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Polymer displacement in dye-affinity chromatography
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Received 14 February 1995; accepted 19 April 1995

Abstract

Displacement of lactate dehydrogenase from dye-affinity matrices with poly(ethyleneimine) (PEI) was shown to
be an effective elution strategy. It resulted in better recoveries and sharper elution profiles than traditional
non-specific elution while the purification factors were unchanged. The elution is assumed to proceed via
displacement of bound protein by PEI when the polymer binds to the dye-ligands. Complete elution of bound
protein is a characteristic feature of such a mechanism. Hence displacement with PEI may be a promising strategy
for eluting proteins with reported low recoveries in dye-affinity chromatography protocols.

1. Introduction

Dye-affinity chromatography has proven to be
a convenient method of protein purification both

in the laboratory and at a large scale [1,2]. It.

combines high specificity with robustness, simple
coupling chemistry and cost efficiency [3-5].
Protein binding to the dye matrix is not the
whole story. For a successful purification, the
bound protein must be eluted with a high re-
covery and preferably in a small elution volume.
Two strategies are traditionally used for protein
elution from dye matrices. The first one is to
reduce the binding efficiency of the protein to
the dye ligands by eluting with a high-ionic-
strength solution. This is called non-specific
elution, and usually 1-2 M NaCl or KCl is used.
The second strategy is to use a soluble ligand,
which competes with the dye ligand for the same
protein binding site. Usually millimolar solutions

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00486-6

of nucleotides are used for such specific elution.
Both methods are inefficient in many cases and
recoveries of 40-60% are quite common in dye-
affinity chromatography [6-11]. Champluvier
and Kula [12] calculated an average recovery of
about 60% for numerous purifications on dye-
affinity matrices. Even recoveries as low as 20—
30% are frequent, especially when specific elu-
tion has been used [6,13-17].

A new strategy for protein elution is to use an
agent with stronger binding to the matrix than
that of target protein. Binding of such an agent
results in the displacement of bound protein and
is therefore called displacement chromatog-
raphy. Different proteins were displaced from
ion-exchange matrices by polyelectrolytes,
DEAE-dextran  [18,19], dextran  sulfate
[18,19,21], poly(vinyl sulfonic acid) [22], CM-
starch [23], chondroitin sulfate [20,24], low-mo-
lecular-mass compounds such as (ethyleneglycol-
bis(8-amino ethylether-N,N,N’,N'-tetracetic
acid) [25] or from hydrophobic matrices by
poly(ethylene glycol) (PEG) [26,27]. To the best

© 1995 Elsevier Science B.V. All rights reserved
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of our knowledge displacement has not been
exploited in dye-affinity chromatography.

Strong interaction of poly(ethylene imine)
(PEI) with triazine dyes was found during our
study of dye interaction with different polymers
[28]. The idea was to try this polymer for
displacement of proteins bound to dye matrices
in order to improve their recovery and elution
profile.

2. Materials and methods

Lactate dehydrogenase (LDH) type XXX-S
from porcine muscle, 8-NADH, and bicinchonic
acid solution were purchased from Sigma (St.
Louis, MO, USA). PEI with molecular mass
35 000 = 5000 was purchased from Serva (Heidel-
berg, Germany). PEIs with molecular masses
2000 and 700 were purchased from Aldrich
(Steinheim, Germany). Poly(acrylic acid) sodi-
um salt with molecular mass 170 000 was pur-
chased from Fluka (Buchs, Switzerland). Sepha-
rose CL 4B and Sepharose 4 Fast Flow were
purchased from Pharmacia BioProcess Technolo-
gy (Uppsala, Sweden). Cibacron Blue 3GA
(CB), purchased from Sigma, and Procion Red
HE-3B (PR), a gift from ICI (Manchester, UK),
were used as received. The heterogeneous
character of commercially available dye prepara-
tions is well known [29], nevertheless it is com-
mon to use triazine dyes in spectral studies
without additional purification [30-33].

Blue Sepharose and Red Sepharose were
synthesised by coupling CB or PR to Sepharose
CL 4B according to [34]. Scarlet Sepharose was a
generows gift from Professor R.K. Scopes (Cen-
tre for Protein Research and Enzyme Technolo-
gy, La Trobe, Australia) and was synthesized by
coupling of Procion Scarlet HGA to Sepharose
CL-4B according to [34].

The spectral titration was performed at room
temperature according to [30}. Sample and refer-
ence cuvettes each containing 2 ml of a dye
solution in an appropriate buffer were placed in
a double beam Shimadzu UV-260 spectropho-
tometer. Small volumes (1-10 ul) of PEI solu-
tion were added to the sample cuvette and equal

volumes of buffer were added to the reference
cuvette. The contents of the cuvettes were mixed
and spectra in the region of 400-650 nm were
registered.

Chromatographic procedures were done at
room temperature. LDH and BSA were applied
to the column in equilibrating buffer (20 mM
Tris - HCI buffer pH 7.3) and eluted with either
1% PEI, or 1.5 M KCl, or 1 mM NADH + 10
mM oxamate in the same buffer. The Blue
Sepharose and Fast Blue Sepharose columns
were regenerated after PEI elution with 0.1 M
glycine buffer pH 12, containing 1 M NaCl. The
Red Sepharose column was regenerated by a
pulse of equilibrating buffer and then with 0.1 M
glycine buffer pH 12, containing 1 M NaCl and
1% polyacrylate. The columns were reequilib-
rated after regeneration in 20 mM Tris- HCl
buffer pH 7.3.

Pork was purchased in a local shop and was
homogenized in ice-cold 20 mM Tris - HCI buf-
fer, pH 7.3 containing 1 mM EDTA (3 ml of
buffer per g of muscle tissue). The homogenate
was centrifuged at 16 000 g for 15 min to remove
cell debris and the supernatant was filtered
through Munktell Grade 3 filter paper (Grycks-
bo, Sweden) to remove traces of fat. The porcine
muscle extract was kept frozen without any loss
of LDH activity and was applied directly to the
Red Sepharose column after thawing and fil-
tering.

LDH activity was measured in the fractions
according to a reported procedure [35]. Protein
was determined according to the manufacturer’s
instruction for Bio-Rad protein assay (Bio-Rad
Labs., Munich, Germany).

3. Results and discussion

Two triazine dyes, CB and PR were chosen for
the study. PR is a bis-monochlorotriazine dye
whereas CB is a monochlorotriazine dye (Fig.
1). The CB molecule contains three acidic sul-
fonate groups and four basic primary or sec-
ondary amino groups (ratio 3:4). The PR mole-
cule contains six sulfonate groups and only four
secondary amino groups (ratio 3:2) and bears
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Fig. 1. Structures of Cibacron Blue 3GA (a) and Procion
Red HE-3B (b).

higher total negative charge at neutral and basic
conditions.

Both dyes interacted strongly with PEI at
neutral conditions, resulting initially in a spectral
change in the visible range and finally in precipi-
tation of the dye—polymer complex. The differ-
ence spectra at low PEI concentration had a
clear isobestic point indicating formation of
soluble complexes (Fig. 2). At higher PEI con-
centrations this complex became insoluble and
precipitated.  Precipitation occurred at a
polymer:CB ratio of 2:1 and a polymer:PR
ratio of 6-7:1 (monomer units per dye mole-
cule). It is reasonable that these complexes
should precipitate when their total net charge is
zero. Thus, the higher ratio in the case of PR is
due to the more negative charge of this dye
molecule, and more positive charges or more
monomer units of PEI were needed to neutralize
the charges.

Addition of excess polymer to the suspension
of insoluble complex did not result in its dissolu-
tion. When an excess of PEI was added initially
to the dye solution no precipitate formed. The
difference spectrum of such soluble “PEl-satu-
rated” complex (Fig. 2, dashed line) was quite
close to that obtained just before precipitation
starts and was independent of further increase in
polymer concentration. The PEI-dye complex
seemed to be kinetically stable. It precipitated at
zero net charge and no redistribution of dye
molecules between the precipitate and excessive
polymer took place.

1.0

Absorbance
(=]
1

-1.0 T T T T
450 500 550 600

Wavelength, nm

Fig. 2. Difference spectra obtained when Procion Red was
titrated with increasing concentrations of PEI-35000. Both
sample and reference cuvette contained 2 mi of 0.05 mg/ml
Procion Red in 20 mM Tris-HCI pH 7.3. Identical 1-ul
portions of 0.25% PEI-35 000 solution in 20 mM Tris - HCI
pH 7.3 and buffer were added in the reference and sample
cuvette respectively. The dashed line was obtained when
initialty 10 ul of 10% PEI-35000 solution in 20 mM Tris -
HCI pH 7.3 were added to 2 ml of 0.05 mg/ml Procion Red
in 20 mM Tris- HCl pH 7.3.

The application of the mathematical model
previously developed [36] for calculation of con-
stants for the binding of dyes with the soluble
polymers, was prohibited by the precipitation of
CB-PEI and PR-PEI complexes. Still some
estimations of dye—PEI complex strength can be
done on the basis of the amount of PEI needed
for obtaining complete spectral changes. Using
this scale, CB complexing with PEI at a pH
around neutrality was about ten-fold more effi-
cient than CB complexing with non-ionic poly-
mer, poly(N-vinyl pyrrolidone). Dye interactions
with PEI were also under experimental con-
ditions used independent of the polymer molecu-
lar mass (700-35000) resulting in nearly the
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same difference spectra and the same
polymer:dye ratio when precipitation took
place.

The multipoint interaction of poly(N-vinyl
pyrrolidone) and poly(vinyl alcohol) with dye
ligands, coupled to the chromatographic matrix,
was successfully exploited in polymer-shielded
dye-affinity chromatography [28,36-40]. The in-
teraction of poly(N-vinyl pyrrolidone) with dye
ligands is strong enough to prevent the non-
specific binding of proteins to the dye ligands.
On the other hand this interaction is less efficient
than specific binding of nucleotide-dependent
enzymes to the dye ligands. Hence, these en-
zymes bind to the dye-affinity column pretreated
with the polymer. The interaction of PEI with
the dye ligands was much stronger than that of
poly(N-vinyl pyrrolidone) and poly(vinyl al-
cohol). Thus, PEI could not be used for polymer
shielding because it bound so strongly that it
prevented specific binding to the column. In
contrast, the strength of PEI binding can be
exploited for the displacement of proteins bound
to the dye-affinity column.

When coupled to the chromatographic matrix
Sepharose CL-4B, both dyes, CB and PR, were
able to bind pure LDH from porcine muscle.
Efficient PEI binding to these dye ligands was
used for the displacement of bound LDH. A 1%
PEI solution in the same buffer used for LDH
binding (20 mM Tris - HCI pH 7.3) proved to be
an efficient eluent. Displacement of LDH with
PEI resulted in quantitative recovery of the
enzyme from both Blue Sepharose and Red
Sepharose as well as from Scarlet Sepharose.
LDH was displaced with 1% PEI and eluted as a
sharp peak without tailing as usually observed
during non-specific elution with high salt con-
centration. For instance, practically all LDH
bound to Blue Sepharose was eluted with 1%
PEI in 2.5-fold less volume than with 1.5 M KCI.

Fig. 3 presents LDH elution profiles using
linear gradients of PEI-35000, PEI-2000 and
PEI-700. Unexpectedly, PEI-35 000 was a slight-
ly weaker displacer than PEI-2000 and PEI-700,
though all the polymers used displaced LDH
efficiently from the Red Sepharose column. The
difference in behaviour may be attributed to

0.08 1.0

0.06 P

PE) 2000

B
N
[
(=3
S\
% PEl———

0.04 0.5

PEI 700

0.02 1

Relative absorbance 280 nm

0.00 - 0.0

8 12
Column volumes
Fig. 3. LDH elution profile using a gradient of PEI. Ex-
perimental conditions: 1.5X1.0 cm I.D. Red Sepharose
column. A 520-pl volume of pure LDH (1.1 mg/ml) was
applied and eluted using a 0 to 1% linear PEI gradient at a
flow-rate of 0.5 ml/min. The elution profiles are adjusted
subtracting the contribution of PEI absorbance at 280 nm.
Arrows indicate the molecular mass of PEI used.

some differences in polymer structure, e.g. de-
gree of branching. The different PEI prepara-
tions are from different suppliers and sufficient
documentation is not available to judge whether
the preparations have the same degree of
branching. On the other hand, LDH was not
eluted with spermine, which can be regarded as a
low-molecular-mass PEI analogue with degree of
polymerization of 4. Thus, the polymeric nature
of PEI and the possibility of multipoint inter-
action with the dye matrix was crucial for an
efficient LDH elution.

Polymer bound strongly to the column after
PEI elution and it was necessary to develop a
proper column-regeneration protocol. Usually
polycation displacers are washed out from cation
exchangers with  high-pH-high-salt buffer
[18,19]. PEI ionization is suppressed at high pH
and a high salt concentration decreases efficiency
of ionic interaction. A 250-fold higher PEI
concentration was required for complete “satura-
tion” of spectral changes in CB solution at pH 12
(0.1 M glycine buffer, containing 1 M NaCl)
comparing to that needed at neutral conditions.
The PEI-CB complex was quite weak at these
conditions and the polymer could be washed out
from the column. Blue Sepharose column was
successfully regenerated with 0.1 M glycine buf-
fer pH 12 containing 1 M NaCl. On the contrary,
the PR molecule bears more negative charges
than the CB molecule and provides more oppor-
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tunities for multipoint interactions with PEL
Even at these for complex formation unfavorable
conditions, the PEI-PR complex is still strong
enough resulting in significant spectral changes
(data not shown). As a consequence the Red
Sepharose column could not be regenerated with
0.1 M glycine buffer pH 12 containing 1 M NaCl.

It was necessary to make the mobile phase
more attractive for PEI in order to remove it
from the stationary phase. Addition of 1%
polyacrylate (PAA) into the regeneration buffer
was attempted. PAA is negatively charged at pH
12 and it does not bind to the negatively charged
dye ligands, but is able to interact via hydrogen
bonding with PEI, which is neutral at this pH.
PEI-35 000 interacted strongly with PR even in
the presence of 1% PAA, while the interaction
of PEI-2000 with PR at these conditions was
weaker. The interaction of PEI-700 with PR was
abolished in the presence of 1% PAA (Fig.
4).The regeneration procedure using 1% PAA in
0.1 M glycine buffer pH 12 containing 1 M NaCl
proved to be efficient after displacement of LDH
with PEI-700 and PEI-2000 elution but not after
displacement with PEI-35000. A higher molecu-
lar mass of PEI results in more sites capable of
interacting with dye ligands on the matrix. The
polymer with higher molecular mass, PEI-35 000,
binds to the dye matrix via a higher number of
interactions and is therefore prevented from
being washed out even by 1% PAA in 0.1 M
glycine buffer pH 12 containing 1 M NaCl.

Two mechanisms can be assumed for the
elution of LDH by PEIL According to the first
mechanism the polymer binds to LDH thereby
decreasing enzyme affinity towards the dye lig-
ands. According to the second mechanisms. PEI
binds to the dye ligands and thereby displaces
LDH. PEI interacted strongly with dye ligands.
The efficiency of these interactions is comparable
to or even stronger than that of dye binding to
LDH. PEI bound to the dye ligands prevented
L.DH from interaction with these ligands. LDH
did not bind to the column after PEI elution and
extensive washing with equilibrating buffer. A
harsh regeneration procedure was required to
remove bound PEIL

PEI interacted slightly with LDH, enzyme

1.0

Absorbance

0.5 T T T T

450 500 550 600

Wavelength, nm

Fig. 4. Difference spectra obtained when Procion Red was
titrated with increasing concentrations of (a) PEI-35 000, (b)
PEI-2000 and (c) PEI-700. Both sample and reference cuv-
ette contained 2 ml of 0.05 mg/ml Procion Red in 0.1 M
glycine buffer pH 12, containing 1 M NaCl and 1% poly-
acrylate. Identical portions of buffer and of 10% PEI solution
in 0.1 M glycine buffer pH 12, containing 1 M NaCl and 1%
polyacrylate were added in the reference and sample cuvette
respectively. Total 7x 1 ul (a), 14 X1 ul(b)and 1+1+5+
5+ 10+ 10 ul (c) aliquots of PEI solutions were added.

activity was decreased only 15-20% in the pres-
ence of 1% PEI. For comparison. LDH activity
was decreased two-fold in 1.5 M KCI used for
non-specific elution of enzyme. LDH was dis-
placed with PEI and eluted as a concentrated
solution, and usually only 10-100-wl samples



264 1. Yu. Galaev et al. /| J. Chromatogr. A 710 (1995) 259-266

8.0 B 200
o O
= 6.0 1 F 150 =
£ E
2 2
N 401 a 100 &
8 2
c ‘ °
« <
£ 20 50
I
o
<

0.0 T , T T 0

0 20 40 60 80
Volume, mi

Fig. 5. LDH purification profile on Red Sepharose. Ex-
perimental conditions: 1.2 X 1.0 cm [.D.; flow-rate 0.5 ml/
min. The crude extract was applied to a column until
breakthrough. The arrows indicate: a = washing after break-
through with 20 mM Tris - HCI, pH 7.3; b = elution with 1%
PEI-700 in 20 mM Tris-HCI, pH 7.3. The column was
regenerated with 1% polyacrylate in 0.1 M glycine buffer pH
12 containing 1 M NaCl and reequilibrated with 20 mM
Tris - HCI buffer pH 7.3.

were used for assay of enzyme activity in a total
assay volume of 1.5 ml. The 20--200 dilution of
1% PEI present in the eluent resulted in no
measurable effect on LDH activity. Thus, we
assume that LDH elution with PEI proceeds via
the second mechanism, namely, via the displace-
ment of enzyme by polymer due to the inter-
action of PEI with dye ligands.

Displacement with PEI-700 and subsequent

Table 1

column regeneration with 1% PAA in 0.1 M
glycine buffer pH 12 containing 1 M NaCl was
chosen for LDH purification from crude porcine
muscle extract using Red Sepharose column.
Crude extract was applied on a Red Sepharose
column until breakthrough, the column was
washed with buffer until no protein was eluted
and LDH bound was eluted with 1% PEI-700
solution (Fig. 5).

Comparison with traditional strategies of LDH
elution (Table 1) showed that displacement with
PEI was more efficient than elution with 1.5 M
KCI. It resulted in slightly better recoveries and
sharper elution profiles. Displacement of LDH
with PEI as well as 1.5 M KCl elution is non-
specific and results in elution of all proteins
bound on the column. On the other hand,
specific elution proceeds via nucleotide competi-
tion with the dye ligand for the same protein
sites. As a result, only proteins capable of
nucleotide binding are eluted, the rest of the
bound proteins should be eluted with high ionic
strength to regenerate the column. Thus, the
purification factors during specific elution with
nucleotide (around 10) were higher than during
both non-specific elution strategies (2.5-4).
Though the structure of the dye resembles that
of nucleotide, the dye is a pseudo-affinity ligand

LDH purification on Red Sepharose with different elution strategies

Elution strategy Capacity Recovery Elution volume Purification factor
(units bound/ml matrix) (%) (column volumes
for 90% recovery)
PEI-700
Run 1 320 100 3.0 4.0
Run 2 310 101 5.0 3.2
1.5 M KCl
Run 1 310 81 2 2.5
Run2 310 94 4.0 3.1
1 mM NADH + 10 mM oxamate
Run1 210 97 1.5 9.9
Run2 270 92 10.0 9.5

Crude extract was applied until breakthrough at a flow-rate of 0.5 ml/min. The column was washed with 20 mM Tris - HCl buffer
pH 7.3 until no protein was eluted and then eluted with either 1% PEI, or 1.5 M KCl, or 1 mM NADH + 10 mM oxamate, all in

20 mM Tris - HCI buffer pH 7.3.
*81% recovery was obtained in 17.4 column volumes
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and some relatively weak non-specific interac-
tions of LDH with the dye are possible. These
non-specific interactions resulted in broadened
elution profiles. LDH was eluted specifically in
7-10 column volumes, while non-specifically it
was eluted in 3-5 columns volumes.

Displacement chromatography has been re-
garded as a potentially very promising technique.
Applications concerning the separation of small
molecules have confirmed this statement, but it
has been more difficult to attain all the advan-
tages when separating crude protein mixtures.
Only a few successful protein purifications using
displacement chromatography have been re-
ported [41]. A limiting factor has been that
protein molecules are multifunctional and they
interact with the support via a range of interac-
tions. When using ion-exchange supports, there
are many potential interactions that may take
place and it is therefore difficult to obtain an
idealized displacement behaviour. In theory it
should be easier with hydrophobic sorbents since
less potential interactions may occur, but the low
solubility of highly hydrophobic displacers poses
a problem. So far, a lot of effort has been
invested but there are few successes in protein
separation based on displacement chromatog-
raphy.

The strategy adopted here is novel in the sense
that conventional displacement is carried out,
but the adsorption step has been chosen to
include some more biospecificity than what is
conventionally used. By means of this fewer
potential interactions between the support and
proteins are prevalent and the number of pro-
teins binding to the adsorbent will be restricted.
More efficient displacement steps may be
achieved by this mode of operation.

4. Conclusions

Displacement of LDH from dye-affinity ma-
trices with PEI was shown to be an effective
elution strategy. It resulted in better recoveries
and sharper elution profiles than traditional
nonspecific elution with the same purification
factors. The elution is supposed to proceed via

displacement of bound protein by the polymer
when the latter binds to the dye ligands. Com-
plete elution of all bound protein is a characteris-
tic feature of such a mechanism. Hence PEI
displacement may be a promising strategy for
eluting proteins with reported low recoveries in
dye-affinity chromatography protocols.
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Abstract

A sulfonate derivatization reagent, 2-(N-phthalimido)ethyl 2-(dimethylamino)ethanesulfonate, was synthesized
and examined for use in liquid chromatography. The reagent contains two key moieties, a chromophore
(phthalimido) necessary for detection and a dimethylamino function that is chemically removable after de-
rivatization. The reagent was applied to the derivatization of 2,4,6-trichlorophenol as a model analyte. The results
indicated that the reagent can be readily removed after derivatization by simple acid treatment.

1. Introduction

Analytical derivatization coupled with gas or
liquid chromatography has found a wide range of
applications in chemistry, biochemistry, pharma-
cology, toxicology, environmental science and
many other disciplines; the relevant techniques
for derivatization and chromatography have
been extensively documented [1-6]. Basically, a
large excess of derivatization reagent is used for
the derivatization of an analyte at trace levels to
give a derivative for sensitive analysis. Unfor-
tunately, the excess of unreacted reagent often
makes the chromatographic separation of the
resulting derivative very difficult. Further dis-
advantages of an excess of derivatization reagent
include the shortening of a column lifetime by a
chemically reactive reagent and the shock to a

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00496-3

sensitive detector caused by an intolerable input
resulting from the excess of reagent.

Although several approaches have been ap-
plied for removal of excess reagent after de-
rivatization, including using nitrogen purging for
a volatile reagent [7], adding an additional
chemical [8] to react with the reagent that is to
be removed and column clean up [9-11]; these
treatments are usually tedious, time consuming
and expensive. Therefore, we sought to obtain a
derivatization reagent with readily removable
properties, and preliminary studies resulted in
the synthesis of 2-(N-phthalimido)ethyl 2-(di-
methylamino)ethanesulfonate (PEDAES). Using
2,4,6-trichlorophenol as a model organic analyte,
PEDAES can be easily removed by simple acid
treatment after derivatization, as illustrated in
Fig. 1. This avoids interference due to reaction
of the excess of the reagent with the derivative
that is to be detected. The PEDAES reagent was

© 1995 Elsevier Science BV. All rights reserved
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Fig. 1. Reaction scheme for PEDAES with 2,4,6-trichloro-
phenol and removal of excess PEDAES.

also reactive towards inorganic anions such as
iodide in a biphasic water—toluene system using
18-crown-6 as the phase-transfer catalyst. The
analytical derivatization of iodide will be re-
ported elsewhere.

2. Experimental
2.1. Materials and reagents

The 2,4,6-trichlorophenol (TCP) derivative
was synthesized in our laboratory and its struc-
ture was confirmed by mass and NMR spec-
trometry and elemental analysis. 2-Chloro-
ethanesulfonyl chloride, N-hydroxyethyl-
phthalimide, 18-crown-6, 4-chlorophenol
(MCP), 2,4-dichlorophenol (DCP), TCP (TCI,
Tokyo, Japan), dimethylamine (40%, w/v), tri-
methylamine (45%, w/v), toluene, potassium
carbonate, sodium carbonate, sulfuric acid and
silica gel 60 (70-230 mesh) (Merck, Darmstadt,
Germany), diphenyl (Wako, Osaka, Japan),
acetonitrile, chloroform and dichloromethane
(Fisher, Fair Lawn, NJ, USA) were used without
further treatment. All other chemicals were of
analytical-reagent grade. Solutions of MCP,
DCP, TCP, 18-crown-6 and PEDAES were pre-
pared by dissolving the appropriate amounts in

toluene and a solution of diphenyl (internal
standard, 1.S.) was prepared in acetonitrile.

2.2. HPLC conditions

A Waters—Millipore LC system with a U6K
injector, a Model 510 pump and a Model 486
UV-Vis detector was used. A Nova-Pak C,; (4
pm) column (150 X 3.9 mm I.D.) and a mobile
phase acetonitrile—water (55:45, v/v) at a flow-
rate of 0.9 ml/min were used. The column eluate
was monitored at 225 nm. The solvent was
pretreated with a vacuum filter for degassing.

2.3. Synthesis of PEDAES

Synthesis of 2-(N-phthalimido )ethy!
ethenesulfonate (PEES)

N-Hydroxyethylphthalimide (2.40 g, 12.55
mmol), 2-chloroethanesulfonyl chloride (2.65
ml, 25.20 mmol) and trimethylamine (7.79 ml,
50.40 mmol) were placed successively in a 100-ml
reaction flask containing chloroform (60.0 ml)
pre-cooled in an ice-bath. The reaction mixture
was magnetically stirred at 0°C for 1.5 h, then
the resulting mixture was washed successively
with water (3 x 60 ml) and (10%, w/v) sodium
carbonate solution (2 X 60 ml). The chloroform
layer was treated with anhydrous sodium sulfate
(ca. 2.5 g) and the filtrate was evaporated to
dryness in a rotary evaporator. The residue
dissolved in dichloromethane (4.0 ml) was
purified by column chromatography (40 X3 cm
I.D.) on silica gel 60 (ca. 120 g) with dichlorome-
thane as the eluent, to give PEES (1.48 g, 5.27
mmol) as a white powder, m.p. 87-88°C. 'H
NMR (CDCl,): §4.03 (t, 2H, N-CH,, J=5.43
Hz), 4.40 (t, 2H, CH,-O, J =5.46 Hz), 6.10 (d,
1H, cis-terminal vinyl proton, J = 9.38 Hz), 6.39
(d, 1H, trans-terminal vinyl proton, J=16.64
Hz), 6.51 (dd, 1H, vinyl proton, J=9.38 Hz),
7.72-7.90 (m, 4H, aromatic H). Analysis: calcu-
lated for C,H,NO,S, C 51.25, H 3.91, N 4.98;
found, C 51.08, H 3.90, N 4.97%. MS [fast atom
bombardment (FAB)]: m/z 282 (M™ +1), 174
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(M* — 0SO,CH = CH,), 107 (M™ — phthalimi-
doethyl moiety).

Synthesis of PEDAES

PEES (1.42 g, 5.05 mmol) and dimethylamine
{0.89 ml, 7.03 mmol) were placed in a 150-ml
reaction flask containing dichloromethane (100
ml) pre-cooled in an ice-bath. The reaction
mixture was magnetically stirred at 0°C for 1.5 h.
The resulting mixture was treated with anhy-
drous sodium sulfate (ca. 2.5 g) and the filtrate
was evaporated to dryness (1.59 g) in a rotary
evaporator. An aliquot of the residue (1.0 g)
recrystallized from 10 ml of n-hexane-chloro-
form (3:2, v/v) gave a colourless plate crystal
(72% yield), m.p. 106-107°C. 'H NMR
(CDCl,): 62.22 (s, 6H, N(CH,),), 2.75 (t, 2H,
CH,NMe,, J=7.42 Hz), 3.28 (t, 2H, CH,S0,,
J=17.43 Hz), 4.04 (t, 2H, CH,N-phthalimido,
J=5.31 Hz), 4.50 (t, 2H, CH,0, J=5.34 Hz),
7.72-7.90 (m, 4H, aromatic). °C NMR (CDCl,)
from HETCO (“C/'H); §37.25 [CH,N(CO),],
45.00 (N-Me,), 48.81 (CH,SO,), 52.84
(CH,NMe,), 65.56 (CH,0), 123.50 and 134.24
(aromatic C other than that of angular C),
131.91 (angular aromatic C), 167.87 (imido C).
Analysis: calculated for C,,H,,N,O,S, C 51.51,
H 5.57, N 8.58, S 9.83; found, C 51.49, H 5.56,
N 8.61, S 9.67%. MS [electron impact (EI)]:
m/z 326 (M"), 173 (phthalimidoethyl — H), 160
(phthalimidomethyl), 71 (CH, = CHNMe,), 58
(CH,NMe,).

2.4. Derivatization procedure

A 0.2-ml aliquot of TCP (50 uM) or other
chlorophenol solution was added to a 10-ml
screw-capped test-tube containing about 50 mg
of potassium carbonate, then 0.1 ml of 18-crown-
6 solution (100 mM) and 0.5 ml of PEDAES
solution (60 mM) were added. The reaction
mixture was shaken at 95°C for 4.0 h. After
cooling, 0.4 ml of the reacted toluene solution
was taken and washed with 1.0 ml of 1.0 M
H,SO, by vortex mixing for 30 s. A 0.1-ml

aliquot of the acid-washed toluene layer was
transferred into a test-tube and purged with a
gentle stream of nitrogen to near dryness, then
0.1 ml of diphenyl solution (40 wM) was added
and the resulting solution was used for HPLC
analysis (about 15 ul).

3. Results and discussion

To study the chemical removability and reac-
tivity of the newly synthesized reagent PEDAES,
TCP was used as a model analyte in an amount
of 10 nmol. The effects of reaction temperature,
reaction time and amount of PEDAES on the
derivatization of TCP in toluene were studied,
using 18-crown-6 (10 pwmol) and potassium car-
bonate (ca. 50 mg) as catalyst in a 0.8-ml
reaction system. The resulting effects were
evaluated by measuring the peak-area ratio of
the derivative with respect to diphenyl (I.S.) The
optimum amounts of 18-crown-6 and potassium
carbonate were found to be =5 pmol and =25
mg, respectively, in the reaction system.

3.1. Effects of reaction temperature and reaction
time

The reaction temperature and reaction time
required to reach an equilibrium for the TCP
derivative were studied. The results indicated
that 4 h were needed for derivatization at 95°C,
whereas with derivatization at 70°C, plateau
formation of the derivative was not attainable in
6 h and a lower yield was obtained compared
with reaction at 95°C. The derivatization yields
of TCP at three levels (at 95°C) were all above
95% as shown in Table 1, based on the peak-

Table 1
Derivatization yield of 2,4,6-trichlorophenol

2,4,6-Trichlorophenol Derivative Yield
tested (nmol) found® (nmol) (%)
8.02 7.81x0.04 97.4
4.01 3.83+0.01 95.5
1.00 0.98 +£0.01 98.0

*Mean = S.D. of triplicate analyses.
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area ratios of the TCP derivative to the I.S. in
comparison with that of the synthesized TCP

derivative to the I.S.

3.2. Effect of amount of derivatizing agent

The amount of PEDAES required for the
derivatization of TCP (10 nmol) to plateau
formation of the derivative was about 27.5 umol,
equivalent to a molar ratio of PEDAES to TCP
of about 2750, as shown in Fig. 2; however, an

excess of the reagent (30 wmol) was selected for
the derivatization of TCP.

3.3. Removability of derivatizing agent after
derivatization

TCP (10 nmol), DCP (10 nmol) or MCP (15
nmol) was derivatized with excess of PEDAES
as described in Section 2.4. After derivatization,
the reaction mixture was either treated with or
without 1.0 M H,SO, (1 ml). The results are
shown in Fig. 3. A broad and large reagent peak
overlapped that of the chlorophenol derivatives
resulting from the derivatization without treat-
ment with acid solution. On the other hand, the
interfering PEDAES peak in Fig. 3 can be easily
removed after derivatization by simple treatment
of the reaction solution with H,SO,, based on
the protonation of the tertiary amino function of
PEDAES to form a water-soluble quaternary
species. The resulting quaternary species in
water can be easily separated from the chloro-
phenol derivatives in the toluene layer.

—
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Fig. 2. Effect of molar ratio of PEDAES to 2,4,6-trichloro-

phenol on the formation of the TCP derivative. See text for
conditions. '
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Fig. 3. Composite liquid chromatogram of 4-chlorophenol
(MCP) (15 nmol), 2,4-dichlorophenol (DCP) (10 nmol) and
2,4,6-trichlorophenol (TCP) (10 nmol) derivatized with
PEDAES with acid treatment (solid line) and without acid
treatment (dashed line) after derivatization. Peaks: a=
derivative of MCP; b=derivative of DCP; c= diphenyl

(1.S.); d = derivative of TCP; r = excess of reagent. See text
for conditions.

3.4. Mass spectra analysis of the derivatives

The derivative of TCP was synthesized by
scaling up the amount of TCP (0.278 mmol) in
toluene (20 ml) and using a similar procedure to
that described in Section 2.4. The resulting
derivative (m.p. 103-104°C) was examined by
FAB-MS (JEOL JMX-HX 110 instrument) using
thioglycerol as the sample matrix. The mass
spectrum obtained exhibited a pseudo-molecular
ion of m/z 370 (M’ =M + 1) and the typical ion
peak proportions of M': M'+2: M’ +4 were
equivalent to 100.0:98.0:36.0, revealing a
characteristic species with three chlorine atoms,
and a basal peak of m/z 174 was also found,
corresponding to the N-phthalimidoethyl moiety.
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This reasionally suggests that the resulting de-
rivative is 2-(N-phthalimido)ethyl 2,4,6-trichloro-
phenyl ether. The retention time of peak d in
Fig. 3 is identical with that of the synthesized
derivative. The derivatives of MCP and DCP
were not synthesized for retention time com-
parison, but peaks a and b in Fig. 3., equivalent
to the derivatives of MCP and DCP, respective-
ly, were elucidated by GC-EI-MS (Varian Star
3400 CX-Saturn 3 system). The mass spectra
obtained for the derivatives of MCP and DCP
exhibited their parent ions at m/z at 301 and
335, respectively, corresponding to the (N-
phthalimido)ethyl ethers of the related chloro-
phenols.

3.5. Analytical calibration

Based on the optimum derivatization condi-
tions for TCP as indicated in Section 2.4, the
method was used to the determination of several
chlorophenols, including TCP, DCP and MCP, to
evaluate its quantitative applicability. The ranges
of TCP, DCP and MCP levels used for the study
were 0.1-10.0, 0.1-10.0 and 0.2-15.0 nmol,
respectively. Five different amounts of each
chlorophenol in the stated range were measured
and the linearity between the peak-area ratios
(y) and sample masses (x, nmol) was studied.
The linear regression equations obtained were
y =(0.1423 = 0.0014) x —(0.0023 = 0.0002) with
a correlation coefficient (r) of 0.999 for TCP,
y = (0.1519 = 0.0035) x + (0.0089 = 0.0008) with
r=10.999 for DCP and y = (0.1012 = 0.0019) x +
(0.0129 = 0.0009) with r=0.999 for MCP, in-
dicating good linearity of the method. The detec-
tion limits (signal-to-noise ratio=5) for TCP,
DCP and MCP were about 0.01, 0.01 and 0.02
nmol, respectively.

3.6. Application

The proposed method was cursorily applied to
the determination of TCP spiked in water at
concentrations of 50.6, 202.6 and 405.2 nM
(prepared by dissolving and diluting suitable
amounts of TCP in 0.01 M KOH solution). The
procedure for the extraction of TCP is as fol-

Table 2
Analytical results for 2,4,6-trichlorophenol-spiked water

Amount found® Recovery  R.S.D.

Amount spiked

(nmol) (nmol) (%) (%)

5.1 4.73 = 0.07 92.7 1.48
20.3 19.12+0.24 94.2 1.26
40.5 37.84 +0.38 93.4 1.00

*Mean = S.D. of triplicate analyses.

lows: a 100-m! aliquot of the TCP (5.1, 20.3 or
40.5 nmol)-spiked water was acidified to pH 1
with 3 M H,SO, and extracted with 1.0 ml of
toluene by shaking for 5 min in a pear-shaped
separating funnel. After suitable discharge of the
lower water layer, a 0.2-ml aliquot of the toluene
extract was directly subjected to derivatization
and HPLC analysis as indicated in Section 2.4.
The results are given in Table 2; the recoveries
of the spiked TCP were all >92%. The method
presented is very simple, using the same solvent
(toluene) for the extraction and derivatization. A
considerable increase in the sensitivity of the
method is suggested by the extraction of a large
volume of TCP-containing water sample with
toluene and, in turn, concentration of the
toluene extract for derivatization.

In conclusion, the sulfonate reagent PEDAES
was synthesized and its preliminary application
to the derivatization of TCP, DCP and MCP was
demonstrated. The results indicated that the
excess of reagent can be readily removed by
simple acid treatment after derivatization. This
makes the separation of the resulting derivative
for detection very simple. Further modification
of the reagent for sensitive detection with a
potential tag such as a chromophore, elec-
trophore or fluorophore coupled with variation
in the tertiary amino function for acid removal
will be very attractive.
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Abstract

Conventional HPLC analysis of the sesquiterpene aryl esters present in the crude extracts of the pathogenic
basidiomycete Armillaria is complicated by difficulties in identification solely on the basis of retention time. On-line
coupling of liquid chromatography with thermospray mass spectrometry (LC-TSP-MS) provides a means for their
direct detection. Crude extracts of seven Armillaria species were analysed providing a semi-quantitative survey of
sesquiterpene aryl ester production within the genus. The distribution of these metabolites and its significance with
regard to species differentiation and pathogenicity are discussed. Unknown components were aiso detected by
on-line LC-TSP-MS screening of extracts, facilitating a targeted isolation route.

1. Introduction

The pathogenic basidiomycete Armillaria is
the cause of widespread root disease in decidu-
ous and coniferous trees and can also exist as a
saprophyte, particularly on tree stumps [1]. Five
European and 20 worldwide species have been
classified with virulence varying widely from
species to species and within strains of the same
species [2,3]. Our previous phytochemical exami-
nations led to the isolation of several biologically
active sesquiterpene aryl esters from Armillaria
species [4]. These metabolites possess varying
antibiotic and antifungal activity and comprise

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00514-5

three major structural types represented by ar-
millyl orsellinate (J), melleolide (I) and armil-
lane (F) (Fig. 1). The structural similarity of this
series of sesquiterpene aryl esters suggests a
common biosynthetic pathway. However, the
role played by each of these metabolites in this
pathway and their relationship to pathogenicity
within the genus are of interest.

An initial study of the distribution of ses-
quiterpene aryl esters within the genus involved
a high-performance liquid chromatographic
(HPLC) analysis of crude extracts of five Armil-
laria species [5]. This led to the tentative linking
of higher concentrations of certain sesquiter-
penes to virulent strains. However, retention
time data alone are insufficient for the identifica-
tion of the sesquiterpenes of interest because of

© 1995 Elsevier Science B.V. All rights reserved
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Fig. 1. Structures of the sesquiterpene aryl esters studied.

interference between the main sesquiterpenes
and minor components.

Here we report on the liquid chromatograph-
ic—thermospray mass spectrometric (LC-TSP-
MS) analysis of a standard mixture of 15 ses-
quiterpene aryl esters and crude extracts of
seven Armillaria species (Table 1). This allowed
a rapid semi-quantitative survey of sesquiterpene
distribution within the genus. On-line coupling
of liquid chromatography with ultraviolet spec-
trophotometry (LC-UV) and with mass spec-
trometry (LC-MS) in the analysis of crude plant
extracts provides important structural informa-

tion on metabolites directly in their biological
matrices [6,7].

2. Experimental
2.1. Chemicals

HPLC-grade water was prepared by distilla-
tion on a Biichi (Flawil, Switzerland) Fontavapor
210 distillation instrument and passed through a
0.50-um filter (Millipore, Bedford, MA, USA).
HPLC-grade methanol from Maechler (Reinach,
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Table 1
Armillaria genus: species and strains investigated

Species Pathogenicity”

Host range

. - b
Strains examined

Armillaria mellea Pathogenic

Armillaria ostoyae Moderately pathogenic

Armillaria tabescens
(European)

Non-pathogenic

Armillaria monadelpha Pathogenic
(Armillaria tabescens,

N. American)

Armillaria gallica Non-pathogenic

Armillaria cepestipes Non-pathogenic

Armillaria novae-zelandiae  Moderately pathogenic

Broadleaved, conifers,
vines, fruit trees and
shrubs

Conifers (associated with
fir species in Europe)

Broadleaved (associated with
oak species in Europe)

Broadleaved, conifers,
fruit trees and shrubs

UCD 520, UCD 618, UCD 619,
UCD 622, UCD 662,

UF IM-CT-91, UF IM-SR-VIR,
UF IM-QG-SAP

UCD 663, UCD 664, UCD 666,
UCD 667, CBS 434.72

UF IM-TAB-1, UF IM-TAB-202,
UF IM-TAB-303, INRA PT 89.92,
INRA PT 83.39, INRA PT 90.5

CBS 132.72, CBS 129.26

Broadleaved (associated with UF 303
oak species in Europe)

Broadleaved and conifers UF 505
Broadleaved (associated with CBS 432.72
species of southern beech)

Unknown UF A79

Unknown Unknown

* Based on widespread distribution and ability to cause disease in natural forests, plantations and amenity planting [1,3].

® Strains examined were from the following collections: UCD = Department of Botany, University College Dublin, Dublin 4,
Ireland; UF = Dr. M. Intini, Patologia Vegetale, Universita di Firenze, Florence, Italy; CBS = Centraalbureau voor Schimmel-
cultures, Baarn, Netherlands; INRA = Professor J.J. Guillaumin, INRA, Clermont-Ferrand, France.

Switzerland) was passed through a 0.45-um
filter. Ammonium acetate was obtained from
Merck (Darmstadt, Germany). DIFCO potato
dextrose broth was obtained from DIFCO Lab-
oratories (Michigan, USA). Merck Kieselgel 60
and Sephadex LH-20 were used as stationary
phases for open-column chromatography.

2.2. HPLC conditions

Separations were performed on a Hypersil
ODS 5 column (250 X 4.66 mm 1.D.) equipped
with a Nova-Pak Guard precolumn. A gradient
of methanol-water from 75:25 to 90:10 in 30 min
(1 ml/min) was used.

2.3. LC-UV analyses

Eluent delivery was provided by an LC-9A
HPLC pump (Shimadzu, Tokyo, Japan)

equipped with an FCV-9AL low-pressure mixing
valve and a Model 7125 injection valve with a
20-u1 loop (Rheodyne, Cotati, CA, USA). UV
spectra were recorded with an HP-1040A photo-
diode-array detector and the data were pro-
cessed on an HP-1090 Chemstation (Hewlett-
Packard, Palo Alto, CA, USA).

2.4. LC-TSP-MS analyses

A Finnigan MAT (San Jose, CA, USA) TSQ-
700 triple quadrupole instrument equipped with
a TSP 2 interface was used for the data acquisi-
tion and processing. The temperatures of the
TSP were source block 200°C, vaporizer 95°C
and aerosol 200-220°C (beginning—end of gra-
dient). The electron multiplier voltage was 1800
V, dynode 15 kV and the filament and discharge
were off. Full-scan spectra from m/z 140 to 600
in the positive-ion mode were obtained (scan
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time 1.2 s). Concerning the LC part, the eluent
delivery was provided by a 600-MS HPLC pump
(Waters) equipped with a gradient controller.
The UV trace was recorded on-line with a
Waters 490-MS programmable multi-wavelength
detector. Postcolumn addition of buffer (0.5 M
ammonium acetate) was achieved with a Waters
590-MS programmable HPLC pump (0.2 ml/
min) using a simple tee junction (Waters).

2.5. Samples

Sesquiterpene aryl esters A—O were obtained
from previous isolation work and standard solu-
tions prepared by dissolving 0.2 mg of each in 1
ml of methanol. Each strain of the Armillaria
species listed in Table 1 was grown on DIFCO
potato dextrose broth in 12X 1 1 Roux flasks
(each containing 200 ml). After incubation in the
dark for 35 days at 24°C, these were harvested
by filtration. The mycelium was macerated in
methanol (2 %300 ml), evaporated to dryness
and then partitioned into chloroform-methanol-
water (65:35:20) (2 x 1500 ml). Evaporation of
the combined chloroform layers yielded the
crude mycelial extract. The culture broth was
extracted with hexane (3 X 200 ml) followed by
ethyl acetate (4 X 300 ml). Evaporation of the
combined ethyl acetate layers yielded the crude
culture broth extract. Solutions to be analysed
were prepared by dissolving 30 mg of these crude
extracts in 1 ml of methanol. The injection
volume was 10 ul.

2.6. Armillaria novae-zelandiae samples

Gel filtration on Sephadex LH-20 (methanol)
of 4.733 g of the mycelial extract of Armillaria
novae-zelandiae (CBS 432.72) yielded five frac-
tions. Fraction II (4.034 g) was chromatographed
on silica gel with gradient elution from 100:1 to
10:1 chloroform-methanol. This yielded five
sub-fractions. Analysis of these sub-fractions was
achieved by dissolving 20 mg in 1 ml of methanol
with an injection volume of 10 ul.

3. Results
3.1. LC-UV photodiode-array detection

Reversed-phase HPLC utilizing gradient elu-
tion with methanol-water was used to separate
the 15 sesquiterpene aryl esters A-O (Fig. 1).
This séparation was monitored by on-line LC-
UV photodiode-array detection (Fig. 2), which
allows the measurement of the UV spectrum
(170-400 nm) of each component eluted. These
metabolites possess an identical basic aryl chro-
mophore which renders on-line LC-UV detec-
tion ineffective for their differentiation. This
structural similarity also leads to similar reten-
tion time characteristics and co-elution, render-
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Fig. 2. Gradient HPLC-UV trace for sesquiterpene aryl
esters A-O. For conditions, see Experimental. UV traces
were recorded at 254 nm with UV spectra recorded from 170
to 400 nm. For peak identities, see Fig. 1.
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ing some members of this group indistinguish-
able by conventional HPLC detection methods.

3.2. LC-MS thermospray tuning

LC-TSP-MS is a soft ionization technique that
leads to the formation of adduct ions such as
[M+H]" with molecules. These adduct ions
allow the rapid determination of the molecular
mass of a component directly after elution from
the LC column. Sesquiterpene aryl esters are
thermolabile and hence the ability to observe the
adduct ions produced is a function of the tem-
peratures set for the thermospray interface. The
effect of variation of these parameters was in-
vestigated in the positive-ion mode with a solu-
tion of armillyl orsellinate (J: M, 402) in metha-
nol. Total ion current (TIC) and characteristic
ion intensities as a function of ion source block
temperature and as a function of thermospray
vaporizer temperature were measured.

First the mass spectrum of armillyl orsellinate
was measured at a source temperature of 200°C
and a vaporizer temperature of 90°C for the

purpose of determining the characteristic ions of
this class of metabolites (Fig. 3). This showed an
intense [M + NH,]" ion as the base peak. The
soft ionization characteristics of TSP-MS lead to
a lack of fragmentation and the most intense
fragment ions appear at m/z 385 (loss of water)
and m/z 217 (loss of aryl group leading to
protoilludane fragment ion). These characteristic
ions were used to examine the dependence of the
mass spectrum of armillyl orsellinate on the TSP-
MS parameters. The variation in TIC and
characteristic ion intensities as a function of ion
source block temperature is illustrated in Fig. 4a.
It is observed that although the TIC reaches a
maximum at 240°C, at this temperature the base
peak is at m/z 217, the protoilludane fragment
ion, whereas below 220°C, the base peak is at
m/z 420, the ammmoniated adduct of the molec-
ular ion. A temperature of 200°C was then
selected to maximize the response for the latter
ion. Variation in TIC and characteristic ion
intensities as a function of vaporizer temperature
are shown in Fig. 4b. This plot indicates that the
best ion intensities for the ammoniated ion are to

o=c armillyl orsefiinate O=C iz 385 protoilludane fragment ion
\©/OH mz 420 \@orc 21
OH OH
420

100 1 ['
F 801
2
@
§ .
£ 60
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2
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L T ana ! T > v -r l T T
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Fig. 3. LC-TSP mass spectrum of armillyl orsellinate (J).
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Fig. 4. Influence of (a) ion source temperature and (b) vaporizer temperature on the adduct molecular and fragment ions of
armillyl orsellinate.

be obtained at a setting of 95°C. The mass
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spectrum of armillyl orsellinate was also re- esters
corded at different repeller potential values O-

200 V, with only a small variation in intensities
observed at extreme values, i.e., less than 20 V
or greater than 160 V. The repeller was then set
to 100 V. Ammonium acetate was added as
postcolumn buffer as this led to an increased
intensity for the recorded ions. No improve-
ments were observed using the filament-on or
discharge-on modes under these conditions and
the analysis was achieved in the filament-off
mode.

3.3. LC-MS detection of sesquiterpene aryl

Fig. 5 shows the TIC and UV traces for a
standard solution of eight of these sesquiterpene
aryl esters and also the selected-ion monitoring
traces for their adduct ions. A mass of 2 ug of
each sesquiterpene was contained in the injec-
tion. The chromatographic characteristics and
the positive-ion TSP-MS results for the 15 ses-
quiterpene aryl esters A-O are given in Table 2.
The adduct ion [M + NH,]" appears as the base
peak in the TSP mass spectra for 13 of the
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Fig. 5. LC-TSP-MS analysis for eight sesquiterpene aryl
esters. For conditions, see Experimental. The UV trace at
254 nm and TIC trace for the standard solution are displayed,
in addition to selected-ion traces corresponding to the adduct
molecular ions of O, I, K, C, F, D, A and N.

sesquiterpene aryl esters. The abundance of
ammoniated adducts in the TSP mass spectra has
been explained by stabilization associated with
the presence of a double bond and hydroxyl
groups [8]. This is supported by the TSP mass
spectra of 4-dehydromelleolide (M) and 4-dehy-
drodihydromelleolide (N), which do not possess
a A’ double bond or oxygenation at position 3
and which exhibit the [M + H]" ion as the most
intense peak rather than the ammoniated ad-
duct.

The detection limit for these ions was investi-
gated by injection of various amounts of armillyl
orsellinate. This indicated that HPLC-TSP-MS
could be used to detect these sesquiterpenes
down to levels of 1 pg.

3.4. Extract analysis

Fig. 6 illustrates the analysis of a strain of the
pathogenic A. mellea species (UCD 619). The
LC-UV and TIC trace reveal a complex extract,
with many sesquiterpene aryl esters present.
However, their close retention times lead to
considerable interference with each other and
hence much confusion in assigning peaks. This is
alleviated, however, by the selected-ion traces,
in which each sesquiterpene aryl ester is clearly
evident at its expected retention time free from
interference. The selectivity of LC-TSP-MS in
resolving overlapping components is demonstra-
ted by the determination of armillane (F), m/z
420, and 10-hydroxydihydromelleolide (G), m/z
436, in this extract (Fig. 6). These two metabo-
lites differ by about 20 s in elution times and can
be distinguished by selective ion monitoring.
They are indistinguishable, however, by conven-
tional UV detection.

The sensitivity of LC-TSP-MS is useful for
analysis of extracts in which these metbolites are
present in trace amounts. Initial analysis of the
mycelial extracts of INRA PT 90.5, a strain of
the non-pathogenic species A. tabescens, estab-
lished the presence of only two sesquiterpene
aryl esters, armillyl orsellinate (J) and melleolide
(I), which appear as the major components on
the LC-UV and TIC traces (Fig. 7). However,
selective ion monitoring at m/z 432 reveals the
presence of an unknown component, P eluting at
26.12 min. Furthermore, selective ion monitor-
ing at m/z 468 reveals the presence of arnamiol
(O). These metabolites are not visible on the
UV or TIC traces owing to the predominance of
armillyl orsellinate (J) and melleolide (1).

The sesquiterpene aryl esters investigated in
this study all exhibit a similar level of MS
response. This facilitated a semi-quantitative
analysis of their distribution based on observed
ion intensities recorded in the analysis of Armil-
laria extracts. Selected-ion monitoring simplifies
the process of recording the ion intensity of each
sesquiterpene. Extracts of 25 strains were ana-
lysed. The intensities of the recorded ions were
tabulated and results for some representative
individual strains are illustrated in Table 3.
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Table 2

Summary of the results of the LC-TSP-MS analysis of sesquiterpene aryl esters A-O

Code Sesquiterpene M, Retention Major ions observed (m/z)*
time (min)
[M+NH,]" Others
A Melledonal 432 3.8 450 (100) 433 (5):[MH]";
: 397 (1):[MH - 2H,0]"
B 13-Hydroxydihydromelleolide 418 4.0 436 (100) 419 (22):[MH]";
401 (80):[MH - H,0]";
233 (55)
C 5-Methoxymelledonal 446 5.3 464 (100) 447 (10):[MH}";
217 (1)
D 13-Hydroxy-4-methoxymelleolide 430 6.8 448 (100) 431 (55):[MH]"
E 14-Hydroxydihydromelleolide 418 7.3 436 (100) 383 (10):[MH — 2H,0]";
233 (25)
F Armillane ' 420 9.7 438 (100) 421 (25):[MH]";
251 (15)
G 10-Hydroxydihydromelleolide 418 9.4 436 (100) 419 (40):[MH]";
233 (50)
H 4-Dehydro-14-hydroxydihydromelleolide 402 11.6 420 (100) 403 (5):[MH]";
385 (30):[MH — H,01";
217 (80)
I Melleolide 400 13.25 418 (100) 401 (25):[MH]J";
250 (20):[MH-aryl]*
J Armillyl orsellinate 402 13.9 420 (100) 403 (5):[MH]";
385 (80):[MH - H,0]";
217 (60)
K 4-Methoxymelleolide 414 15.7 432 (100) 415 (25):[MH]";
233 (5)
L Dihydromelleolide 402 17.2 420 (100) 385 (20):[MH — H,0]";
217 (55)
M 4-Dehydromelleolide 384 24.0 402 (80) 385 (100):[MH]";
217 (5)
N 4-Dehydrodihydromelleolide 386 28.7 404 (20) 387 (100):[M — H]";
369 (60):[MH — H,01";
343 (30):[MH - CO,]”
) Arnamiol 449 29.7 468 (100) 217 (80)

? The relative intensity (%) of the ion is given in the parentheses after the m/z value.

These results were also averaged for each species
to achieve an overall picture of the distribution
of these metabolites within the genus (Table 4).
This reveals that sesquiterpene aryl esters are
produced by all members of the genus, but not in
equal amounts. The species A. mellea, A. tabes-

cens and A. ostoyae were examined in detail
with strains from different sources included in
the study. The results indicate that the culture
broth and mycelial extracts of A. mellea possess
a higher concentration level of all 15 sesquiter-
pene aryl esters than those of A. ostoyae, which
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Fig. 6. LC-TSP-MS analysis of mycelial extract of A. mellea
(strain UCD 619). The UV trace at 254 nm and TIC trace are
displayed, in addition to selected-ion traces corresponding to
adduct ions of sesquiterpene aryl esters A—O (sesquiterpenes
H, m/z 420, and E, m/z 436, were undetected in this extract)
and unknown components P and Q.

in turn possesses a higher concentration level of
sesquiterpenes than extracts of A. tabescens.
This variation in sesquiterpene aryl ester con-
centration mirrors the variation in reported
pathogenicity of these species (Table 2). Hence
the existence of a direct relationship between the
level of these metabolites and pathogenicity is
supported.

Two strains of A. tabescens (N. American),
regarded as a serious pathogen in the southern
USA, were examined. A. tabescens (European)
is reported as possessing a low pathogenic ability
[3]. Recent mycological studies led to the pro-
posal that A. tabescens (N. American) is a
distinct and different species from A. tabescens

100
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Fig. 7. LC-TSP-MS analysis of the mycelial extract of A.
tabescens (strain INRA PT 90.5). The UV trace at 254 nm
and TIC trace are displayed, in addition to selected-ion traces
at m/z 420, armillyl orsellinate (J), m/z 432, component P,
and m/z 468, arnamiol (O).

(European) and the name A. monadelpha is
suggested for the former [1]. LC-TSP-MS analy-
sis revealed a considerable difference in their
metabolic profiles, with a far higher level of
sesquiterpenes present in extracts of A.
monadelpha in comparison with those of A.
tabescens (Table 4). Hence our results indicate a
possible chemotaxonomic basis for the differen-
tiation of these two species.

One strain each of the species A. gallica and
A. cepestipes were examined. Both of these
species are considered as weak pathogens [3].
However, LC—TSP-MS analysis revealed a level
of sesquiterpenes present comparable to that
found in extracts of A. mellea. This suggests that
these strains may be members of a pathogenic
species based on our previous findings. The
pathogenicity of these two strains has not been
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assessed in field tests and it is possible that they
are virulent or aggressive members of an other-
wise non-pathogenic species. Studies on further
strains of A. gallica and A. cepestipes are neces-
sary before their sesquiterpene metabolite pro-
duction can be compared with that of other
species.

One strain of A. novae-zelandiae was ex-
amined. The culture broth extract was found to
possess a level of sesquiterpene aryl esters com-
parable to that in extracts of A. osftoyae ex-
amined (Table 4), with the mycelial extract
exhibiting a lower level of concentration. Also
examined was an isolate of Armillaria, strain
A79 of unknown species (Table 1). The mycelial
extract of A79 revealed an intermediate con-
centration of sesquiterpene aryl esters similar to
that found in some strains of A. mellea. The
level of sesquiterpene aryl esters present in the
culture broth extract of A79 resembles the levels
found in extracts of A. ostoyae. This suggests
that A79 is a pathogenic rather than non-
pathogenic strain and hence a strain of either A.
ostoyae or A. mellea rather than the other
species.

This study provides evidence for a direct link
between the level of sesquiterpene aryl esters
produced and the pathogenicity of the strain.
Linking the presence and concentration of a
specific metabolite or metabolites to virulence or
locating the most important or ‘killer toxin’ is
more problematic. Our previous HPLC-UV
quantitative study linked higher concentrations
of armillyl orsellinate (J) and arnamiol (O) to
extracts of pathogenic species. Of the metabo-
lites examined in this work, melledonal (A) and
5'-methoxymelledonal (C) possess the highest
level of concentration in extracts of pathogenic
species. Other sesquiterpene aryl esters, namely
13-hydroxydihydromelleolide (B), 14-hydroxy-
dihydromelleolide (E), melleolide (I) and
dihydromelleolide (L), possess a slightly lower
level of concentration. 13-Hydroxy-4-methoxy-
melleolide (D), armillane (F), 10-hydroxy-
dihydromelleolide (G), armilly! orsellinate (J),
4-methoxymelleolide (K), 4-dehydromelleolide
(M) and arnamiol (O) exhibit the lowest con-
centration levels of the sesquiterpenes studied in

extracts of pathogenic species. Preliminary
studies on the biological activity of sesquiterpene
aryl esters has indicated armillyl orsellinate (J) to
be the most active of these metabolites, with
melledonal (A) possessing no biological activity
[9]. Biosynthetic studies have demonstrated that
these sesquiterpene aryl esters are produced via
a common biosynthetic pathway originating from
the cyclization of humulene to give the protoil-
ludyl cation [9]. It is possible that the end
product of this pathway is the active armillyl
orsellinate (J) and that high concentration levels
of the inactive melledonal (A) and 5’-methoxy-
melledonal (C) in extracts of pathogenic species
may indicate that these compounds act as stores
or key intermediates to armillyl orsellinate.
While the level of these metabolites may show
variations, they all appear to follow a similar
gradient of higher concentration in pathogenic,
lower in moderately pathogenic and lowest in
non-pathogenic species. An exception is 4-dehy-
dro-14-hydroxydihydromelleolide (H), which is
either undetectable or at low levels in all ex-
tracts. This metabolite has been isolated from A.
monadelpha and is unknown in other species.

3.5. Variations within each species

Considerable variation in sesquiterpene pro-
duction exists amongst strains of the same
species. For example, of the A. mellea strains,
UCD 619 produces a high level of almost all 15
sesquiterpene aryl esters, whereas UCD 520 and
UF IM-QG-SAP exhibit more varied sesquiter-
pene profiles (Table 3). We believe that this
variation in sesquiterpene aryl ester production
reflects the variation in virulence within the
species, a factor which has confounded foresters
in assessing the threat posed by an infestation,
since although one strain may be non-
pathogenic, another of the same species may be
strongly pathogenic. This variation may depend
on factors such as host type, its condition and the
habitat. A. tabescens (European) has long been
accepted as non-pathogenic on its natural host,
Quercus spp., in northern Europe. However, it
has been reported as highly pathogenic on
Eucalyptus spp. in southern France [10] and
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Citrus spp. in Corsica [11]. This southward
distribution of root disease also appears in re-
_ ports upon the behaviour of A monadelpha [A.
tabescens (N. American)] [12] and is noteworthy
because observations in China [13] associated
severe root infection by A. tabescens with high
soil temperature. Thus environmental factors
appear to have a direct relationship on the
pathogenic ability of these species. It may be
that these factors directly or indirectly affect the
metabolic pathways and production of the
basidiomycete. A study involving strains of A.
tabescens (European) and A. monadelpha from
differing hosts and conditions is under way to

Armillaria novae-zelandiae (CBS 432.72)
mycelial extract, 4.73 gr

Sephadex LH 20, methanol

| |

Fm | Fm i, Fm
4.034 gr

Silica gel, chloroform-methano!, 100: 1- 10:1

| |

fm 1 fm2 fm3 fm4 frn 5
100 1z 448 Q i
50
100 A m/z450 [
50
e Ak
100 1 A -

UV trace (254 nm)

100 ) 20.0 30.0 time/
minutes

Fig. 8. LC-TSP-MS analysis of subfraction 5 of chromato-
graphic separation of mycelial extract of A. novae-zelandiae
(strain CBS 432.72) (see inset). The UV trace at 254 nm and
TIC trace are displayed, in addition to selected-ion traces
corresponding to adduct ions of 13-hydroxy-4-methoxymel-
leolide (D) and melledonal (A).

assess the impact of these factors on sesquiter-
pene aryl ester production.

3.6. Unknown components

Selected-ion monitoring of extracts for the
presence of 4-methoxymelleolide (K) at m/z 432
and for 13-hydroxy-4-methoxymelleolide (D) at
m/z 448 revealed the presence of two unknown
components, P and Q, respectively (Fig..6). The
clear ionization of P eluting at 26.12 min and Q
eluting at 14.6 min under these conditions as well
as their distribution within the extracts (Tables 3
and 4) suggest that they may be sesquiterpene
components. Given that ammoniated adducts are
the norm in this study, this suggests a relative
molecular mass of 414 for P and 430 for Q.
These molecular masses may correspond to a
number of sesquiterpene aryl esters previously
isolated from Armillaria species. The low frag-
mentation characteristics of thermospray ioniza-
tion is limiting in further structural elucidation of
such components. However, its usefulness in
their isolation is illustrated by the analysis of
fractions I-V collected from a successive sepa-
ration of a mycelial extract of A. novae-zelandiae
on Sephadex and silica (Fig. 8). Subfraction 5 is
clearly targeted as having the highest level of
species Q and isolation work on this fraction is
continuing.

4. Conclusion

The results indicate that LC-TSP-MS can be
successfully applied to the identification of ses-
quiterpene aryl esters of extracts of Armillaria
species. Previously developed HPLC procedures
for sesquiterpene aryl ester analysis have been
successfully coupled with TSP to provide an on-
line analysis. The advantages of our conventional
HPLC analysis is thus retained, namely speed of
analysis, reproducibility and ability to handle
small amounts of sample. LC-TSP-MS further
allows the identification of components not just
on the basis of retention time but aiso from
on-line molecular mass information. Thus
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another dimension is provided through which we
can observe these metabolites.

Fungal extracts are complicated biological
matrices and the isolation of the biologically
active components present is often a complex
and tedious process. The developed method
allows us to determine these components in a
semi-quantitative fashion from direct analysis of
the extracts. This is particularly useful in con-
junction with standard isolation techniques.
Components of interest can be determined rapid-
ly and, although the structural information on
these components may be limited, extracts and/
or fractions which are rich in these components
can be readily targeted.

That Armillaria species can cause serious
disease has been known for over a century, but
its propensity to do so has been a matter of
controversy. This analysis supports a direct rela-
tionship between the level of sesquiterpene aryl
ester metabolites produced by a strain and its
virulence. LC-TSP-MS analysis may thus pro-
vide a direct method of determining the
pathogenic ability of any strain of this wood-
rotting basidiomycete. This technique is also
applicable to the analysis of infected wood tis-
sue. The level and identity of sesquiterpene aryl
esters present may be established and hence the
threat posed by an infestation of Armillaria
assessed.
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Abstract

A chiral stationary phase with immobilized B-cyclodextrin was used for the liquid chromatographic separation of
amino acid derivatives into their enantiomers. Several reagents differing in size, structure and linking group (i.e.
the isothiocyanates PITC, NITC, DNITC and DABITC, the activated ester AQC, and the sulfonyl chlorides
DNS-Cl and DABS-Cl) were used to derivatize the amino groups of a-amino acids prior to separation. A
compilation of the selectivity data obtained with the different labels is given as guideline in selecting appropriate

labels for a particular separation problem.

1. Introduction

The analysis of amino acid enantiomers
belongs to the very early examples of chromato-
graphic separations of enantiomers and still plays
an important role. The amount of certain D-
amino acids in various types of samples has
found to be of relevance for many aspects of
biochemical and molecular biological research
[1,2], in the control of food and beverages [3,4],
as well as in age determination [5-7]. Various
chiral separation methods are available for the
enantiomeric resolution of amino acids. Methods
based on chiral ligand-exchange [8-11) and on

* Corresponding author.
' On leave from the Institute of Chemistry, University of
Uppsala, Uppsala, Sweden.

0021-9673/95/$09.50
SSDI 0021-9673(95)00498-X

the formation of inclusion complexes with
cyclodextrins (CD) [12-14] have received the
most attention. Cyclodextrins were employed in
their native form or after modification by meth-
ylation, acetylation or by binding other structural
moieties to the hydroxyl groups of the glucose
[15-17]. Cyclodextrin systems, especially when
using stationary phases with immobilized
cyclodextrins, are easy to use, and separations
can be carried out in a rather simple, and when
employing aqueous/alcoholic mixed eluents,
rather inexpensive way. This method turned out
to be of particular interest for many separation
problems. Furthermore, it can easily be com-
bined with a non-chiral preseparation in a two-
column set-up [18-21].

Bonded B-CD stationary phases are commert-
cial available. These phases are not necessarily

© 1995 Elsevier Science B.V. All rights reserved
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identical in their separation characteristics, as
they might use different linking groups between
spacer and selector and exhibit different selector
densities. The enantioselectivity coefficients may
vary to some extent when using 8-CD stationary
phases from different suppliers. Recently, a new
material has become available from the E.
Merck company under the trade name ChiraDex
[22]. This stationary phase is used for the present
investigation.

Amino acids are usually analyzed after pre-
column derivatization in order to allow more
sensitive detection and/or to make them more
suitable for the chromatographic separation. The
chiral separability of the derivatives is generally
dependent on the type of derivatization, espe-
cially when using chiral selectors operating in a
host—guest mechanism. Separations of amino
acids as dansyl derivatives and OPA derivatives
by means of B-CD-chiral stationary phases
(CSPs) have been reported [12,14,15,21,23]. The
popular FMOC derivatives cannot be separated
by B-CD systems, with a few exceptions; they
are, however, readily separable in y-CD systems
[24].

There are a number of other derivatization
reagents available which can be utilized for the
enantioseparation of amino acids in 8-CD sys-
tems, and the present paper deals with an
investigation of the enantioseparation attainable
by means of some of these derivatizations. The
investigation covers the following derivatization
reagents: 5-dimethylaminonaphthalene-1-sul-
fonyl chloride (DNS), 4-dimethylaminoazoben-
zene-4'-sulfonyl chloride (DABS), phenyl iso-
thiocyanate (PITC), l-naphthyl isothiocyanate
(NITO), 4-dimethylaminoazobenzene-4'-iso-
thiocyanate (DABITC), 4-dimethylamino-1-
naphthyl isothiocyanate (DNITC), and the
newly introduced 6-aminoquinolyl-N-hydroxy-
succinimidyl carbamate (AQC) [17,25]. The
structures of the amino acid derivatives are
shown in Fig. 1. With the DNS and DABS
reactions, the labels are linked by a sulfonamide
group, with the others either by a thiourea
(PITC, NITC, DNITC, DABITC) or an urea
group (AQC). Many of these derivatives offer
specific advantages (e.g. high absorbance, strong

fluorescence, fast reaction rate, stable products,
minimum peak interferences caused by the re-
agent) and suffer from specific limitations (e.g.
limited stability, limited degree of reaction, side
reactions, slow reaction rates, etc.). The aim of
the present paper is to offer some guidelines for
selecting the labels appropriate for a particular
amino acid separation problem, and, secondly,
to contribute to the discussion of the effect of the
derivatization labels on chiral recognition by -
CD host—-guest complexation.

2. Experimental
2.1. Apparatus

The liquid chromatographic system consisted
of a pump (L-6200, Intelligent Pump, Merck-
Hitachi, Tokyo, Japan), a syringe valve injector
(Rheodyne 7125, Cotati, CA, USA) equipped
with a 20-ul loop and an UV detector (L-4000,
Merck-Hitachi) connected to an integrator (D-
2000, Chromatointegrator, Merck-Hitachi). Col-
umn temperature was controlled by a water
jacket around the column using a thermostat
(LTD, 6, Grant, Herts, UK).

2.2. Columns

A stainless-steel column (250 X 4.0 mm 1.D.)
prepacked with immobilized B-CD, mean par-
ticle diameter 5 um, (Chiradex, E. Merck,
Darmstadt, Germany) was used.

2.3. Chemicals

Methanol (MeOH) and acetonitrile of Li-
Chrosolv grade and triethylamine (TEA) of pro
analysi grade were obtained from E. Merck.
Water was twice distilled from a quartz ap-
paratus and processed through an Elgastat UHQ
apparatus (Elga, High Wycombe Bucks, UK).
The eluents were premixed and degassed in an
ultrasonic bath before use. Standard samples of
free amino acids as well as DNS amino acids
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Fig. 1. Chemical structures of the amino acid derivatives investigated, R = amino acid side chain. Abbreviations refer to the

reagents employed.

were obtained from Sigma (Deisenhofen, Ger-
many).

The derivatization reagents 5-dimethylamino-
naphthalene-1-sulfonyl  chloride = (DNS-CI),
PITC, and NITC were purchased from Sigma.
DNITC, DABITC and 4-dimethylaminoazoben-
zene-4'-sulfonyl chloride (DABS-Cl) were pur-
chased from Fluka (Buchs, Switzerland). AQC
with the trade name AccQ-Fluor™ was obtained
from Waters (Bedford, MA, USA).

Boric acid (H,BO;), ammonium acetate
(NH,Ac), sodium hydroxide (NaOH), disodium
hydrogenphosphate (Na,HPO,), sodium di-
hydrogenphosphate (NaH,PO,), pyridine, ace-
tone, and hydrochloric were obtained from E.
Merck in pro analysi grade.

2.4. Derivatization procedures

DNS derivatives [26]

Approximately 5 mg of the amino acids were
dissolved in 460 ul borate buffer (0.1 M boric
acid, adjusted to pH ¢ by addition of NaOH)
and 300 w1 of 0.1 M DNS-CI dissolved in acetone
were added. The sample was kept in the dark for
2 h at room temperature to complete the reac-
tion. Then the sample was dried by vacuum
centrifugation, washed once by adding 500 nl of
a mixture of acetone—-1 M HCI (19:1, v/v) and
centrifuged for 5 min to eliminate the unreacted
reagent and insoluble salts. The liquid was again
dried by vacuum centrifugation. After resolubili-
zation of the derivatized amino acids in the
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mobile phase the samples were ready for injec-
tion.

DABS derivatives [27]

Approximately 5 mg of the amino acid were
dissolved in phosphate buffer (0.1 M Na,HPO,
adjusted with 0.1 M NaH,PO, to pH 7), and 100
w1 reagent (100 mg DABS-CI in 10 ml acetone)
were added. The sample was kept at 65°C for 30
min to complete the reaction and then dried by
vacuum centrifugation. Resolubilization as
above.

PITC-, NITC-, DABITC- and DNITC
derivatives [28]

A buffer solution was prepared by mixing 5 ml
methanol, 2.5 ml pyridine, 1 ml tricthylamine
and 1.5 ml water. A 500-ul volume of 0.1 M
solution of the reagents dissolved in acetonitrile
was added to the buffer. A 200-ul1 aliquot of this
resulting reagent solution was added to a few
milligrams of the amino acids. To complete the
reaction, samples were kept at room tempera-
ture for 5-10 min under protection from light.
The samples were dried by vacuum centrifuga-
tion and aliquots were resolubilized in the mo-
bile phase.

AQC derivatives [29,30]

“AccQ.Fluor Reagent” was completely recon-
stituted in 1 ml “AccQ.Fluor Reagent Diluent”,
yielding approximately 10 mM 6-aminoquinolyl-
N-hydroxysuccinimidyl carbamate (AQC) in ace-
tonitrile. The sample was reconstituted in 70 ul
“AccQ.Fluor Borate Buffer” and 20 pul
“AccQ.Fluor Reagent” was added. After vortex-
ing, the samples were allowed to stand for one
min at room temperature and then heated in an
oven for 10 min at 55°C.

2.5. Chromatographic conditions

The mobile phases consisted of aqueous buffer
solutions (0.1 M ammonium acetate and 0.1%
v/v TEA and adjusted to pH 5.5-6.5 with acetic
acid) which were mixed with methanol. The
methanol concentrations were kept constant
within the series of the various types of deriva-

tives. They are specified in the tables and figures
given. Temperature was carefully maintained at
20 = 0.1°C. Flow-rates of 0.5 ml/min were used,
unless indicated otherwise. Amounts of injected
amino acid derivatives ranged between 20 and
200 ng. The detection wavelength was 254 nm
for all derivatives except for DABS, where 456
nm was used.

Plate number calculation was based on.peak-
width data measured at 0.607 of the peak hight.

3. Results and discussion
3.1. Selection of derivatization reagent

Enantioselectivity data (separation factors)
and capacity factors of the derivatized amino
acids measured under the chosen experimental
conditions (water—-methanol mixed mobile
phases, modifier content between 40 and 90%
v/v as specified, temperature of 20°C) are listed
in the Tables 1 and 2. The experimental con-
ditions were kept constant for a series of amino

- acids carrying an identical derivatization label.

Methanol concentrations were chosen in order to
obtain rather short retention times, i.e. 10 to 20
min for most compounds applying a flow-rate of
0.5 ml/min. A compilation of those amino acid
derivatives which, under the chosen conditions,
can completely or almost completely be resolved
to baseline is given in Table 3. Appropriate
excitation and emission wavelengths for the
fluorescence detection are shown in Table 4.
Tables 1-3 are aimed to provide a guideline
facilitating the selection of derivatization labels
well suited for the solution of a given separation
problem. The following résumé can be drawn
from the given data.

(i) Amino acids carrying a dansyl-label are
enantioseparated in all instances, except for
DNS-pL-Trp. Baseline separation is achieved
under the chosen experimental conditions if the
separation factor is higher than ca. 1.18. Under
these conditions the column exhibits approxi-
mately 3000-4000 theoretical plates per 25 cm.
Due to the high methanol concentration rather
low capacity factors are obtained (between 1 and
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Table 1

Enantioselectivity coefficients, @ = k,/k*, for differently labeled pL-amino acids at 20°C

Amino acid DNS DABS PITC NITC DNITC DABITC AQC
Ala 1.08 1.14 1.17 1.06 1.00 1.00 1.08
Val 1.22 1.64 1.30 1.10 1.00 1.00 1.00
Leu 1.75 1.19 1.00 1.14 1.40 1.43 1.39
Ile 1.32 1.21 1.00 1.08 1.10 1.13
Pro 1.10 1.00 1.14 1.22 1.10 1.44 1.10
Met 1.24 1.31 1.06 1.08 1.18 1.19 1.08
Cys . 1.15 1.00 1.82 1.07 1.00 1.33 1.08
Ser 1.16 1.15 1.11 1.07 1.00 1.00 1.07
Thr 1.29 1.13 1.25 1.06 1.00 1.00 1.07
Lys 1.10 1.20 1.28 1.14 1.11 1.12 1.16
Lys® 1.25 1.32 1.07
Arg 1.16 1.22 1.24 1.13 1.13 1.14 1.13
Asn 1.11 1.10 1.25 1.17 1.18 1.11
Gln 1.14 1.16 1.16 1.04 1.07 1.06
Asp 1.13 1.24 1.10 1.20
Glu 1.15 1.14 1.04 1.00 1.05 1.00
Phe 1.43 1.13 1.21 1.13 1.14 1.16 1.13
Trp 1.00 1.19 1.24 1.35 1.00 1.00 1.04
His 1.07 1.14 1.18 1.12 1.08 1.09 1.06
Tyr 1.25 1.20 1.06 1.00 1.10 1.11 1.25

Chromatographic conditions: immobilized B-cyclodextrin stationary phase (ChiraDex). Eluent composition: DNS-derivatives,
aqueous buffer [(0.1 M NH,Ac, 0.1% TEA, pH 5.5)-MeOH (30:70, v/v)]; DABS-derivatives, aqueous buffer [(0.1 M NH,Ac,
0.1% TEA, pH 5.5)~-MeOH (10:90, v/v)]; PITC-, NITC-, DABITC-, DNITC-derivatives, aqueous buffer [(0.1 M NH Ac, pH
6.5)-MeOH (60:40, v/v)]; AQC-derivatives, aqueous buffer {(0.1 M NH,Ac, 0.1% TEA, pH 6.5)-MeOH (50:50, v/v)).

* k! and k. are the capacity factors of the first and second enantiomer, respectively. The hold up time was obtained by assuming a

column porosity of 0.75.
° N* N°¢ derivatized compound.

3), except for the two acidic amino acids Asp
and Glu.

(ii) Phenylisothiocyanate-derivatized amino
acids are enantioseparated in all instances, ex-
cept for PITC-pL-Leu. Again, the capacity factor
values are low under the selected mobile phase
conditions allowing analysis times of ca. 20 min
at the given flow; the only exceptions were Asp
and Glu and the two aromatic amino acids Phe
and Trp. The highest enantioselectivity coeffi-
cients for a particular amino acid are usually
achieved by using either PITC or DNS. PITC
turned out to be the best derivatization agent for
Ala and Glu, the two amino acids which are of
special interest in the context of p-amino acid
analysis in bacterial cell membranes. Separations
of a few PITC amino acids are shown in Fig. 2.

(iii) DABS-labeled amino acids are enan-
tioseparated in many instances. For pL.-Met and

DL-Val the best separations have been achieved
using this label. As general drawback, these
derivatives are eluted with long retention times,
and the large capacity factors could not be
reduced by variation of the eluent composition.

(iv) NITC-, DNITC- and DABITC-derivatized
amino acids, all of them exhibiting a thiourea
linkage group, are resolved with separation fac-
tors generally lower than those of the corre-
sponding PITC analytes, with the exceptions of
Leu, Pro, Met, Tyr and Trp. NITC-pL-Trp and
DABITC-pL-Pro were separated with the highest
separation factors achievable amongst all the
labels investigated. Nevertheless, except for the
analytes mentioned, there is no observed advan-
tage in the use of these types of derivatizations
over PITC with respect to separation selectivity.
Clearly, however, the fluorescence activity of the
NITC, DNITC and DABITC moiety allows one
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Table 2
Capacity factors of the second eluted enantiomer, kj, of differently labeled amino acids, at 20°C

Amino acid DNS DABS PITC NITC DNITC DABITC AQC
Ala 2.52 9.57 3.01 2.93 1.98 3.18 2.45
Val 2.03 12.34 3.34 2.79 2.19 2.72 2.15
Leu 2.54 14.05 5.00 4.90 4.58 6.86 4.89
Tle 1.68 4.22 3.32 2.84 4.19 3.16
Pro 1.40 18.21 3.13 3.81 3.79 6.92 2.51
Met 1.33 11.37 3.86 3.94 3.32 4.89 2.90
Cys 2.99 8.32 6.68 4.91 3.58 5.58 2.40
Ser 1.37 13.39 3.11 3.17 2.28 3.39 2.50
Thr 1.46 10.10 2.93 2.77 2.14 3.00 2.29
Lys 1.22 5.23 1.61 1.48 1.63 1.86 4.86
Lys® 21.28 4.97

Arg 0.84 3.68 1.42 1.42 1.60 1.85 1.44
Asn 1.68 19.89 3.68 3.06 4.65 2.46
Gin 1.38 12.84 2.69 3.39 2.05
Asp 18.03 29.69 19.26 16.64
Glu 9.17 >30.00 17.65 15.82 11.66 20.44 10.08
Phe 2.42 13.23 8.11 8.54 4.66 7.07 7.06
Trp 1.63 14.65 7.87 10.34 5.10 7.75 4.82
His 1.66 14.75 3.00 3.12 2.96 3.64 2.50
Tyr 2.67 15.30 5.33 4.94 2.95 4.37 5.19

Chromatographic conditions as in Table 1.
* N N° derivatized compound.

Table 3
Guidelines for the separation of differently labeled amino acids by use of the B-cyclodextrin chiral stationary phase

Amino acid DNS DABS PITC NITC DNITC DABITC AQC
Ala (+) + + + (+)
Val + + + + (+)

Leu + + (+) (+) + + + +
Pro (+) (+) + + +

Met + + + , (+) +

Cys + + +

Ser +2 + (+)

Thr +* (+) +

Lys (+) + + + +

Arg + + + + + (+) (+) (+)
Asn (+) (+) + (+) +

Gln (+) (+) ++

Asp (+) + (+) + +
Glu + + +

Phe + + (+) + + (+) + (+)
Trp + + + +

His (+) + +° (+)

Tyr + + + (+) + +

+ =complete resolution; ( +)=nearly baseline resolution; + + =best separation achieved for a particular amino acid.
Chromatographic conditions as given in the Tables 1 and 2.
* Lower methanol concentration recommended than given in Table 1.
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Table 4
Excitation and emission wavelengths to be considered for the
various fluorescent derivatization labels

Derivatization Wavelength (nm)
Excitation Emission

DNS 325 350*
NITC 250 410
DNITC 240 490
DABITC 240 480
AQC 250 395°

* Ref. [31].

® Ref. [17].

to take advantage of improved detection sen-
sitivity.

(v) AQC derivatives, exhibiting an urea link-
age, are separated with separation factors very
similar to those obtained with the thiourea-
linked labels NITC, DNITC and DABITC. This
means that in most instances the selectivity
coefficients achieved are not sufficiently high to
achieve baseline separation of the enantiomers
under the given conditions (cf. Table 3). It might
be of interest that enantioseparation of AQC
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19.2¢

35.28

42.59
79.45

89 54

absorbance

t

time time time
Fig. 2. Section of chromatograms of PITC-derivatized amino
acids (a) pL-alanine, (b) pi-tryptophane, (¢) bL-glutamic acid.
Retention times in minutes. Flow-rate: 0.5 ml/min; eluent
composition, aqueous buffer [0.1 M NH,Ac pH 6.5-MeOH
(60:40, v/v)]. Other chromatographic conditions as specified
in Experimental.

amino acids in the reversed-phase mode (using
eluent mixtures of methanol and aqueous buffer)
is reported for Leu only [17] when using a
different type of stationary phase where native
B-CD is immobilized via epoxyalkylsiloxanes.

Examples for amino acid separations readily
achievable after DABS-, NITC- and AQC de-
rivatization are illustrated by the chromatograms
in Fig. 3.

3.2. Influence of eluent composition

All data given in the Tables are collected at
constant eluent composition within a series of
analytes. It can be assumed that the chosen
separation conditions were not necessarily op-
timum for all analytes. A certain, though lim-
ited, improvement of the resolution can still be
expected in several instances when optimizing

968
11.24
23.21
20.48

29.68

32.02

absorbance

time time time

18.77
24.80

23.09

absorbance
2970

time time
Fig. 3. Sections of chromatograms of selected DABS-, AQC-
and NITC-derivatized amino acids readily separable under
the chosen eluent and temperature conditions. (a) DABS-pL-
arginine, (b) DABS-pL-methionine, (¢) DABS-pL-valine, (d)
NITC-pL-proline, and (¢) AQC-pr-tyrosine. Eluent condi-
tions: (a,b,c) aqueous buffer [0.1 M NH,Ac pH 5.5-metha-
nol (10:90, v/v)]; (d,e) aqueous buffer [0.1 M NH,Ac pH
6.5-methanol (60:40 and 50:50, v/v)], respectively. All other
conditions as specified in Experimental.
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Fig. 4. Section of chromatograms of AQC-pL-alanine using
the following chromatographic conditions: (a) 50% (v/v)
methanol, 20°C, 0.5 ml/min; (b) 20% (v/v) methanol, 20°C,
0.7 ml/min; (c) 10% (v/v) methanol, 20°C, 0.8 ml/min; (d)
20% (v/v) methanol, 10°C, 0.5 ml/min.

the eluent composition and exploiting tempera-
ture effects. An example of the influence of
modifier concentration and temperature is given
in Fig. 4 for AQC-pL-alanine.

Analytes with sulfonamide linked labels, i.e.
DNS- and DABS amino acids, are found to
require a higher modifier concentration in order
to be eluted with retention times comparable to
analytes carrying the corresponding thiourea
linked labels. The two acidic amino acids Glu
and Asp exhibit very high capacity factors, k', in
all instances. For these analytes faster analysis
will be obtained by using B-cyclodextrin as
mobile phase additive [21].

4. Conclusions

The chromatographic resolution which can be
achieved for a given pair of enantiomers is found
to be significantly dependent on the derivatiza-
tion label used. For the selection of the de-
rivatization labels most appropriate for the en-
antiomeric resolution of particular amino acids,
the selectivity and capacity factor data in the
Tables 1-3 can serve as a guideline.

All derivatizations discussed here, except
PITC derivatization, yield fluorescent deriva-
tives, thus enabling the use of the significantly
higher sensitivity and better selectivity of fluores-
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cence detection if required. Another advantage
of the AQC reagent is that its hydrolysis prod-
ucts are only weakly fluorescent and do not
cause peak interferences in the chromatogram.
Concerning the effort and time requirements for
the derivatization procedure, there is a signifi-
cant advantage in using the AQC reagent, as the
whole derivatization procedure is completed in a
few minutes and is easy to handle. Considering
the stability of the products, the thiourea and
urea derivatives obtained by the various iso-
thiocyanate and the AccQ-Tag reagents respec-
tively, are stable for weeks, even in solution.
The stability of DNS amino acids in solution is
much worse and cooling at —20°C is required for
longer storage.

No simple rules can be given regarding the
relationship between the structural features of
the analytes and the achieved enantioselectivity.
This relationship is apparently complex for sepa-
rations based on a host—guest mechanism. Small
changes in the analyte structure often resuit in
major changes in the enantioselectivity coeffi-
cients. Therefore, only a few remarks are made
on the given results: (i) Sulfonamide and thio-
urea linking groups are not comparable at ail
with respect to their effect on chiral discrimina-
tion. This is probably due to both electronic and
steric reasons. Large differences are seen in the
pattern of the selectivity data when comparing
the series of DNS derivatives with that of the
DNITC derivatives although these compounds
have very similar fluorescent moieties; this also
holds for a comparison between the series of
DABS- with that of DABITC derivatives. In the
majority of cases the derivatives carrying a
sulfonamidic linking group exhibit the higher
separation factors. (ii) The separation factors
obtained for the DABITC- and DNITC deriva-
tives of the same amino acid are very similar
although their fluorescent moieties are very
different with respect to size and shape. These
similarities are also found for the AQC deriva-
tives. In these cases thiourea and urea linking
groups are comparable with respect to chiral
recognition. On the other hand, the data of the
PITC derivatives show very few similarities to
those of the other thiourea compounds. We
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hypothesize that the global orientation adopted
by most of the amino acid derivatives in their
interactions with the 8-CD selector is similar for
the DNITC-, DABITC- and AQC derivatives,
but different for the PITC derivatives.
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Abstract

The chemical synthesis of y,y’-di-tert.-butyl-y-carboxyglutamic acid is accompanied by extensive racemization,
and very careful resolution is needed to obtain p- and L-y,y’-di-tert.-butyl-y-carboxyglutamic acids in high chiral
purity. A novel method was devised for the separation of enantiomers of vy,y'-di-tert.-butyl-y-carboxyglutamic acid
and vy-carboxyglutamic acid, applying precolumn derivatization with 1-fluoro-2,4-dinitrophenyl-5-L-alanine amide
and 2,3,4,6-tetra-O-acetyl-B-p-glucopyranosyl isothiocyanate as chiral reagents, with subsequent reversed-phase
high-performance liquid chromatographic separation of diastereomeric compounds. The effects of organic
modifiers, of the mobile-phase composition and of the pH on the separation of the diastereomers were investigated.

1. Introduction

y-Carboxyglutamic acid (Gla), an acid-labile
derivative of glutamic acid (Glu), exhibits a very
strong and specific affinity for calcium ions. A
number of Gla residues are present in the
calcium-binding region of Gla-containing poly-
peptides [1-4] and proteins [5], and as a result
the interactions between the bivalent ions and
the cumulated carboxylic side-chains are exten-
sively enhanced. These proteins and peptides are
known to be responsible for many biological
functions, and consequently there is a consider-
able interest in the biological study of Gla-con-
taining peptides. The synthesis of Gla-containing
peptides requires protected Gla derivatives,

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00494-7

which are not always readily available commer-
cially. In our laboratory vy,y’-di-tert.-butyl-p- and
-L-y-carboxyglutamic acids (DTBGLA) have
been synthesized with high efficiency.
According to the literature the chromato-
graphic analysis of Gla can be divided into three
main phases: (1) separation on an anion-ex-
change column, with subsequent postcolumn
derivatization with ninhydrin or o-phthalal-
dehyde [5-23] (Low et al. [24] used thin-layer
chromatography), (2) RP-HPLC methods, with
precolumn derivatization with o-phthalaldehyde
in the presence of thiols [25-30], phenyl iso-
thiocyanate [31], 1,1-diphenylboronic acid [32]
or 4-dimethylamino-4-azobenzenesulfonyl chlo-
ride [33] and (3) identification of p- and L-
isomers of Gla and Gla derivatives after their
conversion to Glu. For the separation of p- and

© 1995 Elsevier Science B.V. All rights reserved
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L-Glu, Rivier et al. [34] and Nishiuchi et al.
[35,36) used 1-fluoro-2,4-dinitrophenyl-5-L-
alanine amide (FDAA) as chiral reagent, while
Kurihara et al. [37] used 2,3,4,6-tetra-O-acetyl-
B-p-glucopyranosyl isothiocyanate (GITC).

The method described in the present paper
allows the analysis of the optical isomers of
DTBGLA and Gla without conversion to Glu.
The amino acids were derivatized directly with
FDAA and GITC, and the p- and L-diastereo-
isomers were separated by an RP-HPLC meth-
od.

2. Experimental
2.1. Chemicals and reagents

Chirally pure enantiomers of DTBGLA were
synthesized via a seven-step route with prepara-
tively advantageous modification of the general
literature procedures [38—41].

D- and L-Gla were synthesized by acidic treat-
ment of DTBGLA with hydrogen fluoride at 0°C
for 30 min. The chiral purity of p- and L-
DTBGLA and p- and L-Gla was determined by
our new method.

GITC was purchased from  Aldrich
(Steinheim, Germany), FDAA from Pierce
Chemical Company (Rockford, IL, USA),
potassium  dihydrogenphosphate, phosphoric
acid of analytical reagent grade, acetonitrile and
methanol of HPLC grade from Merck (Darm-
stadt, Germany). Buffers were prepared by
means of dissolving 0.01 mol potassium dihydro-
genphosphate in water, adjusting the pH with
5.0 M phosphoric acid or 0.5 M sodium hy-
droxide and diluting to the final volume of 1 1.

2.2. Apparatus

The HPLC analyses were performed on an
M-600 low-pressure gradient pump fitted with an
M-996 photodiode-array detector and a Millen-
nium 2010 Chromatography Manager data sys-
tem (Waters Chromatography, Division of Milli-
pore, Milford, MA, USA) and on an L-6000
liquid chromatographic pump (Merck Hitachi,

Tokyo, Japan) fitted with a UV 308 detector
(Labor MIM, Budapest, Hungary) and an HP
3395 integrator (Hewlett-Packard, Waldbronn,
Germany).

The column used was Lichrospher 100 RP-18
(125 x4 mm I.D.), 5 pm particle size (Merck,
Darmstadt, Germany).

2.3. Derivatization of amino acids for
chromatographic analysis

An amount of 2-4 pumol of DTBGLA or Gla
was derivatized with FDAA by the Marfey
method [42]. The molar ratio of FDAA/amino
acid in the mixture was kept at 1.4:1. For
derivatization with GITC, 2-4 pumol of
DTBGLA or Gla was used, applying the method
of Nimura et al. [43]. In both derivatization
methods, after completion of the reaction, the
reaction mixture was diluted with the eluent
2-10 fold and 10-pl aliquots were used for
injection onto the HPLC system.

3. Results and discussion

To keep the ionization of the free carboxylate
groups of Gla and DTBGLA at a constant level
within the column, and to achieve good run-to-
run reproducibility, buffering of the aqueous-—
organic modifier phase system is required. Proto-
nation of the free carboxylate groups changes the
hydrophobicity and hence the retention behav-
iour. On the other hand, Gla and its derivatives
are sensitive to hydrolysis under acidic condi-
tions [17]. Thus, the correct choice of the buffer
system and the conditions used can be rather
important. The application of potassium di-
hydrogenphosphate as buffer appeared favour-
able. Under the conditions used for the analysis
of Gla and DTBGLA, any Glu peak could
readily be observed in the chromatograms.

3.1. Separation of p,.-DTBGLA-FDAA
derivatives

The chromatographic analysis was carried out
in different phosphate buffer (pH 2-6)—organic



A. Péter et al. | J. Chromatogr. A 710 (1995) 297-302 299

modifier (acetonitrile or methanol) systems.
Data obtained in the phosphate buffer—acetoni-
trile system indicate that, with a decrease of the
acetonitrile content at a given pH, k' increases
and the @ and R, values improve. The k&’ and R,
values increased considerably on decrease of the
pH of the aqueous phase from 6 to 2. At a
constant phosphate buffer—acetonitrile ratio, €.g.
60:40 (v/v), the k’ values of the L- and p-isomers
increased from 1.3 to 16.0 and from 2.1 to 24.5,
while R, increased from 1.1 to 4.9 (Fig. 1A).
This behaviour is probably correlated with proto-

ol— 1 L 1 )

2 3 4 5 € pH
Fig. 1. Dependence of retention factor (k') and resolution
(R,) of DTBGLA-FDAA and DTBGLA-GITC derivatives
on pH at a given eluent composition. Column, Lichrospher
100 RP-18; flow-rate, 0.8 ml/min. (A,B) DTBGLA-FDAA
derivatives; (C,D) DTBGLA-GITC derivatives. Mobile
phase, 0.01 M potassium dihydrogenphosphate (pH 2-6)-
organic modifier; (A,C) buffer—acetonitrile 60:40 (v/v),
(B,D) buffer—-methanol 35:65 (v/v); (O, O, ©, A) retention
factor (k') of L-isomer, (@, &, ¢, A) retention factor (k') of
D-isomer; (X) R, value of L/D isomers.

nation of the a-carboxylate group. The protona-
tion microconstant for the a-carboxylate group
of Gla in aqueous solution is log k% = 2.66 [44].
There is no general rule for the conversion of the
protonation constants obtained in aqueous solu-
tion to those in an aqueous—organic modifier
system [45], but the increase in the retention
time at low pH is probably connected with the
increased hydrophobicity of the adduct. On the
other hand, a resolution higher than 2 can also
be achieved with a relatively low k' (k' <5) at
higher pH, by keeping the acetonitrile content
below 40% (v/v).

The general observations for the phosphate
buffer—methanol system are similar to those
obtained with acetonitrile as organic modifier.
With respect to the separation capabilities of the
two systems, the phosphate buffer—-methanol
system seems more efficient than the acetoni-
trile-containing one. To compare the two sys-
tems (see Fig. 1A and B), in the methanol-
containing system a resolution of higher than 2.5
can be achieved at every pH with low values of
the corresponding retention factor. Figs. 2A and
2B show characteristic chromatograms of
DTBGLA-FDAA derivatives obtained in the
acetonitrile- or methanol-containing eluent sys-
tems. The elution sequence on the chromato-
grams is L-isomer before p-isomer. The de-
scribed method is suitable for the determination
of a content of the minor enantiomer of less than
0.05% of that of the major enantiomer.

3.2. Separation of p,.-DTBGLA-GITC
derivatives

The results of the separation in the phosphate
buffer—acetonitrile or methanol systems of the
GITC derivatives show that with a decrease in
the organic modifier concentration, k', a and R,
increase at every pH. The effect of pH at a given
phosphate buffer—organic modifier ratio is simi-
lar to that observed for the FDAA derivatives
(Fig. 1C,D). With regard to separations carried
out with the two derivatizing reagents: FDAA
and GITC at the same eluent composition,
phosphate buffer—acetonitrile 60:40 (v/v), and at
the same pH, the GITC derivatives generally
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Fig. 2. Chromatograms of b,L.-DTBGLA and D,L-Gla deriva-
tives. Column, Lichrospher 100 RP-18; flow-rate, 0.8 ml/
min; detection, 340 nm (FDAA derivatives), 250 nm (GITC
derivatives). (A,B) p,L.-DTBGLA-FDAA derivatives; (C,D)
D,L-DTBGLA-GITC derivatives; (E,F) D,L.-Gla-FDAA de-
rivatives. Mobile phase, A, phosphate buffer (pH 3)-ace-
tonitrile 50:50 (v/v); B, phosphate buffer (pH 3)-methanol
35:65 (v/v); C, phosphate buffer (pH 5)-acetonitrile 65:35
(v/v); D, phosphate buffer (pH 6)-methanol 45:55 (v/v); E,
phosphate buffer (pH 2)-acetonitrile 80:20 (v/v); F, phos-
phate buffer (pH 2)-methanol 70:30 (v/v). Peaks: 1=L-
isomer, 2 = D-isomer, 3 = unreacted reagent. Molar ratio of
D/L isomers is 1:1.

have higher k' and lower R, values than the
FDAA derivatives (Fig. 1A,C). In the phosphate
buffer—methanol system at a given eluent
composition of 35:65 (v/v) and at the same pH,
the GITC derivatives have lower k' and R, than
the FDAA derivatives (Fig. 1B,D). On the basis
of these results, a baseline separation (R, >1.5)
of DTBGLA-~GITC derivatives can be obtained

with relatively low k' values (k' <5). For this
purpose the pH of the phosphate buffer should
be kept at a relatively high value (pH 5-6) and
the organic-modifier content of the eluent at a
relatively low concentration (Fig. 2C,D). The
elution sequence of the isomers on the chro-
matograms is L-isomer before D-isomer. The
chiral purity of DTBGLA enantiomers can also
be determined by application of GITC as de-
rivatizing reagent. The detection limit is lower
than 0.05% of the minor isomer in the presence
of the major enantiomer.

3.3. Separation of p,.-Gla—FDAA and
D,L-Gla-GITC derivatives

The separations were carried out in phosphate
buffer—acetonitrile or methanol systems (Fig.
2E,F). The separation of p- and L-diastereo-
isomers could be achieved only when the pH of
the phosphate buffer was near 2. The distribu-
tion curves of the Gla species [44] indicate that
the formation of more hydrophobic (protonated)
species is favourable at low pH (pH<<2) in
aqueous solution.

In the aqueous—organic modifier system, the
pK values of the carboxylate groups of Gla are
higher, but the increase at 20-30% organic-
modifier content is probably not considerable
[45]. Thus the observed chromatographic be-
haviour of Gla derivatives is in agreement with
the expectations.

Of the two organic modifier systems, acetoni-
trile and methanol, the acetonitrile-containing
system seems more efficient. A similar resolution
in acetonitrile can be achieved at lower k’, and
the main peak of the unreacted reagent elutes
very close to the p-diastereoisomer in methanol.
The elution sequence is the reverse of that
observed for the DTBGLA-FDAA derivatives:
the p-isomer elutes before the r-isomer. The
application of this separation method allows the
determination of a minor enantiomer content
less than 0.05% of that of the major isomer.

The separation experiments for p,L-Gla—GITC
derivatives were carried out in different phos-
phate buffer—acetonitrile or methanol systems.
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Both systems were unsuccessful with respect to
the separation of GITC derivatives.

4. Conclusion

The described procedure can be applied for
the separation of optical isomers and for the
determination of the enantiomeric content of
DTBGLA and Gla without conversion to Glu.
In the case of DTBGLA, FDAA seemed more
suitable than GITC as derivatizing reagent, and
a better resolution could be achieved within a
shorter time. Concerning the two organic modi-
fiers, the methanol-containing systems seemed
more favourable than the acetonitrile-containing
ones. In the separation of Gla enantiomers,
FDAA was much more favourable as derivatiz-
ing reagent than GITC, while of the two organic
modifiers, acetonitrile was more advantageous
than methanol.

The pH of the phosphate buffer was a very
important factor in the separation. The elution
sequence for the L- and D-diastereomers of
DTBGLA was the opposite of that for Gla.
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Abstract

The GC-MS characterization of the ethylchloroformate derivatives of amino acids in an aqueous medium has
been applied to non-protein amino acids. Derivatization of non-protein amino acids using ethylchloroformate,
trifluoroethanol, and pyridine produced strong [M+1]” and [M—1]" ions in positive and negative chemical
ionization (CI) modes, respectively. Twenty-one out of the twenty-three non-protein amino acids studied produced
detectable ion chromatograms in both ionization modes when methane was used as the CI reagent gas. Mass
spectra of these non-protein amino acid derivatives showed characteristic [M —19]", [M+1]", [M+29]", and
[M +41]" peaks in the positive chemical ionization mode, and [M —1]7, and [M +35]" peaks in the negative
chemical ionization mode. The detection limits and the linear dynamic range of trifluorethanol ethylchloroformate
derivatives of non-protein amino acids were studied using positive chemical jonization. The detection limits are

mostly in the femtomole range.

1. Introduction

Recently, Husek introduced a derivatization
procedure for gas chromatographic (GC) analy-
sis of protein amino acids using ethylchlorofor-
mate (ECF) [1] which was based on his previous
study of chioroformate-induced esterification of
the carboxylic groups of fatty acids [2]. The main
advantages of this technique include: (1) simulta-
neous N(O,S)-derivatization of amino acids in
one step, (2) derivatization of amino acids in

* Corresponding author.
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aqueous solution, (3) reaction time of only a few
seconds, (4) derivatization with inexpensive re-
agents, and (5) GC [1-3] or GC-MS [4-6]
identification of products.

It was shown by this lab [6] that ECF de-
rivatization of protein amino acids in a solution
of water, trifluoroethanol, and pyridine, fol-
lowed by GC-MS analysis of the products using
positive and/or negative chemical ionization
(CI) mode increases the sensitivity of detection
and simplifies the identification of these derivat-
ized amino acids.

To date, most of the reported data shows the

© 1995 Elsevier Science B.V. All rights reserved
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application of ECF derivatization to protein
amino acids. Here we report the application of
the ECF derivatization to non-protein amino
acids using trifluoroethanol as the esterifying
agent.

2. Experimental

The twenty-three non-protein amino acids
were provided by Professor Mabry, Department
of Botany, The University of Texas at Austin. A
solution containing 250 ng/ml of each of the
non-protein amino acids in 0.1 M HCI was used
for the qualitative analysis. The ethylchlorofor-
mate was purchased from Sigma (St. Louis, MO,
USA). The trifluoroethanol was purchased from
Aldrich (Milwaukee, WI, USA). The ECF de-
rivatives were prepared according to the pro-
cedure reported previously [1]. Analysis by GC-
MS was carried out on a Finnigan MAT TSQ-70
MS (San Jose, CA, USA) coupled to a Varian
3400 GC (Palo Alto, CA, USA). The GC
separation employed a 25-m DB-1701 fused-sil-
ica capillary column with 0.32 mm I.D. and 1
pm film coating (SGE, Austin, TX, USA). Mass
spectrometric conditions were as follows: scan

range of 120-500 u, scan rate of 1 scan/s (3
scans/s for quantitative analysis), methane gas at
a pressure of ca. 2 Torr used as the CI reagent
gas, and an interface temperature of 270°C. GC
conditions were as follows: initial column tem-
perature of 80°C, 2 min delay, final column
temperature of 270°C, and a column ramp rate
of 10°C/min. A 1-ul aliquot of the solution was
injected in direct (splitless) injection mode for
each analysis. For quantitative study, the stock
solution (250 ng/ml, the upper limit of the
dynamic range study) of non-protein amino acids
was diluted by two to five orders of magnitude
using 0.1 M HCI solution. These solutions were
then derivatized and analyzed according to the
above procedure.

3. Results and discussion

The reconstructed total ion chromatograms
(RIC) of the twenty-one ECF + trifluoro-
ethanol + pyridine derivatives of non-protein
amino acids under positive and negative chemi-
cal ionization modes are shown in Figs. 1 and 2,
respectively. Under the experimental conditions
employed here, each derivatized non-protein
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Fig. 1. Reconstructed TIC of positive chemical ionization GC-MS of the trifluoroethanol ECF derivatized non-protein amino

acids. Peaks marked with an asterisk were not identified.
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Fig. 2. Reconstructed TIC of negative chemical ionization GC-MS of the trifluoroethanol ECF derivatized non-protein amino

acids. Peaks marked with an asterisk were not identified.

amino acid produced a separated peak except for
three pairs whose peaks overlapped: B-amino-
isobutyric acid and B-aminobutyric acid, DL-a-
aminoadipic acid and pL-cthionine, and
pipecolinic acid and y-aminobutyric acid. How-
ever, the overlapping peaks were identified when
their ion chromatograms were plotted. In cases
where derivatized non-protein amino acids had
the same molecular mass, their ion chromato-
grams and retention time were used for identifi-
cation. Comparison between the GC-MS results
in the positive and negative chemical ionization
modes (Figs. 1 and 2, respectively) indicates
that, in general, the positive CI chromatogram
has lower background chemical noise and higher
signal intensity than .negative CI except for
anthranilic acid, p-aminobenzoic acid, and m-
aminobenzoic acid. Anthranilic acid in the posi-
tive CI mode did not produce a significant peak
in the corresponding total ion chromatogram. In
the negative CI mode, however, these three
compounds showed strong peaks. The most
likely explanation for this behavior is that these
three non-protein amino acids all have an aro-
matic ring which increases the electron capture
cross-section and/or stabilizes the negatively
charged ions, therefore giving higher signal in-

tensity with respect to non-aromatic non-protein
amino acids. L-Citrulline and taurine did not
produce detectable peaks in the total ion chro-
matograms of either ionization mode.

The resuits of the mass spectrometric study of
the ECF derivatives of non-protein amino acids
using trifluoroethanol in positive and negative CI
modes are tabulated in Table 1. Similar to the
analysis of the protein amino acids, (M + 1"
the base peak in all of the positive CI spectra.
The positive CI spectra show a common frag-
mentation pattern for all of the non-protein
amino acids, with major fragments originating
from the loss of HF from [M + 1]". In addition,
with methane as a regent gas, all of the non-
protein amino acid derivatives formed [M+29]"
and [M +41]" ions, the C,H. and C,H{ ad-
ducts of the molecules. Existence of the [M—
FI', [M+1]", [M+29]" and [M+41]" peaks
immediately distinguishes the fluorinated deriva-
tives of non-protein amino acids from other side
products or impurities which produce peaks in
the chromatograms. As an example, Fig. 3 shows
the mass spectrum of derivatized sarcosine (Sar)
under the positive CI mode using methane as
reagent gas.

The negative CI spectra show that [M — 1] is
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Characteristic ion peaks in positive CI spectra of trifluoroethanol ECF derivatives of non-protein amino acids

Non-protein amino acid M, Derivative Base peak Other important
M+1]" (m/z) ions (m/z)
Sarcosine (Sar) 89 244 244 224,272,284
B-Alanine (bAla) 89 244 244 224,272,284
a-Aminobutyric acid (aAba) 103 258 258 238,286,298
a-Aminoisobutyric acid (aAiba) 103 204 204 232,244
B-Aminobutyric acid (bAba) 103 258 258 238,286,298
B-Aminoisobutyric acid (bAiba) 103 258 258 238,286,298
L-Norvaline (Nov) 117 272 272 252,300,312
pL-Homoserine (Hser) 119 174 174 202,214
Pipecolinic acid (Pca) 129 284 284 264,312,324
Cycloleucine (Cyl) 129 230 230 258,270
€-Amino-n-caproic acid (eAca) 131 286 286 266,314,326
L-allo-Isoleucine (A-lle) 131 286 286 266,314,326
Hydroxy-L-proline (Hyp) 131 286 286 266,314,326
pL-Homocystein (Hcys) 135 362 362 342,390,402
m-Aminobenzoic acid (mAbza) 137 292 292 272
p-Aminobenzoic acid (pAbza) 137 292 292 272,320,332
Anthraniline (0Abza) 137 292 292 272,320,332
DL-a-Aminoadipic acid (aAaa) 161 398 398 378,426,438
pL-Ethionine (Eth) 163 318 318 346,358
y-Aminobutyric acid GABA) 103 258 258 238,286,298
DL-a-Aminopinelic acid (aApa) 175 412 412 392,440,452

the base peak in all of the non-protein amino
acids except DL-a-aminopinelic acid which gave
the HCI adduct as the base peak. The negative
CI spectra also show characteristic [M + 35]~
peaks arising from [M + Cl]™ ions formed from
the loss of a proton from the HCl adducts of the

molecules under negative CI conditions. This is
consistent with our previous results [6], that
under the experimental conditions of this study
protein and non-protein amino acids are present
as HCI adducts.

In accordance with the previous studies of the
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Fig. 3. Positive CI spectrum of derivatized sarcosine using methane as reagent gas.

[M+H]", [M+C,H,]", and [M + C,H,]" peaks, respectively.

The m/z 224, 244, 272, and 284 are (M —F]",
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ECF derivatization of protein amino acids [5],
the substituted alkyl group on the carboxylic side
of the amino acids is provided by the alcohol,
and the substituted alkyl group for the amine
side is provided by the alkyl group of the
chloroformate. A minor amount of derivatives
are also found where the substituted alkyl group
on both the carboxylic side and the amine side
are provided by the alkyl group of the chloro-
formate. Derivatization of both the carboxylic
side and the amine side by the alkyl group of
ECF, however, gave the main products for a-
aminoisobutyric acid and cycloleucine. In addi-
tion, we also observed that a lactone is the major
derivatization product of pL-homoserine due to
the stable structure of a five membered ring as
shown in Fig. 4.

Table 2

The detection limits and linear dynamic range
of the ethylchloroformate derivatives of non-
protein amino acids were studied using chemical
ionization in the positive ion mode. The results
are given in Table 2. As is shown, the detection
limits are mostly in the femtomole range. Chemi-
cal ionization of the ECF trifluoroethyl ester
derivatives of non-protein amino acids, there-
fore, is the technique of choice for detection of
trace amounts of non-protein amino acids.
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Abstract

A systematic study of the separation of double-stranded DNA in hydroxypropylcellulose (HPC) with a molecular
mass of 10° was undertaken, using a variety of concentrations (from 0.1 to 1%) and different electric fields (from 6
to 540 V/cm). The data show that at high polymer concentrations (=0.4%) and low fields, the separation
mechanism is similar to that occurring in gels. The results are in good agreement with theoretical models, and in
particular with a recently proposed theory for gels with a pore size smaller than the persistence length of DNA. For
more dilute solutions and high fields, however, the separation pattern cannot be explained by existing theories. The
existence of an original mechanism was confirmed by the direct observation of the conformation of double-stranded
DNA molecules in the polymer solution by fluorescence videomicroscopy. Practical conclusions for the capillary

electrophoretic separation of duplex DNA are drawn.

1. Introduction

Capillary electrophoresis (CE) has rapidly
become a powerful and attractive separation
technique because of its sensitivity, rapidity and
the possibility of automation. The first sepa-
rations of DNA by CE were performed in gels.
However, the preparation of a gel-filled capillary
is delicate. Air bubbles and inhomogeneities can
be formed during the polymerization inside a
capillary or during the electrophoresis. The
structure of the gel may also vary along the
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capillary. The use of polymer solutions instead of
gels as a sieving medium avoids these problems
and permits the experimental protocols to be
simplified. It can be especially effective for large
and flexible DNA molecules. Indeed, several
studies yielded a good separation for DNA
restriction fragments up to 23 kilo-base pairs
(kbp) in different polymer solutions (e.g., [1,2]).

Some theoretical approaches that permit one
to predict the separation and to evaluate the
optimum separation conditions for different sizes
of DNA molecules in polymer solutions of differ-
ent concentrations have been proposed recently.
The first theoretical description, to our knowl-
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edge, of DNA electrophoresis in polymer solu-
tions was proposed by Grossman and Soane [3].
A more detailed theoretical model was de-
veloped by Viovy and Duke [4].

In order to check the conformity with ex-
perimental data and to establish if the models
used for DNA electrophoresis in gels would be
applicable to those in polymer solutions, we
undertook a systematic study of the separation of
double-stranded DNA in hydroxypropylcellulose
(HPC) using a variety of concentrations and field
strengths.

Also, we present here some data on the direct
observation of DNA molecules during their
migration in polymer solutions, obtained by
epifluorescence microscopy. The observation of
conformations of individual DNA molecules
undergoing electrophoresis can be helpful in the
understanding of migration mechanisms.

2. Theory

We recall in the following some proposed
models for DNA separation in polymer solu-
tions, in order to compare them with our ex-
perimental data.

2.1. Polymers

Three regimes of polymer solutions can be
distinguished: dilute, semi-dilute and concen-

trated. However, for CE, only the dilute and
semi-dilute regimes are relevant. The crossover
between these regimes is characterized by the
overlap concentration, ¢* (see Fig. 1).

Other important parameters in the theory of
polymer solutions are the square-averaged radius
of gyration, (Ré}, and the screening length, £.

If the molecular mass, M, is known, a simple
experimental way to determine the radius of
gyration of a polymer is to measure the intrinsic
viscosity [n] in the dilute regime [5]:

[1]=~6.2RN, /M, (1)

where N, is Avogadro’s number. If the radius of
gyration is known, this permits in turn the
calculation of ¢*, which is defined as

c*=~3M,,/4TN,\R} = 1.5[n] " (2)

The screening length, £, is the distance above
which the excluded volume interactions are
screened by other chains. Grossman and Soane
3] proposed the use of this parameter as the
effective “‘pore size” of the transient network.
Viovy and Duke [4] proposed that the so-called
“blob size”, &, (see Fig. 1), should be used
instead. It is related to ¢ by a universal prefactor

[6]:
&, =2.86¢ = 1.43R,(c/c*) " (3)

Therefore, this difference affects predictions
quantitatively but not qualitatively.

C<C*

Fig. 1. Schematic representation of flexible polymers in solution. (a) Dilute solutions; (b) solutions at entanglement threshold c*;
(c) semi-dilute solutions. One chain is drawn as a thick line for easier visualization. The small circles in ¢ represent the “‘blobs” of
size &,.
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2.2. Molecular mechanisms of size separation in
polymer solutions

The first mechanism proposed for the descrip-
tion of gel electrophoresis, the Ogston model [7],
assumes that the mobility of a particle is propor-
tional to the fraction of the volume available to it
in the gel. Using purely geometric arguments,
Ogston derived an expression for the mobility of
a globular particle in a random array of fibres:

B = p, exp(— K C) 4

where g, is the mobility in pure solvent, K is
the retardation coefficient and C is the gel
concentration. In order to apply the Ogston
model to DNA separation, one assumes that the
DNA migrates as a random coil. Then K should
be

Ky = (Rpna +r)2 (5)

where r is the radius of the gel fibres and Ry, is
the radius of gyration of the DNA molecule.
Since the Ogston model is in principle applicable
to rigid fibre-like obstacles, it is not obvious what
should play the role of the “fibre radius™, r, in a
solution of very flexible polymers. The molecular
radius of HPC is of the order of 10-15 A, i.e.,
negligible in comparison with the radius of
gyration of DNA. Even in the opposite view, in
which one considers that the blob size should
play the role of the fibre radius, r would be much
smaller than R, for all experiments we per-
formed, except for the smallest DNA in the most
dilute solutions, where we shall see that there is
virtually no separation. Therefore, r can be
safely neglected in Eq. 5.

The Ogston model does not account correctly
for the mobility of large DNA molecules in gels,
so that a second type of model, the biased
reptation model, was proposed. In the original
biased reptation model (BRM), the DNA chain
is assumed to thread its way, without changing
its length, through a “tube” defined by the fibres
(for a rigid mesh) or the “blobs” (for a flexible
network) surrounding it. To facilitate the de-
scription of the DNA mobility, we introduce in
the following two dimensionless parameters.

These are the mesh size normalized to the Kuhn
length b of DNA, é=¢,/b, and g, = Eq,b/kT,
the electric potential energy per Kuhn length
scaled to the thermal energy (g, is the effective
charge per DNA Kuhn segment).

The biased reptation model predicts that the
electrophoretic mobility w(N,E) in DNA gel
electrophoresis is approximately related to the
DNA molecular size N and the electric field E by

8]
A
w(N, E) =~ + B(E) (6)

with B(E) proportional to E?, where the expo-
nent B equals 2 for low electric fields (i.e., far
from saturation). When expressed in terms of
molecular parameters, A and B should be A=
éu,/3 and B =~ el£1/6, where p, is the mobili-
ty in free solution.

For small molecular sizes, Eq. 6 predicts that
1(N) scales as 1/N; for large sizes it predicts a
plateau mobility.

This theory was recently improved by Duke et
al. [9] to include the fluctuations in the length of
the DNA molecule. This new model, called
“biased reptation with fluctuations” (BRF), con-
siders two different cases, as follows.

Mesh size larger than the Kuhn length of DNA
(E>1)

For ¢>1, the BRF theory gives for the
mobility u,.,

ey g =5 [(L/N) + 8] )

where N, is the number of Kuhn segments.
Therefore, the BRF model predicts two regimes
for the mobility in constant field. For small DNA
and/or a low electric field, the first term in Eq. 7
dominates (this regime is called: “reptation with-
out orientation’); in this regime, the mobility
varies as p «<1/N,, and separation is possible.
For a longer DNA and/or a higher electric field,
a second regime, called “reptation with orienta-
tion”, is reached, where the second term in Eq.
7 dominates. This leads to a mobility indepen-
dent of size. There is a crossover point between
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these regimes, which marks the DNA size
beyond which the separation power of electro-
phoresis becomes weaker and weaker and finally
disappears. It occurs at

Ny =g & (®)

These predictions are in good agreement with
experimental results for DNA separation in
agarose gels [10-12].

Mesh size smaller than the Kuhn length (£ <1)

In this case, reptation without orientation still
occurs below a critical size Ny, but the mobility
in this regime should be independent of the pore
size [4]:

~

l“'rep /I'LO 3Nk

N <Ng €]

The theoretical values for the critical size and
for the mobility beyond the crossover depend on
&, and £:

(i) If g, < £

E -
Peepltte =3 &7 N >N (10)

and“N,’(k z_;;/o‘zlé‘m. L
(i) If &7 <gy< ¢
2/5

~% 3
l"‘rep//‘l‘ﬂz 3 '512/5

N, >N} (11)
and N* zS—Z/Sg—IZ/S
k Y L
(iii) Finally, if ,> €

~ 8(2) 74 *
l‘l’rep/’l’o—?'g N >N, (12)
and N} =g 28 7*.

All the theories mentioned above take no
account of the mobile nature of the obstacles. In
order to apply them to entangled polymer solu-
tions, Viovy and Duke [4] suggested that, even in
the absence of self-reptation or Ogston sieving,
there is a finite mobility related to constraint
release (CR), i.e., the self-renewal of obstacles
due to the motions of the polymers in the matrix.
They calculated this mobility as

MCR/Moz(C/C*)—UMf (13)

and proposed that, to a first approximation (i.e.,
for low enough electric fields and large enough
DNA), the overall mobility is approximately

M= Pepe T Her (14)

3. Experimental
3.1. Viscosity measurements

The viscosity of aqueous solutions of HPC
covering the concentration range 0.05-2% was
determined using an Ubbelohde capillary vis-
cometer positioned in a thermostatically con-
trolled water-bath at 26.0 = 0.1°C. In this meth-
od, a liquid is allowed to flow through a fine-
bore tube, and the viscosity is determined from
the flow-rate, the gravitational pressure applied
and the tube dimensions. Flow times for each
solution were measured three times and readings
agreed to within +=0.05%.

The intrinsic viscosity [n] obtained for HPC
(M,, 10°) (Aldrich) is 0.41 1/g. Using Egs. 1 and
2, this yields a radius of gyration R, =48 nm and
an overlap threshold ¢* =0.37%. These values
should be taken as orders of magnitude, how-
ever, because the sample is not monodisperse.

3.2. Instrumentation and chemicals

The DNA samples used were 1-kbp DNA
ladder (Gibco BRL), ¢X174/Haelll digest
(Gibco BRL) and Lambda/HindlII digest (New
England Biolabs) at concentrations ranging from
10 to 100 pg/ml.

Analysis of the DNA fragments was accom-
plished using an automated capillary electropho-
resis instrument (P/ACE 2100; Beckman Instru-
ments, Palo Alto, CA, USA). The runs were
performed in 37 cm long (30 cm to the detector)
coated capillary tubes of 100 um I.D. (DB-1 and
DB-17; J & W Scientific, Folsom, CA, USA).

The running buffer was 1 X TBE (89 mM
Tris—boric acid-2.5 mM EDTA) containing
HPC (M,, 10°) at different concentrations (0.1-—
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1%) and 10 uM ethidium bromide. All solutions
were filtered and degassed before use.

The DNA samples were introduced into the
capillary by electrokinetic injection at 175 V/cm
for 10-30 s and separated at fields varying from 6
to 540 V/cm (negative polarity) at 25°C. For low
electric fields, an external power supply was used
instead of the built-in power supply. Detection
was performed by UV absorption measurements
at 254 nm.

3.3. Microscopic observations

An inverted microscope (Diaphot, Nikon)
equipped for epifluorescence and with a Fluor
100 oil-immersion objective (Nikon) was coupled
to a CCD camera with an image intensifier
(Hamamatsu).

The following DNA samples were used: T4
phage DNA, 166 kbp (Amersham), and Lambda
phage DNA, 48.5 kbp (Appligene). The DNA
molecules were stained with an intercalating dye,
oxazole yellow homodimer (YOYO, Molecular
Probes), at a ratio of ca. 1 YOYO molecule per
10 bp. The DNA-polymer mixtures were placed
between two cover-slips, which had been pre-
treated by overnight incubation in 1% methyl-
cellulose 4000 (Serva) followed by thorough
rinsing with Milli-Q-purified water. This treat-
ment renders electroosmosis negligible, as
checked by the measurement of the velocity
profile across the cell [13]. The whole assembly
was mounted in a special electrophoresis
chamber, adapted to the microscope.

4. Results and discussion

To establish the conformity of the theoretical
approach mentioned above to experimental data,
we undertook a series of mobility measurements
of DNA fragments (size range from 72 bp to 23
kbp) in solutions of 0.1, 0.2, 0.4 and 1% HPC at
different field strengths. Typical examples of
separations under different conditions are given
in Figs. 2 and 3.

4.1. Mobility versus molecular mass

Fig. 4 shows double logarithmic plots of
mobility versus molecular mass. The results show
the usual sigmoidal dependence of the mobility
on molecular mass: medium-sized molecules are
well resolved in all cases, whereas shorter and
larger molecules assume nearly constant mobili-
ties.

For 1% HPC (well above c¢*), and 0.4% HPC
(slightly above c*) (Fig. 4c and d), the double
logarithmic mobility versus molecular mass plot
is very similar to that obtained by separation in
gels [12], with a well defined reptation regime

(slope = —1) and a plateau mobility for large

DNA at low electric fields. At high electric
fields, however, a separation is achieved for
large DNA, a behaviour opposite to the biased
reptation prediction, that the limit of separation
decreases with increasing field (Fig. 3c and d).

For 0.1% and 0.2% HPC (i.e., below ¢*) (Fig.
4a and b), the result is different. Even at low
electric fields, the slope never reaches —1, sug-
gesting that in this case, reptation is not the main
separation mechanism. Especially at higher field
strengths, the mobility of the larger fragments
never levels off totally, i.e. these fragments can
still be separated.

4.2. Mobility versus electric field

The same data were replotted in order to
demonstrate the dependence of the mobility on
the electric field (Fig. 5). Again, the separation
in 0.4% and 1% HPC is qualitatively very similar
to that in gels (Fig. 5c and d): at low electric
fields and/or low molecular mass, the mobility
remains constant, i.e., is independent of the
electric field, but it depends on size. Long chains
(i.e., N>N*), in contrast, show a linear
log(mobility) versus log(electric field) depen-
dence. At 1% HPC, the slope is 0.4, in excellent
agreement with Eq. 11.

For 0.1% and 0.2% HPC (Fig. 5a and b), the
picture is qualitatively similar, but the slope of
the mobility versus electric field plot for the large
molecules is even lower, with a value of about
0.2-0.3. Unsurprisingly, this behaviour is not
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Fig. 2. Capillary electrophoresis of 1-kbp ladder ranging in size from 134 to 12216 bp at different HPC concentrations, but with
the same electric field: (a) 0.1%, (b) 0.2%, (c) 0.4% and (d) 1% HPC in 89 mM Tris—89 mM boric acid-2.5 mM EDTA-10 u M
etidium bromide. Common conditions: coated capillary, DB-17; distance to detector, 30 cm; total length, 37 cm; 1.D., 100 pm;
field strength, 175 V/cm; temperature, 25°C. Peaks: 1 =134; 2 = 154; 3 = 201; 4 = 220; 5 = 298; 6 = 344; 7 = 394; 8 = 506; 9 = 517;
10=1018; 11 = 1635; 12 = 2036; 13 = 3054; 14 = 4072; 15 = 5090; 16 = 6108; 17 = 7126; 18 = 8144; 19 =9162; 20=10180; 21 =

11198; 22 = 12 216 bp.

predicted by the reptation theory, since at this
concentration, the HPC used in these experi-
ments is not fully entangled.

4.3. Reptation plot

Recently, a new representation of electropho-
retic data as mobility times molecular size versus
molecular size was proposed [8]. The existence
of straight lines converging to a single point on

the ordinate is expected to provide a “‘signature”
of reptation behaviour, and allow a direct
evaluation of the parameters entering mobility
equations of the type of Eq. 6 or 7. On plotting
our data using this so-called “reptation plot” [8],
we indeed obtain straight lines, which seem to
converge well towards a single point on the
ordinate (not shown). Strikingly, this is true even
for the data obtained at low HPC concentra-
tions, for which the log-log representation (Fig.
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Fig. 3. Capillary electrophoresis of 1-kbp ladder under different electric field strengths, but at same polymer concentration (0.4%
HPC), in 89 mM Tris—89 mM boric acid-2.5 mM EDTA-10 uM ethidium bromide. Conditions and peaks as in Fig. 2.

5a and b) provides no domain where the mobility
is inversely proportional to the size. We conclude
that the reptation plot is actually not a very
accurate way of checking for reptation behav-
iour, probably because it puts relatively too
much weight on data corresponding to the
largest DNA. Fig. 6 presents a log—log plot of
the slopes of the reptation plots, B(E), versus
the electric field which allows us to calculate the
parameter 8 [8]. For the 1% HPC solution we
obtain a slope of 0.4, in good agreement with the
value obtained using the more classical log—log
plot (Fig. 5d). For the 0.4%, 0.2% and 0.1%

HPC solutions, the slope is 0.3, 0.27 and 0.07,
respectively. In no case could we observe a
square dependence of B(E) on the field, as
would be predicted by the biased reptation
model without fluctuations (Eq. 6).

4.4. Ogston model

We also plotted the data for the lowest and
highest HPC concentrations (0.1% and 1%) as
log p versus N (Fig. 7), in order to compare
them with the predictions of the Ogston model.
In both cases, considerable curvature is obtained
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Fig. 4. Dependence of the electrophoretic mobility of linear double-stranded DNA fragments on the molecular mass in (a) 0.1,
(b) 0.2, (c) 0.4 and (d) 1% HPC solutions at different electric field strengths in 1 X TBE containing 10 uM ethidium bromide at
25°C. The lines have a slope of —1.
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above a critical size smaller than 1 kbp, confirm-
ing that the Ogston model does not describe the
mobility of DNA better in polymer solutions
than it does in gels. Only the mobility of the
smallest fragments yields approximately a

straight line. The deviation from linearity occurs
at around 500 bp in 1% HPC and around 1 kbp
in 0.1% HPC solution.

It is worth pointing out that, even for smali
DNA, only the data obtained at 1% HPC show a
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mobility independent of the electric field (as it
should be according to the Ogston model). For
low concentrations, the mobility depends on the
electric field for large fields. This behaviour,
which is not predicted by the Ogston model,
suggests that the mobility of the DNA may in
part be determined by the mobile nature of the
obstacles (““constraint release”).

4.5. Quantitative comparison with reptation and
constraint release models

One important advantage of reptation and
constraint release models is that they involve
only molecular parameters with a clear signific-
ance. The mobility can in principle be predicted
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without any adjustable parameter, using only
independently measured quantities. This is obvi-
ously an ambitious goal, because theoretical
modelling always involves oversimplifications.
However, we believe that a semi-quantitative
agreement obtained in such conditions is a more
stringent and more convincing test than a quan-
titative agreement obtained with several adjust-
able parameters.

For the BRF, four parameters are needed: the
mobility of the DNA in free solution, w,, its
Kuhn length (twice the persistence length), b,
the effective charge of the DNA per Kuhn
segment, q,, and the pore size of the separating
matrix, £.

The Kuhn length of duplex DNA varies with
the ionic strength of the buffer. In 1 X TBE, it is
equal to 100 = 20 nm (or around 300 base pairs).
From several experiments, and in particular from
videomicroscopic measurements of chain stretch-
ing under the influence of an electric field [14],
the effective charge is now evaluated as typically
0.1 £0.05 e per base pair. Using the definition
of ,, this yields g,/E~1.2-10"% cm/V.

In our case, the effective pore sizes £,, evalu-
ated using Egs. 2 and 3, are 185, 110, 65 and 32
nm for 0.1, 0.2, 0.4 and 1% HPC, respectively.
The corresponding values of ¢ are 1.85, 1.10,
0.65 and 0.32. This suggests that for ¢>0.2%,
our experiments correspond to the regime in
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Fig. 7. Log-linear plot of the mobiiity of DNA versus molecular size. (a) 0.1% and (b) 1% HPC.



L. Mitik et al. | J. Chromatogr. A 710 (1995) 309-321 319

which the pore size is smaller than the Kuhn
length of DNA (Egs. 9-12).

The absolute mobility in free solution, u,,, was
evaluated from experiments by Olivera et al.
[15]. In 1 x TBE, it should be around 3 +0.5
10~* ecm?/V-s. Inserting this values in Eq. 9, one
obtains, in the linear regime (i.e. N, <N;),

M’thcor,linz(l/Nk).loiétcmz/vls (15)

In the double logarithmic mobility versus size
plot, this regime can be associated with the
portion in which the mobility is independent of
field and inversely proportional to size (slope
—1). In 1% solutions, where gel electrophoresis
theories are most likely to apply, we find from
Fig. 4d,

Mexp.lirtx(l/Nk)'2'1074 sz/V'S (16)

Considering that the numerical prefactors in the
reptation theory are not well known, this is a
fairly good agreement.

In the non-linear regime (i.e. N, >N;), the
theory predicts a plateau mobility, which is
indeed observed. The field dependence of this
plateau when £ <1 is expected to be complex, as
can be seen from Eqs. 10-12. Using the absolute
parameters for u,, £,/E and & determined in-
dependently, one expects the mobility to be
proportional to E when g, <&'* (i.e. E<45
V/em at 0.4% and E <15 V/cm at 1% HPC),
proportional to E>”° for £ <g, <€ ' (i.e. 45
V/em < E <130 V/cm at 0.4% and 15 < E <240
V/em at 1% HPC) and proportional to E (i.e.
E >130 V/cm and E >240 V/cm, respectively).
Experiments (for 1% HPC) show that the
mobility is proportional to E"* for the whole
range, i.e., from 6 to 540 V/cm (Fig. 5d). This is
in reasonable agreement with the theoretical
predictions.

Finally, it is worth pointing out that the
absolute values of the mobility of long DNA that
can be predicted from Eq. 11 using the above-
mentioned values of &, £ and y, (not shown) are
about three (for 1% HPC) to ten times (for
0.4% HPC) smaller than the measured values
(Fig. 5¢ and d). It is unlikely that this dis-
crepancy is due only to the poor knowledge of

prefactors in the theory, because the BRF model
was able to predict the absolute mobility in
agarose gel electrophoresis within a factor of
about two [16]. More probably, this discrepancy
is due to the labile nature of the obstacles in a
polymer solution as compared with permanent
gels, i.e., to constraint release processes. Viovy
and Duke [4] proposed a linear theory of con-
straint release and derived an expression for the
constraint release mobility in terms of molecular
parameters (Eq. 13). When the values of c¢/c*
and ¢ are introduced into this expression, how-
ever, one finds a mobility which is still smaller
than that observed experimentally, and which
depends much more strongly on the concen-
tration than observed experimentally. Moreover,
the constraint release mobility predicted by the
theory is independent of the field strength and of
the molecular mass of the DNA, whereas the
measured mobility depends on E and also de-
pends weakly on the DNA size for strong fields.
We conclude that the constraint release theory
used in the currently available models [4], which
neglects deformations of the polymer matrix by
the DNA, and coupling between the DNA
dynamics and the matrix dynamics, cannot ac-
count for the observed discrepancy between the
predicted and measured values of the absolute
mobility of large DNA. To try to understand the
actual mechanism at play in these separations,
we turned to a very different set-up, in which the
molecules themselves can be observed in the
course of migration.

4.6. Microscopic observations

The existence of an original migration mecha-
nism at a polymer concentration around c* was
confirmed by the direct videomicroscopic ob-
servation of DNA molecules in the course of
migration. In free liquid, molecules migrate in a
random coil conformation (Fig. 8b) essentially
identical with that which they adopt in the
absence of field (Fig. 8a). Strikingly, however, at
concentrations below ¢*, molecules can become
significantly extended, and often adopt U-shapes
reminiscent of those observed in real gels [17]
(Fig. 9). The DNA molecules progressively slide
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Fig. 8. Microscopic observation of Lambda DNA molecules. Conditions: (left) conformation in free liquid in the absence of field;
(right) migration in free liquid at £ =10 V/cm. In both cases, the DNA molecules adopt a random coil conformation.

along their own contour to yield J-shapes, and
finally adopt an extended conformation again.
There are two differences between the U shapes
observed in solutions below c¢* and in gels,
however. First, the conformations in polymer
solutions are more open than in gels. Second,
the top of the U (or the “pulley” around which
the DNA slides) is itself moving downfield while
the DNA disengages from it, whereas in gels it is

immobile. The relative velocity of this downfield
motion compared with that of the sliding motion
decreases when the concentration of the polymer
solution is increased. These qualitative observa-
tions are compatible with a mechanism in which
the DNA molecule has to slide its way among
the polymer obstacles, but also deforms and drag
them along at the same time. This would also
explain why the mobility observed in polymer

Fig. 9. Microscopic observation of Lambda DNA molecules in a 0.2% HPC solution at E =10 V/cm. The two photographs
display the same portion of the cell at different times, showing examples of U-shapes, J-shapes and extended conformations

adopted by the molecules.
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solutions is larger than predicted by the linear
reptation and constraint release models, and why
it depends on the electric field (the stronger is
the field, and the more the DNA is able to
deform the matrix). This dragging along of
polymers is similar to the “entanglement cou-
pling” mechanism recently proposed by Barron
et al. [18] for dilute solutions, but the additional
curvilinear sliding of DNA complicates the
mechanism.

5. Conclusions

We performed a systematic study of the migra-
tion and separation properties of DNA in a
high-molecular-mass water-soluble polymer, hy-
droxypropylcellulose. This study considered the
effect of concentration, going well into the
entangled regime, and the effect of the field
strength over two orders of magnitude. The
results were compared with theoretical predic-
tions. For the first time in CE in non-gel media,
we could observe regimes qualitatively consistent
with the migration mechanism known in gel
electrophoresis [biased reptation with fluctua-
tions (BRF)]. This is probably due to the fact
that we used an unusually large polymer at a
high concentration (about four times the overlap
concentration, ¢*) and low electric fields. We
demonstrated that such highly entangled solu-
tions are able to provide a better resolution than
more dilute ones, although on a narrower range
of sizes. Our results also confirm that even
unentangled solutions can separate DNA, as
demonstrated recently by Barron et al. [18]. The
choice of highly entangled or dilute solutions for
a given application, essentially depends on the
range of sizes to be separated and on the quality
of the resolution required: dilute solutions are
better for low resolution over a wide range, and
entangled solutions for high resolution over a
narrow range. Our results also point out the
limited success of existing theories for describing
electrophoresis in polymer solutions and suggest
a new mechanism of migration, which combines
a sliding of DNA molecules around obstacles
and a dragging of these obstacles by the DNA.

Theoretical work is in progress to describe the
mobility of DNA in unentangled or weakly
entangled polymer solutions [19].
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Abstract

Nine coumarins were successfully separated simultaneously using micellar electrokinetic capillary chromatog-
raphy with 4-hydroxybenzoic acid as an internal standard. A carrier composed of buffer solution (20 mM sodium
dodecyl sulfate—15 mM sodium borate—15 mM sodium dihydrogenphosphate)-acetonitrile (24:1) was found to be
the most suitable electrolyte for this separation. The analysis time (22 min) was shorter than that using
high-performance liquid chromatography (47 min). Contents of coumarins in the crude drug of Angelicac Tuhou
Radix could be easily determined by the proposed method.

1. Introduction

Coumarins commonly exist in over 100 plant
families, predominantly among the higher plants
[1]. It is common to encounter species, especially
the Guttiferae, Rutaceae and Umbelliferae, that
contain 10, 20, or even more coumarins and of
which four or five from the same species have
often been reported. Angelicae Tuhou Radix is
derived from the root of Umbelliferae plants,
including Angelica laxifora Diels, A. megaphylla
Diels and A. pubescens Maxim. [2]. Coumarins
are their major components and about 20 kinds
have been identified [3-15]. Several methods
have been established to determine one or two
coumarins contained in this crude drug, such as
TLC-densitometry [16], high-performance liquid
chromatography (HPLC) [17] and gas chroma-
tography [18].

Micellar electrokinetic capillary chromatog-

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00509-9

raphy (MEKC) was first reported by Terabe et
al. [19] in 1984, and has been applied successful-
ly to both charged and neutral compounds of
some Chinese herbs {20,21]. Here we describe an
application of MEKC to the separation of the
coumarins most commonly contained in
Angelicae Tuhou Radix, such as coumarin (1)
umbelliferone (2), columbianetin (3), psoralen
(4), xanthotoxin (5), bergapten (6), colum-
bianetin acetate (7), osthol (8) and colum-
bianadin (9) (Fig. 1). An HPLC method for
simultancous determination of these nine
coumarins was also developed and compared.

2. Experimental
2.1. Reagents and materials
Columbianetin, columbianetin acetate, osthol

and columbianadin were isolated from Angelicae
Tuhou Radix [6,10]. Umbelliferone, coumarin,

© 1995 Elsevier Science B.V. All rights reserved
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Fig. 1. Structures of the coumarins studied.

psoralen, xanthotoxin and bergapten were pur-
chased from Aldrich (Milwaukee, WI, USA),
4-hydroxybenzoic acid from Merck (Darmstadt,
Germany), sodium dodecyl sulfate (SDS) from
Sigma (St. Louis, MO, USA), sodium borate
from Nakarai Chemicals (Kyoto, Japan) and
sodium dihydrogenphosphate from Kanto
(Tokyo, Japan). Angelicae Tuhou Radix was
obtained from the Chinese herbal market in
Taipei (Taiwan). Acetonitrile and methanol of
LC grade were obtained from Mallinckrodt
(Paris, KY, USA). Deionized water was pro-
vided by a Milli-Q water-purification system
(Millipore, Bedford, MA, USA).

2.2. Apparatus and conditions

MEKC analysis was carried out on a Spectra
Phoresis 1000 capillary electrophoresis system
(Spectra-Physics, San Jose, CA, USA) equipped
with a UV detector set at 200 nm and a 67.5
cm X 50 pum I.D. fused-silica capillary tube
(Polymicro Technologies, Phoenix, AZ, USA)

with the detection window placed at 59.5 cm.
The conditions were as follows: injection mode,
hydrodynamic; injection time, 2 s; run time, 25
min; applied voltage, 20 kV (constant voltage,
positive to negative polarity); cartridge tempera-
ture, 30°C. The electrolyte was buffer solution
[20 mM sodium dodecyl sulfate (SDS)-15 mM
sodium borate-15 mM sodium dihydrogenphos-
phate (pH 8.26)]-acetonitrile (24:1). The capil-
lary was washed with 0.1 M NaOH for 3 min,
deionized water for 3 min and buffer for 3 min
before each run and washed with deionized
water for 3 min after each run.

HPLC analysis was performed on a Waters
(Milford, MA, USA) HPLC system consisting of
two Model 510 pumps, a U6K injector, a Model
680 automated gradient controller and a Model
990 photodiode-array detector set at 322 nm.
Satisfactory separation of the coumarins was
achieved on a Cosmosil 5C;;-AR column (250
mm X 4.6 mm 1.D., particle size 5 pm) (Nacalai
Tesque), which was eluted with a linear gradient
of solvent A [H,O0-CH,CN (8:2)] and solvent B
[H,0-CH,CN-CH,0OH (2:9:9)] according to
the following profile: 0—-40 min, 100-0% A (0-
100% B) and 40-50 min, 100% B. The flow-rate
was maintained at 0.6 ml/min.

2.3. Preparation of Angelicae Tuhou Radix
extract

A 1.00 g sample of powdered Angelicae
Tuhou Radix was extracted with 70% methanol
(5 ml) by refluxing for 10 min, then centrifuged
at 1500 g for 5 min. Extraction was repeated
three times. The extracts were combined and
filtered through a No. 1 filter-paper. After the
addition of 2.00 ml of internal standard solution
(2 mg of 4-hydroxybenzoic acid in 1 ml of 70%
methanol), the Angelicae Tuhou Radix extract
was diluted to 25 ml with 70% methanol.

3. Results and discussion
3.1. HPLC method

It is very common to assay coumarins by
HPLC. Thompson and Brown [22] used seven
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solvent systems in sequence to separate a total of
67 coumarins [22] and Vande Castecle et al. [23]
utilized a combination of isocratic and linear-
gradient elution to separate 43 coumarins. How-
ever, the previous HPLC methods could not be
easily applied to the simultaneously separation of
the nine coumarins selected.

A preliminary experiment was first conducted
with isocratic elution using 60% and 50% ace-
tonitrile at a flow-rate of 0.6 ml/min. In both
instances, the nine compounds gave only eight
peaks, compounds 4 and 5 being completely
overlapped. At 60% acetonitrile, the analysis
could be accomplished within 20 min but the
peaks of 2 and 3 were too close together. With
50% acetonitrile, a good separation of 1-3 and
6—9 could be obtained; the elution time was 42
min and peaks 8 and 9 were broad. After a series
of experiments, it was found that linear-gradient
elution with the profile given in Section 2.2
separated all the coumarins well. Fig. 2a shows
the separation of the authentic coumarins with
the following retention times: 2, 17.8; 1, 25.1; 3,
25.7; 4, 30.9; 5, 31.5; 6, 35.0; 7, 37.5; 8, 45.1 and
9, 46.0 min. It is noticeable that a marked

0.4+

0.3

Absorbance (AU)
o
N

(=}
-
1

0.O< T A 1
0 10 20 30 40 50
Retention time (min)

change in retention times was obtained with only
slight variations of mobile phase composition.
When the water—acetonitrile component of sol-
vent B was changed to 1:9 and solvent A kept
constant, the retention times of the coumarins
were as follows: 2, 16.8; 3, 23.5; 1, 23.7; 4, 28.2;
S, 28.6; 6, 31.2; 7, 33.4; 8, 40.3; and 9, 41.5 min.
Thus not only was a much worse resolution of 4
and S obtained, but also a completely overlapped
peak for 1 and 3 was found.

3.2. MEKC method

All nine coumarins and 4-hydroxybenzoic acid
(internal standard) were successfully determined
in a single run by MEKC under suitable con-
ditions. The separation was achieved by optimiz-
ing the cartridge temperature, the applied volt-
age and the concentrations of SDS, organic
modifier and buffer.

Cartridge temperatures of 20, 25, 28, 30, 35,
40 and 45°C and applied voltages of 15, 18, 20,
22, 25 and 28 kV were studied. Values of 30°C
and 20 kV were chosen, because longer migra-
tion times and broader peak widths were ob-
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o
-
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Fig. 2. HPLC of (a) a mixture of nine authentic coumarins and (b) an extract of Angelicae Tuhou Radix. Column: Cosmosil
5Cs-AR (250 mm x 4.6 mm I1.D., particle size 5 um). Eluents: solvent A, H,O-CH,CN (8:2); solvent B, H,O-CH,CN-
CH,0H (2:9:9). Elution profile: 0-40 min, 100-0% A (0-100% B); 40-50 min, 100% B. Detection: UV at 322 nm. Peak

numbers as in Fig. 1.
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tained with lower values and a poorer resolution
for the test solution was found with higher
values.

Preliminary experiments were first carried out
using 15 mM Na,B,0, and 15 mM NaH,PO,
without SDS in the electrophoretic medium. In
this case, all courmarins except umbelliferone
migrated with the electroosmotic flow (EOF),
indicating that all the eight coumarins possess
neutral and similar properties under such con-
ditions. However, with SDS, the components in
the mixture sample can be separated on the basis
of their relative affinities for the micellar en-
vironment against the bulk aqueous phase. In
order to study the effect of SDS concentration

24.00

20.00

16.00

Migration time (min)

—
!0
(=1
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8.00

4.00 L L =
0.0 10.0 20.0 30.0 40.0 50.0

SDS concentration (mM)

Fig. 3. Effect of SDS concentration on migration time.
Electrophoretic medium: 0-50 mM SDS~15 mM Na,B,0,-
15 mM NaH,PO,. Capillary: 67.5 cm (59.5 cm to detector) x
50 um L.D. Applied voltage: 20 kV. Cartridge temperature:
30°C. Detection: UV at 200 nm. *=EQOF; O=1; A=2;
=3, Xx=4,0=5,0=6;0=7, A=8; O=9.

on the separability, seven electrolyte systems
containing different SDS concentrations (0, 5,
10, 20, 30, 40 and 50 mM) were used. The
results obtained are shown in Fig. 3. The migra-
tion times of all the compounds became longer
as the SDS concentration increased. At 20 mM
SDS, most peaks were separated very well ex-
cept for 3 and 4, which slightly overlapped. At
lower concentrations (5 or 10 mM), 3 and 4
completely overlapped. At higher concentrations
(30, 40 or 50 mM), the resolution between 8 and
9 became poorer. The resolution values (R,)
between 8 and 9 were 1.54, 0.67, 0.51 and 0.37
when 20, 30, 40 and 50 mM SDS were used,
respectively.

It is known that the addition of organic modi-
fier to the buffer solution can greatly improve
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Fig. 4. Effect of CH,CN concentration on migration time.
Electrophoretic medium: mixture of 0-20% CH,CN with a
buffer of 20 mM SDS-15 mM Na,B,0,-15 mM NaH,PO,.
Other conditions and symbols as in Fig. 3.
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the resolution of the solutes. Fig. 4 shows the
effect of acetonitrile concentration (0-20%) on
the selectivity of the separation. The electro-
osmotic flow decreases with increasing acetoni-
trile concentration. The migration times would
be longer when the factor causing the decrease in
electroosmotic flow was dominant. On the other
hand, the migration times would become shorter
if the factor lessening the interaction between
solute and micelles was dominant. Fig. 4 indi-
cates that the migration times of 2, 8 and 9
became longer and those of 3—6 became shorter
as the acetonitrile concentration was increased
from 0 to 12%. At 20% acetonitrile, the migra-
tion times of most compounds became much
shorter owing to the latter factor being complete-
ly dominant. In addition, the resolution between
3 and 4 was obviously improved when acetoni-
trile was added. The R, values between 3 and 4
were 1.54, 2.10 and 3.42 when 0, 2 and 4% of
acetonitrile were used, respectively. At 4% ace-
tonitrile, 3 and 4 could be completely separated.

The buffer concentration and the pH of the
electrophoretic medium are two other governing
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factors in separation. After a series of experi-
ments, it was found that a solution consisting of
15 mM Na,B,0,-15 mM NaH,PO, (pH 8.26)
was the optimum, and an electrolyte consisting
of buffer solution (20 mM SDS-15 mM
Na,B,0,-15 mM NaH,PO,)-acetonitrile (24:1)
was found to give the best resolution. Fig..5a is
an electropherogram showing the separation of
the nine coumarins with the following migration
times and plate numbers: 1, 7.5 min, 3.04- 10%;
2, 9.6 min, 2.76-10°; 3, 10.4 min, 1.10-10; 4,
10.9 min, 9.96-10*; L.S., 11.4 min, 8.61-10% 5,
12.1 min, 1.08-10°; 6, 13.9 min, 9.52-10%; 7,
16.8 min, 1.10-10°; 8, 20.3 min, 4.42-10*; and
9, 21.0 min, 1.02 - 10°.

3.3. Method validation

The A_,, of most coumarins is around 200 nm,
which can be used as the detection wavelength
for MEKC measurements but not for HPLC
owing to a serious cut-off from the eluent in this
region. A wavelength of 322 nm, another ab-
sorption maximum for 2, 3, 7, 8 and 9 in UV
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Fig. 5. Capillary electropherograms of (a) a mixture of nine authentic coumarins and (b) an extract of Angelicae Tuhou Radix.
Electrophoretic medium: buffer (20 mM SDS-15 mM Na,B,0,-15 mM NaH,PO,)-CH,CN (96:4). Capillary: 67.5 cm (59.5 cm
to detector) X 50 um I.D. Applied voltage: 20 kV. Cartridge temperature: 30°C. Detection: UV at 200 nm. Peak numbers as in

Fig. 1; L.S. (internal standard) = 4-hydroxybenzoic acid.
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spectra, was therefore chosen for the HPLC
assay. The sensitivities at 200 nm are about
1.16-3.57 times those of 322 nm. The detection
limits (signal-to-noise ratio=3) of these
coumarins in HPLC varied from 0.20 to 0.38
pg/ml (flow cell length 10 mm) and those in
MEKC are listed in Table 1.

Linearity

Calibration graphs (peak-area ratio, y, vs.
concentration in mg/ml, x) were constructed in
the range 9.28-107°-0.186 mg/ml for 3, 5.60-
107°-0.112 mg/ml for 4 and 1.60-107%-0.320
mg/ml for other seven compounds. Linear rela-
tionships were found with the correlation co-
efficients >0.999.

Precision

The reproducibility (R.S.D.) of the MEKC
method, on the basis of peak-area ratios for six
replicate injections, is shown in Table 1. The
R.S.D.s of the migration time of each peak for
six replicated injections were below 0.65% (in-
tra-day) and 1.35% (inter-day). The R.S.D.s for
the HPLC method, on the basis of peak area for
six replicate injections, were 0.52-1.76% (intra-
day) and 0.63-2.31% (inter-day) and the
R.S.D.s of the retention time for six replicated
injections were below 0.18% (intra-day) and
0.33% (inter-day).

Table 1
Detection limits and reproducibility of separation of
coumarins.

Coumarin Detection limit R.S.D. (%) (n=6)
(ng/ml)
Intra-day Inter-day
1 3.93 1.05 1.44
2 1.60 0.61 0.90
3 4.08 1.42 1.45
4 2.80 1.86 2.43
5 3.82 1.31 2.00
6 3.67 1.27 1.40
7 2.29 1.79 2.59
8 2.57 2.37 3.94
9 3.89 0.77 1.89

Accuracy

Suitable amounts of the nine coumarins were
added to a standard solution with known con-
centrations of components and analysed using
the proposed procedure. The recoveries of all
coumarins determined were around 98-103%.

The asymmetry factor was 0.81 for 1, 1.00 for
2, 0.79 for 3, 0.82 for 4, 1.00 for 1.S., 0.88 for 5,
0.88 for 6, 0.90 for 7, 0.91 for 8 and 0.94 for 9.

3.4. Separation of coumarins in Angelicae
Tuhou Radix

When the test solution was analyzed by
MEKC under the selected conditions, the elec-
tropherogram shown in Fig. 5b was obtained.
The peaks were identified by comparison of the
migration times and UV spectra with those
obtained from authentic samples of the
coumarins, and by spiking the mixture with a
single coumarin in a subsequent run. It was
found that only columbianetin, columbianetin
acetate, osthol and columbianadin were present
in the extract of Angelicae Tuhou Radix. By
substituting the peak-area ratios of the individual
peaks for y in the above equations, the contents
of the individual coumarins in the test sample
were obtained: 3, 0.36 =0.03; 7, 0.60 =0.03; 8,
3.89+0.20; and 9, 1.88+0.20 mg/g (mean*+
S.D.; n=4). Amounts of 0.25 mg of 3, 0.24 mg
of 7, 0.97 mg of 8 and 0.56 mg of 9 were added
to a sample of Angelicae Tuhou Radix with
known concentrations of components and ana-
lysed using the proposed procedures. The re-
coveries of these coumarins determined were
around 97-110%.

The test solution was also analysed by HPLC
and the chromatogram is shown in Fig. 2b. A
smoother baseline and much better resolution of
8 and 9 than those obtained by MEKC were
obtained, but no separated peaks were observed
in the 30-35-min region. Therefore, it is very
difficult to ascertain whether or not 4 and § were
present in the crude extract using the HPLC
method.

In conclusion, the coumarins in crude drug
extracts could be successfully determined either
by MEKC or HPLC. The MEKC method gives a
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shorter run time (MEKC, 22 min; HPLC, 47
min) and can provide better resolution for 4 and
5, if present, but shows worse baseline noise and
gives a lower resolution for 8 and 9.
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Abstract

The chiral separation ability of unmodified and di- and trimethylated a-, 8- and y-cyclodextrins (CDs) as chiral
selectors in capillary zone electrophoresis was investigated in the presence of urea derivatives using twelve
dansylamino acids as model solutes. The addition of these urea derivatives (unsubstituted, methyl-, ethyl- and
1,3-dimethylureas) produced dramatic enhancement in the enantioselectivity of unmodified 8-CD but also reduced

the enantioselectivities of the other CDs.

1. Introduction

Capillary zone electrophoresis (CZE) is a
technique for the chiral separation of a wide
range of ionic and ionizable compounds under-
going rapid development at the present time
owing to its rapid run-times, extremely high
separation efficiencies, low sample requirements,
etc. [1,2]. In order to perform chiral separations,
various chiral selectors are added to the CZE
running buffers. Unmodified and chemically
modified cyclodextrins (CDs) have been success-
fully utilized for these purposes. Among the
various kinds of chemically modified CD deriva-
tives, methylated ones have been widely used as
chiral selectors for CZE [3-15].

In previous papers, we reported the chiral
separation of dansylamino acids by CZE using
unmodified «-, B- and +y-CDs or 2,6-di-

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00501-3

methylated and 2,3,6-trimethylated «- and B-
CDs [16] and selectively methylated B-CDs [17]
as chiral selectors. The chemical modifications of
a- and B-CDs produced remarkable changes in
their enantioselectivities for the dansylamino
acids. In these experiments, the chiral selector
concentration was fixed at 10 mM, considering
the low aqueous solubility of B8-CD. The CD
concentration is one of the very important fac-
tors which affect the CD enantioselectivity [18].
Urea has been utilized to increase the B-CD
solution concentration further above its water
solubility (ca. 14-16 mM) {19,20].

Recently, we found that the chiral separation
of the dansylamino acid enantiomers is greatly
enhanced by the addition of urea to a running-
buffer solution containing unmodified B-CD as
the chiral selector. In this paper, we describe the
addition of unsubstituted, methylated or
ethylated urea to running-buffer solutions for the
chiral separation of dansylamino acids as model

© 1995 Elsevier Science B.V. All rights reserved



332 M. Yoshinaga, M. Tanaka | J. Chromatogr. A 710 (1995) 331-337

solutes by CZE with unmodified and di- and
trimethylated «-, 8- and y-CD derivatives.

2. Experimental
2.1. Apparatus

An Applied Biosystems (Foster City, CA,
USA) Model 270A fully automated CZE system
was used, with a 72 cm long (50 cm from inlet to
detector) X 50 um I.D. fused-silica capillary. On-
column UV detection at 220 nm was performed
at the cathodic end of the capillary. The tem-
perature and applied voltage were held constant
at 30°C and 20 kV, respectively, unless otherwise
specified. Sample solutions (0.2 mM) were in-
jected by a vacuum technique (12.7 cmHg pres-
sure difference for 1.0 s) after introducing
methanol as a neutral marker to estimate the
osmotic flow. Before each run, the capillary was
rinsed successively with 0.1 M NaOH and the
running buffer. Electropherograms were re-
corded with a Hitachi (Hitachi, Japan) D-2500
Chromato-integrator. All experiments were run
in duplicate to ensure reproducibility.

2.2. Reagents

Unmodified «-, 8- and y-CDs were purchased
from Ensuiko Seito (Yokohama, Japan), and
their 2,6-di-O-methylated and 2,3,6-tri-O-
methylated derivatives were prepared by well-
known methods [21,22]. After isolation, crude
methylated CD derivatives were fractionated by
silica-gel column chromatography, using chloro-
form—methanol as eluents. The methylated CD
derivatives thus obtained were characterized by
'H and “C NMR spectroscopy and fast atom
bombardment mass spectrometry (FAB-MS).
The di- and trimethylated CDs obtained are
denoted by prefixing the unmodified CDs with
DM- and TM-, respectively. The composition of
the methylated CD derivatives used here for
CZE was estimated by FAB-MS and is given in
Table 1. Dansylamino acids were obtained from
Sigma (St. Louis, MO, USA) and others from
Wako (Osaka, Japan).

Table 1
Composition of methylated CD derivatives

CD derivative Composition (% )"

-CH, O +CH, +2CH,
DM-y-CD 0 60.6 30.9 8.5
TM-a-CD 7.5 92.5 0 0
TM-B-CD 8.2 91.8 0 0
* O =desired methylated CD; — =under-methylated CD

derivative; + = over-methylated CD derivative.

Running buffers were prepared by dissolving
each CD at 10 mM in 0.1 M sodium borate-0.05
M sodium phosphate buffer (ionic strength 0.143
M). Its pH was fixed at 9.0 in order to run the
solutes in their fully ionized forms. The buffer
solutions were filtered through a membrane filter
after ultrasonication for 10 min prior to use.

3. Results and discussion

3.1. Addition of urea to unmodified
B-CD-containing buffers

The extent of separation of the two peaks of a
racemate is usually represented by the well-
known factor of R,. However, this R, does not
efficiently give the extent of separation for the
poorly resolved peaks, because their width can-
not be precisely measured. Therefore, the res-
olution was expressed as R'=100(H — H')/H,
where H and H' are the height of the first peak
and that of the valley between the two peaks,
respectively. In this definition, the greater the R’
value, the better the resolution, and R’ = 100
represents a baseline separation of the two
peaks.

The separation of the enantiomers in this CZE
method is based on their inclusion complex
formation with CDs. Therefore, it is essential to
examine the effect of CD concentration in the
running buffer. Since the diameter of B-CD is
similar to that of naphthalene, B-CD tightly
encapsulates dansylamino acids [23]. Conse-
quently, the effect of the 8-CD concentration on



M. Yoshinaga, M. Tanaka | J. Chromatogr. A 710 (1995) 331-337

the chiral separation of the dansylamino acids
was examined. 8-CD could be dissolved even at
40 mM in the above-mentioned buffer at pH 9.0.
Table 2 gives the chiral separation of the twelve
pairs of dansylamino acid enantiomers in the
presence of B-CD over a range of 0-40 mM. On
the whole, the optimum B-CD concentration
seems to be in the range of 10-15 mAM, though
dansyl-p,L-a-amino-n-butyric acid and -phenyl-
alanine exhibit different behaviours.

The applied voltage is also considered to affect
the chiral separation. Therefore, the R’ values
for the dansylamino acids were evaluated by
increasing the applied voltage from 10 kV in
steps of 5 kV. When 25 kV was applied to the
buffer (pH 9.0) in the presence of 10 mM B-CD,
the electrical current exceeded 80 nA. Based on
the R’ values, this is too high, and a current
below ca. 60 uA is preferred. A linear decrease
in current with an increase in urea concentration
was reported in micellar electrokinetic chroma-
tography [24]. The addition of urea (7 M) to the
buffer containing 10 mM B-CD decreased the
current to ca. 30 uA at 20 kV (about half of that
observed in the absence of urea) and to ca. 56
#A even at 30 kV, as expected. Table 3 gives the
effect of the applied voltage (15-30 kV) on the
chiral separation of dansylamino acids in the
presence of both 10 mM B-CD and 7 M urea.

Table 2
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Table 3

Effect of the applied voltage on the chiral separation (R’
values) of dansylamino acids in the presence of 10 mM 8-CD
and 7 M urea (pH 9.0)

Dansylamino acid Applied voltage (kV)

15 20 25 230

a-Amino-n-butyric acid 100 98.6 98.5 93.5
Aspartic acid 100 100 100 100

Glutamic acid 100 100 100 100

Leucine 91.3 97.8 99.0 70.9
Methionine 89.3 92.6 94.8 75.6
Norleucine 87.3 93.8 95.0 83.6
Norvaline 90.7 96.8 97.5 79.1
Phenylalanine 85.3 84.8 90.6 50.0
Serine 97.0 98.1 99.2 93.9
Threonine 98.6 100 100 96.5
Tryptophan 43.7 10.5 10.7 27.3
Valine 100 100 100 98.2

Except for dansyl-p,L-a-amino-n-butyric acid
and -tryptophan, an applied voltage of 20 or 25
kV produced slightly larger R’ values than those
at 15 or 30 kV. Compared with the R’ values for
the buffer containing 10 mM B-CD in the ab-
sence of urea (Table 2), the addition of 7 M urea
dramatically enhanced the enantioselectivity of
B-CD for the dansylamino acids. Namely, their
enantiomers could be completely or nearly

Effect of 8-CD concentration on the chiral separation (R’ values) of dansylamino acids (pH 9.0)

Dansylamino acid

Concentration of f-CD (mM)

0 5 10 15 20 30 40
a-Amino-n-butyric acid 0 26.7 9.2 0 0 0 0
Aspartic acid 0 100 100 100 100 100 100
Glutamic acid 0 100 100 97.7 96.6 75.9 26.4
Leucine 0 41.8 52.7 79.3 66.2 53.0 48.7
Methionine 0 12.2 28.0 221 2.5 0 0
Norleucine 0 16.3 29.3 59.8 35.8 12.5 2.7
Norvaline 0 28.1 36.7 40.5 30.8 10.5 0
Phenylalanine 0 0 0 0 21.6 32.0 47.2
Serine 0 19.6 28.8 31.6 0 0 0
Threonine 0 80.2 88.1 86.6 79.4 61.6 26.0
Tryptophan 0 0 0 0 0 0 0
Valine 0 68.3 70.8 75.7 53.7 3.1 0




334

M. Yoshinaga, M. Tanaka |/ J. Chromatogr. A 710 (1995) 331-337

A B c
R'=0 R'=28.8
ol L
PO
8 10 8 10 T8 10
R'=98.6 R'=84.8 R'=98.1
Dl L DML DL
»
12 4 T2 14 iz 1
Time (min)

Fig. 1. Chiral separations of (A) dansyl-D,L-a-amino-n-butyric acid, (B) dansyl-D,L-phenylalanine and (C) dansyl-D,L-serine with
10 mM B-CD before (upper traces) and after (lower traces) the addition of 7 M urea.

baseline separated except for dansyl-b,L-trypto-
phan.

Fig. 1 shows typical electropherograms dis-
playing the dramatic enhancement in the enan-
tioselectivity of B-CD for dansyl-p,L-a-amino-n-
butyric acid, -phenylalanine and -serine after the
addition of 7 M urea. In the presence of un-
modified 8-CD, the p-enantiomer migrated fas-
ter than the corresponding L-enantiomer, regard-
less of the presence of urea. Under the CZE
conditions described in the Experimental sec-
tion, B-CD having no charge is transported
toward the negative electrode by electroosmotic
flow (V_,). In the absence of B-CD, each
negatively-charged dansylamino acid migrates
toward the negative electrode with the difference
between V., and its electrophoretic velocity (V,,)
being V,,>V,,. When included into a B-CD
cavity, the solute is transported toward the
negative electrode faster, because of the de-
crease in V,,. This, therefore, indicates that a
faster migrating enantiomer interacts more
strongly with the B-CD cavity than a slower
migrating one.

3.2. Effect of urea on the enantioselectivities of
CDs other than B-CD

It is of great interest to investigate the effect of
urea addition on the enantioselectivities of the
CD derivatives other than the above-mentioned
unmodified B-CD. The enhanced effect in the
chiral separation with the already mentioned
urea increased with an increase in the urea
concentration (up to 7 M examined). Therefore,
it was fixed at 7 M, while the CD concentration
was fixed at 10 mM in further experiments.
Table 4 gives the results for unmodified y-CD,
DM-y-CD, TM-a-CD and TM-B8-CD before and
after the addition of 7 M urea, together with the
results for unmodified 8-CD already given. Ex-
cept for dansyl-p,L-phenylalanine, the addition
of urea reduced their enantioselectivities in the
case of these CDs other than unmodified B-CD,
in particular the methylated CD derivatives. The
chiral separation of dansyl-D,L-phenylalanine was
enormously enhanced by the addition of urea to
the buffer solution containing y-CD (R’, from 0
to 100) or DM-y-CD (R’, from 37.3 to 98.0).
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Table 4
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Effect of urea addition on the chiral separation (R’ values) of dansylamino acids (pH 9.0)

Dansylamino acid Urea (M)

B-CD v-CD DM-y-CD* TM-a-CD T™-B-CD?*

0 7 0 7 0 7 0 7 0 7
a-Amino-n-butyric acid 9.2 98.6 100 96.5 3.7 0 64.2 0 0 0
Aspartic acid 100 100 87.8 0 0 0 0 0 0 0
Glutamic acid 100 100 100 96.1 98.9 0 0 0 0 0
Leucine 52.7 97.8 100 100 0 0 99.2° 34.1* 100 90.7
Methionine 28.0 92.6 99.2 91.6 76.1 5.7 5.8 0 0 0
Norleucine 29.3 93.8 99.0 100 93.9 68.7 88.1 0 92.7 90.9
Norvaline 36.7 96.8 100 100 7.6 0 0 0 48.0 18.7
Phenylalanine 0 84.8 0 100 37.3 98.0 99.1* 20.6* 92.1 95.7
Serine 28.8 98.1 0 0 0 0 0 0 0 0
Threonine 88.1 100 100 76.1 16.1 0 0 0 0 0
Tryptophan 0 10.5 0 0 100 100 28.4° 0 76.6 0
Valine 70.8 100 99.4 98.6 0 0 43.9 0 38.7 0
Migration time 7.05 9.79 7.63 10.22 7.35 10.00 7.88 10.67 7.67 10.61

of methanol (min)

* The L-enantiomer is the fast migrating enantiomer.

The dramatic enhancement in the enantiosel-
ectivity of unmodified B-CD induced by the
addition of urea seems to be a unique behaviour.
The reason for this enhanced effect in the chiral
separation with urea is not clear at present. The
resolution for a pair of enantiomers in CD-modi-
fied CZE varies with various parameters, such as
the difference in apparent mobility between two
enantiomers, their mobilities in the free and
complexed forms and the electroosmotic flow.
The electroosmotic flow is decreased by the
addition of urea, as can be estimated from the
migration times of methanol in Table 4. This
decreased electroosmotic flow may result in the
enhanced enantioselectivity. In the case of un-
modified B-CD, the migration-time difference
between the p- and L-enantiomers of each solute
is larger after the addition of urea. However, this
is not necessarily true for the other CDs listed in
Table 4. Moreover, the larger time difference
does not always bring about a higher enantio-
selectivity. The R’ value for dansyl-p,L-phenyl-
alanine increased from 0 to 84.8 by the addition
of urea to the B-CD-containing buffer and also
from 0 to 100 by the addition of urea to the

v-CD-containing buffer. It seems to be unlikely
that these abrupt increases can be ascribed to
only the decreased electroosmotic flow. The urea
addition is also considered to affect the complex
formation of the enantiomers with CDs. Conse-
quently, in order to convincingly explain the
enhanced effect in the chiral separation with
urea, further quantitative work is needed.
Neither «-CD nor TM-y-CD exhibited any
enantioselectivity for the dansylamino acids,
regardless of the presence of urea. This is as-
cribed to the weak and/or scarce interaction
between the dansylamino acids and a-CD or
TM-y-CD. Both DM-«a- and -B8-CDs could sepa-
rate only two dansylamino acid enantiomers.

3.3. Addition of substituted ureas to 3-CD

The additional effect of three alkylated ureas
(methyl-, ethyl- and 1,3-dimethylurea) on the
enantioselectivity of B8-CD was also examined.
Methylurea at 1, 4 or 7 M was added to the
running buffer containing 10 mM B-CD in order
to investigate the effect of the methylurea con-
centration on the enantioselectivity. Fig. 2 shows
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Fig. 2. Effect of methylurea concentration on enantioselec-
tivity of B-CD (10 mM ). Solutes: A = dansyl-D,L-aspartic
acid, B =dansyl-D,L-leucine, C = dansyl-D,L-a-amino-n-
butyric acid, D = dansyl-D,L-norleucine, E = dansyl-D,L-
phenylalanine.

the results for five pairs of the dansylamino acid
enantiomers. In the presence of 7 M methylurea,
the migration time of each solute was more than

Table 5

40 min and those of dansyl-p,L-aspartic and
-glutamic acids exceeded 2 h. Therefore, the
concentration of methylurea was fixed at 4 M.
Table 5 gives the R’ values for the dansylamino
acids after the addition of 4 M methyl-, ethyl- or
1,3-dimethylurea to the 10 mM B-CD buffer
solution. Compared with unsubstituted urea,
these alkylated ones produced larger migration
times for methanol and the solutes, which means
smaller electroosmotic flows. Dansyl-p,L-aspartic
and -glutamic acids were not eluted in the
presence of 4 M ethyl- or 1,3-dimethylurea.
Apparently, the addition of these alkylated ureas
also enhanced the enantioselectivity of 8-CD, as
well as the addition of unsubstituted urea.

Fig. 3 shows typical electropherograms for the
separations of the dansyl-p,L-leucine and -D,L-
threonine enantiomers with 10 mM B-CD before
and after the addition of 4 M 1,3-dimethylurea.

In conclusion, the addition of urea or the
alkylated ureas produced a dramatic enhance-
ment in the enantioselectivity of B-CD for
dansylamino acid enantiomers. Further detailed
work is needed to convincingly explain this
increased enantioselectivity of B-CD and the
decreased enantioselectivities of the other CDs.
The proposed method can separate the
dansylamino acid enantiomers but not the
racemic dansylamino acids from each other.

Effect of the addition of substituted ureas (4 M) on the chiral separation (R’ values) of dansylamino acids in the presence of 10

mM B-CD (pH 9.0)

Dansylamino acid Methylurea Ethylurea 1,3-Dimethylurea®
a-Amino-n-butyric acid 81.6 78.0 94.7
Aspartic acid 100 =° -°
Glutamic acid 100 =° -°
Leucine 91.1 94.1 100
Methionine 45.6 31.0 80.4
Norleucine 56.7 371 91.2
Norvaline 59.7 56.1 85.0
Phenylalanine 68.5 55.7 85.3
Serine 74.0 70.2 93.1
Threonine 951 94.6 100
Tryptophan 0 0 0
Valine 93.3 94.7 98.3

* Applied voltage = 30 kV.
® Not eluted.
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Fig. 3. Chiral separations of (A) dansyl-D,L-leucine and (B)
dansy!l-D,L-threonine with 10 mM B-CD before (upper traces)
and after (lower traces) the addition of 4 M 1,3-dimethyl-
urea.

More than twenty racemic dansylamino acids
have been successfully separated by micellar
electrokinetic chromatography wusing sodium
dodecyl sulphate [25,26]. Thus the introduction
of sodium dodecyl sulphate to the described 8-
CD method is of great interest in chiral sepa-
ration of racemic dansylamino acid mixtures.

References

[1} S.F.Y. Li, Capillary Electrophoresis, Elsevier, Amster-
dam, 1992.

[2] P.D. Grossman and J.C. Colburn, Capillary Electro-
phoresis, Academic, San Diego, CA, 1992.

[3] S. Fanali, J. Chromatogr., 474 (1989) 441-446.

[4] J. Snopek, H. Soini, M. Novotny, E. Smolkova-
Keulemansova and I. Jelinek, J. Chromatogr., 559
(1991) 215-222.

[5] T.E. Peterson and D. Trowbridge, J. Chromatogr., 603
(1992) 298-301.

[6] S. Fanali, M. Flieger, N. Steinerova and A. Nardi,
Electrophoresis, 13 (1992) 39-43.

[7] P. Gareil, J.P. Gramond and F. Guyon, J. Chromatogr.,
615 (1993) 317-325.

[8] T.E. Peterson, J. Chromatogr., 630 (1993) 353-361.

[9] M.W.F. Nielen, Anal. Chem., 65 (1993) 885-893.

[10] S.A.C. Wren and R.C. Rowe, J. Chromatogr., 635
(1993) 113-118.

[11] M. Heuermann and G. Blaschke, J. Chromatogr., 648
(1993) 267-274.

[12] C. Quang and M.G. Khaledi, J. High Resolut. Chroma-
togr., 17 (1994) 99-101.

[13] S.G. Penn, E.T. Bergstrom, D.M. Goodall and J.S.
Loran, Anal. Chem., 66 (1994) 2866-2873.

[14} L.S. Lurie, R.F.X. Klein, T.A.D. Cason, M.J. LeBelle,
R. Brenneisen and R.E. Weinberger, Anal. Chem., 66
(1994) 4019-4026.

[15] H. Nishi, Y. Kokusenya, T. Miyamoto and T. Sato, J.
Chromatogr. A, 659 (1994) 449-457.

[16] M. Tanaka, M. Yoshinaga, S. Asano, Y. Yamashoji and
Y. Kawaguchi, Fresenius J. Anal. Chem., 343 (1992)
896-900.

[17] M. Yoshinaga and M. Tanaka, J. Chromatogr. A, 679
(1994) 359-365.

[18] S.A.C. Wren and R.C. Rowe, J. Chromatogr., 603
(1992) 235-241.

[19] D.Y. Pharr, Z.-S. Fu, T.K. Smith and W.L. Hinze,
Anal. Chem., 61 (1989) 275-279.

[20] R.P. Frankewich, K.N. Thimmaiah and W.L. Hinze,
Anal. Chem., 63 (1991) 2924-2933.

[21] J. Boger, R.J. Corcoran and J.-M. Lehn, Helv. Chim.
Acta, 61 (1978) 2190-2218.

[22] J. Szejtli, A. Liptdk, L. Joda, P. Figedi, P. Nanasi and
A. Neszmélyi, Starch/Starke, 32 (1980) 165-169.

[23] D.W. Armstrong, T.J. Ward, R.D. Armstrong and T.E.
Beesley, Science, 232 (1986) 1132-1135.

[24] S. Terabe, Y. Ishihama, H. Nishi, T. Fukuyama and K.
Otsuka, J. Chromatogr., 545 (1991) 359-368.

[25] E. Skocir, J. Vindevogel and P. Sandra, Chromato-
graphia, 39 (1994) 7-10.

[26] S. Michaelsen, P. Mgller and H. Sérensen, J. Chroma-
togr. A, 680 (1994) 299-310.






.
1N
e ¥ P L RS

LSEVIE

Journal of Chromatography A, 710 (1995) 339-345

JOURNAL OF
CHROMATOGRAPHY A

Enantiomeric separation of amphetamine related drugs by
capillary zone electrophoresis using native and derivatized
B-cyclodextrin as chiral additives

Sabine Cladrowa-Runge®, Robert Hirz”, Ernst Kenndler®, Andreas Rizzi*"

*Institute of Analytical Chemistry, University of Vienna,Wihringerstrafle 38, A-1090 Vienna, Austria
®Department of Forensic Sciences, Federal Ministry of Interior, Liechtenwerderplatz, A-1090 Vienna, Austria

First received 20 February 1995; revised manuscript received 20 April 1995; accepted 21 April 1995

Abstract

Amphetamine, methamphetamine and several ring-substituted analogs which are under governmental regulations
have been separated by capillary zone electrophoresis employing native and various substituted g8-cyclodextrins as
additives to the background electrolyte. The following chiral selectors were used: native B-cyclodextrin, heptakis-
(2,6-di-O-methyl)-B-cyclodextrin, heptakis-(2,3,6-tri-O-methyl)-B-cyclodextrin, (2-hydroxy)propyl-B-cyclodextrin
and carboxymethyl-B-cyclodextrin. The amphetamines were separated without derivatization. Separations are
reported with respect to the kind of chiral selector. Native B-cyclodextrin and carboxymethyl-B-cyclodextrin turned
out to give optimal resolutions within only a few minutes. This direct method is compared with the indirect method
separating the diastereomeric Marfey’s derivatized amphetamines by means of non-chiral sodium dodecylsulfate

micelles.

1. Introduction

Because of the increasing popularity of am-
phetamine, methamphetamine and various ring-
substituted amphetamines as drugs which act as
central nervous stimulants, these compounds are
receiving more and more attention in clinical,
pharmacological and toxicological science [1]. As
the enantiomers of amphetamine have different
pharmacological and toxicological potential
[2,3]-and a similar situation can be expected for
their derivatives—separation and quantitation of
the single enantiomers are required. The en-

* Corresponding author.
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antiomeric composition i$ also of interest in
forensic analysis, as in some countries the con-
trolling regulations for the optical isomers are
different. The enantiomer pattern is further
supposed to lead to information about the origin
and the way of preparation of the administered
drug samples [4].

Recently enantioseparation has been reported
for nine amphetamine related drugs using HPLC
[5]. Direct separation by means of a chiral
stationary phase consisting of immobilized S-
cyclodextrin (8-CD) was obtained within analy-
sis times of ca. 20 to 30 min. Some of the
compounds could be separated without derivati-
zation, for some others derivatization prior to
enantiomeric separation was required. Alterna-

© 1995 Elsevier Science BV. All rights reserved
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tively, most of the analytes could be separated
also by simple non-chiral reversed-phase chro-
matography after derivatization of the analytes
with optical pure Marfey’s reagent to form
diastereomeric compounds.

Beside the HPLC methods, capillary zone
electrophoresis (CZE) has become a powerful
tool for enantiomer separation, particularly
because of the shorter analysis times which often
can be achieved [6]. Direct methods of enantio-
separation can be performed by simply adding a
chiral selector to the background electrolyte
(BGE). Cyclic oligosaccharides, especially
cyclodextrins, are widely used as chiral selectors
[7-11]. The present paper deals with the direct
enantioseparation of nine different amphet-
amines (see Fig. 1), covering amphetamine,
methamphetamine and ring-substituted deriva-
tives of both, by using native 8-CD or several
derivatized B-cyclodextrins as additives to the
BGE. The use of modified chiral selectors allows
to achieve different enantioselectivity coefficients
due to differences in the host—guest complex-

NHZ Q\ﬂ: ; NHZ

amphetamine methamphetamine 4-hydroxy-
A MA amphetamine
HA

4-methoxy- 3,4-methylenedioxy- 3,4-methylenedioxy-
amphetamine methamphetamine ethamphetamine
4-MA MDMA MDEA
o o o
P Br
©\)NE Qi NH2
A A _o
2,5-dimethoxy- 2,5-dimethoxy- 4-bromo-2,5-dimethoxy-
amphetamine methamphetamine amphetamine
DMA DMMA BDOMA

Fig. 1. Structure of amphetamines and abbreviations used.

ation constants caused by differences in the
cavity size and shape, differences in the hydro-
phobicity and introduction of additional inter-
action sites. The amphetamines are analyzed
without any derivatization using their native UV
absorbance. The method thus becomes even
more simple, cheap and fast, especially con-
cerning sample preparation. The aim of the
present work is to specify conditions where all of
the amphetamines can be enantioseparated and
to study the influence of different selector sub-
stituents and analyte structure on the enantio-
separation.

The results obtained with the proposed meth-
od are finally compared with the results of an
alternative electrophoretic method proposed pre-
viously [12], i.e. the indirect enantioseparation
of the amphetamines after derivatizing the en-
antiomers to diastereomers by optically pure
Marfey’s reagent. These uncharged derivatives
are separated by use of micellar electrokinetic
chromatography .(MEKC) employing non-chiral
SDS micelles in alkaline solutions.

2. Experimental
2.1. Chemicals

Sodium hydroxide, sodium dihydrogenphos-
phate and phosphoric acid were purchased from
E. Merck (Darmstadt, Germany). Amphetamine
standards were gifts from the UNIDO laborator-
ies (Vienna, Austria). Native B-cyclodextrin (8-
CD) was a gift from the Department of Chemis-
try of the Polish Academy of Sciences (Warsaw,
Poland).  Heptakis-(2,6-di-O-methyl)-B-cyclo-
dextrin (DM-B-CD) containing about 14
methoxy-groups per 8-CD molecule), heptakis-
(2,3,6-tri-O-methyl)-B-cyclodextrin (TM-B-CD)
containing 21 methoxy-groups per -CD mole-
cule, (2-hydroxy)propyl-B-cyclodextrin (HP-8-
CD) containing about 6.3 hydroxypropyl-groups
per B-CD ring, and carboxymethyl-8-cyclodex-
trin (CM-B-CD) containing 2.5-3 carboxymethyl
groups per B-CD ring) were purchased from
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Cyclolab R&D Laboratory (Budapest, Hun-
gary).

Sodium dodecyisulfate (SDS) was purchased
from Fluka (Buchs, Switzerland), and Marfey’s
reagent from Sigma (Deisenhofen, Germany).

2.2. Apparatus and electrophoretic conditions

All experiments were carried out using an
HP-3D capillary electrophoretic  instrument
(Hewlett-Packard, = Waldbronn,  Germany),
equipped with a diode-array detector monitoring
a wavelength of 214 nm. A non-coated fused-
silica capillary (Hewlett-Packard; 48.5 cm total
length, 40 cm effective length, 50 um 1.D.) was
kept at a constant temperature of 20 + 0.1°C and
the applied voltage was 20 kV, unless stated
otherwise.

The background electrolyte (BGE) consisted
of an aqueous solution of 50 mM sodium di-
hydrogenphosphate at pH 2.5 (adjusted with
phosphoric acid) and 10 mM selector (8-CD or
derivatives).

Table 1

341

3. Results and discussion

3.1. Enantioseparation with different substituted
B-cyclodextrins

Enantioselectivity coefficients, r, for the am-
phetamines listed in Fig. 1 obtained by using
different B-CD based selectors are given in
Table 1. Enantioselectivity coefficients (separa-
tion factors) are calculated as the ratios of the
effective mobilities of the enantiomers. The
migration order of the amphetamines has not
been determined in this paper. The pH of 2.5
chosen for all analyses reported allowed to keep
the electroosmotic flow completely suppressed
and all of the analytes protonated.

Native B-CD

With native, nonderivatized B-CD all of the
amphetamines investigated could, at least par-
tially, be resolved. Baseline resolution was not
achieved for all compounds, although in all
instances the separation was sufficient to provide

Migration times and enantioselectivity coefficients (r) measured for amphetamines employing different chiral selectors

Amphetamine Chiral selector

B-CD DM-8-CD TM-B-CD HP-8-CD CM-3-CD*

t (min) r ¢t (min) r ¢t (min) r ¢t (min) r t (min) r
A 8.50 1.015 9.39 1.007 6.07 <1.003 6.48 1.011 13.07 1.028
MA 8.29 1.015 8.56 1.010 6.42 1.003 6.82 1.011 13.00 1.027
HA 10.09 1.017 6.36 1.008 6.61 1.011 6.06 1.011 19.03 1.043
4-MA 9.85 1.011 11.22 1.000 7.02 <1.003 7.60 1.011 17.55 1.027
MDMA 10.90 1.021 12.42 1.010 6.84 1.016 9.15 1.026 16.96 1.028
MDEA 12.01 1.017 13.32 1.007 7.38 1.020 10.31 1.025 30.76 1.026
DMA 8.30 1.013 10.24 1.020 6.96 1.015 8.61 1.004 12.50 1.016
DMMA 8.92 1.013 10.75 1.021 7.60 1.027 8.19 1.007 14.72 1.017
BDMA 8.32 1.005 9.19 1.004 7.83 1.000 7.54 1.000 11.94 1.000

Enantioselectivity coefficients are obtained by dividing the effective mobility of the faster migrating enantiomer, u,, by that of the
slower one, w,. Experimental conditions as specified in the Experimental section. BGE: aqueous solution of 50 mM sodium
dihydrogenphosphate, pH 2.5; selector concentration, 10 mM; temperature, 20°C; applied voltage, 20 kV.

Abbreviations: B-CD = nonderivatized (native) B-cyclodextrin; DM-B-CD = heptakis-(2,6-di-O-methyl)-8-CD; TM-B-CD =
heptakis-(2,3,6-tri-O-methyl)-8-CD; HP-B-CD = (2-hydroxy)propyl-8-CD; CM-B-CD = carboxymethylated B-CD.

* Applied voltage: 15 kV.



342 S. Cladrowa-Runge et al. | J. Chromatogr. A 710 (1995) 339-345

information whether racemic or non-racemic
samples are investigated. Fairly well resolution is
achieved for all compounds exhibiting enantio-
selectivity coefficients larger than 1.014 (cf. Fig.
2).

Methylated B-CDs

Both methylated cyclodextrins, i.e. DM-8-CD
and TM-B-CD, gave only low enantioselectivity
coefficients for most of the amphetamines. The
large and bulky di-substituted analytes DMA
and DMMA are the two exceptions. Both of
them are baseline separated with DM-8-CD and
best selectivity coefficients could be achieved for
DMA in this system, whereas for DMMA TM-B-
CD showed the highest selectivity. It is a matter
of efficiency that DMMA was separated to the
baseline only with DM-B-CD.

From the mechanistic point of view it is
obvious that methylation of two (DM-B8-CD) or
three (TM-B8-CD) hydroxyl groups per glucose
unit in the CD ring leads to increased hydro-
phobicity in the CD ring which simply enlarges
the size and width of the host molecule. It is
likely that the good resolution achievable with
methylated B-CDs, particularly for the bulky
dimethyl-substituted amphetamines which are

8.504
8.635
8.282
8.412
10.087
10.258
12,013
12,218
8,302
8.407

absorbance

l t 1

time [min]
Fig. 2. Electropherograms of five well separated amphet-
amines using native B-CD as selector. Abbreviations as in
Fig. 1. Experimental conditions: Non-coated fused-silica
capillary with 50 pm I.D., total length of 48.5 cm and
effective length of 40 cm. Detection wavelength, 214 nm.
BGE.: aqueous solution of 50 mM sodium dihydrogenphos-
phate at pH 2.5, 10 mM B-CD; temperature, 20°C, applied
voltage, 20 kV.

supposed not to be able to completely penetrate
the hydrophobic interior of the cavity of native
B-CD [5], can mainly be attributed to the re-
duced polarity of the rims of the cavity and the
enlargement of the host molecule.

Hydroxypropyl-B-CD

This selector molecule is used with a substitu-
tion degree of about 6.3. This means that on the
average each glucose unit in the 8-CD molecule
carries one substituent. The use of the hydroxy-
propylated selector gave good results for the
bicyclic amphetamines. For all other analytes no
improvement in resolution was observed com-
pared to the nonderivatized selector. Especially
for the bulky amphetamines DMA, DMMA and
BDMA-which are not able to penetrate the
cavity—the resolving power was low.

Carboxymethylated B-CD

The degree of substitution of the
carboxymethyl-8-CDs was ca. 2.5-3 carboxy-
methyl groups per CD ring. The application of
carboxymethyl-8-CD gave very good selec-
tivities. Particularly compared to native B-CD,
the separation factors were higher with CM-S-
CD in all cases except for BDMA. This com-
pound and the other two bulky dimethoxy am-
phetamines were the only exceptions; they are
better separated by a different selector, e.g.
DM-B-CD and to some extent TM-8-CD. How-
ever, even for two of these analytes baseline
resolution (DMMA) or near-baseline resolution
(DMA) was achieved with the carboxymethyl-
ated selector. However, some improvement in
resolution can be expected when improving the
efficiency by increasing the voltage. Best sepa-
ration of all amphetamines was found for the
hydroxyl-substituted amphetamine HA.

The particularly high selectivity coefficients
achieved with this selector can be considered as
follows: First, the carboxy group serves as an
additional type of site allowing for strong inter-
actions with basic and acidic groups in the
analytes, depending on the degree of dissocia-
tion. Ion-pairing might be included. Strong inter-
actions like these, particularly when occurring
near the chiral centers, very often enhance the
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selectivity of the system. Furthermore, at the
used pH of 2.5 the carboxymethyl groups of the
host are at least partially dissociated as can be
concluded from the increased current compared
to the other selectors. In contrast to the positive-
ly charged analytes the partially charged selector
molecule thus migrates to the anode. This causes
an additional increase of the separation factor
independent of the selectivity of the host—guest
complexation itself.

When regarding not only the selectivity but
also the efficiency it becomes obvious that it is
often the latter which determines the achievable
resolution. This is illustrated in Fig. 3 which
shows the electropherograms of the two bicyclic
amphetamines MDMA and MDEA. They are
very similar in structure and only differ in the
substituent at the amino group (methyl- vs.
ethyl-). However, in all systems better efficiency
due to better peak symmetry is found for
MDEA. As a consequence, MDEA is better
resolved in all cases, although the systems with
B-CD, HP-B8-CD and CM-B-CD selectors are
more selective for MDMA. The higher noise in
the electropherograms with modified CDs corre-
sponds to the lower analyte concentrations
chosen to reduce peak tailing and formation of
triangular peaks.

Remarks on the experimental conditions

Selectivity coefficients are known to be depen-
dent on the selector concentration in the BGE
[13]. The concentration at which optimum sepa-
ration is achieved depends on the magnitude of
the host-guest complexation constant. All ex-
periments reported in Table 1 were carried out
at a selector concentration of 10 mM. Without
using buffer additives like urea to enhance the
solubility this is about the highest concentration
which can be used for B-CD. Reducing the 8-
CD concentration from 10 mM to 5 mM resulted
in a decrease in selectivity in all instances, e.g.
the selectivity coefficient of MA dropped from
1.015 to below 1.003. In spite of the increased
water solubility of all the derivatized cyclodex-
trins all selector concentrations were kept at 10
mM.

For all measurements employing uncharged
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Fig. 3. Electropherograms of 3,4-methylenedioxymetham-
phetamine (MDMA) and 3,4-methylenedioxyetham-
phetamine (MDEA) employing different selectors. (a) 10
mM B-CD, (b) 10 mM HP-8-CD, (c) 10 mM CM-B-CD. For
other experimental conditions see Fig. 2.

selectors a voltage of 20 kV was chosen. Typical
currents observed at this voltage were ca. 30 pA.
Increasing the voltage to 30 kV leads to im-
proved efficiencies as expected from fundamen-
tal relationships but at the same time to a loss in
selectivity which probably results from Joule
heating generated in the capillary which cannot
be controlled by the thermostating device. With
the chosen electrolyte solution and the equip-
ment described, a voltage of 20 kV should thus
not be exceeded.
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4. Conclusion

Various methods are presented that allow the
enantioseparation of nine different amphet-
amine-related compounds of clinical and forensic
interest employing different 8-CD based chiral
selectors as BGE additives. Native 8-CD was the
only selector which was able to resolve all the
amphetamines investigated at least partially. The
methyl-substituted cyclodextrins, DM-B-CD and
TM-B-CD, gave improved selectivity only for the
bulky disubstituted amphetamines DMA and
DMMA. HP-8-CD gave no advantage compared
to the native selector except for a slight improve-
ment of the separation of the two bicyclic ana-
lytes MDMA and MDEA. However, the carboxy-
methylated 8-CD was superior to 8-CDs for all
amphetamines, except for BDMA where no
separation could be achieved. Native 8-CD and
CM-B-CD are thus the selectors of choice for
routine screening of amphetamine samples. The
analysis times are in most instances below 12 min
and thus significantly shorter than those of the
HPLC methods described previously [5], where
up to 40 min were required in some instances.
As for the CZE separation no derivatization is
needed prior to the analysis, the speed of analy-
sis is unsurpassed by the HPLC methods. The
chiral selector additives used are significantly
cheaper than chiral stationary HPLC phases.

The results obtained by the method based on
B-CD selectors is unmatched also by the alter-
native CZE method based on indirect enantio-
separation [12]. This alternative method yields
separation of the diastereomeric derivatives of
the amphetamines after derivatization with Mar-
fey’s reagent and employing SDS micelles. Elec-
tropherograms of successful separations are
shown in Fig. 4. Especially the bicyclic amphet-
amines MDMA and MDEA could be separated
with excellent selectivity coefficients (1.073 and
1.117) and baseline separation could also be
achieved for MA and HA. However, all of the
baseline resolutions could also be achieved by at
least one of the direct methods described above.
The time required for the micellar separations is
about the same as that needed for the direct
methods with 8-CD. However, the derivatiza-
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Fig. 4. Electropherograms of selected Marfey’s reagent
derivatized amphetamines applying nonchiral SDS micelles.
Experimental conditions: Non-coated fused-silica capillary
with 50 um L.D., total length of 48.5 cm and effective length
of 40 cm. Detection wavelength, 340 nm. BGE: 80% (v/v)
aqueous solution of 5 mM sodium borate at pH 9.0, 100 mM
SDS, 20% (v/v) methanol; temperature, 40°C; applied volt-
age, 30 kV.

tion step is rather time-consuming. Thus, no
advantage can be seen for this alternative meth-
od, especially as the separations achieved for the
two bulky dimethoxy amphetamines, DMA and
DMMA, as well as for 4-MA were insufficient,
and BDMA was not separated at all.
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Abstract

A high-performance liquid chromatographic method without prederivatization was investigated for the direct
determination of 4-nitrobenzoyl chloride and 4-nitrobenzoic acid. The separation was carried out on C;, C; and C,,
alkyl-bonded silica columns with cyclohexane—tetrahydrofuran as the eluent. The retention behaviour observed was
obviously caused by the silanophilic interaction between the solute and stationary phase. Optimum separation of
4-nitrobenzoyl chloride and 4-nitrobenzoic acid was obtained on the C, column and the calibration graph showed a
significant linear relationship. The method was found to be quantitative, reproducible and rapid.

1. Introduction

The most widely employed methods for the
determination of acid chlorides are titrimetric
[1,2]. Hasegawa et al. [3], Colgan and Krull [4]
and Bissinger et al. [5] reported RP-HPLC
methods for the determination of acid chlorides
using their ester and amide derivatives. Acid
chlorides cannot be determined directly by RP-
HPLC with an aqueous—organic eluent as they
can react with water, so a non-aqueous solvent
system must be adopted.

The aim of this work was to develop an HPLC
method without prederivatization for the
simultaneous determination of 4-nitrobenzoyl

* Corresponding author.
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SSDI 0021-9673(95)00495-5

chloride and 4-nitrobenzoic acid. Conventional
liquid—solid chromatography (LSC) with a silica
column is assumed to be suitable for the sepa-
ration of these compounds because, based on
their molecular structures, 4-nitrobenzoic acid
and 4-nitrobenzoyl chloride have different
abilities to forming hydrogen bonds with silanol
groups on the silica surface. However, these
polar compounds interact very strongly with the
adsorbent surface and result in peaks of poor
symmetry and poor efficiency.

A non-polar alkyl-bonded silica stationary
phase is usually used in the RP-HPLC mode with
the use of a polar mobile phase. The use of an
alkylsilica column with a pure non-polar organic
eluent or a non-polar solvent-rich organic eluent
would be classified as LSC owing to the polar
residual silanol groups on the surface of the
alkyl-bonded silica phase. We indeed found in

© 1995 Elsevier Science B.V. All rights reserved
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this work that L.SC could be carried out by using
an alkylsilica gel as the stationary phase. The
weaker interaction between the solutes and the
residual silanol groups on the surface of the
alkylsilica gel results in peaks with good symme-
try and high efficiency.

Optimum analytical conditions were deter-
mined to ensure complete separation, quantifica-
tion and reproducibility. The applicability of this
method to the determination of 4-nitrobenzoyl
chloride which was synthesized from 4-nitroben-
zoic acid with PCl; as a chlorinating agent was
demonstrated. It is also suggested that this
method can be extended to the determination of
other acid chlorides.

2. Experimental
2.1. Chemicals and equipment

Cyclohexane, tetrahydrofuran (THF) and 4-
nitrobenzoic acid of analytical-reagent grade
were obtained from Shanghai Chemical Supply
(Shanghai, China). THF was redistilled before
use. 4-Nitrobenzoyl chloride (purity 99.8%) was
obtained from Professor Y.-B. Lin (Department
of Chemistry, Xiangtan University, China).
Chromatography was performed on a Shimadzu
LC-6A chromatgraph equipped with an SPD-
6AV variable-wavelength detector (190-900 nm)
and a CR-3A data processor. The columns used
were Shim-Pack CLC-C;, CLC-C; and CLC-C,,
(150 x 4.6 mm I.D.).

2.2. Procedures

Cyclohexane-THF was used as the eluent on
the C;, Cq, C, columns at a flow-rate of 1.0
ml/min. The detector wavelength setting was 300
nm and the sensitivity was 0.04 AUFS. Capacity
factors (k') were evaluated from the retention
times of the test substances and that of an
unretarded component, tetrachloroethylene (de-
tection wavelength 254 nm). The eluent composi-
tions were varied and the k' values of these
compounds in each system were determined.

The amount of 4-nitrobenzoyl chloride was
calculated by a five-point external standard
method under optimized conditions. The stan-
dards for analysis were prepared by dissolution
of known amounts of 4-nitrobenzoyl chloride in
cyclohexane—THF (70:30, v/v) solvent; the theo-
retical concentration of the solute was in the
range 45.36-226.8 ug/ml. Aliquots (5 ul) of the
standard solutions were injected on to the chro-
matographic column. Sample analyses were car-
ried out under the same conditions. The amount
of acid chloride was calculated by comparing the
peak area in the reference chromatogram with
that of the appropriate component in the sample
chromatogram.

3. Results and discussion

3.1. Dependence of retention on composition of
mobile phase

As illustrated in Table 1, changes in the
capacity factors of 4-nitrobenzoyl chloride and
4-nitrobenzoic acid with the volume fraction of
THF in binary cyclohexane—-THF eluent were
obtained on the C;, C4, C,; columns. The
retention behaviours shown by 4-nitrobenzoyl
chloride and 4-nitrobenzoic acid could be inter-
preted in terms of the LSC mode; the active
adsorption sites were the residual silanol groups
on the surface of the alkyl-bonded phase and the
separation was carried out based on the silano-
philic interaction between solutes and active
sites. 4-Nitrobenzoic acid has a greater ability
than 4-nitrobenzoyl chloride to form hydrogen
bonds with silanols, which should result in a
greater retention, and this was borne out by the
experimental results.

Fig. 1 show the plots of k' versus ecluent
composition on the three columns. A common
feature is an increase in retention with decrease
in THF concentration, which is consistent with
the interpretation that the retention was due to
silanophilic interactions at low THF concentra-
tion whereas THF masked the silanol sites at
higher concentration.
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Table 1
Experimental values of &’ for 4-nitrobenzoic acid (k) and 4-nitrobenzoyl chloride (k}) with cyclohexane~THF from 40:60 to 98:2
wv/v)
Column k'  Volume fraction of THF (v/v)
0.6 0.5 0.45 0.40  0.35 030 0.25 0.20 0.15 0.10  0.08 0.06 0.04 0.02
C, k' 0103 0.162 0201 0260 0331 0.414 0.534 0.738 1.100 1.992 - - - -
ki 0027 0.046 0.056 0.070 0.090 0.111 0.137 0.177 0.243 0337 -— - - —
Cq ky - - - - — 0.007 0.013 0.026 0.056 0.124 0.180 0.275 0.469 0.998
k, - - — - - 0.002 0.005 0.009 0.018 0.033 0.043 0.054 0.067 0.079
Cy ky - - 0.048 0.055 0.064 0.067 -— 0.108 - 0.202 0.253 0.326 0.571 1.358
ky - — 0.065 0.067 0.07t 0.081 -— 0.105 - 0.139 0.147 0.163 0.186 0.212

Columns, Shim-Pack CLC-C,, CLC-C, and CLC-C4 (150 X 4.6 mm 1.D.); eluent, cyclohexane-THF; flow-rate, 1.0 ml/min.
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Fig. 1. Change in capacity factors of 4-nitrobenzoic acid (1)
and 4-nitrobenzoyl chloride (2) with variation of the volume
fraction of THF in eluent of the three Shim-Pack CLC
columns: (a) C,; (b) Cy; (c) Cs.

3.2. Quantitative analysis

Fig. 1 also provided a visual approach to the
optimization of the chromatographic conditions
for quantitative analysis. The change in the k" of
two components with the volume fraction of
THEF in the eluent (V) on the three columns
indicated that the C, column showed the widest
variation in Vi, and the greatest difference
between k| and k for the complete separation
of the two compounds, hence this column was
selected as the optimum. Considering the solu-
bility of the solutes in the eluent, the separation
of the two components and the speed of analysis,
the proportion of THF in the eluent was selected
as at 30% (v/v), i.e., the optimum eluent was
cyclohexane-THF (70:30, v/v). Under the opti-
mized conditions, rapid (k' <1) elution of the
two components was obtained, as shown in Fig.
2. The first component eluted was 4-nitrobenzoyl
chloride, followed by 4-nitrobenzoic acid.

The calibration graph for the determination of
4-nitrobenzoyl chloride was constructed by
analysing a series of standards of known con-
centration. A significant linear relationship be-
tween peak area and solute concentration was
found, as shown in Fig. 3; the correlation coeffi-
cient (r) was 0.9998.

The results obtained for sample analysis for
4-nitrobenzoyl chloride with six replicate deter-
minations were 81.67, 81.51, 80.89, 81.34, 81.87
and 82.10%, mean 81.56, R.S.D. 0.52% and
average recovery 99.1%. The relative standard
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) 3
Minutes

Fig. 2. Chromatogram of a mixture containing (1) 4-nitro-
benzoyl chloride and (2) 4-nitrobenzoic acid. Column, Shim-
Pack CLC-C, (150X 4.6 mm 1.D.); eluent, cyclohexane—
THF (70/30, v/v); flow-rate, 1.0 ml/min; injection volume, 5
wrl; detection, UV at 300 nm.

c45000 e

400G L 1 1 1 1 i

Peak Area(uv.sec)
[
1S

-
ik
n
N
2

Concentration,ug/ml.

Fig. 3. Calibration graph for 4-nitrobenzoyl chloride. Col-
umn, Shim-Pack CLC-C, (150 X 4.6 mm L.D.); eluent, cyclo-
hexane-THF (70/30, v/v); flow-rate, 1.0 ml/min; detection,
UV at 300 nm.

deviation and average recovery were satisfac-
tory.

4. Conclusion

The method described is very usefut for the
reproducible, rapid and easy determination of
4-nitrobenzoyl chloride. The separation is based
on silanophilic interactions between the solutes
and the residual silanol groups in the surface of
the alkyl-bonded silica phase. This work also
demonstrated that beyond its traditional use, a
non-polar alkyl-bonded silica phase can be used
in normal-phase HPLC for special separation
purposes.
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Abstract

An isocratic, reversed-phase HPLC procedure was developed for the simultaneous determination of isopropyl-,
tert.-butyl-, tert.-amyl-, cyclohexylbis(2-benzothiazolylsulfen)amides. Quantitation is performed on a C,; bonded-
phase column (Separon SGX C,,, 5 um) using N-dicyclohexyl-2-benzothiazolesulfenamide as internal standard
followed by UV photodiode-array detection. The precision (n=7) for all derivatives of alkylbis(2-ben-
zothiazolylsulfen)amides is within 1.5%. Identification of the compounds also in the mixtures was done by NMR

spectroscopy.

1. Introduction

Alkylbis(2-benzothiazolylsulfen)amides (alkyl-
bisBS) are used in the rubber industry as vulcani-
sation accelerators. Like the N-alkyl-2-ben-
zothiazolesulfenamides (alkylBS), these com-
pounds are thermolabile. Therefore, HPLC
methods can not be used in the analysis of these
compounds.

Smejkal et al. [1] applied a reversed-phase
HPLC method with a macroporous gel, Separon
SE, for the determination of some compounds in
rubber, one of them being N-morpholinyl-2-sul-
fenamide.

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00513-7

Various LC-MS techniques were studied for
their ability to detect and identify minor com-
ponents in benzothiazole derived compounds [2].

CyclohexylBS, cyclohexylbisBS and 2,2'-
dithiobisbenzothiazole alone and in their mix-
tures were analyzed by Isaeva et al. [3] using
coulometric titration in acetic acid with electri-
cally generated bromine and by Borisova et al.
[4] using oxidative bromination in acetic acid
with amperometric detection.

In this paper, a simple, isocratic reversed-
phase HPLC procedure is described for the
simultaneous determination of isopropyl-, fert.-
butyl-, fert.-amyl-, and cyclo-hexylbis(2-ben-
zothiazolylsulfen)amides. Quantitation is per-
formed on a C,; bonded-phase column using
N-dicyclohexyl-2-benzothiazolesulfenamide  as
internal standard. Identification of the com-

© 1995 Elsevier Science B.V. All rights reserved
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pounds also in the mixtures is done by NMR
spectroscopy.

2. Experimental
2.1. Materials

Acetonitrile was of HPLC quality (Labscan,
Ireland). Water was purified with an osmometric
system made by Wilhelm Werner (Germany).
Other chemicals were of analytical reagent
grade.

The derivatives of alkylbisBS (Fig. 1) were
prepared by the method described in Ref. [3]

3 ’
R = isopropyl “"(lf“ —CH; - IPbIsBS
CHj;
]
s
8
tert-butyt —C —CHj - TBbisBS
: |
CH;
11
CHj
sl " - TAbisBS
tert-amyl —(ll —CHy;—CHj
CH4
? 10
s 11
cyclohexyl —O P - CHbisBS
° m
N-dicyclohexyl-2-b hiazolesulfenamid
- diCHBS

O
O

Fig. 1. Derivatives of alkylbis(2-benzothiazolylsulfen)amides
and dicyclohexyl-2-benzothiazolesulfenamide.

and recrystallized from diethyl ether. Purity was
checked by NMR spectroscopy. Melting points
of isopropylbisBS, tert.-butylbisBS,  tert.-
amylbisBS and cyclohexylbisBS were 106-107°C,
144-146°C, 125-126°C and 133-134°C, respec-
tively. N-Dicyclohexyl-2-benzothiazolesulfenam-
ide was a commercial product recrystallized from
ethanol. Samples containing about 15 ug of the
component in 1 cm® of acetone were prepared
freshly before use. A longer than 4-h contact of
the alkylbisBS derivatives with acetone causes a
decrease of the precision. Solvents such as hep-
tane, hexane and others used to prepare the real
samples containing these compounds were re-
moved by vacuum distillation. The mobile
phases and the liquid samples were filtered and
degassed under vacuum before use. The mobile
phases were prepared volumetrically from vari-
ous amounts of methanol, acetonitrile, tetrahy-
drofuran and water.

2.2. NMR spectroscopy

Measurements were performed at 30°C using a
Varian VXR-300 spectrometer with an operating
frequency of 300 MHz for protons and 75 MHz
for carbons. Standard ['HJ-, [’C}- and [“C]-
ATP spectra were measured. For the same
samples, additional H,H and one-bond or long-
range H,C correlation NMR experiments were
performed. The samples were dissolved in
CHCI, (ca. 50 mg/cm”).

2.3. High-performance liquid chromatography

Elution was performed using a Rheodyne
injection valve fitted with a 4-ul injection loop
(Shimadzu, Kyoto, Japan), an I.C 10AD solvent
delivery system, a 150 X 3.0 mm I.D. Separon
SGX C,; column filled with 7 or 5 wm particle
diameter ODS silica (Tessek, Czech Republic),
and a Shimadzu SPD M6A photodiode-array
detector operating in the range 195-670 nm,
equipped with a Syntron computer and Class LC
10 software for control of the system and data
acquisition and integration. Another column
tested was packed with Nucleosil 120-3C,; 7 um
particle diameter (150 X 3.0 mm L.D.). All analy-
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sis were carried out at ambient temperature. The
measurements were performed in triplicate. The
precision of the determination for all derivatives
was calculated from seven replicated injections.
The dead time was determined by using water as
the non-retained compound. The capacity factor
was calculated as k' = (t, —¢t,)/t, where tg is the
retention time, ¢, is the dead time and the
resolution was given by the equation R, = (tg ; —
tr;)/2(0; + 0;), where tg ; and t;, are the re-
tention times of compounds i and j, and o, and o,
are the standard deviations of the peak for the
compounds i and j, respectively.

3. Results and discussion
3.1. NMR spectroscopy

The number of spectral lines, their relative
intensity, the position in the spectra and com-
parison with the known spectra of N-alkyl-2-
benzothiazolesulfenamide derivatives unambigu-
ously proved the expected structure of the
alkylbisBS compounds presented in Fig. 1. As-
signment of the *C NMR chemical shifts was
done by comparison with spectra of N-alkyl-2-
benzothiazolesulfenamide derivatives. In the
case of possible ambiguousity of the results, H,H
and H,C correlation experiments were exploited.
The starting points in the assignment were the
well-defined resonances of the quaternary car-

bons C, and C,. Based on the long-range 3-
bond H,C correlations with these carbon
protons, H; and H, could be unambiguously
discriminated. 'H multiplet resonances are se-
verely overlapping. Using H,H-COSY and one-
bond H,C-COSY all other proton and carbon
resonances of the aromatic ring were identified.
Whereas 'H resonances of alkylbis(2-ben-
zothiazolylsulfen)amides are severely overlap-
ping, their "*C resonances are clearly distinguish-
able. Carbon spectra proved to be useful for the
reliable and quick identification of alkylbisBS
compounds in the mixtures, also in the presence
of other benzothiazole derivatives such as N-
alkyi-2-benzothiazole-sulfenamides, 2,2’-dithio-
bisbenzothiazole and benzothiazole. Data are
shown in Table 1.

3.2. RP-HPLC

A reversed-phase HPLC technique was chosen
for the simultaneous determination of isopropyl-,
tert.-butyl-, tert.-amyl-, and cyclohexylbis(2-ben-
zothiazolesulfen)amides. Two types of C,, bon-
ded-phase columns were used for the separation,
i.e. Nucleosil 120-3C,; with 7 um particle diam-
eter and Separon SGX C,; with 7 or 5 um
particle diameter .

Though all alkylbisBS derivatives are very well
soluble in diethyl ether and tetrahydrofuran,
these solvents are not suitable in our case. In the
presence of these solvents, the elution curves of

Table 1

“C NMR chemical shifts (6/ppm) of alkylbis(2-benzothiazolylsulfen)amides

C,/alkyl Isopropyl tert.-Butyl tert.-Amyl Cyclohexyl
C-1 154.1 154.0 153.8 154.2

C-2 121.2 121.2 121.2 121.1

C-3 124.4 124.4 124.5 124.3

C-4 126.5 126.2 126.2 126.2

C-5 122.3 122.3 122.4 122.2

C-6 135.4 135.5 135.6 135.3

C-7 172.6 173.2 173.0 173.0

C-8 67.3(C-q) 69.3(C-q) 72.3(C-q) 74.3(CH)
C-9 22.5(CH,) 29.5(CH,) 34.0(CH,) 32.9(CH,,0)
C-10 - - 29.8(CH,-1) 25.6(CH,,m)
C-11 - - 26.4(CH,-2) 25.0(CH,,p)




354

all derivatives on the columns described above
and eluted with acetonitrile-methanol-water or
acetonitrile—water were asymmetric and peak
widths were doubled. The same phenomenon
was found when tetrahydrofuran was only a part
of the mobile phase. NMR analysis showed that
in diethyl ether and tetrahydrofuran no isomers
or other compounds occurred. Finally, acetone
proved to be a suitable solvent for our analysis.

The mobile phase composition used for the
simultaneous determination of all derivatives of
akylbisBS and the calculated capacity factors are
summarized in Tables 2 and 3. Retention times
and capacity factors were measured at a flow-
rate of 0.8 cm® min~". All alkylbisBS derivatives
had two absorption maxima, at ca. 230 and 280
nm.
On the chosen columns elution with metha-
nol-water did not result in the separation of the
alkylbisBS derivatives.

On the Nucleosil 120 3C,; (7 pum) and
Separon SGX C,; (7 pm) columns eluted with
acetonitrile—water (7-8:3-2, v/v) we were able
to separate all alkylbisBS derivatives, but res-
olution of isopropylbisBS from tert.-butylbisBS
(R,=0.9) was not sufficient for quantitative
analysis. Resolution of these two derivatives was
improved by using a ternary mobile phase,
acetonitrile-methanol-water (5:3.5:1.5, v/v).

Table 2
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Table 3

Capacity factors of alkylbis(2-benzothiazolylsulfen)amides at
various composition of the mobile phase at a flow-rate of 0.8
cm® min~' and A_,, 233 nm on the Separon SGX C,, column

with particle diameter S um

Mobile phases

Water 30 20 9 13 15 18 21
MeOH 0 0 21 17 15 12 9
MeCN 70 80 70 70 70 70 70
AlkylbisBS

IPbisBS 19.3 131 39 6.0 7.1 9.9 10.7
TBbisBS 22.6 152 43 6.5 8.1 11.3 124
TAbisBS -303 194 54 9.1 104 148 163
CHbisBS 45.0 258 7.5 11.7 149 21.7 238
diCHBS 558 349 91 151 183 267 294

However, as shown in Table 4, the resolution for
this problematic couple of derivatives was only
1.2, still not sufficient enough for quantitative
determination. Under the conditions used the
resolution for this couple of alkylbisBS deriva-
tives could not been improved by changing the
flow-rate of the mobile phase, as shown in Table
4.

Substantially better results were achieved on a
Separon SGX C,; 5 um column. As shown in
Table 3, using acetonitrile—water (7-8:2-3, v/v)
as the mobile phase, the capacity factors were

Capacity factors of alkylbis(2-benzothiazolylsulfen)amides at various compositions of the mobile phase at a flow-rate of 0.8 cm®

1

min~ and A_,, 230 nm on the Separon SGX C,; column with particle diameter 7 um

Mobile phases

Water 30 30 20 30

MeOH 70 0 0 0

MeCN 0 70 80 0

THF 0 0 0 70

AlkylbisBS

IPbisBS NA 6.6 5.5 -*

TBbisBS NA 7.3 6.2 =°

TAbisBS NA 9.6 8.3 -°

CHbisBS NA 14.1 13.6 0.4
diCHBS —° 17.9 -* -°

15 21 21 15 15°
35 49 49 35 35°
0 0 30 50 50°
50 30 0 0 0
-° —° 4.1 55 4.0
0.6 2.0 4.6 6.3 43
1.0 -° 6.0 8.1 5.7
- 3.6 8.6 11.6 9.1
- iy 11.0 _* 10.5

NA: not achieved.
* Nucleosil 120-3C,,, 7 um column.
® Not present in the samples.



M. Stolcovd et al. | J. Chromatogr. A 710 (1995) 351-356 355

Table 4

Resolution of alkylbis(2-benzothiazolylsulfen)amides at vari-
ous flow-rates of the mobile phase MeCN-MeOH-H,O
(50:35:15, v/v) at A_,, 230 nm on the Separon SGX C,
column with particle diameter 7 um

Flow-rate (cm® min™")

0.6 0.7 0.8 0.9 1.0
alkylbisBS
IPblS-BS 1.1 1.1 1.2 1.0 0.8
TBbllsBS 2.8 2.8 2.9 2.5 1.8
TAbisBS 4.9 5.1 5.4 4.2 3.1
CHbisBS

high. The capacity factor can be lowered by
gradient elution of acetonitrile and water or, as
shown below, by a ternary mobile phase of
acetonitrile—methanol-water under isocratic
condition. Because of the smaller and simpler
equipment needed, we chose the isocratic pro-
cedure for the determination. A suitable combi-
nation of acetonitrile~water with methanol al-
lows to separate all alkylbisBS derivatives quick-
ly and effectively with excellent resolution of
isopropylbisBS from tert.-butylbisBS, as the
problematic couple of derivatives. We found (see
Table 3) that replacing part of the water (up to
15 vol.%) in the acetonitrile—water (7:3, v/v)
mobile phase by methanol, decreased the capaci-
ty factors of the alkylbisBS derivatives. How-
ever, the resolution for the couple of IPbisBS
and TBbisBS derivatives was not decreased
below the limit value R, =1.5. By changing the

Table 5

Resolution of alkylbis(2-benzothiazolylsulfen)amides at vari-
ous flow-rates of the mobile phase MeCN-MeOH-H,O
(70:15:15, v/v) at A_, 233 nm on the Separon SGX C,,
column with particle diameter 5 wm

Flow-rate (cm’ min ')

0.8 1.0 1.2 1.4 1.6
alkylbisBS
ITI;;’:B;S 1.9 1.7 1.6 1.5 1.4
TAb‘,SBS 45 4.0 3.9 37 35
CHb‘,SBS 7.1 6.8 6.0 6.0 6.0
s 4.3 4.2 37 37 3.7
diCHBS ~

flow-rate of the mobile phase acetonitrile—
methanol-water (7:1.5:1.5, v/v), as shown in
Table 5, we were also able to shorten the elution
times of the alkylbisBS derivatives. The time of
analysis is similar or shorter compared with that
of the gradient method.

N-Dicyclohexyl-2-benzothiazolesulfenamide p-
roved to be a suitable internal standard for our
analysis. In Fig. 2 a chromatogram of all
alkylbisBS derivatives is shown with the internal
standard using acetonitrile—methanol-water
(7:1.5:1.5, v/v) as the mobile phase at the flow-
rate of 1.4 cm’ min~' and detection at A, 233
nm.

The detection limit using acetonitrile—metha-
nol-water at a flow-rate of 1.4 cm® min~' and
detection at A_, =233 nm, is 1.1-10"* AU. The
determined limits of quantitation for IPbisBS,
TBbisBS, TAbisBS, CHbisBS and diCHBS are
127, 118, 128, 151 and 166 ng cm >, respectively.

The precision of the internal standard method
for all alkylbisBS derivatives was determined
with freshly prepared samples using acetonitrile—
methanol-water (7:1.5:1.5, v/v) as the mobile
phase at a flow-rate of 1.4 cm® min~' and
detection at A, =233 nm. Samples were in
contact with acetone no longer than 4 h at
ambient temperature. NMR analysis confirmed
that after this time a slow decomposition of these
compounds occurred. The precision was esti-
mated from the analysis of a sample containing

mAbs

[ ] em 2330m

1PbigBS .
40 TBLABS CHAbIsBS
TAbRES
&CHBS

2 .

04 T " L Y ! L]

5 10 15
Fig. 2. Chromatogram of alkylbis(2-benzothiazolylsul-

fen)amides with N-dicyclohexyl-2-benzothiazolesulfenamide

as internal standard using acetonitrile—-methanol-water

(7:1.5:1.5, v/v) as mobile phase at the flow-rate of 1.4 cm’
-1

min ~ and A_ . 233 nm.
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Table 6

Determined amounts of separated alkylbis(2-benzothiazolylsulfen)amides on the Separon SGX C,; column with particle diameter
5 pm eluted with mobile phase AcCN-MeOH-H,0O (7:1.5:1.5, v/v) at a flow-rate of 1.4 cm® min™" and A_,, 233 nm

n Component

IPbisBS TBbisBS TAbisBS CHbisBS Grade

(wt. %) (wt.%) (wt. %) (wt. %) (wt. %)
1 22.81 21.05 23.21 32.56 99.63
2 22.20 21.40 23.59 32.82 100.01
3 22.58 21.08 23.51 32.43 99.60
4 22.03 21.25 23.50 32.39 99.17
5 22.72 20.99 23.64 32.74 100.09
6 23.05 21.20 23.71 32.48 100.44
7 22.52 21.16 23.39 32.77 99.84
Mean (wt.%) 22.55 21.16 23.50 32.59 99.82
S.D. 0.35 0.14 0.16 0.17 -
R.S.D. (%) 1.55 0.66 0.68 0.52 -
Real value (pgcm™) 11.7 11.0 12.2 16.9 51.8
Real value (wt.%) 22.59 21.24 23.55 32.62 100.00
about 12 pg cm | i.e. approximately 25 wt.% of References

each alkylbisBS derivative. The determined
areas were recalculated to the content (wt.%) of
the component in the samples by the software
used. The R.S.D. of 7 replicate injections for all
alkylbisBS derivatives was within 1.5% (Table
6).

The method presented here has been found to
be suitable for the analysis of alkylbisBS deriva-
tives in waste water and other solvents used in
their manufacture. The analyses are not inter-
fered with raw material or by-products, such as
N-alkyl-2-benzothiazolesulfenamides, 2,2'-
dithiobisbenzothiazole and benzothiazole, that
may be present in samples.
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Abstract

Desmosine (DES) and isodesmosine (IDE) were separated and quantitated by a simple and sensitive capillary
zone electrophoretic (CZE) method, using hydrostatic injection and direct UV detection at 254 or 185 nm. Two
different electrophoretic mobilities for the two isoforms were observed in 90 mM phosphoric acid pH 2.2. The
presence of a mixture of amino acids in the sample did not affect the separation of DES and IDE. The method was
successfully used to quantitate the amounts of DES and IDE in elastin hydrolysates.

1. Introduction

Desmosine (DES) and isodesmosine (IDE)
are cross-linking amino acids of elastin, a fibrous
protein of vertebrate connective tissue; their
determination is used as an indicator of the
presence or alteration of elastin, and also to
measure elastase activity [1].

A radioimmunoassay method [2] has been
used to detect DES and IDE in urine samples,
whilst high-performance liquid chromatography
has been applied to tissue hydrolysates [3,4], or
purified elastin hydrolysates [5]. This latter tech-
nique usually requires preliminary extraction of

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00487-4

the two amino acids on a cellulose mini-column
(3,4] (according to the method described by
Skinner [6]), and in some cases an additional
precolumn derivatization [4,5,7] in order to
increase the sensitivity of the detection.

Current HPLC techniques meet most of the
demands of amino acid analysis but the determi-
nation of minute amounts, when, for example,
sample size is limited, requires the use of capil-
lary zone electrophoretic (CZE) techniques.
Femtomole-scale amino acid analysis by CZE
generally requires laser-induced fluorescence de-
tection, implying a derivatization reaction. In
this work CZE was applied to the separation and
quantitation of DES and IDE. As both DES and
IDE have a pyridinium ring in their structure,
direct UV detection was employed, without any

© 1995 Elsevier Science B.V. All rights reserved
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prior chemical modification of the molecules.
Standard filters of 185 or 254 nm were used.

2. Experimental
2.1. Chemicals

Bovine ligamentum nuchae elastin, 2,4-dini-
trofluorobenzene and borax were obtained from
Sigma (St. Louis, MO, USA), DES and IDE
from ICN Biomedicals (Costa Mesa, CA, USA),
phosphoric acid and hydrochloric acid (analyti-
cal) were from Prolabo (Paris, France).

2.2. Apparatus

Electrophoresis was carried out on a Quanta
4000 capillary electrophoresis system (Waters,
Milford, MA, USA) using a 60 cm (53 cm to the
detector) X 75 pum I.D. fused-silica capillary
(Supelco, Gland, Switzerland). The system was
equipped with a UV detector set at 185 or 254
nm with filters. Separation was performed by
applying a positive voltage (10-20 kV) to the
capillary. Hydrostatic introduction of the sample
was used rather than electromigration, to avoid
discrimination between faster and slower ions
[8]-

In order to obtain high resolution and avoid
peak distortion, the injection/capillary volume
ratio was 1:100. With an injection time of 30 s,
the injection volume was ca. 30 nl (capillary
volume: 3 ul).

The capillary was pretreated for 10 min with
0.5 M potassium hydroxide and 10 min with
deionized water before analysis. The capillary
was washed with degassed, filtered (0.45 pm)
buffer until equilibrium was reached.

2.3. Sample

Elastin powder was suspended in 6 M hydro-
chloric acid and hydrolysed for 24 h, in sealed
tubes, under vacuum, at 105°C. The hydrolysate
was dried under vacuum, dissolved in water,
filtered on 0.45-pm pore size filters and frozen.

Standards of DES and IDE were dissolved in
water, filtered and frozen.

2.4. Titration of free—NH, groups

The total amino acid content of the hydrol-
ysates was estimated by measuring the free-NH,
groups using Sanger’s reagent, as described by
Ghyusen et al. [9].

3. Results and discussion
3.1. Separation of DES and IDE

The structure and size of these amino acids are
close to those of an oligopeptide so the choice of
the electrophoretic buffer was based on those
used for oligopeptide separation. Diluted phos-
phoric acid used for the separation of peptides
by CZE [10], was successfully employed for the
separation of DES and IDE. Optimization of the
separation was performed by first modifying the
molarity of the phosphoric acid solution. A
linear relationship was observed between the
square root of the molarity and the migration
time (slope = S.D. = —0.147 + 0.009; intercept =
$.D.=12.2+0.2; S.D.y =0.2; n=12; r =0.97).
Optimal separation of DES and IDE was ob-
tained with 90 mAM phosphoric acid. Secondly,
the influence of pH was estimated by gradual
addition of sodium hydroxide to the phosphoric
acid solution over a pH range of 1.9 to 2.5.
Complete separation was obtained at pH 2.2. As
the migration time increased with pH the voltage
applied was modified in order to reduce the
migration time, without changing the resolution.
An optimal value of 15 kV gave complete sepa-
ration in 13 + 1 min. A typical electrophoregram
obtained with a 1:1 mixture of DES and IDE, is
presented in Fig. 1.

All attempts to further separate the two peaks,
by addition of agents to complex —NH, groups
(i.e. trifluoroacetic acid) or by cationic com-
plexation (i.e. Cu, Ca, Cs), were unsuccessful.
This presumably reflects the fact that the primary
chemical structures of the two amino acids are
identical.
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Fig. 1. Electrophoregram of a standard mixture of DES and
IDE (1:1) with detection at 254 nm.

3.2. Quantitation of DES and IDE

A linear relationship between the DES and
IDE peak areas and the amounts injected was
obtained over the range 1-500 pmoles with
detection at 185 or 254 nm (Table 1). These two
wavelengths were used because they correspond
to the standard filters of the Quanta 4000 ap-
paratus. They are not specific for DES, the
absorbtion of which shows maxima at 234 and
268 nm in 0.1 M hydrochloric acid {11]. Under
the conditions used the minimal amount detected
was 2 pmole at 254 nm, with a signal-to-noise
ratio of 5, and 0.2 pmoles at 185 nm, with a
signal-to-noise ratio of 4. These limits can be
compared with that of 100 pmoles obtained with

Table 1
Linearity of the calibration curves of DES and IDE at 254
and 185 nm

Slope =S8.D. Intercept+S.D. SD.y n r
DES254nm 38+ 3 222+ 114 177 8 0.96
IDE254nm 22+ 2 9% = 63 161 8 0.96
DES 185nm 430+ 19 1243 = 680 1076 9 0.99
IDE 185 nm 654 + 26 2102 + 940 1489 9 0.99

direct UV detection at 275 nm, using the HPLC
technique reported by Lunte et al. [5].

3.3. Analysis of elastin

Elastin was hydrolysed and the resulting solu-
tion was injected into the capillary without any
preliminary extraction or chemical modification.
Using detection at 254 nm only two peaks of
DES and IDE appear on the electrophoregram
(Fig. 2). DES and IDE were identified by adding
excess standards. Unidentified peaks are present
in the electrophoregram using detection at 185
nm, however they do not interfere with the
resolution of DES and IDE (Fig. 3).

Amounts of DES and IDE in elastin were 17
pg/mg and 3 pg/mg respectively. These values
are in accordance with values obtained by Lunte
et al. using HPLC [5]. The number of DES +
IDE residues compared to the total of amino
acid residues (estimated by Sanger’s method)
was 3 DES+IDE for 1000 amino acids of

DES 10€
W Veviam

Elastin + IDE

A (254 nm)

Elastin

Time (min)

Fig. 2. Electrophoregram of elastin hydrolysate with detec-
tion at 254 nm. Identification of DES and IDE by addition of
excess standards.
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Fig. 3. Electrophoregram of elastin hydrolysate with detec-
tion at 185 nm. Identification of DES and IDE by addition of
excess standards.

elastin. This is in agreement with published data
[12].
4. Conclusion

A sensitive method for the separation and
quantitation of DES and IDE by CZE was

developed. This method allows the detection of
DES and IDE without preliminary purification
or chemical modification of the amino acids. We
are now investigating the application of this
method to the analysis of tissue hydrolysates.
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