) Similar tenden-

ies in migration time, ˛ and RS were observed for SP2-�-CD and
P4-�-CD (Tables 4 and 5).

.4. Effect of applied voltage

The effects of applied voltage in the range 10–30 kV on the EOF,
nd consequently on the migration time and the separation, were
tudied in the 75 mM borate buffer system (pH 9.0) with Phe as
odel substance. Good results were obtained by setting the volt-

ge at 20 kV. An elevated voltage setting resulted in a slight decrease
n the separation factor, due to the increased Joule heating of the

apillary, revealing higher diffusion velocities and peak broadening.
lthough use of a lower voltage results in more time for discrimi-
ation, if the migration is too slow, then the high speed of the CE
eparation is lost.

able 4
eparation data, reduced migration times (t∗

1 and t∗
2), selectivity (˛) and resolution

RS) for �-methyl-amino acid enantiomers by capillary zone electrophoresis using
P2-�-CD as chiral selector at different pHs

ompound t∗
1 (min) t∗

2 (min) ˛ RS BGE**

rythro-�-MePhe 1.6 1.7 1.06 0.65 A
1.0 1.0 1.00 0.00 B
4.8 4.8 1.00 0.00 C

rythro-�-MeTyr 4.0 4.0 1.00 0.00 A
1.2 1.2 1.00 0.00 B
5.6 5.6 1.00 0.00 C

rythro-�-MeTrp 6.2 6.8 1.09 1.50 A
1.4 1.5 1.07 1.10 B
7.5 7.5 1.00 0.00 C

rythro-�-MeTic 8.0 8.0 1.00 0.00 A
1.6 1.6 1.00 0.00 B
5.2 5.4 1.05 1.50 C

hreo-�-MePhe 2.0 2.2 1.05 0.95 A
1.1 1.4 1.09 0.70 B
4.2 4.2 1.00 0.00 C

hreo-�-MeTyr 4.0 4.0 1.04 0.80 A
1.4 1.5 1.03 0.90 B
4.9 4.9 1.00 0.00 C

hreo-�-MeTrp 8.8 9.7 1.10 2.10 A
3.5 3.7 1.06 1.65 B
3.0 3.3 1.08 1.25 C

hreo-�-MeTic 6.1 7.7 1.30 2.75 A
1.8 2.3 1.19 2.50 B
5.6 5.9 1.05 1.70 C

∗
1 = t1 − tEOF, t∗

2 = t2 − tEOF; BGE**: A, 15.0 mM acetate buffer (pH 4.75), B, 15.0 mM
hosphate buffer (pH 7.2) and C, 75.0 mM borate buffer (pH 9.0) (see Section 2.2);
P-2-�-CD, 50 mM.
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Table 5
Separation data, reduced migration times (t∗

1 and t∗
2), selectivity (˛) and resolution

(RS) for �-methyl-amino acid enantiomers by capillary zone electrophoresis using
SP4-�-CD as chiral selector at different pHs

Compound t∗
1 (min) t∗

2 (min) ˛ RS BGE**

erythro-�-MePhe 3.8 4.2 1.11 0.95 A
1.2 1.4 1.13 0.45 B
6.1 6.1 1.00 0.00 C

erythro-�-MeTyr 8.7 9.1 1.05 1.55 A
1.9 1.9 1.00 0.00 B
5.3 5.3 1.00 0.00 C

erythro-�-MeTrp 6.8 7.6 1.10 2.55 A
2.0 2.0 1.00 0.00 B
5.3 5.5 1.04 1.07 C

erythro-�-MeTic 7.0 7.0 1.00 0.00 A
1.7 1.7 1.00 0.00 B
7.4 7.7 1.05 1.90 C

threo-�-MePhe 5.1 6.5 1.07 1.15 A
1.5 1.6 1.07 0.50 B
5.4 5.4 1.00 0.00 C

threo-�-MeTyr 12.0 12.6 1.05 1.80 A
2.3 2.4 1.04 0.60 B
6.4 6.6 1.03 0.65 C

threo-�-MeTrp 6.1 7.0 1.15 2.50 A
2.3 2.6 1.13 0.90 B
3.3 3.6 1.09 2.15 C

threo-�-MeTic 6.4 8.2 1.30 5.55 A
1.8 2.2 1.22 3.05 B
6.9 7.7 1.12 4.00 C
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∗
1 = t1 − tEOF, t∗

2 = t2 − tEOF; BGE**: A, 15.0 mM acetate buffer (pH 4.75), B, 15.0 mM
hosphate buffer (pH 7.2) and C, 75.0 mM borate buffer (pH 9.0) (see Section 2.2);
P-4-�-CD, 25 mM.

.5. Chiral separation of erythro- and threo-ˇ-methyl-amino
cids using SP2-˛-CD as selector

Separation data, reduced migration times (t∗
1 and t∗

2), selectiv-
ty (˛) and resolution (RS) for �-methyl-amino acid enantiomers

ith SP2-�-CD as chiral selector at different pHs are presented
n Table 3. Besides the BGE pH value, the separation data depend
trongly on the structures of the analytes. Amino acids with two
ing systems are retained more strongly than those with one aro-
atic ring (Table 3). In the inclusion-complexation mechanism,

ither the whole molecule or its hydrophobic part fits into the
D cavity, and thus the CD type plays a very important role

n the separation process. The hydrophobic interaction with the
avity alone is not sufficient to allow the separation of enan-
iomeric compounds; the weak bonds between the substituent
roups on the asymmetric center(s) of the analyte and the sec-
ndary/or primary native or substituted hydroxy groups of the
D are responsible for chiral recognition. The mechanism of this
hiral separation is believed to be the formation of an inclusion
omplex between the hydrophobic moiety (the aromatic ring) of
he analyte and the cavity of the CD. Additional interactions occur
etween the hydrophilic parts of the analytes and the external
urfaces of the CD. The data in Table 3 reveal that the migra-
ion times for �-MeTrp and �-MeTic were higher than those for
-MePhe or �-MeTyr. Analytes with two ring systems probably
t better into the hydrophobic cavity of SP2-�-CD. However, in
pite of the higher migration times, ˛ and RS were much lower

or �-MeTic than for �-MePhe, �-MeTyr and �-MeTrp, or no
eparation occurred. The enantiomers of both erythro- and threo-
-MeTic are very constrained conformationally; the stabilities of
omplex of the two enantiomers may be very similar, resulting
n no or very poor separation. The poor separation of threo-�-

r
c
d
a
o
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eTyr enantiomers may also be explained in terms of structural
eatures.

.6. Chiral separation of erythro- and threo-ˇ-methyl-amino
cids with SP2-ˇ-CD as selector

The native �-CD exhibited a somewhat higher cavity diame-
er than that of the native �-CD; 0.78 and 0.57 nm, respectively.
he data in Table 4 indicate that the migration times differed only
lightly on the two selectors for the �-MePhe analogs. Perceptibly
igher migration times were observed on SP2-�-CD in the three
uffer systems for �-MeTyr and �-MeTrp, and in the borate buffer
or �-MeTic, while lower migration times were obtained for �-

eTic in the acetate buffer system. The SP2-�-CD (with the same
egree of substitution as that of SP2-�-CD) exhibited a somewhat
igher cavity diameter, and therefore a looser fit of the amino acids

n the cavity was expected. However, in most cases the migration
ime did not change or increased when SP2-�-CD was applied. As
oncerns the separation efficiency, the resolutions were lower for
he SP2-�-CD selector, especially in the case of erythro-�-MeTyr
nantiomers. The �-MeTic enantiomers, which were not separa-
le in the presence of SP2-�-CD selector, could be separated when
P2-�-CD was applied. In the borate buffer the erythro-�-MeTic
nantiomers were baseline separated, and the threo-�-MeTic enan-
iomers were separated in all three buffer systems.

.7. Chiral separation of erythro- and threo-ˇ-methyl-amino
cids with SP4-ˇ-CD as selector

Since the SP4-�-CD with a substitution degree of four, is more
egatively (twofold) charged than SP2-�-CD, the electrophoretic
ovement in the anodic direction increased. The complex formed
ith the amino acid also moves faster in the anodic direction,

esulting in a wider “separation window”, and higher migration
imes and resolutions were expected. (Naturally, to be able to
etect the amino acids, they must reach the detection window, i.e.
he observed electrophoretic velocity must point in the cathodic
irection.) It may be seen from the data in Table 5 that the migra-
ion times in most cases increased when SP4-�-CD was applied,
upporting the presumed mechanism (exceptions were erythro-�-
eTyr and erythro-�-MeTrp in the borate buffer, erythro-�-MeTic

n the acetate buffer, and threo-�-MeTrp in the acetate and phos-
hate buffers). As compared with the data with the SP2-�-CD
elector, the ˛ and RS values in most cases increased, and especially
igh resolutions were obtained for the �-MeTic analogs. However,
hese higher resolutions did not reach the RS values obtained with
he SP2-�-CD selector, indicating the better fit of these amino acids
n the SP2-�-CD cavity (exceptions were the threo-�-MeTyr and
rythro- and threo-�-MeTic enantiomers). The special behavior of
onformationally very constrained �-MeTic enantiomers during
he CE separation with the application of CDs indicates the impor-
ance of steric effects in chiral discrimination.

.8. Optimization of separation of four enantiomers of erythro-
nd threo-ˇ-methyl-amino acids

The incorporation of amino acids into peptides often causes
acemization. In amino acids with two chiral centers, epimeriza-
ion may occur, e.g. the (2R,3R)-erythro isomer could be formed
rom the (2S,3R)-threo isomer. If peptide synthesis started with

acemic erythro or threo compounds as usual, all four isomers
ould appear in the peptide. Following separation of the peptide
iastereomers, the amino acid content should be determined after
hydrolysis procedure. It is a basic task, therefore, to separate not
nly the enantiomers, but also the erythro and threo stereoisomers.
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ig. 2. Selected electropherograms of analytes 1–4. (A) �-MePhe, (B) �-MeTyr, (C
cetate buffer (pH 4.75), (C) 75 mM borate buffer (pH 9.0); applied voltage, 20 kV; d

ig. 2 depicts the enantioseparation of all four stereoisomers of �-
ethyl-substituted amino acids. In the case of a mixture of erythro-

nd threo-�-MePhe, �-MeTyr and �-MeTrp, all four stereoiso-
ers were baseline resolved on the application of SP4-�-CD and

cetate or borate buffers, while the erythro- and threo-�-MeTic
nantiomers could be separated by the application of �-CDS in the
resence of acetate buffer.

.9. Identification of enantiomers of ˇ-methyl-amino acids

The sequence of migration of �-methyl-amino acids was
hecked by spiking with authentic enantiomers obtained from
nzymatic digestion, and an example of the total separation of four
nantiomers is indicated in Fig. 2. It is interesting to note that the
equence of elution of the erythro and threo diastereomers differs in
he different background electrolytes. For most of the amino acids,
hange of the BGE was accompanied by a change in the elution of
he diastereomers. However, such changes in most cases did not
nfluence the sequence of elution of the enantiomers. In summary,
here is no general rule for the elution sequence, which underlines
he importance of the identification of individual peaks.

. Conclusions

This study has demonstrated that the developed CE methods
re quite successful for the direct enantioseparation of various �-
ethyl-amino acids. Of the sulfated CDs, SP2-�-CD and SP4-�-CD
ere most useful for the enantioseparation of �-MePhe, �-MeTyr
nd �-MeTrp, while for �-MeTic the �-CDS was the most applica-
le. The optimum BGE composition, pH and applied voltage were
etermined with respect to the migration, selection and resolu-
ion. The elution sequence was determined for all analytes, but no
eneral rule could be established.

[

[

[

eTrp, (D) �-MeTic; selector: (A–C) SP4-�-CD, (D) �-CDS; BGE (A, B and D) 15 mM
on, 210 nm.

On the basis of the presented results and our earlier HPLC sep-
ration data it can be stated that the baseline resolution of the
nvestigated compounds could be achieved in an easier way apply-
ng CE than HPLC. Depending on the compound’s structure in HPLC
oth the column (chiral selector) and the eluent are to be changed
o reach efficient separation, while the easy variation of the quality
f buffer and selector in CE makes this technique a more convenient,
exible and economic method of choice in chiral analysis.
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26] L. Jeannin, T. Nagy, L. Vassileva, J. Sápi, J.-Y. Laronze, Tetrahedron Lett. 36 (1995)
2057.

27] IUPAC-IUB JCBN recommendations, J. Biol. Chem. 260 (1985) 14.
28] S. Gratz, A.M. Stalcup, Anal. Chem. 70 (1998) 5166.
29] S. Fanali, J. Chromatogr. A 875 (2000) 89.
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