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Abstract

Two macrocyclic glycopeptide antibiotic-type chiral stationary phases (CSPs) based on native teicoplanin and teicoplanin aglycone, Chiro-
biotic T and TAG, respectively, were evaluated with regard to the high-performance liquid chromatographic separation of the enantiomers of
10 secondarg-amino acids (imino acids). The chromatographic results are given as the retention, separation and resolution factors, together
with the enantioselective free energy difference corresponding to the separation of the enantiomers. By application of these two CSPs, excellent
resolutions were achieved for the investigated compounds by using reversed-phase mobile mode systems. The separation conditions were
optimized by variation of the mobile phase composition. The difference in enantioselective free energy between the aglycone CSP and the
teicoplanin CSP for these particular amino acids ranged between 0.701a88 kJ mot. It was established that better enantioseparations
of the secondarg-amino acids were attained in most cases on the aglycone CSP.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction an aglycone peptide “basket”, are more effective in the enan-
tioseparation of certain types of analyf@sl1-14]

Over the past few years, it has been demonstrated that The bioactive conformations of peptides are usually not
chiral stationary phases (CSPs) based on macrocyclic antibi-known, but the incorporation of rigid, sterically hindered un-
otics are extremely useful for the enantiomeric separation of usual amino acids into peptides generally leads to a better
biological and synthetic amino acifis-5], food flavor com- knowledge of the three-dimensional requirements for molec-
ponentd6], reagents and catalysts advertised as being enan-ular recognition[15]. Several unusuak-amino acids have
tiomerically purd7,8], and a wide variety of compounds with  been designed recently with a view to constraining the side-
various polaritieg9—13]. The vancomycin-related antibiotics  chain functional groups of naturatamino acidg416].
bind to the bacterial cell-walb-Ala—b-Ala terminal group, The presence of secondakyamino acids (imino acids),
blocking the process of cell-wall growth. More recently, ithas where the nitrogenis aring-atom, has profound consequences
emerged that teicoplanin and vancomycin molecules without for the conformation of peptides and peptidomimetic agents
the attached carbohydrate (sugar) moieties, consisting of onlysince the nitrogen is unable to act as a hydrogen-bond donor

unless it is located in the terminal position of the peptide.

* Corresponding author. Tel.: +36 62 544 000/3656; fax: +36 62 420505, 11€S€ types of amino acids have proven to be very use-
E-mail addressapeter@chem.u-szeged.hu (/&téY). ful in biological studies. Their synthesis, incorporation into
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peptides, and the biological properties of peptides contain-  Adjustment of the pH of the mobile phase (inorganic part)
ing such imino acids have been surveyed in several reportsand to study the effect of pH on the separations, 0.1% (v/v) of
[17-19] aqueous solutions of TEA was titrated with AcOH to a suit-
The chirality of such compounds is of the utmost im- able pH. For investigation of the effect of ionic strength, the
portance. Peptide diastereomers can have different biolog-concentration of TEAA in the total volume of mobile phase
ical properties (agonistic or antagonistic). Therefore, there is (inorganic + organic part) was adjusted from 0.1 to 1.0%. Mo-
greatinterest in the methods developed for the separation andile phases were prepared by mixing the indicated volumes of
identification of these unusual amino acid enantiomers. buffers and/or solvents and were further purified by filtration
In the present work two, macrocyclic glycopeptide CSPs through a 0.45sm Millipore filter, type HV. The eluents were
based on native teicoplanin and teicoplanin aglycone, Chi- degassed in an ultrasonic bath, and helium gas was purged
robiotic T and TAG, respectively, were used for the high- through them during the analyses. Stock solutions of amino
performance liquid chromatographic (HPLC) separation of acids (1 mgmtl) were prepared by dissolution in water or
enantiomers of 10 secondasyamino acids (imino acids). in the starting mobile phase.
The chromatographic results presented here include reten- Dead-timestp) of the columns were measured by inject-
tion, separation and resolution factors, and the enantioselecing 10~4 mol I=1 aqueous solution of KBr into the mobile
tive free energy differences. The conditions affording the best phase of 0.1% TEAA-MeOH (pH 6.5) (60:40, v/v), at a flow-
resolution were determined and the differences in the sepa-rate of 1.0 mI mirrL. Thetq values for Chirobiotic T and TAG
ration capabilities of the two related CSPs are discussed. Thecolumns were 1.98 and 2.00 min, respectively.
sequence of elution of the enantiomers was determined in
most cases. 2.2. Apparatus

The HPLC separations were carried out on a Waters

2. Experimental LC system consisting of an M-600 low-pressure gradient
pump, a M-996 photodiode-array detector and a Milleritim
2.1. Chemicals and reagents Chromatography Manager data system; the alternative Wa-

ters Breeze system consisted of a 1525 binary pump, a 487

4-Hydroxypyrrolidine-2-carboxylic acidl] enantiopure  dual-channel absorbance detector, a 717 plus autosampler, a
(2R4R) and (5,49)] and piperazine-2-carboxylic acid,( column thermostat Model 5CH and Breeze data man-
racemic p,L) were purchased from Aldrich (Steinheim, ager software (both systems from Waters Chromatography,
Germany). a-Methylproline @, racemic [23]), 1,2,3,6- Milford, MA, USA). Both chromatographic systems were
tetrahydropyridine-2-carboxylic aci®,(bakaine, enantio- equipped with Rheodyne Model 7125 injectors (Cotati, CA,
pure L[20]; p-isomer was produced via the partial racemiza- USA) with 204! loops.
tion of L-bakaine by refluxing in 2 M NaOH), piperidine-2- The columns used for analytical separation were a teico-
carboxylic acid 4, pipecolic acid, Pip, enantiopune and planin-containing Chirobiotic T and a teicoplanin aglycone-
p [21]), 4-hydroxypipecolic acid{5, enantiopure (84R) containing Chirobiotic TAG column, 250 mm4.6 mmi.d.,
[20]; racemic [24]}, 5-hydroxypipecolic acid{6, enan- 5-wm particle size (Astec, Whippany, NJ, USA). The column
tiopure (5,5R) [20]; racemic[25]}, 5-methylpiperazine-2-  was thermostated at 2&.
carboxylic acid 8, racemic[26]), morpholine-3-carboxylic
acid ©, enantiopure I[21]; racemid27]), thiomorpholine-3-
carboxylic acid 10, enantiopure L[22]; racemic[28]) were 3. Results and discussion
synthetized by using the indicated reported literature meth-
ods. 3.1. Analyte, mobile phase and stationary phase

The physico-chemical data on the synthetized amino acidsselection
were determined and were found to be identical with the data
cited in[20-28] The nomenclature and abbreviations are in The structures of analytes investigated are highly con-
accordance with the IUPAC-IUB JCBN recommendations strained due to the position of the nitrogen in the ring.
[29]. Relevant separation data on these compounds are given in

Methanol (MeOH) and acetonitrile (MeCN) were from Table 1 The data include the retention factors, separation
Merck (Darmstadt, Germany); both were of HPLC grade. factors, resolutions and enantioselective energy differences
Triethylamine (TEA), glacial acetic acid (HOAc), trifluo- for each analyte. For comparison purposes, the compounds
roacetic acid (TFA) and other analytical-grade reagents werelisted inTable 1were evaluated with a mobile phase of 0.1%
also from Merck. The inorganic component of the mobile TEAA-MeOH (pH 6.5) (60:40, v/v), but for optimized sep-
phase used in the reversed-phase (RP) method was prearations other mobile phase compositions are included.
pared from Milli-Q water, which was further purified by fil- With the same RP mobile phase composition, the reten-
tering on a 0.45:m filter, type HV, Millipore (Molsheim, tion factors of the first-eluted enantiomers were lower on
France). the teicoplanin stationary phase than on the aglycone phase
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Table 1
Chromatographic results obtained on the chiral stationary phases Chirobiotic T and TAG
Compound number Compound Column Eluent composition (v/v) ky’ ko’ o Rs —A(AG®) (kImol1)
OH
1 n T 60:40 016 026 163 121 121
Nu” NCooH 20:80 277 362 131 187 067
TAG 60:40 111 139 125 119 055
40:60 196 251 128 155 061
Qcoon
a .
2 S e, T 60:40 112 136 121 143 047
TAG 60:40 209 221 105 060 012
70:30 236 318 135 155 Q74
=z
3 T 60:40 151 172 114 <040 032
NH™ =COOH 20:80 329 422 128 152 061
TAG 60:40 221 441 199 238 170
4 (j\ T 60:40 151 220 145 200 092
NH™ “COOH TAG 60:40 234 708 303 290 275
OH
5 r'j\ T 60:40 103 117 114 080 032
NHZN COOH 20:80 223 299 134 181 073
TAG 60:40 107 193 180 200 145
HO,
6 (1 T 60:40 027 034 126 065 057
NH™ FcooH 20:80 075 101 135 142 Q74
TAG 60:40 185 203 110 070 024
40:60 278 313 113 100 030
20:80 563 612 109 090 021
NH
72 j\ T 60:40 180 208 116 110 037
NH™ "COOH 20:80 696 921 132 170 069
TAG 60:40 499 653 131 130 067
30:70 663 1114 168 240 129
H,C_ NH
g \[ l T 60:40 233 325 139 170 082
NH” NCOOH
TAG 60:40 254 507 200 230 172
0
9 j\ T 60:40 021 058 276 256 252
NH” > COOH
TAG 60:40 186 417 224 280 200
10 j\ T 60:40 045 088 196 224 167
NH” > COOH
TAG 60:40 280 879 314 326 283

Chromatographic conditions: column, Chirobiotic T and TAG; flow rate, 1.0 mtfidetection, 205 nm; temperature, Z5; mobile phase, 0.1% TEAA (pH
6.5)-MeOH (v/v);Rs =1.18¢2 — t1)/(Wr1:1/2+ W2:1/2).
2 Elution sequence not determined.
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(Table 1. Berthod et al[9] observed that the retention fac- less retained tha# on both stationary phases. The incorpo-
tors of compounds of intermediate polarity were relatively ration of —S— or —O— atoms into the ring instead of a «€H
similar on the two CSPs with the same mobile phase, or weregroup in position 44 versus9, 10) led to a decreasddvalue
somewhat lower on the aglycone phase. However, for po- (with exception ofL0 on TAG column), as a consequence of
lar amino acids, in some cases they found higher retentionthe decreased hydrophobicity of the molecules.
factors on the aglycone phase. Since the retention factors The incorporation of an additional -NH— into the ring in
for the first-eluted components differed considerably on the position 4 @ versus?, 8) led to higher retention factors on
two stationary phases in our study, it can be stated that theboth columns in spite of the decreased hydrophobicity of the
overall polarity of the aglycone stationary phase used heremolecules. The retention on the teicoplanin based stationary
differed from that of the corresponding teicoplanin station- phases is critically dependant on the ionization state of both
ary phase. The retention factors of the second-eluted isomerghe analyte and the CSP. To compare behavier \afrsus?
differ much more widely. ands, a study of the effect of pH was carried obid. 1). The

The teicoplanin molecule has several characteristic fea- free selectors, teicoplanin and teicoplanin aglycone contain
tures that make it suitable for amino acid analy$j80]. The a single primary amine and a single carboxylic group. The
retention and selectivity on the teicoplanin stationary phase respective g values are around 9.2 and 2.5 as reported previ-
could be controlled by altering the nature and concentration ously[1]. The amino group may be an ureido, when attached
of the organic modifier. The retention factor versus organic to a linkage chain. Thely, values for Pip 4) are approxi-
modifier content curves exhibited different shapes dependingmately 10.5 (-NH-) and 2.5 (-COOIB2] and the values for
on the nature of the analyte and the teicoplanin-based selec7 are 9.53 and 5.41 (—NH-—, respectively) and 1.5 (-COOH)
tor. It was earlier demonstrat¢®,30,31]that, on Chirobiotic [33]. There are no data forkp, values for8, but probably
T column for primarya-amino acids separated in the RP they are similar to the aforementioned related compounds.
mode, a U-shaped curve was characteristic for the retention
factor plot versus the MeOH content of the mobile phase. T
On Chirobiotic T column this type of curve was obtained for
the analytes (with exception @f 7 and8) but the inflection s R e
point and the slope of the curve at higher MeOH concentra-
tions differed somewhat for each compound. The increase in  '°
the retention factor with increasing water content was due to
enhanced hydrophobic interactions in the water-rich mobile 5|
phase, while the increase in the retention factor with increas- = e =~
ing MeOH contentwas due to the decreased solubility of polar 2
amino acid in the MeOH-rich mobile phase. On the Chiro-
biotic TAG column a somewhat different type of retention 15 Tt
curve was observed for analytes investigated (with exception 24
of 2), where the retention factor continuously increased with 10
increasing MeOH content. The teicoplanin aglycon, without
sugar units and a hydrophobic alkyl chain was less capable of
hydrophobic interactions than the native teicoplanin. On both
CSPs for, there was a decrease in the retention factor with _ 12+

+
wn
=)
N
o
w
=)
N

pH
increasing MeOH content, i.e., typical RP retention behavior ® w
was observed. On both columns forand 8, the retention 1.0, 14
factor continuously increased with increasing MeOH con-

pH

tent, i.e., on Chirobiotic T column the increase in retention 1 1
factor in water-rich mobile phase here was not observed. ~ =
Fora-amino acids on a native teicoplanin stationary phase, 404 10+
the more hydrophobic the solute, the more typical the RP re-
tention behavior observdd,3,30] For most of the analytes 5
investigated, a structure-retention relationship could be ob- *"]
served on both stationary phases. At an eluent composition : : : . : ‘ ;
of 0.1% TEAA-MeOH (pH 6.5) (60:40, v/v), the more hy- pH (B) pH
drophobiax-MePro @) of the Pro analogsand2 exhibited a
higherk’ value, however, this higher retention was not accom- Fig. 1. Retention factork() vs. pH value of the mobile phase on Chirobi-
panied by better andRs values Table 1. The more apolar ~ ©fi¢ T and TAG columns.A), ,L-pipecolic acid 4); (B), b,.-piperazine-
2 exhibited atypical RP retention behavior, i.e., the retention 2-carboxyllc ac_ld 7); chromatographic conditions: columns, ChIrObIOtIC.T

oo - ~"" and TAG; mobile phase, 0.1% aqueous TEAA (pH 4-6.5)-MeOH (60:40,
factor decreased with increasing MeOH content. In the seriesy); fiow rate, 1.0mImin’; detection, 205 nm:®) retention factorki’;

of the Pip analog8—6, the more hydrophili@, 5 and6 were (a) retention factorky’; (A ) separation factory.
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A slight decrease in the retention factor for Pip (4) was ob- contribute to an understanding of the role of the pendant
served on both CSPs with increasing pH, while a very small sugar moieties in chiral recognition. To quantify the effects
increase in itx-value was observedr{g. 1). The changein  of the sugar units, the differences in enantioselective
ionic strength had a small effect on retention factors @and free energies between the two CSRStac_TA(AG®),
values. With increases in the buffer concentration from 0.1% listed in Table 1 were used +A(AG°)=RTIn«]. The
(7.2x 103 mol I71) to 1.0% (7.2< 10~?mol 1) of TEAA A(AG®) value obtained on the native teicoplanin CSP
(pH 6.5, TEAA-MeOH, 60:40, v/v) on the Chirobiotic T col- with mobile phase of 0.1% TEAA-MeOH (pH 6.5)
umn, k) decreased from 1.51 to 1.48 ame@xhibited a small (60:40, v/v) was subtracted from th&(AG®°) value ob-
change between 1.45 and 1.57. On the Chirobiotic TAG col- tained for a given compound on the teicoplanin aglycone CSP
umnk; was around 2.40 and theexhibited a small decrease  [A(AG®)agiycone— A(AG®)native teicoplanic ATAG-TA(AG?)]

from 3.03t0 2.67. It seems that the ionization state of columns and the results were plotted as showrFig. 2. A negative

and of stereoisomers of Pig)(had little effect on the effi-  number means that the stereoisomers separated better
ciency of the separation. A more pronounced changesnd on the aglycone CSP. A positive number means that the
a values versus pH was detected #o(Fig. 1) and8 (data stereoisomers separated better on the native teicoplanin CSP,
not shown) with an inflexion point around pH 5. In the pH which contains the carbohydrate units.

range (pH 4-6.5) Pip4) was in its zwitterionic form, while Of the stereoisomers of the imino acids, the steri-
beyond pH 5.5 both —~NH- groups were protonated and the cally highly constrained Pro analog$ é4nd 2), the trans
—COOH groups were deprotonated foand8. The stronger stereoisomer dd and the cyclic compour@with the oxygen
interaction of stereoisomers @fand8 with the CSPs seems  heteroatom exhibited better separation on the Chirobiotic T
to be due to the strong interaction between the protonatedcolumn ig. 2). The probable explanation is that, in the case
imino group of the analyte and the carboxylate of the te- of Pro analogs an€, the highly constrained structure or the
icoplanin. Moreover, the inflexion point, observed for #ie  trans-position of substituents do not fit the active sites of the
versus pH plots near th&g value of the analyte imino group  aglycone, while in the case 6fadditional interactions could
confirmed this hypothesis. The dissimilarities of kheersus be achieved through the extra heteroatom and sugar units of
MeOH content plots observed fédrand8 on the Chirobiotic the teicoplaninfig. 2).

T column (no U-shaped curves) support our contention that  Fromthe aspect of enantiomeric separation, the sugar moi-
the retention and separation mechanism for these compoundgties of the native teicoplanin may intervene in the chiral

differed from1-6 to 9-10. recognition proces§d]. In general, appears that the steric
hindrance effect of the sugar moieties was predominant for

3.2. Enantioselectivity of enantiomers and the role of the a-amino acids, which are thought to “dock” and bind
carbohydrate units in enantiorecognition on antibiotic inside the cleft of the aglycone, near its amine (or ureido,
phases if attached to a linkage chain) functional group. It appears

thatp-a-amino acids [R)-a-amino acids] can associate more

Table llists the separation factorg) resolutions Rs) strongly and easily with this active binding site of the agly-

and differences in Gibbs free energi(AG°)] for the two cone than they can on native teicoplanin molecules. This
stereoisomers of the unusual secondagmino acids. The  closer approach produces a stronger diastereomeric complex
highest separation factors obtained on the teicoplanin CSPand better enantioselectivity. The two phenols and the OH
werea =2.76 and 1.96 fo® and10, respectively. The high-

est separation factors obtained on the aglycone CSP were

~ . 0 I
a=3.14and 3_.03 fot0and4, respgct_lvely. Thez values for o —
the conformationally constrained imino acidsble 1) were 8 —
in the same range as those reported for the common pro-g 7 —

. . . . . =
teogenic and othex-amino acids having simple structures g 6 —
[9]. The highesi values observed correspond to a difference £ 5 ——
in enantioselective free energy of 2.83 kJ migwhich is in- © A —————
dicative of the good enantiorecognition capability of these j —
chiral selectorsTable 1shows that the resolution factors as- : j—
sociated with these separation factors can be as highas 3.2, 5 oo 050 000 0% oo

(10). AryerAG(A”)

The —A(AG®) values for the compounds imable 1
differ considerably. The highest A(AG°) values were Fig. 2. Enantioselectivity differencestac_1 A(AG?), between the agly-
obtained for4, 9 and 10. With mobile phase of 0.1% cone and native teicoplanin stationary phases. A negative value corresponds
TEAA—MeOH (pH 6.5) (60240 V/V) for the imino acids to better enantioresolution by the aglycone column. A positive value cor-

. ° ' - - " responds to better enantioresolution by the teicoplanin column. For com-
hlgher _A(AG ) values W‘_are obtained on the Chirobiotic pounds, se@&able 1 Columns, Chirobiotic T and TAG; mobile phase, 0.1%
TAG CO'_Umn (with exception Of_l, 2, 6 and 9, Table J. aqueous TEAA (pH 6.5)-MeOH (60:40, v/v); flow rate, 1.0 ml minde-
Comparison of the results obtained on the two CSPs maytection, 205 nm.
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2 versus MeOH content plots. That is, e.g. in the casds 8f
5, 6 and7 the increase of MeOH content, while in the case

1
of 2the increase of buffer content, led to higkevalues and
better enantioresolution. Unfortunately, frany variation
of the mobile phase composition or pH failed to improve the
0 10 2

resolution, which waRs ~ 1.0. Selected chromatograms are
: , depicted inFig. 3.
0 0 10 15 The sequence of elution was determined in most cases. A
¢/ min t/min general rule could be established for the sequence of elution
4 5 of the stereoisomers:<p [(9 < (R)].

4. Conclusions
By application of these two CSPs, excellent separations

. . . . . . . . ‘ . were achieved for most of the investigated compounds in the
5 10 15 20 25 0 5 10 15 20 RP mobile phase systems. It was found that the carbohydrate
t/min t/min moieties on teicoplanin are not always needed for the enan-
tioresolution of unusual secondagyamino acids, in most
cases the aglycone was responsible for the enantiosepara-

9
tion. Although the sugar units decrease the resolution of most
a-amino acid enantiomers, they can contribute significantly
to the resolution of some unusual secondargmino acid

0 5 10 5

[T

=g

analogs. The sequence of elution of the stereocisomers of un-
usual amino acids was determined and a general rule could be
o 5 10 15 20 established for the sequence of elution of the stereoisomers
t/min t/ min on both CSPs. It was found to be<p [(S) < (R)].

Fig. 3. Selected chromatograms for the enantioseparation of imino acids.

Chromatographic conditions: column Chirobiotic T for compoufidsd

5 and Chirobiotic TAG for compounds, 4, 9 and10; mobile phase, 0.1% Acknowledgements
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