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centration gradient could influence the baseline
and the migration times.

Therefore, with a non-ionic matrix the EOF
should be adjusted in the opposite direction to
the analyte ions. Hence the matrix will be
removed from the capillary at the beginning of
the separation and the analytes can be detected
without matrix effects (see Fig. 1).

The dissociation of a number of matrices is
strongly dependent on the pH of the solution. By
choosing the pH of the electrolyte in such a way
that the dissociation of the compound is de
creased, the above-mentioned procedure is ap
plicable to the determination of the ionic im
purities in the substance. The purpose of this
paper is to demonstrate the determination of
inorganic and small organic anions in non-ionic
matrices, e.g., in industrial chemical boric acids
as matrix.

chromatography software (Autochrom, Milford,
MA, USA). The absorbance units (AU) of the
detector were transformed by the AID board
into J.tV, and therefore the output of the data was
in the voltage mode (19 V = 1 AU).

2.1. Chemicals

All solutions, electrolytes and standards were
prepared with ultra-pure water obtained from a
Milli-Q system (Millipore, Eschbom, Germany).
For the preparation of the electrolyte, sodium
chromate and tetradecyltrimethylammonium
bromide (TTAB) was used (Aldrich-Chemie,
Steinheim, Germany). Boric acid was obtained
from different companies in several purity
grades. All other reagents were of analytical
reagent grade from Merck (Darmstadt, Ger
many).

2. Experimental 3. Results and discussion

Fig. 1. Schematic illustration of the on-line matrix removal
process.

The separations were carried out using a
laboratory made CZE system and conventional
untreated fused-silica capillaries (CS Chromato
graphie Service, Langerwehe, Germany). For
detection the separation capillary passed through
a Dionex (Sunnyvale, CA, USA) variable-wave
length UV detector and its outlets were placed in
two 1O-ml electrolyte vials. The high voltage
from a 30 kV power supply (F.u.G. Electronic,
Rosenheim, Germany) was applied with Pr-Ir
electrodes dipping into the electrolyte. The posi
tive electrode was placed in the outlet vessel.

Data were processed by an AID board from
ERC (Alteglofsheim, Germany) using APEX

In order to detect UV-inactive ions, the in
direct detection mode [7-10] using a UV-active
background electrolyte should be applied. To
measure several inorganic and organic anions in
the presence of boric acid, the pH of the elec
trolyte and the EOF additionally have to be
optimized.

Depending on the pH of the electrolyte, boric
acid exists as different dissociated species. As
boric acid behaves as a weak acid in aqueous
solutions (pKa 9.14, 12.74 and 13.80 [11]), at
pH > 9 it is strong dissociated and can cause the
above-mentioned matrix effects. At pH < 9 boric
acid is not sufficiently dissociated and it can
move only by the EOF. Therefore, the pH of the
electrolyte should be <9.

To shorten the analysis time for the determi
nation of anions by reversing the EOF, a modi
fier (e.g., TTAB or CTAB) [12-14] is commonly
applied as an additive to the electrolyte. Fig. 2a
shows an electropherogram obtained using a
chromate electrolyte at pH 8.1 with 0.2 mmolll
TTAB. It can be seen that the analyte peaks can

3.1. Optimization of electrolyte composition

-mobility of the analyte

¢=J
velocity of the EOF

o matrix component

sample zone I electrolyte

o 0 0 0

oOo~oioo¢=J
000

electrolyteIvessel
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Fig. 2. Electropherograms of an anion mixture. (a) Anionic mixture without boric acid. (b) Anionic mixture with a 0.9 molll
boric acid matrix. Electrolyte, 5 mmol/l sodium chromate-0.2 mmol/l TTAB (pH 8.1); samples: 1 = bromide; 2 = chloride;
3 = sulfate; 4 = nitrate; 5 = oxalate; 6 = chlorate; 7 = malonate; 8 = fluoride; 9 = phosphate; 10 = acetate; 11 = propionate; sample
concentration, each 25 /Lmol/l; injection, hydrostatic (10 cm, 30 s); capillary, 70 cm to the detector, 85 cm total length, 75 /Lm
l.D.; detection, indirect UV, 254 nm; EOF, in the same direction as the analytes, V EOF = -0.05 cm/s.

be determined in short times and with a stable
baseline. On the other hand, for a boric acid
sample (0.9 mol/l) to which an anionic standard
was added (see Fig. 2b), baseline interferences
and longer migration times resulted using the
same experimental conditions as in Fig. 2a. The
reason for this effect is that for this modifier
concentration the EOF and, therefore, also the
matrix are moving in the same direction as the
anions and so matrix effects can occur.

Therefore, it is necessary to adjust the EOF in
the opposite direction to that of the analytes.
Optimizing the electrolyte system by changing
the concentration of the TTAB modifier, a
reversal of the EOF takes place at a TTAB
concentration of 0.07 mmol/l. Without the modi
fier the migration times of the analytes would be
longer than 15 min. At a TTAB concentration of
0.01 mM the EOF is directed opposite to the
anions but slowed down to obtain acceptable
analysis times.

Fig. 3 shows two electropherograms of anions,
(a) without and (b) with a matrix of boric acid,
obtained using these optimized conditions. no
difference concerning the baseline and migration

times can be seen between the two electrophero
grams because the matrix is removed from the
capillary by the EOF and no matrix effect can
occur.

It can be seen that the peak heights are
comparable in both electropherograms, except
for the chloride peak. This can be explained by
chloride contamination of the boric acid used. A
disadvantage of these experimental conditions is
that acetate and propionate cannot be detected
because of their slow mobility.

3.2. Determination of the blank value of boric
acid using different injection techniques

Fig. 4 shows the electropherograms of 0.9
mol/l boric acid obtained using three different
injection methods. Owing to the small injection
volume and the low concentration of the sample,
the LOD for the hydrostatic injection is rela
tively high. As can be seen in Fig. 4a, only
chloride can be determined using hydrostatic
injection. It is therefore not recommended to use
this method for trace analysis.

In order to decrease the LOD, the sample had
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Fig. 3. Electropherograms of an anion mixture. (a) Anionic mixture without boric acid. (b) Anionic mixture with a 0.9 mo!/!
boric acid matrix. Electrolyte, 5 mmol/l sodium chromate-0.01 mmol/l TIAB (pH 8.1); EOF, in the opposite direction to the
analytes, V EOF = +0.12 cm/s; all other conditions as in Fig. 2.

to be enriched by electrokinetic injection or by
sample stacking [15,16]. Electrokinetic injection
as a preconcentration method (see Fig. 4b)
allows an improvement of the LOD of the fast
analyte ions by a factor of 15. Thus, additionally
to chloride also other analytes such as sulfate,
nitrate, oxalate and hydrogenphosphate' can be
detected. Disadvantages of this method are the
discrimination of ions having a low mobility, the
dependence of the enrichment factor on the
conductivity of the sample and the necessity for a
correcting calculation using two internal stan
dards [17] to quantity the results.

Another on-line preconcentration method by
which the LOD can be improved is sample
stacking. Sample stacking was performed by
filling the capillary with the sample up to the
detector, resulting in a sample volume of 2.6 JLI.
After applying the high voltage, the analyte ions
migrate rapidly toward the boundary between
the sample and electrolyte. Simultaneously, the
reverse-directed EOF removes the stacked cat
ions and the water plug from the capillary. When
the water plug leaves the capillary, a uniform
field strength is reached and the current in
creases from zero to the common separation
level. Then the CZE separation begins without

switching the polarity. The results of sample
stacking are shown in Fig. 4c.

The main advantage is the very low LOD for
all analyte ions. The amount of sample is in
creased by a factor of nearly 200 compared with
hydrostatic injection, allowing an improvement
of the LOD by a factor of 200 also, and also
bromide can be determined. Further, there are
no discriminating effects for slow analyte ions as
observed in the electrokinetic injection method.
A disadvantage of the stacking process with a
boric acid sample is that the EOF takes 10.5 min
to remove the boric acid from the capillary,
whereas a water plug of a sample without matrix
is removed after 5.3 min (not shown). Therefore,
long analysis times and peak broadening occur,
especially for the slow analytes fluoride and
hydrogenphosphate in the presence of a boric
acid matrix. The explanation of this effect is the
high viscosity and the low pH (pH 3.5 of 0.9 M
boric acid) of the boric acid solution. Both
parameters decrease the EOF in the part of the
capillary filled with the boric acid solution. In
spite of these disadvantages, sample stacking is
preferred because analyte discrimination does
not take place and peak correction is not neces
sary.
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Fig. 4. Determination of the blank value of a commercially available boric acid of technical grade using different injection
techniques. (a) Boric acid 2 using hydrostatic injection (10 cm, 30 s); (b) boric acid 2 using electrokinetic injection (3 kY, 10 s); (c)
boric acid 2 using sample stacking (hydrodynamic injection up to the detector, sample volume 2.6 iLl, duration of the stacking
process 10.5 min). Electrolyte,S mmol/l sodium chromate-0.01 mmolll TIAB (pH 8.1); sample, 0.9 molll boric acid 1 without
addition of anions; all other conditions as in Fig. 3.

In Table 1, the LOD and the ATMR for the
different injection methods are summarized. The
values with sample stacking are better than those
for hydrostatic injection and electrokinetic injec
tion. With sample stacking an LOD in the low
nmol/l region is achieved.

To apply the developed CZE method, the

blank values of two boric acids from different
companies were measured. For this purpose the
boric acid was dissolved in pure water. Accord
ing to its solubility, a maximum concentration of
0.9 mol/) was achieved. To determine the im
purities, the standard addition method was car
ried out. In this way, systematic errors caused by



316 J. Boden et al. / J. Chromatogr. A 716 (1995) 311-317

Table 1
Comparison of different injection techniques for samples with boric acid matrix

Anion Hydrostatic injection Electrokinetic injection Sample stacking

LOD a ATMR LOD a ATMR LODa ATMR
(/Lmol/l) (/L mol / I) (/Lmol/I)

Bromide 8 1:1.1.105 0.3 1 :2.7 .106 0.Q7 1:1.2.107

Chloride 7 1:1.3.105 0.5 1: 1.7 .106 0.04 1:2.1.107

Sulfate 5 1: 1.8.105 0.2 1: 3.8 .106 0.02 1 :3.5 .107

Nitrate 7 1: 1.3 .105 0.3 1:2.8.106 0.04 1 :2.2 .107

Oxalate 5 1: 1.8.105 0.4 1 :2.1.106 0.03 1 :2.8 .107

Chlorate 7 1: 1.3 .105 0.4 1: 2.2 .106 0.05 1:1.5.107

Malonate 5 1: 1.8 .105 0.4 1:2.0.106 0.05 1:1.7.107

Fluoride 10 1:0.9.105 0.7 1: 1.2 .106 0.89 1:9.0.105

Experimental conditions as in Fig. 4c.
a The LOD was defined as three times the signal-to-noise ratio.

different migration times of samples with and
without a matrix of boric acid can be prevented.
The results are summarized in Table 2. It can be
seen that the results achieved conform to the
specified purities (boric acid 1 = analytical-re
agent grade, boric acid 2 = technical grade).

4. Conclusion

It has been shown that the combination of an
electrophoretic separation with an on-line pro
cess for the removal of a non-ionic matrix is a
very effective approach for improving the detec
tability of the anions. Using ion chromatography
as separation method, an automated sample
preparation step can be applied to prevent
baseline disturbances due to the boric acid ma-

Table 2
Blank values (/Lmol/I) for two different boric acids

trix. In this case, removal of the matrix in
addition to preconcentration of the analytes [18]
takes place.

In the described CZE method a similar result
occurs, because the matrix is removed by the
reverse-directed EOF and, simultaneously, the
analytes are concentrated by the stacking pro
cedure. An advantage of the latter method is the
on-line procedure without variation of the CZE
device. Using the CZE method, the anionic
impurities in two different boric acids were
determined. For the anions in a 0.9 molll solu
tion of boric acid an LOD of 5-10 JLmol/l is
obtained with hydrostatic injection. On enriching
the analytes by electrokinetic injection or sample
stacking, the LOD is improved by a factor 15 or
200, respectively, in comparison with hydrostatic
injection. It can be assumed that the described

Sample Bromide Chloride Sulfate Nitrate Oxalate
(r 2 = 0.9885) (r2 = 0.9427) (r2 =0.9980) (r2 = 0.9909) (r 2 = 0.9872)

Boric acid 1 1.1 4.2 0.9 1.5 0.4
(analytical-reagent grade)
Boric acid 2 0.9 23.1 2.2 1.4 2.3
(technical grade)

r2 = Regression coefficient of the calibration line. For the electropherogram of boric acid 2, see Fig. 4c; for boric acid 1, no
electropherogram shown.
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method is applicable to all samples with neutral
matrices and to matrices with low mobility. In
the latter case, the matrix can influence the
isotachophoretic state. Then, in addition to the
pH of the electrolyte and the EOF, the mobility
of the co-ion of the electrolyte also has to be
considered.
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Abstract

Optical resolution by micellar electrokinetic chromatography with sodium N-tetradecanoyl-L-glutamate (STGlu)
was investigated. Similar to the case when using sodium N-dodecanoyl-L-valinate (SDVal), sodium N-dodecanoyl
L-glutamate (SDGlu) and N-dodecanoyl-L-serine (DSer), addition of sodium dodecyl sulfate (SDS), urea and
methanol to STGlu micellar solutions gave improved peak shapes and enhanced the enantioselectivity. With an
STGlu-3-[(3-cholamidopropyl)dimethylammonio]-l-propanesulfonate-SDS-urea-methanol solution, five phenyl
thiohydantoin-oL-amino acids were separated and each enantiomeric pair was optically resolved. The resolution
characteristic in the STGlu system, however, was not substantially different from those in SDVal, SDGlu and DSer
systems.

1. Introduction

Micellar electrokinetic chromatography
(MEKC) is capable of separating both neutral
and charged compounds and has become a
popular technique in capillary electrophoresis
(CE) for separating small neutral compounds. In
MEKC, an ionic micelle is used as a pseudo
stationary phase that migrates with a different
velocity as an aqueous phase or the electro
osmotic velocity.

Optical resolution is one of important objec
tives in chromatography and also CE, especially
in pharmaceutical and medical fields, and many
reports on enantiomeric separations by CE have

* Corresponding author. Present address: Department of
Material Science, Faculty of Science, Himeji Institute of
Technology, Kamigori, Hyogo 678-12, Japan.

already appeared [1,2], including by MEKC with
chiral micelles and cyclodextrin-modified MEKC
(CD-MEKC). The use of amino acid derivatives
as chiral selectors in MEKC was first reported by
Dobashi et al. [3,4]. We have reported the
enantiomeric resolution of phenylthiohydantoin
derivatives of racemic amino acids by MEKC
using chiral micelles of amino acid derivatives,
such as sodium N-dodecanoyl-L-valinate (SDVal)
[5-7], sodium N-dodecanoyl-L-glutamate
(SDGlu) [8] and N-dodecanoyl-L-serine (DSer)
[9], and using digitonin [5,8], which is a neutral
glycoside. Phenylthiohydantoin-amino acids
(PTH-AAs) are produced from the Edman deg
radation of peptides and proteins and important
materials for determining amino acid sequences.
Also, each PTH-AA has a strong UV absor
bance, hence we have been using them as model
compounds.

0021-9673/95/$09.50 © 1995 Elsevier Science B.Y. All rights reserved
SSDI0021-9673(95)00671-0
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3. Results and discussion

Fig. 1. Chiral separation of five PTH-DL-AAs by MEKC
with STGlu-CHAPS. Corresponding AAs: Aba, Val, Nva,
Trp and Nle as shown. Micellar solution, 100 mM STGlu-25
mM CHAPS-lOO mM SDS-l M urea (pH 11.0) containing
30% (v/v) methanol; separation capillary, 370 mm (effective
length, 300 mm) x 52 I/-m l.D.; total applied voltage, 20 kV,
electric field strength, 541 V cm -1; detection wavelength, 254
nm; temperature, 30°C.

I
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I
10

Time/min

I
5

Since the solubility of STGlu in an aqueous
solution is low, a basic buffer (pH 11.0) was used
and the content of methanol was increased to
30% (v/v). As reported previously [6-9], addi
tion of SDS, urea .and methanol to the SDVal,
SDGlu or DSer micellar solutions could give
good efficiency and resolution in the enantio
meric resolution of PTH-DL-AAs. Similarly to
those cases, we used STGlu-SDS mixed micellar
systems (pH 11.0) containing urea and methanol
to obtain good peak shapes and enhanced enan
tioselectivity. The addition of CHAPS to the
above-mentioned solutions was also examined. It
should be noted that these micellar solutions
were sufficiently stable to achieve reproducible
separations even containing urea in high-pH
buffer. By using a 100 mM STGlu-25 mM
CHAPS-lOO mM SDS-l M urea (pH 11.0)
solution containing 30% (v Iv) methanol, five
PTH-DL-AAs were separated from each other
and each enantiomeric pair was optically re
solved, as shown in Fig. 1. Here, the order of the
migration and the separation characteristic in the
STGlu system were almost similar to those

In this study, another type of N-alkanoyl-L
amino acid, i.e., sodium N-tetradecanoyl-L
glutamate (STGlu), was used as a chiral surfac
tant. As additives to STGlu solutions, two sur
factants , achiral and anionic sodium dodecyl
sulfate (SDS) and chiral and neutral 3 - [(3 
cholamidopropyl)dimethylammonio] - 1 - pro
panesulfonate (CHAPS), were used. Urea and
methanol or 2-propanol (IPA) were also added
to micellar solutions. As with SDVal, SDGlu and
DSer, some PTH-DL-AAs were optically re
solved by using an STGlu-CHAPS-SDS-urea
methanol solution, and also with an STGlu
SDS-urea-methanol system. However, the en
antioselectivity in the STGlu micellar system was
not substantially different from those in the
SDVal, SDGlu and DSer systems.

2. Experimental

STGlu, the structure of which was given in the
previous paper [9], was obtained from
Ajinomoto (Tokyo, Japan), SDS and methanol
from Nacalai Tesque (Kyoto, Japan), urea and
PTH-DL-AAs from Wako (Osaka, Japan) and
CHAPS from Dojin (Osaka, Japan). Micellar
solutions were prepared by dissolving the surfac
tants and urea in a 50mM borate buffer (pH
11.0) followed by the addition of methanol to the
micellar solutions; Sample solutions were made
by dissolving enantiomers in methanol-water
(1:1). Although the concentration of the sample
was not determined precisely, it was around 1
mg ml- t

• All the chemicals were of analytical
reagent grade and used as received.

Capillary electrophoresis was performed with
a Beckman (Fullerton, CA, USA) PlACE Sys
tem 2000 controlled by an IBM (Tokyo, Japan)
PS/V personal computer. As a separation capil
lary, an untreated fused-silica tube purchased
from Polymicro Technologies (Phoenix, AZ,
USA), 300 mm (effective length) x 52 ]Lm I.D.,
was used. Separation was performed in the
constant voltage mode and the temperature was
maintained at 30°C.
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Fig, 3. Optical resolution of PTH-DL-Met by MEKC with
CHAPS without STGlu. Micellar solution, 25 mM CHAPS
100 mM SDS-l M urea (pH 11.0) containing 30% (v/v)
methanol. Other conditions as in Fig. 2,

for the optical resolution of PTH-DL-AAs, al
though the resolution characteristic was not
substantially different from those with SDVal,
STGlu, and DSer systems. Further investigations
on chiral separations by MEKC with N-alkanoyl
L-amino acids and some other surfactants and
additives are in progress.
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obtained with SDVal, SDGlu, and DSer solu
tions [7-9].

By using IPA instead of methanol as an
organic modifier, no enantiorneric resolution of
any PTH-DL-AAs was achieved. In general, IPA
is not effective in enhancing the enantioselec
tivity and/or improving the resolution of PTH
DL-AAs with N-alkanoyl-L-amino acids, except
for the resolution of PTH-DL-Thr by using a
DSer system [9], while the addition of methanol
is essential to obtain good resolution: when an
STGlu-CHAPS-urea system without methanol
was used, the PTH-DL-AAs were partially re
solved.

By using an STGlu solution without CHAPS,
or an STGlu-SOS-urea-methanol system, al
most the same resolution of the five PTH-DL
AAs as in Fig. 1 was obtained, as shown in Fig.
2. This implies that the addition of CHAPS does
not affect the resolution characteristic of the
STGlu system. On the other hand, by using a
CHAPS-SOS-methanol solution or withoQt
STGlu, only PTH-DL-Met was optically resolved,
as shown in Fig. 3. Although insufficient res
olution was attained, the CHAPS-SOS mixed
micelle system should be useful for enantiomeric
resolution by MEKC.

In conclusion, the use of STGlu-SOS-urea
methanol solutions could provide good results

Aba

Trp
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Abstract

Selenoamino acids from size-exclusionchromatographic fractions of human milk were identified and determined
by capillary electrophoresis (CE). For this purpose, different CE methods were developed to separate these
selenoamino acids from other molecules with similar molecular masses. Methods were introduced for the clear
identification of the analytes. These methods were designed to allow the identification of selenoamino acids in spite
of the presence of many molecules with similar mobilities. Further, they overcome identification problems caused
by shifts of migration times (due to different ionic compositions) compared with standard solutions.

1. Introduction

The high separation potential of capillary
electrophoresis (CE) covers a broad field of
applications and supplements other separation
methods such as HPLC. The benefits make CE
techniques of interest in speciation investiga
tions. There, the organic binding partners of
metals have to be identified, e.g., by capillary
zone electrophoresis (CZE) [1].

Selenium is an essential trace element for
humans. Sufficient selenium supplementation
can protect against several heart diseases and has
been discussed in prevention against cancer
[2,3]. Newborns show very low serum selenium
levels, which decrease during the first year of life
[3]. The bioavailability of an element (here Se) is
dependent on its binding form (species) [1].
Therefore, a clear identification and determi
nation of such species in human milk is neces
sary. Fig. 1 shows the general structure of a
selenoamino acid.

When analysing body fluids or size-exclusion

chromatographically (SEC) separated fractions,
e.g., from human milk by CZE, even baseline
separated molecules usually show nearly identi
cal migration times (trn)' Further, molecules of
interest often are present in low concentrations,
probably migrating close to highly concentrated
substances.

Migration times are altered by changes in ionic
strength of buffers and samples [4-7]. Migration
times of low-concentration molecules are influ
enced by closely migrating high-concentration
compounds. Therefore, comparing standard trn
values with sample peak trn values can lead to
erroneous identifications [6-8].

The adjustment of ionic strength by mixing
samples with a small aliquot of CE buffer is not
sufficient when analysing samples with very high

R-Se-(CH2)n-GH-COOH
I

NH2
Fig. 1. General structure of a selenoamino acid. As an
example, R = CH3 and n = 2 for SM.

0021-9673/95/$09.50 © 1995 Elsevier Science B.v All rights reserved
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ionic strength. Large additions of buffer are not
possible owing to sample dilution, which may
bring low-concentration molecules below the
determination limit. Consequently, tm values in
samples and standard solutions are different and
a clear identification is no longer possible.
Quantification may also be problematic owing to
alterations in peak area for the same reasons.

Here, an easy and efficient method is de
scribed for identifying low-concentration amino
acids in human milk despite t m alterations from
sample to sample. Different levels of security in
identification are introduced. Determination of
the molecules of interest can easily be done in
parallel.

2. Experimental

2.1. Sampling

Sampling of human milk was carried out as
described by Schramel et aI. [9]. The tubing of
the manual pump and the sampling vessels were
cleaned with nitric acid and doubly-distilled
water to avoid the contamination that can occur
with commercially available pumps.

2.2. Sample preparation

Pooled human milk (second to seventh day
after delivery) was defatted and milk proteins
were precipitated by centrifugation (25840 g, 30
min, 8°C), as described elsewhere [10]. The
supernatant was injected into the LC system for
SEC fractionation.

2.3. SEC fractionation and fraction treatment

The SEC fractionation was carried out on a
metal-free Econo-System (Bio-Rad, Munich,
Germany). The mobile phase was doubl.y dis
tilled water at a flow-rate of 3 ml/min. The
chromatographic column (500 x 50 mm LD.) was
metal-free, filled with Toyo Pearl TSK HW 40 as
the stationary phase and temperature controlled
at 20°C. A UV detector monitored the sepa
ration at 232 nm.

Fraction treatment
Fractions were collected at 5-min intervals

with a Model 100 fraction collector (Pharmacia).
The fractions were frozen at - 20°C and sub
sequently freeze-dried. The dry powder was
resuspended with doubly-distilled water (500 ILl)
and used for the Se determinations (350 ILl) and
for different CE determinations (150 ILl).

2.4. Capillary electrophoresis

A Biofocus 3000 capillary electrophoresis sys
tem (Bio-Rad) was used for the CE experiments.
The capillary and carousel temperature was
20°C. Two CZE methods (A and B) were
developed for each of GSH, Se-CM, SC and SM
(Table 1).

A standard addition of the analytes improved
analyte identification and quantification. Fig. 2
shows the flow chart of consecutive investiga
tions. An increasing security in identification of
the investigated compounds is achieved by the
combination of different methods (SEC, CZE
methods A + B) for identification, obtaining
increasing levels of security (ISL = identification
security level).

2.5. Se determination

Se determinations were carried out by induc
tively coupled plasma mass spectrometry with an
instrument from Perkin-Elmer (Uberlingen,
Germany) coupled with a graphite furnace using
the standard addition method for quantification.
Electrothermal vaporization was chosen to over
come the well known polyatomic interferences.

2.6. Chemicals

TSK-gel (ToyoPearl HW 40 S) was obtained
from Toso Haas (Stuttgart, Germany). GSH,
selenocystamine (Se-CM), selenocystin (SC)
selenomethionine (SM) were purchased from
Sigma (Munich, Germany). The capillaries and
borate and phosphate buffer (pH 2.5) were
bought from Bio-Rad and H2PO~-HPO~-,
acetic acid and sodium acetate from Merck
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Table 1
Parameters of the different CZE methods
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Analyte

GSH

Se-CM

SC

SM

Method Capillary' Buffer Polarity
(em x p.m 1.0.)

A 24 x 25 (c) Borate buffer, pH 8..$ (Bio-Rad -/+

148-5023)
B 24 x 25 (c) HzPO;-HPO~-, 100 mM, -/+

pH 6.0
A 50 x 50 Borate buffer, pH 8.5 (Bio-Rad +/-

148-5023)
B 50 x 50 Na acetate, 100 mM, pH 5.5 +/-

A 24 x 25 (c) Phosphate buffer, 100 mM, +/-

pH 2.5 (Bio-Rad 148-5010)
B 24 x 25 (c) Acetic acid, 1%, pH 1.9 +/-

A 24 x 25 (c) Phosphate buffer, 100 mM, +/-

pH 2.5 (Bio-Rad 148-5010)
B 24 x 25 (c) Acetic acid, 1%, pH 1.9 +/-

Additional common parameters: injection by pressure, 1.03.105 Pa s; voltage, 10 kV; temperature, 20°C (sample carousels and
capillary); wavelength, 200 nm; purge between runs, (1) water, 60 s, and (2) buffer, 90 s.
• (c) = coated.

Human milk..
SEC column..
UV detector

element specific detector....
com arin RTs of Se_ related

se-R-NH~ standards

SEC column..
UV detector

element specific detector....
eaks with RTs of UV and Se peaks from standards

I SEC-fractions of Se elution I
I(MW ranee determined bv MW calibration of SEC columns)... ...

!ISL 2 CZE method "A" IISL4 CZE method "B"

comparing MTs of Se-R-NH2 standards (MW corres- comparing MTs of Se-R-NH2 standards (MW corres·
ponding to SEC fractions) with MTs of peaks in the pondlng to SEC fractions) with MTs of peaks in the
electropherogram from SEC fractions electropherogram from SEC fractions... ...

IISL 3 CZE method "A" IISL5 CZE method "B"
Se·R-NH2 standard addition (high concentration) Se·R-NH2 standard addition (high concentration)
Compare: sample peak pattem with the pattem of the Compare: sample peak pattem with the pattem of the
sample + addition. sample + addition.
Identification of Se-R-NH2 from the SEC fraction and Identification of Se-R-NH2 from the SEC fraction and
estimation of concentration. estimation of concentration.... ...
Se·R-NH2 standard addilion:l-l,5 x the estimated Se-R-NH2 standard addition: 1-1,5 x the estimated
analyte concentration. analyte concentration.
Quantification of Se-R-NH2 in the sample. Quantification of Se-R-NH? in the sample... ..... ..

ISL 6 comparing the pattem 01 analyte concentratIons in consecutive SEC fractions from ISL 3 with ISL 5 and with the Se concentration pattem
of Ihe same fractions

Fig. 2. Scheme of consecutive analytical steps for identification obtaining increasing levels of security. RT = Retention time;
MT = migration time; MW = molecular mass.
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(Darmstadt, Germany). The Se standards were
purchased from Aldrich (Steinheim, Germany).

3. Results

The electropherogram of an individual SEC
fraction showed good reproducibility for several
replicates (n = 5), but a tm shift compared with
standards was observed. This shift changed on
analysing other fractions, owing to their different
compositions. Therefore, the identification of an
Se-R-NHz by comparing the standard CZE t m

with the peak CZE tm in SEC fractions (ISL 2)
was impossible.

Fig. 3 shows the analysis (methods A and B)
of an SEC fraction containing GSH. A multitude
of peaks migrated around the standard t m and a
slight tm shift was obvious.

For Se-CM, SC and SM, no peaks were
detected at the standard tm values in the SEC
fractions where the elution of these molecules
was expected from Mr calibration of the SEC
column (SM, Fig. 4d and e; Se-CM and SC, not
shown). On the other hand, a peak with the SM
standard CZE tm was seen in SEC fractions of
higher molecular mass (Fig. 4a and b).

The addition of analyte standards to the sam
ples (ISL 3) showed marked t m shifts in these
samples. Now several sample peaks from differ
ent fractions could be correlated with analyte
standards. These sample peaks "grew" with the
standard additions, thus being identified by ISL 3
and ISL 5 procedures. Fig. 3b and c and 3e and f
show the "growth" of the GSH peaks by meth
ods A and B and Fig. 4e and f demonstrate the
increasing peak height of SM.

The absence of the analytes in the resting SEC
fractions was proved when a new peak appeared
after a standard addition. As an example, Fig. 4b
and c show the absence of SM in an SEC fraction
where a sample peak simulates SM by an ISL 2
identification (Fig. 4a and b).

In some electropherograms, a hidden co-elu
tion of another molecule was not totally ex
cluded even by the ISL 3 procedure [e.g., Fig. 3b
or for SC (not shown)]. Therefore, a second
determination method was necessary for addi
tional validation (ISL 4 and 5; e.g., Fig. 3d, e

method-A- method lOS·
GSH standard GSH standard

A 0
0.006 0,015

j0.005

___L0.004 0,01

~ 0,003 :>
00(

0,002 0,005

0,001

a a ~~'

2 3 4 5 6 2.5 3,5 4.5 5,5

minutes minutes

sample sample

B E
0.006 0.015

0,005

.:: fL~ 0,01

:>
00(

0,002 V 0,005

}I~0,001 ltt
aa

2 3 4 5 6 2,5 3,5 4,5 5,5

minutes minutes

sample + standard addition sample + standard addition

C F
0,006 0,015

0,005 I
0,004 0,01

~ 0,003 pl,ll
:> .y'00(

0,002 0.005 )Jv0,001 ~

aa
2 3 4 5 6 2,5 3,5 4,5 5,5

minutes minutes

Fig. 3. Electropherograms of standards, samples and
samples + standard addition for GSH by methods A and B,
A clear identification by ISL 3 and ISL 5 procedures is
shown.

and f). The presence and the identity of the
molecules were proved by the ISL 5 procedure in
those fractions where they had already been
determined by the ISL 3 procedure. Co-elutions
of other molecules were now excluded.

The amounts of the analytes in consecutive
SEC fractions (ISL 6) showed close conformity
of the values determined by methods A and B
(ISL 3 and 5). The concentration patterns were
further comparable to those of Se in consecutive
SEC fractions (Fig. 5). The total amount of
Se-R-NHz in human milk in these experiments is
shown in Table 2.
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-,---
SM • standard 8M - standard

A 0
0.0006 0,0006

0,0005 0,0005

0,0004 0,0004

~ 0,0003 ~ 0.0003

0,0002 0,0002

0,0001 0,0001

- ~ Ol~ ------0
4 6 8 10 12 14 4 6 8 10 12 14

minutes minutes

...

sample sample

(SECfradion4IJ) B (SEC rraction 43) E
0.0006 0.0006

0.0005 0.0005

0.0004 0,0004

a:::~ I~lh. ~.
~ 0,0003

~
0,0002

. VI'~ 1Jov..~
0.0001

00
4 6 6 10 12 14 4 6 6 10 12 14

minutes minutes

sample + standard addition sample + standard addition

C F
0.0006 0.0006

0.0005 0.0005

0.0004 0,0004

a0.0003

~ lv_

~ 0,0003

0.0002 0.0002

L. Vwv0.0001 0.0001 ..lL .
r ~ •

0 0
4 6 8 10 12 14 4 6 8 10 12 14

minutes minutes

Fig. 4. (A) and (D) an SM standard is shown; (B) seeming
ly, SM is present in the sample according to ISL 2, but after
addition of an SM standard (ISL 3) the lack of this analyte in
the sample (SEC fraction 40) becomes obvious; (D) the SM
standard; (E) seemingly, SM is not present in the sample
according to ISL 2; (F) after addition of an SM standard (ISL
3), the presence of this analyte in the sample (SEC fraction
43) becomes obvious.

4. Discussion

%

%

%

%

G8H

8e-CM

8C

--------------------'

8M

The analytes were well separated from other
molecules. Replicate electropherograms of one
individual fraction were strongly reproducible
with respect to t ro and peak quantification.

The observed tm shift from a standard to a
Fig. 5. Determination of Se and the four analytes in consecu
tive SEC fractions.



Table 2
Concentrations of analytes in human milk determined by
different CZE methods

CZE CZE Average
method A method B

GSH 1.92 ± 0.20 1.95 ± 0.21 1.93±0.19
Se-CM 1.99 ± 0.15 1.91 ± 0.20 1.95 ± 0.18
SC 3.96 ± 0.41 4.10 ± 0.25 4.02 ± 0.38
SM 1.08±0.20 0.90 ± 0.20 1.03 ± 0.21

sample has been reported [5] and is explained by
differences in ionic strength. The changes in tm
shifts from consecutive SEC fractions were a
logical consequence of the different compositions
of these fractions. Taking this as a basis, identifi
cation of an analyte by the ISL 2 procedure can
easily lead to a wrong identification in such
complex samples. The ISL 3 procedure over
came these problems. The analytes were iden
tified clearly (Fig. 3b and c). The ISL 3 pro
cedure is therefore necessary for quality assur
ance.

A further necessary tool for quality assurance
was the application of a second determination
method B. Doubtful identifications and possibly
wrong quantifications (referring to possible co
elutions and closely migrating peaks) were now
excluded by the ISL 5 procedure (Fig. 3e and f).

GSH was well separated from other mole
cules, but the multitude of closely migrating
peaks called for the ISL 3 procedure. However,
even after an ISL 3 identification, an accidental
co-migration of another molecule was not totally
excluded. Finally, the combination of ISL 3 and
ISL 5 procedures provided absolute identifica
tion security. The amounts determined by the
two methods were the same and the same
concentration patterns in consecutive SEC frac
tions were observed (ISL 6), also indicating that
there was no hidden peak.

A clear separation of Se-CM from other peaks
[11] was provided. Identification and quantifica
tion were possible without interferences. Owing
to the marked t m shifts, the ISL 3 and ISL 5

328

Analyte Concentration (mg/I)

B. Michalke / J. Chromatogr. A 716 (1995) 323-329

procedures were essential for identification and
quality assurance.

Neither SC nor SM was identified by the ISL 2
procedure owing to the t m shifts (SM, Fig. 4d
and e). Again, the ISL 3 and ISL 5 procedures
helped to identify these molecules clearly in
those SEC fractions where they should be ex
pected. The necessity for the ISL 3 combined
with the ISL 5 procedure for quality assurance is
demonstrated impressively in Fig. 4a-c. There,
SM seemed to appear at the standard tm • Only
the ISL 3 and ISL 5 procedures demonstrated
clearly a marked t m shift and the absence of the
analyte in this SEC fraction.

For each analyte, the total amounts and the
concentration patterns in consecutive SEC frac
tions were in accordance for both methods
(Table 2). The selenium patterns agreed with the
analyte patterns. Both findings strengthen fur
ther the identification security.

In the literature, the identification problems
described here often seem to playa minor role.
Shifts in tm can often be observed (e.g., [12,13]),
but usually no identification problems are re
ferred to. This may be due to the investigation of
model or standard solutions. However, when
analysing complex, changing matrices, only stan
dard additions with at least two methods (ISL 3
and ISL 5) guarantee sufficient identification and
quality assurance.

This aspect can be found in other articles also.
Deyl and Struzinsky [4] stated that there is a
"large step from separations of a model solution
to a real sample" and Gurley et al. [5] suggested
a standard addition analogous to the ISL 3
procedure. However, even there, possible co
migration of other molecules (suspected by the
authors themselves) could not be totally ex
cluded.

A "normalization" as suggested by several
groups [6-8] is not practicable for the samples
analysed here. The t m and peak areas were
referred to an internal standard, which is not
present in the original sample. However, the
prediction of an analyte tm in consecutive SEC
fractions can hardly be done, because the t m

shifts vary from fraction to fraction.
The four analytes investigated here have been
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partly described in the literature: GSH is well
known in breast milk [14] and GSH with co
valently bound Se has been described [15]. SC
and SM have the same pathways as their sulfur
analogues and close metabolic relationships be
tween each of the analytes are known [15-17].

5. Conclusion

Selenium supplementation in human milk is
provided by four Se ligands, which can be clearly
identified and quantified by the ISL 3 and ISL 5
procedures. These identification procedures
overcome the problems resulting from tm shifts
and from problems known from other identifica
tion techniques such as "nonnalization". They
are necessary for quality assurance and will be
the basis for identifications of selenium binding
partners in future Se speciation investigations.

References

[1] B. Michalke, Fresenius' J. Anal. Chern., 350 (1994) 2.
[2] P.D. Whanger, J. Trace Elern. Electrolytes Health Dis.,

6 (1992) 209.

[3],T.W. Westerrnark, Trace Elern. Anal. Chern. Med.
BioI., 3 (1984) 49.

[4] Z. Deyl and R. Struzinsky, J. Chrornatogr., 569 (1991)
63.

[5] L.R. Gurley, J.S. Buchanan, J.E. London, D.M.
Stavert and B.E. Lehnert, J. Chrornatogr., 559 (1991)
411.

[6] G. Bondoux, P. Jandik and R.W. Jones, J. Chrornatogr.,
602 (1992) 79.

[7] R. Kuhn and S. Hofstetter-Kuhn, Capillary Electro
phoresis: Principles and practice. Springer, Berlin, 1993.

[8] B.F. Kenney, J. Chrornatogr. 546 (1991) 423.
[9] P. Schrarnel, G. LiIl, S. Hasse and B.-J. Klose, BioI.

Trace EIern. Res., 16 (1988) 67.
[10] B. Michalke, D.C. Munch and P. Schrarnel, J. Trace

Elern. Electrolytes Health Dis., 5 (1991) 251.
[11] B. Michalke, Fresenius' J. Anal. Chern, in press.
[12] P.J. Oefner, A.E. Vorndran, E. Grill, C. Huber and

G.K. Bonn, Chrornatographia, 34 (1992) 308.
[13] F.T.A. Chen, J. Chrornatogr., 559 (1991) 445.
[14] K.T. Suzuki, H. Tarnagawa, S. Hirano, E. Kobayashi,

K. Takahashi and N. Shirnojo, BioI. Trace EIern. Res.,
28 (1991) 109.

[15] H.E. Ganther, Trace Elern. anal. Chern. Med. BioI., 3
(1984) 4.

[16] K. Soda, Phosphorus Sulfur Silicon, 67 (1992) 461.
[17] O.E. Kajander, R.J. Harvirna, T.O. Elorant, H. Mar

tikanainen, M. Kantola, S.O. Kiirenlarnpi and K. Aker
man, BioI. Trace EIern. Res., 28 (1991) 57.





ELSEVIER Journal of Chromatography A, 716 (1995) 331-334

/OURNAlOF
CHROMATOGRAPHY A

Study of the racemization of L-serine by cyclodextrin
modified micellar electrokinetic chromatography and

laser-induced fluorescence detection
G. Nouadjea,b, M. Nertza, F. Courdercc ,*

'ZETA Technology, Parc Technologique du Canal, 31520 Ramonville-Toulouse, France
bLaboratoire de Chimie Analytique et Bromatologie, Universite des Sciences Pharmaceutiques, 31062 Toulouse Cedex, France

'Laboratoire de Biologie MoLeculaire Eucaryote du CNRS, 118 Route de Narbonne, 31062 Toulouse Cedex, France

Abstract

Cyclodextrin-modified micellar electrokinetic chromatography and laser-induced fluorescence detection were
used for the determination of the racemization rate of L-serine in water at 100°C. A difference to ten times the
half-lifetime was observed between the value in the literature and the present results.

1. Introduction

Capillary electrophoresis (CE) is now well
known for allowing separations of enantiomers
by using the cyclodextrin-modified micellar elec
trokinetic chromatography [1]. The resolution of
D- and L-amino acids has been studied by this
means [2].

Because very small sample volumes are in
jected in CE studies, laser-induced fluorescence
(LIF) is one of the most successful methods used
to achieve high sensitivity and selectivity [3,4].
Many interesting analytes are not natively
fluorescent and most reports on LIF detection
with CE involve the use of visible lasers and
labelling of analytes with flourescent functional
groups, such fluorescein isothiocyanate for
amines, amino acids or proteins [5].

A century ago it was first observed that amino
acids underwent racemization when heated in

* Corresponding author.

strongly acidic and basic solutions. It soon
became well established that the optically active
amino acids isolated from biological materials
could be converted into racemic mixtures by a
variety of vigorous treatments. The earlier works
on racemization in various systems was exten
sively reviewed in 1984 by Neuberger [6]. While
racemization of amino acids at extreme pH and
elevated temperatures has been known for a long
time, it also takes place at neutral pH at rates
which are comparable to those in dilute acids
and bases [7].

Racemization was detected in fossils and the
metabolically stable protein in living mammals
[8], soils [9], trees [10] and wine [11] and was
used in dating studies [12-14]. Kinetic data are
not well established for a large number of amino
acids [13,14].

Some years ago, Schwass and Finley [15]
showed that serine is the most sensitive indicator
of racemization among amino acids which can be
measured, because of its particularly short

0021-9673/95/$09.50 © 1995 Elsevier Science BV All rights reserved
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racemization half-lifetime (around 400 years esti
mated at 25°C [13]). Kinetic studies are difficult
because of the very small amount of enantiomer
produced, owing to the very long reaction time.

To obtain new data on the racemization of
serine, we used the high performance of sepa
ration by cyclodextrin-modified micellar elec
trokinetic chromatography and the high sensitivi
ty of detection by LIF. We measured the kinetics
of the reaction of a solution of a 10-8 M L-serine
at 100°C in water. Differences from literature
values were observed and are discussed.

2. Experimental

2.1. Apparatus and separation conditions

A modular injector and high-voltage power
supply (SpectraPhoresis 100; TSP, Fremont, CA,
USA) equipped with a modular CE-LIF detec
tor (Zeta Technology, Toulouse-Ramonville,
France) and a 488-nm wavelength laser (Type
54225A; ILT, Salt Lake City, UT, USA) were
used. A 75 cm x 50 JLm I.D. fused-silica capillary
(Polymicro Technologies, Phoenix, AZ, USA)
was used with an effective length of 42 cm.

All chemicals were purchased from Aldrich
(St. Quentin Falavier, France).

The separation buffer consisted of 100 mM
sodium dodecyl sulfate (SDS) (70% purity), 60
mM f3-cyclodextrin and 100 mM boric acid
(99.5% + purity) (pH 9.3, adjusted by addition
of sodium hydroxide). The capillary was rinsed
with 0.1 M NaOH for 3 min with water for 2 min
and then with separation buffer for 3 min.
Samples were injected by hydrodynamic injec
tion for 2 s (15 nl). A separation potential of 28
kV was used. The electrophoretic current was
typically 66 JLA.

2.2. Data collection and analysis

Data collection, processing and analysis were
performed using Boreal software (JMBS De
velopements, Grenoble, France). Data were
collected at a sampling rate of 10 Hz. Peaks were
identified by spiking samples with fluorescein

isothicyanate (FITC)-labelled oL-serine. Aver
age values for duplicate injections were calcu
lated. The relative standard deviation (n = 5) of
the peak height for 10-8 MOL-serine solution
was 1.1%.

2.3. L-Serine kinetic study

Three solutions of 1.2 ml of 10-4 M L-serine
(99% purity) in water (pH 7.8) were heated
concurrently under reflux at 100°e. Volumes of
100 JLl were taken after 2, 4, 6, 8, 22, 24, 26 and
55 hand derivatized with FITC at 20°C prior to
CE-LIF analysis.

2.4. Derivatization procedure

A 2.1'10-4 M solution of FITC isomer I (90%
purity) in acetone was prepared by dissolving 2.5
mg of FITC in 3 ml of acetone. Then 2 mg of
each amino acid were dissolved in 2 ml of 0.2 M
carbonate buffer (pH 9.0). A 100-JLl volume of
serine solution (10- 4 M) was allowed to react
with 100 JLl of FITC solution for 2 h in the dark.
At the same time, 100 JLl of a 2.1.10-4 M
solution of FITC in acetone was mixed with 100
JLl of 0.2 M carbonate buffer to obtain a blank
and kept in darkness for 2 h. Then both the
FITC solution and the amino acid plus FITC
solution were diluted 10 OOO-foid in water prior
to analysis. 0- and L-serine have the same kinetic
reaction of labelling. The total concentration of
serine was constant with time.

3. Results and discussion

Racemization is a well established first-order
reaction and the kinetic equation for this reac
tion is [13]

In(l + DIL), -In(l + DIL),=o = K;t (1)

where D IL is the L- to o-amino acid enantio
meric ratio at a particular time (t) and K; is the
first-order rate constant for the interconversion
of amino acid enantiomer. This equation may be
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Fig. 1. Electropherogram showing 10-8 M FITC-L-serine racemization in water at 100°C after 0, 2, 4, 24 and 55 h of reaction.
Separation conditions: SDS, 100 mM; j3-cyclodextrin, 60 mM; boric acid, 100 mM; pH, 9.2; fused-silica capillary, 50 /-Lm I.D., 28
kY, 66 /-LA. Peaks: 1 = o-serine; 2 = L-serine. RT = reaction time.

used when DIL < 0.15. Inour case, for a reac
tion time of 55 h DIL = 0.074.

Fig. 1 shows five electropherograms of L-serine
racemization after 0, 2, 4, 24 and 55 h of
reaction. They show the growth of the peak of
n-serine with time.

Mean values of the DIL ratio (R.S.D. <
4.49%) of the three reactions yielded a linear
least-squares line fit:

In(1 + DIL) -In(1 + DIL),=o

= 1.04 .1O- 3t + 2.03 .10- 3

(t in hours) with a correlation coefficient of
0.9965 (the intercept was nearly zero).

The rate constant allowed the calculation of
the racemization half-lifetime as 40 days for L
serine at 100°C at pH 7.8. The literature value
[16] is 4 days, calculated from measurements at
122°C, assuming that the ratio of the rates of
racemization of serine and aspartic acid are the
same at the same temperature.

The present value shows that racemization of
serine during protein hydrolysis will be relatively
slow and will not have an important influence on
the DIL ratio.

The results show that amino acids racemiza
tion may be observed with CE-LIF, which could
be used as a dating method to determine the age
of amino acid-containing samples.
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Abstract

Previously, we have developed methods for the capillary electrophoretic determination (without derivatization)
of twenty common amino acids with indirect absorbance detection [Y.-H. Lee and T.!. Lin, J. Chromatogr. A, 680
(1994) 287]. Here, we report a further improvement in the resolution, resulting from the use of various
cyclodextrin (CD) additives. Capillary electrophoresis (CE) was performed at pH 11.0 with either p-aminosalicylic
acid (PAS) or 4-(N,N'-dimethylamino)-benzoic acid (DMAB) as the background electrolyte (BGE). The effects on
the CE separation brought about by various CD additives, e.g. a- and l3-cyclodextrins, methyl-, hydroxypropyl-,
2,6-dimethyl-, and 2,3,6-trimethyl-l3-cyclodextrins were investigated. These CD additives form inclusion complexes
with the BGE and also with amino acids, altering the migration behavior of the analytes. For some amino acids
which have previously proved difficult or impossible to separate, an improvement in the separation selectivity has
been attained. Association constants of BGEs for cyclodextrins were determined on the basis of the CE mobility
changes caused by the CD additive. The concentration of CD additive needed to achieve a suitable separation was
calculated and optimized experimentally. Using 10 mM PAS or DMAB, in the presence of 20 mM a-cyclodextrin
at pH 11.0, eighteen amino acid peaks were baseline-resolved in under 35 min. Leu and lie could also be separated
in the presence of 15-20 mM I3-CD under similar CE conditions. The performance of CE in separating amino acids
in the presence of various CD additives is discussed.

1. Introduction

Amino acids are the building blocks of pro
teins; determination of the amino acid composi
tion of proteins is often encountered in protein
analysis. Amino acids are also present in a wide
variety of biological tissues, body.fluids, foods,
and medicines. Therefore, determination and
quantitation of amino acids is of considerable
interest. The most efficient and convenient meth
ods for simultaneous determination of amino
acids developed in the past have been based on
high-performance liquid chromatography

* Corresponding author.

(HPLC). Since the majority of amino acids do
not absorb light in the UV region, detection is
often accomplished by introducing pre- or post
column derivatization of the analytes with
fluorescent probes [1-3], the subsequent detec
tion being by fluorescence or laser-induced fluo
rescence. The fluorescence method has the ad
vantage of high detection sensitivity, reaching an
attomolar mass detection limit [3]. However, the
derivatization process can be very time-consum
ing and requires considerable additional work.
The process also changes the native electropho
retic mobility of the analytes. Alteration of the
electrophoretic mobility of the analyte always
occurs because of the modification of physico-

0021-9673/95/$09.50 © 1995 Elsevier Science BV All rights reserved
SSDI0021-9673(95)00412-2
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chemical properties of the analyte by the reactive
group of the derivatizing agents.

If capillary electrophoresis (CE) is used, de
tection of underivatized amino acids can also be
accomplished by indirect methods similar to
those employed in liquid chromatography. In
capillary zone electrophoresis, indirect fluores
cence detection has been developed for a variety
of analytes, including amino acids [4,5]. To
achieve the best detection limits, a laser light
source is often required. Another very attractive
alternative is the indirect absorbance detection
method, since most commercial CE systems are
equipped with UV-Vis absorbance detectors and

.a wide variety of background absorbers are
available.

Indirect UV detection in CE has recently
become popular, and has been applied to the
detection of a wide variety of analytes, e.g.
organic acids and bases, inorganic anions and
metal cations (for reviews, see Refs. [6,7]). A
few studies have been made on the CE of amino
acids based on the indirect UV detection scheme
[8-10]. In the indirect UV detection method, the
choice of background electrolyte (BGE) is of
critical importance because it dictates the res
olution of the CE separation and the sensitivity.
Benzoate, sorbate, salicylate, and quinine sulfate
have been used as BGEs for the CE analysis of
amino acids and related compounds. Other fac
tors that also affect the CE resolution include pH
and additives that modify the electroosmotic flow
(EOF). Previously, we have investigated the
potential use and suitability of various BGEs for
the CE analysis of amino acids with indirect UV
detection [11]. Of the nine BGEs studied, we
found p-aminosalicylic acid (PAS) and 4-(N,N'
dimethylamino)benzoic acid (DMAB) to be
most suitable as the carrier electrolytes and
background absorbance providers as they have
effective mobilities close to the mobilities of
most amino acids at alkaline pH. pH also plays a
role as it influences the separation behavior of
amino acids in CEo Metal cations (e.g. Mg2+)
and long-chain cationic surfactants (e.g.
cetyltrimethyl ammonium bromide) are effective
EOF modifiers (reducing or reversing EOF at
high concentration); as buffer additives, they
improve the CE resolution [11].

Although 17-19 peaks for twenty common
amino acids could be effectively separated in
20-40 min using the method developed previous
ly [11], there is still considerable room for
improvement. For example, Phe, Val, and His,
Met and GIn, and Ala, Thr, and Asn could not
be baseline-resolved under anyone single CE
condition. An even more serious problem is that
Leu and He could not be separated at all. Several
studies have shown that adding cyclodextrins
(CDs) can enhance the selectivity of CE because
CDs can form inclusion complexes with a wide
variety of guest organic molecules or ions (for
review, see Ref. [12]). Selectivity is taken to be a
function of whether the guest molecule fits into
the CD hydrophobic cavity. Chiral separations of
racemic mixtures of D,L-amino acids, peptides,
carbohydrates, and various other chiral pharma
ceuticals have been aided by the addition of
different kinds of CDs and derivatives [13-18].
In the present study, we have investigated the
effectiveness of various CDs and derivatives, e.g.
~- and ,B-cyclodextrins, methyl-, hydroxypropyl-,
2,6-dimethyl-, and 2,3,6-trimethyl-l'-cyclodex
trins, in improving the CE separation of amino
acids. Among the various CDs, a-CD gives the
best overall performance in terms of CE res
olution for all amino acids except for Leu and
He. On the other hand, complete baseline CE
separation for the latter two amino acids could
only be achieved by adding ,B-CD. The per
formance of CE in separating amino acids in the
presence of various CD additives is discussed.

2. Experimental

2.1. Chemicals

BGEs, 20 common amino acids, DM-,B-CD
[heptakis(2,6-di-0-methyl-,B-CD)] and TM-,B
CD [heptakis(2,3,6-tri-0-methyl-,B-CD)] were
from Sigma. HP-a-CD (hydroxypropyl-a-CD,.
average molar substitution (MS) = 0.6), HP-I'
CD (hydroxypropyl-,B-CD, MS = 0.6), and
methyl-,B-CD (average degree of substitution =
1.8) were from Aldrich (Milwaukee, WI, USA).
a-CD and ,B-CD were obtained from two manu
facturers: Sigma (St. Louis, MO, USA) and
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Janssen (Geel, Belgium); each brand gave very
different CE results (see Results and Discus
sion). These chemicals were used as received
without further purification. All other chemicals
used were of analytical or reagent grade from
several manufacturers. Doubly deionized water
prepared from a Milli-Q system (Millipore, Bed
ford, MA, USA) or doubly deionized distilled
water was used exclusively for all solutions.
Infusion fluids containing amino acids (Aminol
Infusion and Aminol-12X Injection) were sup
plied by Sintong Chern. (Tauyen, Taiwan).

Samples, buffers and pH adjustment
BGE solutions containing 10 mM of p-amino

salicylic (PAS) or 4-(N,N' -dimethylamino)ben
zoic (DMAB) acids, the standard solution of 20
amino acids and their mixture were prepared
according to the procedure published previously
[11]. The pH of the running BGE solution was
adjusted by adding aliquots of 1 or 0.1 M NaOH
to the desired pH, depending on the experi
ments, from 10 to 11.2 as specified in the figures.
As noted previously, the solution had a rather
high pH and if exposed to air, the pH could be
lower by CO2 dissolution. Thus, the vial must be
capped tightly immediately after use. The origi
nal pH could be maintained for 3-4 days. The
pH of the solution was checked periodically and
readjusted if necessary. For the CD experiments,
20-30 mM solutions were made containing 10
mM BGE and then diluted to the desired con
centration.

2.2. Apparatus

CE experiments were carried out in a fully
automated Spectra Phoresis Model 1000 instru
ment (Thermo Separation Products, Fremont,
CA, USA) as described previously [11]. The
detector wavelength was fixed at 266 nm for PAS
and at 288 nm for DMAB. In indirect detection,
peaks in the electropherogram appeared origi
nally as negative peaks but were inverted to
positive peaks by using the vendor's software.
The capillaries (bare fused-sili6a) from Poly
micro Technologies (Phoenix, AZ, USA) were
75 ]Lm I.D. (365 ]Lm O.D.) x 70 cm (63 cm to
the detector) for the determination of the mo-

bilities of BGEs and 75 ]Lm I.D. (365 ]Lm
O.D.) x 90 cm (83 cm to the detector) for the
separation of mixtures of amino acids. For the
determination of the molar absorptivities for the
various BGEs, the UV-Vis absorption spectra of
BGEs (10- 4 M in 10 mM phosphate buffer, pH
11.0) were measured, using 0.5-cm quartz cu
vettes (190-400 nm), by means of a double-beam
scanning spectrophotometer (Hitachi U-2000,
Tokyo, Japan). Electrospray ionization (ESI)
mass spectrometric analysis of CD was per
formed in a Fisons Plateform quadrupole mass
spectrometer (Manchester, UK) and it was de
tected as [M + H] +. Experimental procedures for
ESI-MS were similar to those previously pub
lished [19].

2.3. Electrophoretic procedures

Pretreatment of new capillaries and wash
protocols for subsequent runs were carried out
according to the established procedure [11]. The
standard solution containing a mixture of 20
amino acids, each with a final concentration of
5.10- 4 M, was prepared from stock solutions of
amino acids (10 mM, stored at 4°C) in deionized
water. Sample injection was effected in the
hydrodynamic (HD) mode for 1 s. The sepa
ration run was carried out at + 20 kV constant
voltage, at 25°C constant temperature, and with
a current of ca. 10 ]LA. Other CE procedures for
the determinations of amino acids were the same
as described previously [11]. Peak identification
for each analyte was carried out by spiking with
the known standards and the peaks with in
creased height were identified. For the analysis
of the infusion fluids containing amino acids, the
real samples were suitably diluted, filtered, and
injected direct into the capillary.

2.4. Electrophoretic mobility determination

Benzyl alcohol or dimethyl sulfoxide (DMSO)
was added to samples as a neutral marker for the
electrophoretic mobility determination. The mo
bilities of various BGEs under the specified CE
conditions were determined in the buffer con
taining 20 mM sodium phosphate at pH 11.0. A
mixture of all BGEs, 0.1 mM each in deionized
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When pH» pKa , Eq. 1 can be approximated by

water at pH 11.0, was injected in HD mode for 1
s. The CE voltage applied was + 15 kYo Detec
tion was made by a rapid scanning of absorbance
from 200 to 350 nm, which allowed a positive
identification of the background provider. The
electroosmotic mobility, JLeo ' and the electro
phoretic mobility of the BGE, JLe , were calcu
lated as described previously [11].

JLB + JLBcD K2[CD]o
JLeff = 1 + K2[CD]o

(2)

(3)

2.5. Determination of the binding constant of
CD with BGE

The binding constants for the various BGEs
with CDs were determined by the CE method.
The CE method is based on the changes in BGE
electrophoretic mobility caused by the addition
of CD, which formed a complex with the BGE.
In the CE experiments, the analytes were pre
pared in 0.1 mM containing 0.05% DMSO as the
EOF (neutral) marker. Various amounts of CD
(0-20 mM) were added to the analyte solutions
and the capillary electrophoreses were carried
out in 20 mM phosphate buffer, pH 11.0, at
25°C. Samples were injected via the HD mode;
the separation voltage was + 20 kV. The BGE
peak was detected by a rapid absQrption spectral
scan from 200-350 nm. The mobility was de
termined as described in Section 2.4.

Mathematical models describing the pH and
concentration dependence of the electrophoretic
mobilities during CE have been developed [20].
It has been demonstrated that K 2 can be de
termined from the following equations [21]:

JLeff = 1 + K2[CD]o + ([H30+]/Ka)(1 + K1[CD]o)

(1)

where [CD]o is the initial CD concentration
added to the BGE solution, JLeff' JLB' and JLBCD
are the effective mobility of all BGE species, the
mobilities of BGE in the absence of CD, and of
the BGE-CD complex, respectively. K 1 and K2

are the binding constants of CD with the union
ized and ionized form of BGE, and K a is the acid
dissociation constant of BGE.

In the absence of CD, Eq. 1 is reduced to

The binding constant K2 can be determined
from Eq. 3 by the nonlinear least-squares curve
fit technique. The equation was solved by adjust
ing the values of JLB, JLBCD' and K 2 (three
parameter curve fit) until the best fit of the
calculated curve with the experimental data was
obtained, using the Sigma Plot for Windows
version 1.01 software (Jandel Scientific, Corte
Madera, USA) on a 486 personal computer. The
mobility JLB can also be determined experimen
tally, by using Eq. 2, from the mobility measure
ment of BGE in the absence of CD. We found
that JLB determined by the curve fit technique
was in good agreement with the value obtained
experimentally.

3. Results and discussion

3.1. CE determination of the binding constant
of CD with BGE

As described above, addition of CD to the
BGE solution affects the mobility of BGE when
a complex is formed by CD and the BGE. Figs.
la and b show the effects of various CDs on the
electrophoretic mobilities of PAS and DMAB,
respectively. The mobility is expressed in nega
tive values because of the negative charges
carried by the BGE. Since CE was performed
with positive voltage (at the injection side), the
anions migrated opposite to the EOF; as the
BGE formed a complex with CD, its mobility
decreased (smaller negative value). Therefore,
the complexed form of BGE actually migrated
faster toward the cathode (the detector side)
than the uncomplexed form. As the CD con
centration is increased, the observed mobmty of
the BGE decreases as more BGE anions form
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Table 1
Determination of binding constants of PAS and DMAB with
various CDs

Binding constant, K 2 (M- 1
)Compound

a-CD
,B-CD
DM-,B-CD
TM-,B-CD
Methyl-,B-CD
HP-,B-CD

'na: not applicable.

PAS

na'
42 ±4
52±2
na
61 ± 3
53 ±2

DMAB

na
195 ± 10
178±5
na
174±8
159±8

-3.0 -1----,----.------.-----,---1

Fig. 1. Effects of concentration of various CDs on the
electrophoretic mobilities of selected BGEs in (a) PAS and
(b) DMAB. 0 = a-CD; 0 = ,B-CD; \l = HP-,B-CD; V =

methyl-,B-CD; 0 = DM-,B-CD; C = TM-,B-CD. Buffer: 20
mM phosphate at pH 11.0. Other conditions as in Ex
perimental.

o 5 10

[CD], mM

15 20

of DMAB for the other four types of ~-CD are
almost identical and are also the strongest.
DMAB has a higher affinity than PAS, pre
sumably because it possesses a hydrophobic
dimethylamino group (whereas PAS has p
amino); therefore it is easier for DMAB to enter
the hydrophobic cavity of the CD. The binding
constant of TM-~-CD is smaller, probably
because of the steric hindrance caused by its
bulky trimethyl group. Both BGEs have the
same poor affinity for a-CD because of the
negative charge carried by the carboxyl group. In
general, a-CD forms a complex with a neutral
molecule better than with a negatively charged
molecule. The binding constants of a-CD for the
neutral and negatively charged molecules can
sometimes differ by an order of magnitude or
more [22].

3.2. Selection of the BGE and CE of the twenty
common amino acids in the presence of a-CD

complexes with CD. The binding constants de
termined by the CE method for the various CDs
with PAS and DMAB are listed in Table 1.

From the table and the two titration curves in
Figs. la and b, it is obvious that a-CD has the
lowest affinity for both BGEs. Similarly, the
affinity of TM-~-CD is not as strong for either
BGE as that of the other ~-CDs. The affinities

There are some drawbacks when using a CD
that forms a strong complex with the BGE.
Firstly, complex formation between the BGE
and the CD could decrease the mobility of the
BGE, reducing the EOF and thus increasing the
CE run time. Secondly, when the BGE forms a
strong complex with a CD, there are less CD
molecules available for the analytes, lessening
the role that CD plays in enhancing the selectivi
ty of CE separation. Comparing the two BGEs,
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PAS seems to work better with the CD additives.
Our previous study showed that DMAB had a
lower mobility than PAS [11], and that the EOF
was smaller and the CE analysis time longer
when DMAB was used as the BGE. Moreover,
the binding constants of DMAB with most /3
CDs are about three times as high as their PAS
counterparts. The EOF in the PAS-CD solution
is moderately reduced and the analytes have
sufficient time to interact with CD. For these
reasons, we chose PAS as the preferred BGE for
the p:;"esent method (see also Ref. [11] for other
advantages). Fig. 2 compares the electrophero
grams of 20 common amino acids in 10 mM PAS
(a) and 10 mM DMAB (b) at pH 11.0 in the
presence of 20 mM a-CD (Sigma).

Nineteen amino acid peaks are identified. The
Arg peak merged with the system peak (the
leading peak), thus is not shown. The order of
amino acid migration is as follows: system peak
(Arg) , (1) K (Lys), (2) P (Pro), (3) L (Leu), I
(He) (not resolved), (4) W (Trp), (5) F (Phe),
(6) M (Met), (7) H (His), (8) V (Val), (9) Q
(GIn), (10) T (Thr), (11) N (Asn), (12) A (Ala),
(13) S (Ser), (14) G (Gly), (15) Y (Tyr), (16) C
(Cys), (17) E (Glu), (18) D (Asp). Note that the
order in which some amino acids migrate is
different in the absence of CD (d. Ref. [11]).
Trp migrates faster than Leu and He, the order
for Met and His is reversed, and Val migrates
faster than Met. The changes in migration order
suggest that a-CD interacts more favorably with
Leu, He, and Met, decreasing their mobilities.

Using PAS as the BGE, 18 amino acid peaks
could be resolved in less than 35 min. Using
DMAB, it would take about 50 min to resolve
these peaks; however, the resolution would be
better. Using PAS, only 16 peaks could be
baseline-resolved. The Phe and Met peaks, and
the Asn and Ala peaks could not be completely
resolved. Using DMAB, on the other hand, the
Asn and Ala peaks can be baseline-resolved. A
drawback associated with using DMAB is that
the last three tailing peaks are broader (peak
width at half height is in the range of 0.23-0.76
min in PAS but 0.34-1.38 min in DMAB) and
have poorer reproducibility.

3.3. Effect of impurities in the CD source

The impurities in the commercial sources of
CD vary considerably. For example, mass spec
trometric analysis (data not given) shows that a
batch of a-CD from Sigma (purity 99%) con
tains only a small amount of m/z 506 impurity,
whereas in a batch of a-CD from Janssen
(labeled purity> 98% ) several times as much of
the same impurity is found. The relative intensity
ratios of the m/z 506 impurity peak to a-CD
(m/z 974) peak were 0.30 and 1.58 for the Sigma
and Janssen brands, respectively. The electro
pherogram of the twenty amino acids obtained
with the a-CD from Janssen (Fig. 3) looks very
different from that of the Sigma a-CD (Fig. 2a)
under identical CE conditions (except for the
concentration of CD). When CE was performed
using the Janssen batch, which contains a higher
impurity level, the EOF was lower and the
analysis time longer. Note that for Fig. 3, a much
lower a-CD concentration (2 mM) was used;
even so, it extended the analysis time to almost
55 min. The result suggests that the reduction in
EOF and greater CE run time are due to the
impurities in the Janssen brand altering the
surface properties of the capillary. Note also that
the migration order changed; most noticeably,
for Trp, Met, and Thr. This is due in part to the
difference in the CD concentration used in the
two experiments. The impurity may be cyclic or
acyclic dextrin which adsorbed to the capillary
surface, thus reducing the EOF. It has been
reported that several kinds of dextrin and dex
tran [23,24] could be used to enhance the CE
separation of chiral compounds. The effect of
impurities on the CE observed here seems to be
similar to that caused by dextrin or dextran.

3.4. Effects of concentration of the various CDs
on CE

The effects of concentration of various CDs on
the electrophoretic mobilities of selected amino
acids are shown in Figs. 4-6. HP-a-CD has a
more pronounced effect on the mobilities of
Met, aliphatic (Leu, He) and aromatic (Trp, Phe,
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Fig. 2. Electropherograms of 20 common amino acids in 10 mM (a) PAS and (b) DMAB in the presence of 20 mM a-CD (Sigma)
at pH 11.0. Concentration of amino acids, 0.5 mM each. Peak identification: K = Lys, P = Pro, L = Leu, I = lie (not resolved),
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Fig. 3. Effects of impurities in 2 mM a-CD (Janssen) on the electropherogram of 20 common amino acids. For other CE
conditions see Fig. 2a.

Tyr) amino acids (Fig.4b). The effect of a-CD is
similar (Fig. 4a) except for Trp. Since Trp has a
larger indole ring, it may be unable to enter the
small a-CD cavity. The effects on Met and Leu/
He are the most dramatic, changing their migra
tion order. This is presumably because the long
aliphatic chain enables these residues to exert a
stronger interaction with a-CD. However, Leu
and He still could not be separated, presumably
because the interactions of CD with these two
amino acids are similar. I3-CD and HP-I3-CD
affect Tyr and Phe most significantly, changing
their migration orders (Fig. 5). It is also
noteworthy that with high I3-CD concentrations,
Leu and He could be separated. Comparing the
effects of a-CD and HP-a-CD on Tyr, the
hydroxyl groups on either HP-a-CD or Tyr seem
to be responsible for the stronger interaction.
This suggestion is consistent with the similar
result found for I3-CD and HP-I3-CD. The ef
fects of DM-I3-CD and methyl-I3-CD (Fig. 6) are

most noticeable on the aromatic amino acids but
are less pronounced than those exerted by I3-CD
and HP-I3-CD. In particular, the interaction of
DM-I3-CD with Tyr is less strong (Fig. 6).
Presumably, the extra methyl and dimethyl
groups cause some steric hindrance to the aro
matic amino acids entering the DM-I3-CD cavity.

3.5. CE separation of Leu and Ile in the
presence of various CDs

Separation of Leu and He was not successful
using the method we developed previously [11].
Because of the structural similarity of Leu and
He, their separation by CE is a most challenging
problem. Among the various CDs that have
been investigated, we found that while a-CD
was ineffective, several kinds of I3-CD, including
I3-CD, HP-I3-CD, and DM-I3-CD, were promis
ing. Fig. 7 depicts the effects of various CDs on
the CE resolution (R s ) between the Leu and He
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Fig. 5. Effects of concentration of (a) f3-CD and (b) HP-f3
CD on the electrophoretic mobilities of selected amino acids.
0= Leu;. = Ile; \l = Trp; T = Phe; 0 = His;. = Met; /:, =
Gin; ... = Ser; 0 = Tyr; • = Gly. For other CE conditions
see Fig. 2.

peaks. Although both HP-f3-CD and DM-f3-CD
do improve the separation of the two analytes to
a certain extent, the improvement is less than
ideal, even at the high concentration of 20 mM.
On the other hand, f3-CD could give a resolution
better than one, even at a lower concentration of
15 mM. One note of caution, however, is that
under the conditions where the best resolution of
Leu and lIe could be obtained, the separation for
several other amino acids became rather poor

(data not shown). Thus, so far there is still no
method available that can separate all twenty
amino acids in one single CE run. Further
studies are needed in order to achieve this goal.

3.6. Analyses of real samples

To demonstrate the applicability of the present
method to real samples, two infusion fluids
containing several amino acids from a local



344 Y-H. Lee, T.-I. Lin / J. Chromatogr. A 716 (1995) 335-346

-1.5 ~---------------, 2.5 ,.---------------..,

(a)

4. Conclusion

required for a complete determination of all
twenty amino acids.

25

P-CO

a-CD

HP-p-eO

OM-P-CO

2015105o

2.0

1.5

~
:::J
Q)

d.. 1.0

'"a::::

0.5

0.0

[COl. mM
Fig. 7. Effects of concentration of various CDs on the
resolution of Leu and Ile.

CE methods for effective separation and de
tection of all twenty common amino acids with
indirect UV absorbance detection have been
developed using commercial CE instruments. By
using 10 mM PAS (as the BGE), 20 mM a-CD
(to reduce EOF and enhance selectivity) at pH
11.0, all twenty amino acids except Leu and lIe
were separated in less than 35 min. As an
alternative, an even better resolution was ob
tained by replacing PAS with the same con
centration of DMAB; however, a longer analysis
time (55 min) was then required. Complete CE
separation of Leu and lIe could only be achieved
by replacing a-CD with 15 or 20 mM f3-CD,
which gave inferior results for several other
separations. Thus, at present, using the indirect
absorbance detection method, two separate runs
are still required for complete CE determination
of all twenty amino acids.
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pharmaceutical company have been analyzed.
Fig. 8 displays the electropherograms of the two
infusion fluids. Thirteen and sixteen components
were identified in the two samples, respectively,
and the· results agreed (qualitatively) with the
ingredient labels. As noted previously, under the
conditions best suited to the CE separation of
most amino acids, Leu and lIe could not be
separated. Thus, a separate analysis would be
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Abstract

Off-column electrochemical detection has been used for the determination of cysteine and related compounds
after separation by capillary electrophoresis. For the decoupling of the high-voltage field, an improved palladium
decoupler was developed with a dead volume of less than 10 nl. Micro-electrodes, bulk-modified with cobalt
phthalocyanine, were used in a nanoliter-volume cell for detection of the thiol compounds. With a detection
potential of +0.6 V vs. Ag/AgCI a high selectivity and sensitivity was obtained.

Baseline separation of cysteine, homocysteine and glutathione could be realized in 25 min, using a formate buffer
with pH 2.7 as background electrolyte. Detection limits of 0.5 JLmoll- 1 for homocysteine, 1 JLmoll- 1 for cysteine
and 5 JLmol I-I for glutathione were obtained. The concentrations of free cysteine and total cysteine (after
treatment with dithiothreitol) in urine samples could be measured.

1. Introduction

Capillary electrophoresis (CE) has been
shown to be a powerful analytical tool with its
high separation efficiency [1]. While new applica
tions are still being explored and fundamental
research is carried out with great interest in
many laboratories, CE has already become an
alternative or complemental analytical technique
to high-performance liquid chromatography
(HPLC) for routine analysis [2]. UV-absorption
detection is by far the most commonly used
detection technique, but it has a major inherent
drawback: the dependence of the sensitivity on
the light-path length, which is small in CEo This
drawback does not exist in electrochemical de-

• Corresponding author.

tection (ED). ED is based on the reaction of
analytes on an electrode surface and only mole
cules in a thin diffusion layer contribute to the
signal intensity. For compounds which can not
be detected favourably by UV absorption, ED
can be an alternative.

ED in capillary electrophoresis has received
considerable attention from several research
groups [3-16]. A prerequisite to perform ED in
CE is to isolate the electrophoretic current
generated by the high-voltage (HV) used for
separation, from the electrochemical detection
current. To achieve this, there are basically two
approaches: the end-column mode [3-7] and the
off-column mode [8-16]. End-column detection,
where the detection electrode is positioned close
to the capillary exit in the grounded end-vial, is
restricted to very narrow capillaries «25 JLm

0021-9673/95/$09.50 © 1995 Elsevier Science B.Y. All rights reserved
SSDI0021-9673(95)00447-5
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1.0.) with a low electrophoretic current to mini
mize the interference of the high voltage on the
detection current. Normal-sized capillaries (25
100 JLm 1.0.) can only be used in off-column
detection, provided that the influence of electro
phoretic current is eliminated from the electro
chemical detection signal. To achieve this, the
separation capillary is connected to the detector
through a field-decoupler made of porous ma
terial [8-11], an ion-exchange tube [12,13] or
palladium metal [14-16]. This decoupler acts as
the grounded end of the CE system. In this way,
the electrophoretic current is separated from the
electrochemical current.

Thiols play an important role in several bio
logical processes. It is of clinical and pharma
ceutical importance to determine these com
pounds in biological fluids and tissues [17]. The
separation of thiols using HPLC has been re
viewed [18]. Because of the absence of strong
chromophores and fluorophores, pre- or post
column derivatization procedures are often used
for sensitive and selective detection. Derivatiza
tion is not required in ED [19,20], but thiols are
not easily detected with a normal carbon elec
trode, since their oxidation requires a high
overpotential [21]. It has been shown that modi
fication of the electrode with cobalt phthalo
cyanine (CoPC) as electrocatalyst reduces the
required overpotential, so that thiols can be
detected at a lower, more selective potential
[22,23].

Recently, the separation of thiols by CE with
UV [24-27] or fluorescence detection [28] has
been described. O'Shea and Lunte [29,30] de
veloped an off-column ED method for the de
termination of various thiol compounds in CEo
They used a Nafion joint to decouple the electric
field and amalgated gold [29] or CoPC-modified
carbon-paste electrodes [30] for detection.

In previous work we have shown that conduc
tive carbon cement (Ccq is a suitable matrix
material for the preparation of chemically-modi
fied electrodes to be used in flowing solutions
[16,23,31], giving a higher electrode stability
than carbon paste. With CoPC-modified CCC
electrodes thiols could be reproducibly deter
mined in urine samples after separation by liquid

chromatography [23]. Following up on the work
of O'Shea and Lunte, in the study described in
this paper CoPC-CCC microelectrodes were test
ed for the determination of underivatized
cysteine compounds separated by CEo First,
however, we report on an improvement of the
palladium union we use to decouple the electric
field. Since cysteine compounds are to be sepa
rated as positive ions, migrating in the same
direction as the electroosmotic flow, the de
mands on the dead volume of a decoupler are
very strict [14]. The dead volumes of two new
types of the decoupler were determined by
comparing the variances in off-column (UV)
detection with that in on-column detection. The
improved Pd-decoupler was used for off-column
ED of reduced thiols using CoPC-modified CCC
electrodes. The experimental conditions to sepa
rate cysteine, homocysteine and glutathione
were studied. The determination of free and
total cysteine in urine samples is shown.

2. Experimental

2.1. Apparatus

The field-decouplers were made from 6-mm
diameter palladium rod. Fused-silica capillaries
with an outer diameter of 375 JLm and different
internal diameters were obtained from Polymicro
Technologies (Phoenix, AZ, USA). For off-col
umn amperometric detection, the experimental
set-up was as described before [16]. A Prince
programmable injector for capillary electropho
resis, including a 30-kV high-voltage supplier was
obtained from Lauer Labs (Emmen, Nether
lands). The 75 JLm 1.0. separation capillary was
85 cm long. New capillary was etched with 1 M
HCI for one hour before use unless stated
otherwise. A 7-cm piece of poly ether ether
keton (PEEK) tubing (Upchurch, Oak Harbor,
WA, USA) with 63.5 JLm 1.0. and 0.5 mm 0.0.
was used as the coupling capillary in ED. A
piece of PEEK tube (1.0. 0.5 mm, 0.0. 1/16")
was used to construct CoPC-modified carbon
working electrodes in the fashion described ear
lier for cuprous oxide modified microelectrodes



X. Huang, W. Th. Kok / J. Chromatogr. A 716 (1995) 347-353 349

[16]. An Amor (Spark, Emmen, Netherlands)
potentiostat/ amplifier was used. The signals
were registered with a HP 3394A integrator and
a Kipp and Zonen strip-chart recorder. Samples
were introduced hydrodynamically. The volume
of sample loaded was calculated from the equa
tion:

(1)

where Pinj is the injection pressure, t the injec
tion time, 1/ the viscosity, and Ll' L z and dl' dz
are the lengths and internal diameters of the
separation and the coupling capillaries, respec
tively.

For UV absorbance detection, a Spectra 100
variable-wavelength UV detector (Spectra
Physics) was used, and a 2-mm detection window
was made by burning off the coating of the
capillary.

2.2. Chemicals and solutions

All chemicals were used as received. Conduc
tive carbon cement (CeC) was supplied by
Gerhard Neubauer (Munster, Germany). Cobalt
phthalocyanine (CoPC) and dl-homocysteine
(HCYS) were obtained from Aldrich (Mil
waukee, WI, USA), MES hydrate from Aldrich
(Steinheim, Germany). I-Naphthol (NOH) was
purchased from BDH, I-cysteine (CYS), l-naph
thalenemethylamine (NMA+), 6-hydroxy
naphthalenesulfonic acid (HNSA-) from Merck,
and 2-naphthol-3,6-disulfonic acid (NDSAz-)
from Fluka. Glutathione (reduced, GSH) and
dithiothreitol (DTT) were obtained from Janssen
Chimica. All other chemicals were analytical
reagent grade. Concentrated stock solutions of
NOH, NMA+ , HNSA- and NDSAz- in water or
methanol were kept at 4°C, and diluted to 10- 4

mol 1- 1 with buffer for injection. Stock solutions
of thiols were prepared daily in buffer solutions
and stored at 4°C and diluted to the desired
concentrations before use. Both MES buffer and
formate buffer contained 1 mM EDTA and 0.1
mM NaC!. Subboiled demineralized water was
used to prepare solutions. Buffers were filtered

through a Millipore membrane filter (0.45-/-tm
pore size) and degassed with helium before used.
Before each CE run, the inlet buffer vial was
replaced with a vial filled with freshly degassed
buffer, and the capillaries were washed with the
buffer for 5 min.

2.3. Sample preparation

Fresh urine samples were diluted with the
running buffer, filtered, and immediately sub
jected to injection. DTT-treated urine samples
were prepared as follows. To 2 ml of urine
sample, 1.8 ml of 0.1 M NazHP04 (pH 8.0) and
0.2 ml of 0.1 M DTT were added and mixed.
After 15 min the mixture was centrifuged and 2
ml of supernatant was mixed with 2 ml of
formate buffer and subjected to injection.

3. Results and discussion

3.1. Evaluation of Pd decouplers

The decoupler used in previous studies suf
fered from a relatively large dead volume (ca. 15
nl). Two new types of palladium decouplers were
developed (Fig. 1). Type A has the same con
figuration as the reported one [15] but with a
narrower connecting channel (100 /-tm). With

(A)

(6)

Fig. 1. Cross-section of the palladium decouplers type A and
B. (a) Pd union; (b) separation capillary; (c) coupling
capillary (not on scale).



350 X. Huang, l¥: Th. Kok / J. Chromatogr. A 716 (1995) 347-353

type B the separation and coupling capillaries
are positioned directly against each other, and
electrical contact with the solution is made
through the thin gap between them. These two
decouplers were tested as described before [15].
The ability of the decouplers to dissipate the
generated hydrogen was tested by measuring
current-voltage relations. For both types of Pd
decouplers, the electrophoretic· current increased
linearly with the applied voltage up to ca. 50 JLA.
At higher voltages the linearity was lost but
currents up to 150 JLA could be passed.

To determine the zone-broadening contribu
tion of the decouplers, the zone" widths of four
differently charged naphthalene derivatives, ob
tained with on-column and off-column UV detec
tion, were compared. With on-column detection
a 85 cm x 75 JLm I.D. capillary with the detec
tion window at 60 cm was used. For off-column
detection, the separation capillary was 60 cm x
75 JLm I.D.. A 15 cm x 50 JLm I.D. coupling
capillary was used with a detection window at 10
cm from the decoupler. A compensating pres
sure of 100 mbar was used to eliminate the

Table 1
Comparison of on-column detection and off-column detectiona

laminar backflow in the separation capillary. The
results are given in Table 1. The difference
between the calculated value of the zone: vari
ance and the experimental value obtained with
off-column detection may be attributed to the
contribution of the dead volume in the palladium
decouplers. Typical dead volumes of 9 nl for
type A decoupler and 7 nl for type B decoupler
were found. The electroosmotic and electropho
retic mobilities from off-column detection match
perfectly with those from on-column detection,
which indicates that the calculation method [16]
is reliable. In further experiments a decoupler of
type B was used.

The influence of the applied high voltage on
the noise level of off-column amperometric de
tection was investigated. As shown in Fig. 2A, a
higher noise was obtained at higher voltages. It
is not clear whether this is caused by an incom
plete decoupling of the electrophoretic current
or by the appearance of small hydrogen bubbles
at high voltages. Interestingly, the noise on the
electrophoretic current increases in a similar way
with the applied voltage (Fig. 2B).

Parameter Mode Decoupler Compound
type

NMA+ NOH HNSA- NDSA2
-

Elution time On-column 185 248 376 560
(s) Off-column Type A 209 274 404 575

Type B 208 272 402 590

Mobility On-column 2.75 8.0r -2.72 -4.47
(10-4 cm2V-I S-I) Off-column b Type A 2.86 8.02c -2.78 -4.53

Type B 2.87 8.07c -2.80 -4.57

Zone variance On-column exp 0.41 0.76 1.37 5.06
u 2 (S2) Off-column calcd 1.06 1.31 e 2.04 5.87

Off-column exp Type A 1.82 3.1 3.50 6.60
Type B 1.59 1.8 2.34 6.30

tlu (nl) Type A 9.3 14.3e 7.2 9.1
Type B 7.8 7.5e 5.8 7.0

a For experimental details, see text.
b Calculated from the equations of Ref. [16].
c Electroosmosis.
d The calculated variance contributions of the coupling capillary were added to the results of on-column detection.
e Diffusion coefficient estimated [14].
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Fig. 2. (A) Influence of the applied voltage on the electrochemical detector baseline noise; (B) electrophoretic current trace at
different applied voltages. (a) 0 kV; (b) 10 kV; (c) 20 kV; (d) 30 kYo

3.2. Detection and separation of thiols

In previous work CCC electrodes bulk-modi
fied with CoPC have been used for detection of
thiols in HPLC [23]. A miniaturized CoPC-CCC
electrode, with an active surface of 0.2 mm2

, was
constructed for ED in CEo Cyclic voltammetry
was used to evaluate the response of the micro
electrodes to CYS. As illustrated in Fig. 3, CYS
can be oxidized at anodic potentials higher than
+0.4 V with two anodic peaks. The mediated
electrochemical process is identical to that ob
served with large-area (7 mm 2

) electrodes. For

detection in CE, a potential of +0.6 V vS. Ag/
AgCl was chosen.

Although in the literature the separation of
thiols using a MES buffer has been described
[29,30], we have found no separation between
CYS, HCYS and DTT with this buffer. In fact,
at the pH of a MES buffer (pH 5.5-6.7), CYS
and HCYS are close to their isoelectric point [32]
and DTT is also neutral [33]. A baseline sepa
ration between the four model compounds was
achieved using a formate buffer with pH 2.7,
where the compounds are positively charged (see
Fig. 4).
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Fig. 3. Cyclic voltammogram of 1 mM cysteine in 5 mM
formate buffer (pH 2.7) using a CoPC-modified micro-elec
trode. Scan rate: 20 mV s -1.

At pH 2.7 an osmotic mobility of (1.4 ± 0.1)·
10-8 m 2 V-I S-I was found using UV detection
and phenol as neutral marker. It can be calcu
lated [16] that with this osmotic mobility a
compensating pressure of 3.5 mbar is required to

d
a

b

c

10 15 20 25 30
time (min)

Fig. 4. Electropherogram of the separation of (a) homo
cysteine; (b) cysteine; (c) glutathione; (d) DTI. Concen
trations: 10 JLM for each compound. Buffer: 5 mM
formate + 1 mM EDTA + 0.1 mM NaCI (pH 2.7); injection
volume: 20 nl; applied voltage: 30 kV; Pemp : 5 mbar;
CoPC-CCC electrode operated at +0.6 V.

Fig. 5. Influence of the applied pressure on the observed
plate numbers in formate buffer.

preserve the flat flow profile in the separation
capillary. In Fig. 5 the influence of the applied
compensation pressure on the observed plate
numbers is shown. As has been pointed out
before [14], the influence of Pcmp on the sepa
ration efficiency is not very profound for zones
migrating in the same direction as the osmotic
flow. Still, optimum values between 3 and 6
mbar were observed, with maximum plate num
bers of approximately 50000 for HCYS, CYS
and DTI and 30 000 for GSH. Typical detection
limits of 0.5 J.tM for HCYS, 1 J.tM for CYS and 5
J.tM for GSH were found. Calibration plots from
10 to 200 J.tM were linear (r = 0.9967). Although
appreciable differences in sensitivity between
individual electrodes were found, the within-day
reproducibility using the same electrode was
within 8%.

An example of the application of the method
for the determination of free and total (after
treatment with DTI) CYS in urine is shown in
Fig. 6. In this particular urine sample a free
concentration of 35 J.tM CYS was found, which
is well within the normal range. The total con
centration, after reduction of cystine and other
cysteine-containing compounds [34,35]. was
found to be 201 J.tM (Fig. 6B).
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Abstract

Dipeptidyl peptidase IV (DP IV)-catalyzed hydrolysis of the NH2 -X-Pro-containing N-terminal dodecapeptide of
IL-2 was studied using free zone capillary electrophoresis as an alternative peptidase assay. In contrast to the
conventional DP IV substrate glycyl-prolyl-p-nitroanilide (Gly-Pro-pNA), the hydrolysis of this peptide by DP IV
was found to be significantly inhibited by anti-DP IV antibodies. Inhibition of DP IV was also observed with a
number of non-substrate oligopeptides containing an N-terminal X-X-Pro- structure, including the HIV Tat
protein. For Met-IL-2(1-6), we determined a competitive inhibition with an inhibition constant of ca. 100 ILM.

1. Introduction

Dipeptidyl peptidase IV (DP IV, CD26, E.C.
3.4.14.5) is an exopeptidase localized on the
surface of leukocytes. DP IV cleaves dipeptides
with an X-Pro or X-Ala dipeptide sequence from
the N-terminal part of peptides. Peptides con
taining proline or hydroxyproline in PI'-position
will not be hydrolyzed by this enzyme [1].

Our data and that of other groups indicate that
this membrane-bound exopeptidase is involved
in the regulation of lymphocyte activation and
immune response [2-15]. Most of these results
were obtained from investigations with synthetic
inhibitors, the microbial diprotins or anti-DP IV

• Corresponding author.

antibodies. A number of peptides onglllating
from the neuroendocrine system (e.g. substance
P, l3-casomorphin, neuropeptide Y, peptide YY,
growth hormone releasing factor) were shown to
be substrates of DP IV [16-21]. Callebaut et al.
[22] reported that DP IV is involved in the HIV
infection of T cells by functioning as a coreceptor
molecule for the virus. It is postulated that HIV
binds via the V3-loop of the gp120 molecule to
DP IV. Furthermore, the HIV Tat protein is
known to be an inhibitor of DP IV [23]. How
ever, in the immune system, the physiological
substrates or effectors of this enzyme are un
known, so far.

Recently, using capillary free zone electro
phoresis, we showed that DP IV, alone or in
combination with the aminopeptidase N, is ca-

0021-9673/95/$09.50 © 1995 Elsevier Science B.Y. All rights reserved
SSDI0021-9673(95)00411-4
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pable of hydrolyzing oligopeptides analogous to
the N-terminal structure of different cytokines
(IL-1f3, IL-2, IL-6, TNF-(3). The hydrolysis rates
of these oligopeptides were affected by their
chain length and glycosylation [24,25]. However,
intact cytokines were apparently no substrates of
these exopeptidases.

Applying capillary electrophoresis, we
searched for peptides and antibodies capable of
influencing the DP IV-catalyzed oligopeptide
hydrolysis. We studied the effects of one poly
clonal and different monoclonal anti-DP IV
antibodies on DP IV-catalyzed hydrolysis of IL
2(1-12), in comparison with the cleavage of the
low-molecular-mass DP IV substrate Gly-Pro
pNA. Whereas Gly-Pro-pNA hydrolysis was not
influenced by any of these antibodies, the hy
drolysis of the oligopeptide was inhibited by two
of the six investigated antibodies in a dose-de
pendent manner.

Moreover, we show that HIV gp120 as well as
different synthetic peptides analogous to the V3
loop of gp120 have no inhibitory effects on DP
IV-catalyzed hydrolysis of oligopeptides, whereas
the HIV Tat protein and a number of non
substrate peptides with similar N-terminal X-X
Pro- sequences significantly inhibit the cleavage
of oligopeptides as well as the degradation of
Gly-Pro-pNA by DP IV in a competitive man
ner.

2. Experimental

2.1. Chemicals

Dipeptidyl peptidase IV (porcine kidney) was
kindly provided by Dr. U. Demuth (Department
of Biochemistry/Biotechnology, University Hal
le-Wittenberg) .

The monoclonal anti-DP IV antibodies EF5/
A3, PEG2/C3, EF6/BlO, PEG2/G11, and EF6/
Fll were produced in our laboratory using
CD26 + U937 cells for immunization. For pro
duction of the polyclonal goat-anti-DP IV anti
body purified DP IV from pig kidney was used
for immunization.

IL-2(1-12), Met-IL-2(1-6), and Met-IL-2(1-

12) were synthesized by solid-phase peptide
synthesis with Fmoc technique using the peptide
synthesizer 431A (Applied Biosystems). The
HIV Tat protein was synthesized on polyoxy
ethylene-polystyrene graft resin in a continuous
flow instrument constructed and operated as
described by Frank and Gausepohl [26]. Peptide
chain assembly was performed using Fmoc
chemistry [27] and in situ activation of amino
acid building blocks by PyBOP [28]. The syn
thesized peptides were purified by reversed
phase HPLC and characterized by mass spec
trometry.

Gp120 and its subpeptides HBX-2, NY/5, and
V3-100p(313-320) were purchased from ABT
(London, UK). Peptide YY(3-36), gastrin re
leasing factor(17-24), tuftsin, substance P(2
11), Met-Lys-Bradykinin and the tetrapeptides
GGPA and AAPA as well as the Gly-Pro-pNA
were obtained from Bachem (Heidelberg, Ger
many).

For enzymatic assays all compounds were
diluted in a 0.01 M sodium phosphate buffer pH
7.4.

2.2. DP IV-catalyzed hydrolysis of oligopeptides

Influences of peptides or antibodies on DP
IV-catalyzed oligopeptide hydrolysis were tested
using IL-2(1-12) as substrate. A 2-JLI aliquot of
peptide solution or buffer, respectively, was
added to 0.5 JLI of DP IV (550 pkat/ml). The
enzymatic reaction was started by addition of
2 JLI of a 1 mM substrate stock solution. Final
concentration of substrate was 400 JLM. Samples
were incubated for 30 min at 37°C. Thereafter
the reaction was stopped by addition of 2 JLI of
0.03 M phosphoric acid containing 500 JLM
histidine as an internal standard for capillary
electrophoresis.

2.3. Capillary electrophoresis

Degradation of the IL-2(1-12) was measured
by capillary free zone electrophoresis using the
Biofocus 3000 system of Bio-Rad. Separations
were performed under following conditions:
capillary, 24 cm total length, 20 cm effective
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length, 25 JLm I.D., 125 JLm O.D., coated (Bio
Rad, Munich, Germany); injection, pressure
1.03 MPa s; run, 14 kV constant voltage, positive
to negative, 0.1 M sodium phosphate buffer pH
2.5 with linear polymer (Bio-Rad, Munich, Ger
many), current in the range of 20 JLA; detection,
UV 200 nm; capillary temperature, 15°C;
carousel temperature, lO°e.

2.4. Hydrolysis of Gly-Pro-pNA

DP IV-catalyzed hydrolysis of Gly-Pro-pNA
was measured photometrically using the Cary 1
spectrophotometer (Varian, Darmstadt, Ger
many). DP IV-activity was determined by mea
surement of the rate of p-nitroaniline generation
monitored at 392 nm.

2.5. Determination of inhibition type and
inhibitory constant

For the heptapeptide Met-IL-2(1-6), inhibi
tion type and inhibitory constant (KJ were
determined using Gly-Pro-pNA as substrate. We
measured the rate of Gly-Pro-pNA cleavage at
four substrate concentrations in the range of 20
to 200 JLM using inhibitor concentrations in the
range of 5 to 400 JLM. Inhibition type and K j

were calculated with the help of a Dixon plot.

3. Results

DP IV-catalyzed peptide hydrolysis can be
measured by the classical method using
chromogenic substrates (e.g. Gly-Pro-pNA) or
by studying the degradation of oligopeptides
containing an N-terminal X-Pro- sequence. In
comparison to the spectrophotometrical mea
surement of DP IV activity, capillary electro
phoresis provides the opportunity of investigat
ing potential physiological peptide substrates of
different origin. In Fig. 1 the electrophoretical
detection of IL-2(1-12) degradation by DP IV is
shown (A and B). Effects of a non-inhibitory (C)
and an inhibitory peptide (D) on this hydrolysis
are also demonstrated.

3.1. Inhibition of DP IV-catalyzed hydrolysis of
oligopeptides by antibodies

The influence of the monoclonal anti-DP IV
antibodies EF5/A3, PEG2/C3, EF6/BI0,
PEG2/Gll, andEF6/Fll and a polyclonal goat
anti-DP IV antibody was studied by means of the
DP IV-catalyzed hydrolysis of oligopeptides as
well as the hydrolysis of the Gly-Pro-pNA. We
found that hydrolysis of oligopeptides is in
hibited by the polyclonal antibody and by the
monoclonal PEG2/Gll in a dose-dependent
manner (Fig. 2). In contrast to this, all investi
gated antibodies were not capable of inhibiting
the hydrolysis of the low-molecular-mass sub
strate Gly-Pro-pNA. The observed increase of
the Gly-Pro-pNA hydrolysis rate by antibodies
seems to be nonspecific because addition of
irrelevant mouse immunoglobulin or serum
bovine albumin had similar effects (Fig. 2).

3.2. Inhibition of DP IV activity by non
substrate peptides

Starting from the hypothesis of Callebaut et al.
[22] that DP IV is a coreceptor of the HIV-virus,
we looked for inhibitory effects of the gp120 and
some V3-100p peptides on the DP IV-catalyzed
oligopeptide hydrolysis. Under the conditions
used, we could not find any significant effects of
one of the tested gp120 peptides on this en
zymatic activity (Table 1, Fig. 3). On the other
hand, the DP IV-catalyzed oligopeptide hydrol
ysis was inhibited by the HIV Tat protein. This is
in accordance with the results of Gutheil et al.
[23] who found an inhibition of Ala-Pro-pNA
hydrolysis by the Tat protein. Based on this
result, we studied the effects of other peptides
which have similar N-terminal structures, i.e.
proline in the third position (Table 1). Tetra
peptides with the structures GGPA, AAPA, and
TKPR were found to have no inhibitory effects.
In contrast longer peptides were shown to ex
hibit significant inhibition (Table 1, Fig. 3). The
highest inhibition was measured with the Tat
protein. Hydrolysis of the inhibitory peptides
themselves could be excluded by capillary elec
trophoresis. All peptides with an X-X-Pro se-
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Fig. 1. Detection of DP IV-catalyzed hydrolysis of IL-2(1-12) by capillary electrophoresis. Electropherograms show IL-2(1-12)
and its cleavage products after 30 min of incubation at 37°C without DP IV (A), with DP IV alone (B), with DP IV and the
non-inhibitory peptide HBX-2 (C), and with DP IV and the inhibitory peptide Met-IL-2(1-12) (D). Concentrations of the
substrate and the additional peptides were 400 ILM and of DP IV 60 pkat/mI. Histidine was used as an internal standard.

quence were resistant against treatment by DP
IV for several hours. Thus, the inhibitory effect
of the X-X-Pro- peptides cannot be explained by
competitive cleavage of these peptides.

3.3. Determination of inhibitor type and
inhibition constant

The kinetic characterization of the inhibition
of DP IV by Met-IL-2(1-6) was studied in more
detail using Gly-Pro-pNA as substrate. The point

of intersection in the second quadrant of the
Dixon plot indicates that DP IV is inhibited
competitively by this X-X-Pro- peptide. The x
value of the intersection represents the negative
inhibition constant, which is ca. 100 JLM.

4. Discussion

DP IV is an exopeptidase localized on the
surface of lymphocytes. This molecule plays an
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Fig. 2. Comparison between the effects of antibodies (goat-anti-DP IV, PEG2/Gll) on DP IV-catalyzed hydrolysis of
Gly-Pro-pNA and IL-2(1-12). Investigations were done with substrate concentrations of 400 JLM. In both enzyme assays the
same DP IV/antibody ratios were used. The DP "IV concentrations for oligopeptide hydrolysis were 0.44 JLg/ml and for
Gly-Pro-pNA cleavage 0.013 JLg/ml (n = 3)

important role in the regulation of lymphocyte
activation and immune response. Investigations
with synthetic inhibitors showed that the en
zymatic activity of DP IV is involved in these
processes [2,4,7,9,29]. A number of antibodies
(e.g. Tal, IF7) with different, in part contrary,
effects on the activation of lymphocytes were
designed [5,7,30-36]. None of the antibodies
studied so far was found to have inhibitory

effects on the enzymatic activity of DP IV. Using
capillary electrophoresis to measure DP IV-cata
lyzed oligopeptide hydrolysis, we found that two
of the six antibodies investigated in this study are
capable of inhibiting DP IV activity. The differ
ences in the effects of antibodies on DP IV
catalyzed hydrolysis of oligopeptides could be
explained by different epitope specificity. Inter
estingly, hydrolysis of the low-molecular-mass

Table 1
Sequence and length of oligopeptides investigated for their inhibitory effects to DP IV-catalyzed oligopeptide hydrolysis

Peptide N-Terminal Number of
structure amino acids

HIVgp120 V3-100p(313-320) RIQRGPR 7
peptides NY/5 CNTKKGIAIGPG... 20

HBX2 CNTRKRIRIQRGPG... 22
gp120 TEKLWVTVYYGV .. 477

X-X-Pro- GGPA GGPA 4
peptides AAPA AAPA 4

Tuftsin TKPR 4
Met-IL-2(1-6) MAPTSSS 7
Substance P(2-11) PKPQQFFGLM 10
Met-IL-2(1-12) MAPTSSSTK... 13
GRF(17-24) MYPRGNHW. .. 14
Peptide YY(3-36) IKPEAPGEDA... 34
Tat protein MDPVDPNIEP... 86

Met-Lys-Bradykinin MKRPPGFSPFR 11

Inhibition of
DP IV activity'

++
+
++
++
++
+++

a _ = no inhibition; + = weak inhibition; ++ = medium inhibition; +++ = strong inhibition.
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Fig. 3. Effects of different non-substrate peptides on DP IV-catalyzed hydrolysis of IL-2(1-12). DP IV-catalyzed hydrolysis of
IL-2(1-12) was determined as described in the Experimental section. Met-Lys-Bradykinin was used as an negative control for
peptide effects. All peptides with exception of the Tat protein were used in a concentration of 400 jJ.M. The concentration of the
Tat protein was 40 jJ.M (n = 3)

Gly-Pro-pNA was not affected by one of these
antibodies. This suggest that the inhibitory anti
bodies, goat-anti-DP IV and PEG2/Gll, bind
near the active site of the DP IV, resulting in a
sterical hindrance of the binding of longer pep
tides. An other explanation for the reduced
accessibility of the active center could be a

IN.

-zoo
concentration of inhibitor in fJM

-Ki

Fig. 4. Determination of inhibition type and inhibition
constant of Met-IL-2(1-6) by a Dixon plot. Substrate con
centrations (G1y-Pro-pNA) of 20, 50, 100, and 200 jJ.M were
used. The DP IV activities were determined at eight con
centrations of the inhibitor Met-IL-2(1-6) (up to 500 jJ.M) at
each substrate concentration. Measurements were done with
a DP IV concentration of 13 ng/ml.

conformational change of the DP IV molecule as
a consequence of antibody binding. These results
clearly demonstrate that the use of small DP IV
substrates such as Gly-Pro-pNA is of limited
value, and alternative approaches using
oligopeptides as substrates and suitable detection
techniques, e.g. capillary electrophoresis, are
necessary for the study of the physiological role
of DP IV and other peptidases.

Adenosine deaminase [37], HIV gp120 [22],
and HIV Tat protein [23] are known as natural
effectors of DP IV. Using the method described
here, we could show that gp120 as well as some
V3-100p peptides do not effect the DP IV activity
in vitro. However, the Tat protein was found to
show a strong inhibition of the DP IV-catalyzed
hydrolysis of oligopeptides. Moreover a number
of non-substrate peptides characterized by an
N-terminal X-X-Pro- sequence, were also found
to be capable of inhibiting DP IV activity. From
the competitive type of inhibition, we can con
clude that these peptides may represent a new
type of DP IV inhibitor which is capable of
binding to the active site of this enzyme but
which cannot be cleaved. The extend of inhibi
tion of these peptides obviously depends on their
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length. Smaller tetrapeptides don not show in
hibitory effects, whereas the Tat protein, consist
ing of 86 amino acids, was the most potent
inhibitor among the peptides tested. The effect
of Tat is comparable with the inhibition of DP
IV by diprotin A, a tripeptide with proline in the
second position [38,39]. The DP IV inhibitors
used so far are X-Pro dipeptide analogs where
proline is replaced by the amino boronic acid of
proline [29], by thiazolidide, or by pyrrolidide
[9,40]. These are more potent inhibitors than the
X-X-Pro- peptides investigated in this study.
However, the X-X-Pro- peptides evoke our
interest because a number of natural peptides
contain this N-terminal structure. It is conceiv
able that the DP IV activity is regulated by such
peptides in vivo. Also the in vivo effects of the
HIV Tat protein could be based on a deregula
tion of DP IV-mediated growth processes. Other
interesting candidates are neuropeptide Y and
the peptide YY, because they are substrates of
DP IV and cleavage products characterized by
the N-terminal X-X-Pro- sequence might sup
press the enzymatic activity of this enzyme.
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Abstract

Capillary zone electrophoresis (CZE) with laser-induced fluorescence (LIF) detection is shown to constitute a
unique technique for the investigation of the interaction between proteases, protease inhibitors and substrates.
Under optimized analysis conditions, the formation of a complex between FITC-Iabelled proteases such as trypsin,
plasmin, a-chymotrypsin and the (unlabelled) protease inhibitor a 2 -macroglobulin was studied. This is not possible
with UV detection, since under such conditions the com'plex cannot be distinguished from the unreacted protease
inhibitor. Low ratios of FITC bonded to the proteases further complex formation, while high ratios often prevent
the reaction. Complex formation shows a strong dependence on the incubation conditions (pH, salt concentration,
temperature, incubation time). Once formed, however, the complexes are stable under CZE conditions (e.g., a pH
of the electrophoresis buffer of 10.5) for at least 30 min. Treatment with sodium dodecyl sulfate (5 min at 90°C or
30 min at 75°C) does not destroy the complexes, whereas treatment with mercaptoethanol (reduction of disulfide
bonds) eliminates the peak from the electropherogram. Both findings argue for the formation of a covalent bond
between the protease and the inhibitor during complex formation. Since the reaction of the proteases with
a 2 -macroglobulin does not involve the binding site of the former, a residual proteolytic activity is still observed in
the ensuing complex. The extent of the inhibition of the remaining trypsin activity in a trypsin - a 2 -macroglobulin
complex was established to depend on the molecular mass of the second trypsin inhibitor.

1. Introduction

Capillary electrophoresis (CE) offers a wide
range of methods for the determination of pep
tides and proteins. High-resolution separations
can be performed based on subtle differences in
the physical properties of these substances, e.g.,
the mass-to-charge ratio, the size and the hydro
phobicity. Concomitantly, CE is emerging as a
tool for the investigation of biological and bio
chemical interactions between peptides and pro-

• Corresponding author.

teins or other specific components [1-7]. Among
the advantages of using capillary electrophoresis
in biological binding studies are the small sample
volumes, the short separation times, the high
selectivity and the possibility of on-line (column)
detection. Especially when laser-induced fluores
cence (LIF) detection is employed, highly
specific investigations of minute amounts of
sample become possible even in complex ma
trices [8,9]. Based on previous analysis of the
interaction of FITC-Iabelled protein G and im
munoglobulins [7], in this work the complex
formation between protease and protease in-

0021-9673/95/$09.50 © 1995 Elsevier Science BV All rights reserved
SSDI0021-9673(95)00584,6
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hibitors was studied and compared with the
results achieved with traditional techniques.

2. Experimental

2.1. Capillary electrophoresis

All separations were performed on a Beckman
PlACE 2100 capillary electrophoresis system
with either LIF detection (argon ion laser, exci
tation wavelength 488 nm, emission wavelength
560 nm) or with UV detection. Post-run data
were analysed using System Gold software
(Beckman) and exported to Excel 5.0 (Mi
crosoft) for publication purposes. Details of the
electrophoretic conditions are given later in the
text and in the figure captions. Capillaries were
supplied by CS-Chromatographie Service
(Langerwehe, Germany).

2.2. Chemicals

a-2-Macroglobulin and non-labelled proteases
and inhibitors were used as supplied by the
manufacturer. The labelled proteins were
purified by liquid chromatography (size-exclusion
and affinity chromatography) prior to the bind
ing studies.

Protein labelling with FITC was done accord
ing to the supplier's instructions. For analysis,
samples were dissolved in 50 or 100 mM phos
phate buffer (pH 7.4) containing 50 mM NaCl.
Typically, samples were incubated at 30°C for
the indicated given period of time.

All chemicals were obtained from Sigma
(Deisenhofen, Germany).

3. Results and discussion

a-2-Macroglobulin is one of the major
protease inhibitors found in the blood. It ac
counts for ca. 10% of the total trypsin-inhibiting
capacity and constitutes between 3% and 4% of
the total protein content of plasma. With a
relative molecular mass of 725000, az-macro
globulin is by far the largest of all known

protease inhibitors. The molecule consists of
four identical subunits. Among the unique prop
erties of the molecule is an unusual thioester
bond in its structure. Rather than having one
specific physiological function, az-macroglobuiin
appears to be able to inhibit most known
proteases. The inhibitor is consequently involved
in modulating protease activity in a great variety
of proteins and peptides in a manner unrelated
to the protease-binding mechanism.

3.1. Complex formation between az
macroglobulin and FITC-labelled trypsin

When a mixture of az-macroglobulin and
FITC-Iabelled trypsin is subjected to CE analysis
without prior incubation, two signals are de
tected by the UV detector (Fig. lA), while the
LIF detector shows only one signal, the FITC
trypsin peak (Fig. lB). After 5 min of incubation
of the az-macroglobulin-FITC-trypsin mixture, a
second peak appears in the electropherograms
when LIF detection is used (Fig. Ie). Its height
and area increase with increasing incubation time
(Fig. lD and E). This peak is the result of the
formation of an affinity complex between the
FITC-Iabelled protease and the protease inhib
itor az-macroglobulin. The control, i.e., an elec
trophoresis of FITC-Iabelled trypsin without a z
macroglobulin, shows no peak at this point (1.7
min) in the electropherogram, even after a 60
min incubation, thus confirming the signal to be
the result of the formation of the affinity com
plex (Fig. IF).

Irrespective of the incubation time, only two
signals are found in the electropherograms re
corded by the UV detector. As az-macroglobulin
is considerably larger than FITC-Iabelled trypsin,
its mass-to-charge ratio tends to dominate the
electrophoretic properties of the complexes. As
a consequence, the migration time of the com
plexes will be similar to that of the unreacted
az-macroglobulin itself (see, e.g., Fig. lA and
E). Hence no differentiation between the com
plex and the unreacted az-macroglobulin is pos
sible by UV detection, whereas such a differen
tiation is easily achieved by LIF detection.

On the basis of concentration vs. peak height!
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bation time showed that the reaction has reached
equilibrium after ca. 60 min, since no further
increase in the height and the area of the
complex signal is observed for longer incubation
times. An investigation of the influence of the
pH of the incubation buffer and temperature on
the complex formation showed that an increase
in pH from 7 to 9 increases the rate of complex
formation, and the optimum incubation tempera
ture is ca. 30°C. As the mechanism of the
protease inhibition by az-macroglobulin is not
yet fully understood and the experimental con
ditions suggested here have still to be further
optimized, these results were not quantified and
the binding constants were not calculated.

Once formed, the complexes appear to be
unusually stable. Other than, e.g., the immuno
complexes investigated previously [7], the
protease-inhibitor complex stability seems to be
independent of the CE separation conditions.
Even under the harsh conditions employed, i.e.,
using an electrophoresis buffer of pH 10.5 and
prolonging the separation times by utilizing in
creasingly longer capillaries, did not influence
the separation performance or reduce the total
amount of the complexes detected in this case
(Fig. 2A-C).

The high stability of the affinity complex is
mainly the result of the unique protease-binding
mechanism of az-macroglobulin. A protease
being inhibited by the az-macroglobulin is
"trapped" by one of the two "bait regions"
which are found approximately in the middle of
the subunit chain of the inhibitor. On proteolytic
cleavage of a single bond in each subunit, az
macroglobulin undergoes a conformational
change to a more compact structure, leading to
virtually irreversible binding of the respective
protease. The active site of the protease, how
ever, need not be involved in this reaction [12].
Although the exact nature of this mechanism is
still under investigation, our results, i.e., the
high stability of the complex over a prolonged
period of time even at a high buffer pH, are in
favour of the theory of entrapment of the
protease by a conformational change of the
inhibitor.

In addition to this reaction, another stabilizing
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Fig. 1. Complex formation between "'z-macroglobulin and
FITC-labelled trypsin. Capillary, 27 cm x 50 JLm I.D.; buffer,
50 mM borate (pH 10.5); applied voltage, 12 kV; injection,
2 s; pressure, 50 mbar. (A) "'z-Macroglobulin and FITC
labelled trypsin with UV detection (214 nm); (B) FITC
labelled trypsin and the "'z-macroglobulin with LIF detection;
(C) complex formation between FITC-labelled trypsin and
"'z-macroglobulin after an incubation time of 5 min with LIF
detection; (D) complex formation between FITC-labelled
trypsin and "'z-macroglobulin after an incubation time of 30
min with LIF detection; (E) complex formation between
FITC-labelled trypsin and "'z-macroglobulin after an incuba
tion time of 60 min with LIF detection; (F) FITC-labelled
trypsin as a control after an incubation time of 60 min with
LIF detection.

area calibration runs for the two fluorescence
signals, it can be deduced that the ratio of a z
macroglobulin to trypsin in the affinity complex
amounts to approximately two protease mole
cules per molecule of inhibitor. This corresponds
to results achieved with conventional methods
[10], while the finding that az-macroglobulin is
capable of binding up to six trypsin molecules
[11] cannot be confirmed.

The investigation of the influence of the incu-
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Fig. 2. Stability of the OOz-macroglobulin-FITC-trypsin com
plex with regard to the separation time. (A) Capillary, 27
cm x 50 JLm I.D.; buffer, 50 mM borate (pH 10.5); applied
voltage, 12 kV; injection, 2 s; pressure, 50 mbar; LIF
detection. (B) Capillary, 47 cm x 50 JLm I.D.; buffer, 50 mM
borate (pH 10.5); applied voltage, 12 kV; injection, 2 s;
pressure, 50 mbar; LIF detection. (C) Capillary, 67 cm x 50
JLm I.D.; buffer, 50 mM borate (pH 10.5); applied voltage,
15 kV; injection, 2 s; pressure, 50 mbar; LIF detection.

mechanism has been recognized for protease-az
macroglobulin complexes [13]. On protease
binding, the thioester bond, located roughly
about two thirds of the distance from the NHz
terminal end of the subunit chain, may break
and the acyl group thus made available can form
a covalent bond with any accessible primary
amino group on the surface of the protease in
question.

CE may once more serve to investigate the
probability of this reaction. If an already formed
complex (60-min incubation) is treated with
sodium dodecyl sulfate (SDS) and heated for 5
min at 90°C (Fig. 3C) or for 30 min at 75°C (Fig.

3D), the affinity complex peak is still present in
the electropherogram recorded afterwards, albeit
at a lower concentration than without this treat
ment (Fig. 3B). This may be regarded an obvi
ous indication for the stability of the complex. A
further proof of this mechanism is given by the
fact that the reduction of the disulfide bonds by
mercaptoethanol in the presence of SDS elimi
nates the az-macroglobulin-complex peak,

5432o 678
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Fig. 3. Stability of the OOz-macroglobulin~FITC-trypsincom
plex with regard to covalent linkage between the proteins.
Capillary, 27 cm x 50 JLm I.D.; buffer, 50 mM borate (pH
10.5); applied voltage, 12 kV; injection, 2 s; pressure, 50
mbar; LIF detection. (A) FlTC-labelled trypsin as a control
after an incubation time of 60 min; (B) complex formation
between FlTC-labelled trypsin and OOz-macroglobulin with
LIF detection after an incubation time of 60 min; (C)
complex stabilaity between FITC-labelled trypsin and OOz
macroglobulin with LIF detection after an incubation time of
60 min and heating for 5 min at 90°C in the presence of 50
mM SDS; (D) complex stability between FITC-labelled
trypsin and OOz-macroglobulin with LIF detection after an
incubation time of 60 min and heating for 30 min at 75°C in
the presence of 50 mM SDS.
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whereas the FITC-trypsin signal concomitantly
increases.

D

3.2. Complex formation between a2 

macroglobulin and other FITC-labelled
proteases

FITC-Plasmin

C

3.3. Complex formation between a2 

macroglobulin-entrapped trypsin and a second
trypsin inhibitor

As the entrapment of a protease by a 2 -macro
globulin does not necessarily involve the active
site of the protease, an investigation of the
residual protease activity (substrate or second

Time [min]

Fig. 4. Analysis of the a,-macroglobulin-FITC-plasmin and
a,-macroglobulin-FITC-a-chymotrypsin complex formation
with regard to the extent of FITC labelling. Capillary,
27 cm x 50 JLm I.O., buffer, 50 mM borate (pH 10.5);
applied voltage, 12 kV; injection, 2 s; pressure, 50 mbar; LIF
detection. (A) Complex formation between FITC-labelled
a-chymotrypsin (4-7 mol of FITC per mole of protein) and
a,-macroglobulin with LIF detection after an incubation time
of 30 min; (B) complex formation between FITC-labelled
a-chymotrypsin (1-3 mol of FITC per mole of protein) and
a,-macroglobulin with LIF detection after an incubation time
of 30 min; (C) complex formation between FITC-Iabelled
plasmin (3-8 mol of FITC per mole of protein) and a,

macroglobulin with LIF detection after an incubation time of
30 min; (D) complex formation between FITC-labelled
plasmin (1-2 mol of FITC per mole of protein) and a,
macroglobulin with LIF detection after an incubation time of
30 min.
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A drawback in the application of CE using
LIF detection is the necessity to use a labelling
agent such as FITC. A high ratio of molecules of
the labelling substance per molecule of protease
results in the lowest possible detection limit.
Concomitantly, labelling may strongly influence
the biochemical and biophysical behavior of a
protein, including its affinity for the protease
inhibitor.

The impact of FlTC labelling was demon
strated by CE analysis using several proteases
with different ratios of bound FITC per protease
molecule under the above-defined reaction con
ditions. a-Chymotrypsin with 4-7 molecules of
FlTC does not form complexes with a 2-macro
globulin (Fig. 4A), whereas the same protease
labelled with only 1-3 molecules of FlTC per
molecule shows a considerable affinity to the
inhibitor (Fig. 4B). The same effect of FITC
labelling can be observed for the complex forma
tion between plasmin and a 2-macroglobulin (Fig.
4C and D). In this case labelling the plasmin
with one or two molecules of FlTC still allows
complex formation, while three or more mole
cules of FlTC prevent the reaction.

The observation that the effect of low FlTC
ratios on the affinity interaction is negligible,
whereas a higher degree of FlTC labelling causes
considerable interference, may be interpreted in
terms of steric hindrance in the "bait region"
caused by the FlTC. An effect of a putative
blocking of the active site of the protease ap
pears to be less likely, since the complex forma
tion between protease and a 2-macroglobulin
would be influenced independently of the par
ticular FITC-to-protease ratio in this case.
Nevertheless, all results of binding studies per
formed by CE with LIF detection should be
considered with respect to the possible influence
of the FITC and thus be interpreted carefully.
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4. Conclusion

Capillary electrophoresis has proved to be a
versatile tool for binding studies of proteases and
the protease inhibitors. While it need not replace
the traditional techniques, it can provide addi
tional information with a unique speed and e~sy

handling. Nevertheless, further optimization has

trypsin and (D) az-macroglobulin. If the FITC
labelled aprotinin is incubated with the trypsin
az-macroglobulin complex, a "new" signal ap
pears in the LIF electropherograms at approxi
mately the migration time of the az-macroglobu
lin in the UVelectropherogram (E). The size of
this signal increases with increasing incubation
time (F). Apparently a three-component com
plex between trypsin, az-macroglobulin and ap
rotinin has been formed, whose electromigration
is once more strongly dominated by the prop
erties of the az-macroglobulin. This complex can
be easily studied by capillary electrophoresis.

This effect is based on the unique inhibition
reaction of az-macroglobulin, i.e., the entrap
ment of the protease in the "bait region" without
inhibition of its reactive site. The still active
protease trapped in the "az-macroglobulin bait"
is capable of reacting with substrates (resulting in
a reduced proteolytic activity of the protease
[14]) or, as in the present case, with another
protease inhibitor.

In view of the results concerning the influence
of FITC on the complex formation, it is not
surprising, that the size of the substrate and the
second protease should be critical for the forma
tion of the three-protein complex. Aprotinin
with a relative molecular mass of 6500 is still
capable of entering the "narrow bait region",
while the much larger soybean trypsin inhibitor
(Mr 21 700) is sterically hindered and therefore
shows no reaction with the az-macroglobulin
trypsin complex (Fig. 6A-D). The results of the
effect of the size of the substrate or the second
protease inhibitor on the reaction of the sub
stances with the az-macroglobulin-protease
complex are again comparable to those achieved
by conventional methods [15].
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inhibitor) by CE is still possible. The protease
aprotinin (Mr 6500) is, e.g., capable of reacting
with an already bound and inhibited trypsin in
the az-macroglobulin-protease complex. In Fig.
5A the separation of az-macroglobulin and
trypsin is shown; detection was effected by
measuring the UV activity of the substance to
ensure the registration of all proteins. Fig. 5B-D
show analyses for FITC-labelled aprotinin (B)
alone and in the presence of (C) unlabelled

Fig. 5. Complex formation between a small FITC-labelled
trypsin inhibitor (aprotinin) and the a 2-macroglobulin
trypsin complex. Capillary, 27 cm x 50 JLm LD.; buffer, 50
mM borate (pH 10.5); applied voltage, 12 kV; injection, 2 s;
pressure, 50 mbar. (A) a 2-Macroglobulin and trypsin with
UV detection (214 nm); (B) FITC-labelled aprotinin with
LIF detection; (C) FITC-labelled aprotinin and trypsin after
an incubation time of 30 min with LIF detection; (D) FITC
labelled aprotinin and a 2-macroglobulin after an incubation
time of 30 min with LIF detection; (E) complex formation
between FITC-labelled aprotinin and the a 2-macroglobulin
trypsin complex after an incubation time of 30 min with LIF
detection; (F) complex formation between FITC-labelled
aprotinin and the a 2-macroglobulin-trypsin complex after an
incubation time of 60 min with LIF detection.
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Fig. 6. Complex formation between a large FITC-labelled
trypsin inhibitor (soybean) and the O'z-macroglobulin-trypsin
complex. Capillary, 27 cm x 50 /Lm I.D.; buffer, 50 mM
borate (pH 10.5), applied voltage, 12 kV; injection, 2 s;
pressure, 50 mbar. (A) Separation of O'z-macroglobulin and
trypsin with UV detection (214 nm); (B) FITC-labelled
trypsin inhibitor with LIF detection; (C) FITC-labelled
trypsin inhibitor and trypsin after an incubation time of 30
min with LIF detection; (D) FITC-labelled trypsin inhibitor
the O'z-macroglobulin-trypsin complex after an incubation
time of 30 min with LIF detection.

to be carried out with respect to the quantifica
tion problems of the binding assay in capillary
electrophoresis.





ELSEVIER Journal of Chromatography A, 716 (1995) 371-379

JOURNAL OF
CHROMATOGRAPHY A

Evaluation of an optically active crown ether for the chiral
separation of di- and tripeptides

Reinhard Kuhna ,*, Daniel Riestera
, Burkhard Fleckensteinb

,

Karl-Heinz Wiesmiillerb

alnstitut fiir Angewandte Forschung, FH Reutlingen, Alteburgstrasse 150, 72762 Reutlingen, Germany
bNaturwissenschaftliches und Medizinisches lnstitut an der Universitiit Tiibingen, Eberhardstrasse 29, 72762 Reutlingen,

Germany

Abstract

The direct optical resolution of a number of di- and tripeptides was achieved by capillary zone electrophoresis
using an enantioselective crown ether as buffer additive. The protonated primary amines form inclusion complexes
with the crown ether. Chiral resolution is based on different stability constants of the diastereomeric complexes
thereby changing the electrophoretic mobilities of the enantiomers. Enantioselectivity is strongly affected by the
distance between the amine functionality and the crural carbon atom. This effect was studied using di- and
tripeptides especially synthesized for this purpose. In general, baseline resolution was obtained for those peptides
with the amine group located as far as four bonds from the stereogenic center. Additionally, tripeptides possessing
two chiral centers were separated to investigate the potential of the chiral selector for the analysis of complex
analytes with related structures. Experimental factors such as crown ether concentration, buffer pH and
temperature also show a strong influence on the resolution. These factors can be successfully employed for method
optimization.

1. Introduction

Due to the growing significance of peptide
based drugs, liquid- and solid-phase syntheses of
biologically active peptides have become an
important challenge in the pharmaceutical indus
try. Today, analytical characterization of these
peptides comprises not only determination of the
proportion of by-products from synthesis but
also the enantiomeric purity of the drug. In
routine analysis chromatographic techniques are
established for this purpose since chiral station
ary phases became commercially available. The

* Corresponding author.

resolution of dipeptides was described by Oi et
al. [1] using gas chromatography. Lindner et al.
[2] employed HPLC to separate peptides after
derivatization and Pirkle and co-workers [3,4]
resolved enantiomeric di- and tripeptides using
Pirkle-type chiral stationary phases. Stationary
phases based on optically active crown ethers
were used by Cram and coworkers [5,6], Hilton
and Armstrong [7] and Esquivel et al. [8]. Even
though a huge number of stationary phases in
liquid and gas chromatography are at hand,
which virtually cover most separation problems,
the results often show poor efficiency and meth
od optimization may be time-consuming.

In 1985 Gassmann et al. [9] were the first to

0021-9673/95/$09.50 © 1995 Elsevier Science B.Y. All rights reserved
SSDI0021-9673(95)00371-1
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describe the chiral resolution of enantiomers by
capillary zone electrophoresis (CZE). The chiral
selector was simply added to the buffer system.
Enantio-separation was accomplished by the
formation of diastereomeric complexes of the
selector with the analytes leading to a change in
electrophoretic mobilities. Subsequently, this
basic principle has been extended by using other
selectors. Today, enantio-separation in CZE is
accomplished by utilizing ligand-exchange com
plexation [10], solubilization with optically active
micelles [11,12], proteins [B]and host-guest
complexation using cyclodextrins [14-17].

In previous papers we described the use of a
chiral crown ether in CZE for the first time
[18-21]. The focus of the present study is to
evaluate the potential of 18-crown-6 tetracarbox-

ylic acid (18C6H4 ) for the enantio-separation of
di- and tripeptides in CZE. The effect of the
location of the interactive amine functionality in
relation to the chiral center is discussed.

2. Experimental

2.1. Instrumentation

Experiments were carried out using an HP
3DCE instrument (Hewlett-Packard, Waldbronn,
Germany). Separations were performed in un
treated open-tube fused-silica capillaries (58
em x 75 JLm I.D.) applying a potential of 15 kYo
If not otherwise stated the capillary temperature
was maintained constant at 25°C. A 10 mM
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Fig. 1. HPLC profile and electrospray mass spectrum (main peak) of crude peptide D-Phe-Aca after cleavage from the resin.
HPLC column: Nucleosil CIS (200 x 2 mm, 5 /-Lm, Grom Herrenberg, Germany); gradient 0-100% (within 45 min) acetonitrile
water (containing 0.1% trifluoroacetic acid). The flow-rate was 0.3 ml/min. ES-MS: a triple quadrupole API III mass
spectrometer equipped with a pneumatically assisted electrospray ion source (Sciex, Thornhill, Canada) was used for recording
spectra in the positive mode. Solutions of 1 mg peptides in 1 ml tert.-butyl alcohol-water (4:1, v/v) were injected into the ion
source at a flow-rate of 5 /-LI/min using an autosampler [23].
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Tris-citrate buffer (pH 2.5) with 10 mM 18C6H4

in double-distilled water was used, unless stated
otherwise. An appropriate amount of each sam
ple (usually 0.05%, w/v) was dissolved in metha
nol-water (50:50, v/v) and injected by pressure
for 2 s at 50 mbar and detected by UV ab
sorbance at 210 nm. Whenever possible the
elution order of the enantiomers was determined
by spiking the mixture with the pure enantio
mers.

2.2. Chemicals

All reagents were of analytical grade if not
otherwise stated. Tris, citric acid, 18-crown-6
tetracarboxylic acid (18C6H4 , purum grade) and
sodium hydroxide were from Merck (Darmstadt,
Germany). Gly-oL-Trp and Gly-oL-Phe were
purchased from Sigma (St. Louis, MO, USA).
Gly-oL-Leu-oL-Ala was from Serva (Heidel
berg, Germany) .. Acetic acid, dimethylform-
amide (DMF), dichloromethane, diiso-
propylcarbodiimide (Ole), 1-hydroxyben-
zotriazole (HOBt), methanol and tert.-butyl al
cohol were from Fluka (Buchs, Switzerland). All
other di- and tripeptides were synthesized by
solid-phase peptide synthesis according to the
following procedure. Their structures were con
firmed by HPLC and mass spectrometry. No
further purification of the synthesis products was
performed.

2.3. Peptide synthesis

The peptides were synthesized on a robot
system (Tecan, Switzerland) equipped with soft
ware for multiple peptide synthesis (MultiSyn
Tech, Bochum, Germany). Fmoc-L-amino acid
2-chlorotrityl resin [22] (30 mg, 0.6 j.Lmol/mg)
was distributed in separate small filter tubes.
Fmoc deprotection was effected with 0.2 ml 50%
piperidine in DMF for 8 min and repeated once.
Couplings were carried out using lO-fold excess
of Fmoc-amino acids and HOBt-DIC (1:1, v/v)
activation in DMF within 1 h. After coupling and
deprotection the tubes were washed with DMF
(0.3 ml) three and seven times, respectively.

Removal of the peptides from the resin was

achieved with acetic acid-dichloromethane
methanol (1:3:1, v/v, 2 ml) within 2 h. The
filtrate was evaporated and the residue was
dissolved in tert.-butyl alcohol-water (4:1, v/v)
and lyophilized. The identity and purity of the
free peptides was d~termined by HPLC and
electrospray mass spectrometry (Fig. 1).

3. Results and discussion

Crown ethers are macrocyclic polyether ring
systems consisting of a number of oxygens joined
by ethylene bridges. Crown ethers of the 18
crown-6 type contain a cavity which is able to
form inclusion complexes (host-guest complex
es) with potassium, ammonium and protonated
primary amines. Although complexation of the
primary amine is indispensable for chiral sepa
ration, it is insufficient for the discrimination of
the enantiomers. This can be obtained by addi
tional interactions of the four substituents of
18C6H4 with the ligand (Fig. 2).

If 18C6H4 is simply added to the buffer
electrolyte, diastereomeric complexes of the
crown ether with the enantiomers are formed
which result in a change of their electrophoretic
mobilities. In a previous study [19] we proposed
two recognition mechanisms. First, the carboxyl
ic acid pairs on both sides of the ring system
behave like chiral obstacles dividing the space
available for the substituents of the asymmetric
center into two cavities. The position and size of
these substituents affect the binding energies of
the host-guest complexes. The second mecha
nism is directly related to the carboxylic acids
which may show electrostatic interactions with
polar substituents of the enantiomers.

Fig. 2. Chemical structure of a host-guest complex of
18C6H. with a protonated primary amine.
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In order to obtain enantiomeric separations
with selectors of the "18-crown-6"-type a pri
mary amine functionality is essential. Neither
secondary nor tertiary nor other functional
groups provide inclusion complexation required
for chiral separation. As already demonstrated
[20,21] the requisite interactions are dependent
on charge and size. In addition, the distance of
the interactive amine and the stereogenic center
also influences the chiral recognition. In Table 1
the analytical data of 6 racemic dipeptides ana
lyzed using 18C6H4 are summarized. The di
peptides vary in their distances of the primary
amine and the stereogenic center. While in OL
Phe-f3-Ala and oL-Phe-Aca the chiral carbon is
adjacent to the amine, four bonds separate the
chiral carbon from the amine in the cases of
Gly-oL-Trp and Gly-oL-Phe. Finally, f3-Ala-oL
Phe and Aca-oL-Phe have their asymmetric
center 5 and 8 bonds from the amine, respective
ly. The separation factor a is calculated by

t2a = - (1)
t1

where t 1 is the migration time of the first eluting
enantiomer and t2 the migration time of the
antipode. The resolution is calculated by

2(t2 - t 1 )

R s = w
1
+ w

2
(2)

where W 1 and W 2 are the peak widths of both
enantiomers. As one can readily see from Table
1 the separation factor and the resolution were
the highest when the chiral center was adjacent
to the amine function. Thus, both dipeptides
oL-Phe-f3-Ala and oL-Phe-Aca were excellently
resolved using standard experimental conditions.
The separation is shown in Fig. 3.

Hilton and Armstrong [7] investigated the
"distance effect" on enantio-selectivity of dipep
tides using a chiral crown ether in liquid chroma
tography. They found that dipeptides of the
glycyl-amino acid type could not be baseline
separated in HPLC. However, in capillary zone
electrophoresis good separations were obtained
for Gly-oL-Trp and Gly-oL-Phe (results not
shown) with a resolution of 3.09 and 1.45,
respectively. f3-Ala-oL-Phe and Aca-oL-Phe

30
Phe-t}-Ala

., 20
u
!ii
~
~ 10

0
o 5 10 15 20 25

time [minI

Fig. 3. Chiral separation of DL-Phe-I3-Ala and DL-Phe-Aca
by CZE using 5 mM 18C6H4 as buffer additive. Peaks
marked by an asterisk are impurities from synthesis.

could not be separated under these experimental
conditions. It is obvious, that their stereogenic
centers are located too far from the amine
function and, consequently, from the crown
ether substituents in the complex to show differ
ent interactions of the enantiomers.

In a second series of experiments chiral sepa
ration of tripeptides containing one or two
asymmetric carbon atoms was studied. The ana
lytical data are summarized in Table 2. Again,
best separations were obtained if the stereogenic
center is in close proximity to the protonated
amine. For instance, oL-PheGlyGly and L-Ala-L
PheGly/o-Ala-o-PheGly showed resolutions of
4.92 and 6.55, respectively. The separation of
the latter two enantiomers and one diastereomer
is depicted in Fig. 4. While the diastereomer was
separated from the enantiomers in an ordinary
buffer system without any crown ether, chiral
separation of the enantiomers succeeded in the
same buffer containing 10 mM 18C6H4 • Fairly
good results were also obtained for Gly-oL-Leu
oL-Ala. However, in order to resolve the four
optical isomers the buffer pH had to be adjusted
to pH 3.0. This minor change had some dramatic
effects on the separation: (i) the complex forma
tion of the isomers with the crown ether are
strongly enhanced causing anionic migration of
the peptides, (ii) migration times were approx.
twice as long as those obtained at pH 2.5.
Interestingly the enantiomers of GlyGly-oL-Leu
were also recognized by the crown ether even
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Table 2
Analytical data of the chiral resolution of tripeptides using 10 mM 18C6H4

Compound Structure t1

(min)
a R,

H o H o H
I II I II I

DL-PheGlyGly H~ -e*-C-N -CH2 -C-N--eH2-eooH 11.83 1.075 4.92

1-0
CH2 "

H 0 H 0 H
L-Ala-L-PheGly1 I II I II I 12.43 1.158 6.55
D-Ala-D-PheGly H2N -e*-C-N-e*H-e-N-CH2-eooH

I 1-0CH3 CH2 \ I

0 H o H CH3
II I II I 1 35.341 1.0141 1.561Gly-DL-Leu-DL-Ala a H~ --eHr-C-N--C*H--C-N-C*H-COOH

I 37.88 1.079 2.94
CH2--eH(CH3h

o H o H
Gly-L-Ala-L-Phel II I II I

Gly-D-Ala-D-Phe
H~ --eH2-C-N-e*H -C-N-e*H-COOH 17.69 1.054 1.01

I 1-0CH3
CH2

"

o H 0 H
II I II I

GlyGly-DL-Leu H2N-CH2-C-N-CH2-C-N-e*H-COOH 46.18 1.034 0.70
I

CH2-cH(CH3:

a Separation at pH 3.0 and 15 mM 18C6H4 •

a = separation factor, R, = resolution.

though resolution was poor under the ex
perimental conditions.

3.1. Influence of the experimental conditions

Systematic investigations of the experimental
factors revealed the method to be highly sensi
tive with respect to crown ether concentration,
buffer pH and temperature.

The influence of the crown ether concentration

on the resolution of DL-Phe-Aca and DL-Phe-f3
Ala is shown in Fig. 5. According to the law of
mass action an increase of the crown ether
concentration enhances the complex formation
and should improve the resolution. This holds
for low crown ether concentrations. However, by
increasing the concentration to approx. 5-10
mM the curves level off. Higher concentrations
than 10 mM 18C6H4 did not significantly im
prove the resolution but led to marked longer
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Table 3
Influence of the buffer pH on the migration time of the first
eluted isomer of Gly-DL-Leu-DL-Ala

Experimental conditions: temperature 20°C; pH 2.2 and 2.5:
15 mM Tris-15 mM 18C6H4 adjusted to the given pH with
citric acid; pH 3.0 to 6.0: 15 mM 18C6H4 adjusted to the
given pH with Tris; detection wavelength, 200 nm. Other
conditions are given in the Experimental section

(a) (b)
LLDD,LL DD

DL
40 30

" DL

J 20
0 20
~

10

0

0 5 10 15 20 5 10 15 20
time [min] time [min]

Fig. 4. Separation of the enantiomers L-Ala-L-PheGly and
D-Ala-D-PheGly and the diastereomer D-Ala-L-PheGly in
(a) 10 mM Tris-citrate (pH 2.5) and (b) 10 mM Tris-l0 mM
18C6H4-citrate (pH 2.5).

pH

2.2
2.5
3.0
3.5,4.0,5.0,6.0

Migration time
(min)

16.55
16.13
35.34
>180

Remark

1 peak detected
3 peaks detected
complete separation
no peaks detected

migration times. Similar effects of crown ether
concentration on the resolution were found in
earlier investigations [17,18].

The pH of the buffer system is the most
powerful and most sensitive factor for method
optimization. The pH effects the dissociation of
the crown ether's carboxylic acids and conse
quently the electrophoretic mobility of the selec
tor. In addition, the association of a ligand to
18C6H4 is known to depend on the dissociation
degree of the crown ether because its carboxy
late groups stabilize the complex stronger than
the non-dissociated acids. The influence of the
pH was investigated using GlY-DL-Leu-DL-Ala.
Only a small pH range (pH 2.2-3.0) could be
used for method optimization. Table 3 shows the

influence of the pH on the migration time of the
first isomer. Obviously, pH values higher than
3.0 are not applicable because no peaks could be
detected within 180 min. It can be assumed that
the increasing net charge of the crown ether at
higher pH values and the stronger complexation
of the enantiomers were responsible for this
results.

Finally, the temperature also has an influence
on the separation. In general, increasing the
temperature causes a decrease in the separation
factor and resolution. This was demonstrated in
a previous study with DL-tryptophan, DL-phenyl
alanine and ( ± )-naphthylethylamine [19]. How
ever, the dipeptide GlY-DL-Phe showed an oppo-

1.16

...
~ 1.12
~
<:
0
.~ 1.08
'"0...,
'"

1.04

20 30 40

temperature

Fig. 6. Plot of the capillary temperature versus the separation
factor for G1Y-DL-Trp (0) and both enantiomeric pairs of
GlY-DL-Leu-DL-Ala (D,A). The buffer composition for the
separation of the tripeptides was 15 mM 18C6H4 adjusted to
pH 3.0 with Tris. Detection wavelength was 200 nm. Other
conditions are given in the Experimental section.

12
0.0 .f-~-.,--~--r--~--,

o

7.5
<:
0

":g
5.0'0

'"..,...
2.5

10.0

4 8
concentration rmMl

Fig. 5. Influence of the concentration of 18C6H4 on the
resolution of DL-Phe-f3-Ala (0) and DL-Phe-Aca (D). Ex
perimental conditions are given in the Experimental section.
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Fig. 7. Influence of the capillary temperature on the chiral separation of Gly-DL-Leu-DL-Ala: (a) 20°C, (b) 25°C, (c) 30°C. Other
experimental conditions are described in Fig. 6.

site behavior in that investigation, which was
explained by a different separation mechanism
based on electrostatic interactions. In the present
study we investigated the effects of the tempera
ture on the separation factor of GlY-DL-Trp and
GlY-DL-Leu-DL-Ala. The results are shown in
Fig. 6. While the separation factor strongly
decreases with increasing temperature in the case
of Gly-DL-Trp, this effect is much less pro
nounced for both enantiomeric pairs of Gly-DL
Leu-DL-Ala. However, increasing the tempera
ture decreased the resolution of all four com
ponents owing to the co-migration of two dia
stereomers (see Fig. 7a-c).

4. Concluding remarks

The present paper proves the suitability of
18C6H4 for enantio-separation of di- and tri
peptides possessing one or two stereogenic cen
ters. Most separation problems could be solved
using a simple screening method. Nevertheless
parameters such as crown ether concentration,
buffer pH and temperature are effective for
method optimization. However, even small
changes of these parameters occasionally can
have a dramatic effect on the separation power.
Thus, careful adjustment of the experimental
conditions is essential for obtaining reproducible
results.
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Abstract

A procedure is described for the analysis of a-difluoromethylornithine (DFMO), an anti-cancer agent, in plasma
microdialysis (MD) samples. DFMO has been shown to be effective alone or in combination with other agents in
the treatment of several cancers. Precolumn derivatization of DFMO with naphthalene-2,3-dicarboxaldehyde
cyanide (NDA-CN) in pH 10.0 borate buffer results in the rapid formation of a stable mono-derivatized product
(N-substituted l-cyanobenz[f]isoindole, CBI), which is UVactive. An analytical method has been developed to
separate CBI-DFMO from NDA-CN derivatization products of 20 standard amino acids using capillary
electrophoresis (CE). This method is then employed for the determination of DFMO in plasma microdialysis
samples. Separation of DFMO from other components in the dialysate was achieved within 20 min. The response
for DFMO in Ringer's solution was linear over the range of 1.2.10-6 to 1.6.10-4 M after derivatization. The
detection limit of DFMO in the plasma dialysate is 5 /LM using UV detection at 254 nm. This method has been
proven to have adequate sensitivity for quantitation of DFMO in Lv. microdialysate samples and has been
successfully applied to monitoring the pharmacokinetics of DFMO by CE-UV.

1. Introduction

a-Difluoromethylornithine (DFMO) is an ir
reversible inhibitor of ornithine decarboxylase,
which effectively blocks the biosynthesis of en
dogenous polyamines (putrescine, spermidine,
and spermine) [1]. DFMO inhibits tumor cell
growth in vitro and in vivo, and demonstrates
chemopreventive activity in a variety of animal

* Corresponding author.
1 Present address: DuPont Merck Pharmaceutical Company,

Wilmington, DE, USA.

tumors [2]. DFMO has been shown to be effec
tive alone or in conjunction with other agents in
the treatment of several cancers [3].

DFMO itself has no chromophore; therefore,
derivatization is necessary for detection using
conventional spectroscopic methods. To date,
only a few published reports on the analysis of
DFMO in biological fluids have appeared in the
literature [4-6]. All of these employed pre
column derivatization with o-phthalaldehyde
thiol (OPA-thiol) [4,5] or dansyl chloride [6]
and liquid chromatography (LC) with fluores
cence or UV detection. The reported methods

0021-9673/95/$09.50 © 1995 Elsevier Science B.Y. All rights reserved
SSDI0021-9673(95)00604-4
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provide adequate sensitivity for plasma analysis,
but have certain disadvantages. Derivatization
with dansyl chloride requires at least a 4-h
reaction time [6]. The reaction with OPA-thiol is
rapid, but the instability of the resulting fluoro
phore is well documented [7,8], making precise
timing of the derivatization essential.

In this paper, NDA-CN is evaluated as a
reagent for the determination of DFMO by
capillary electrophoresis with UV detection
(CE-UV). NDA reacts with primary amines in
the presence of cyanide to form cyano[f]ben
zoisoindole (CBI) derivatives, which are both
spectroscopically and electrochemically active.
Both the fluorescence efficiency and stability of
the CBI derivatives are better than those of the
OPA-thiol derivatives [9]. The determination of
DFMO in plasma by LC using NDA-CN has
been reported previously [10]. However, difficul
ties were encountered with this system due to the
presence of naturally occurring amines in the
sample matrix, which interfered with the sepa
ration. Adequate resolution of DFMO from
amino acids could not be achieved using a single
LC column [10] and, therefore, a multidimen
sional approach was employed. In addition,
CBI-DFMO exhibited problematic chromatog
raphy, induding peak tailing and splitting.

CE is a powerful analytical technique for the
separation of charged substances. Very high
separation efficiencies can be obtained using this
approach. Amino acids have been determined
previously by CE with UV, electrochemical, and
fluorescence detection following derivatization
with NDA-CN [11-15]. Microdialysis is an es
tablished technique for sampling drugs and en
dogenous compounds in tissues of awake, freely
moving animals [16]. It has been used to study
the metabolism and pharmacokinetics of a vari
ety of drug substances in blood, liver, bile, and
skin [17-21]. One of the advantages of mi
crodialysis over other sampling methods is that
dialysates are protein-free and can be directly
injected into the analytical system with minimal
sample preparation. In addition, since protein
bound molecules cannot pass through the mem
brane, only the biologically active "free" drug is
measured. In this report, microdialysis sampling

was employed to investigate the pharmacoki
netics of DFMO using CE-UV as the analysis
system.

2. Experimental

2.1. Reagents

All amino acids were purchased from Sigma
(St. Louis, MO, USA) and used as received.
NDA was supplied by Bioanalytical Systems.
(West Lafayette, IN, USA). Sodium cyanide,
sodium borate, and sodium phosphate (mono
basic and dibasic) were obtained from Fisher
Scientific (Fair Lawn, NJ, USA). DFMO mono
hydrate was kindly provided by Dr. Milan Slavik
(V.A. Medical Research Service, Wichita, KS,
USA).

2.2. Stock solutions

NDA was prepared in HPLC-grade acetoni
trile, protected from light and stored at 5°C. All
other solutions were prepared in Nanopure
water (Sybron-Barnstead, Boston, MA, USA).
Sodium borate was dissolved in Nanopure water
and titrated to pH 10 with 2 M NaOH solution.
Phosphate buffers (of different pH values) were
prepared as reported in the Handbook of Bio
chemistry and Molecular Biology [22]. Amino
acid mixtures were made by mixing together 1 ml
of a 10 mM solution of each amino acid to yield
a final concentration of 0.5 mM. All solutions
were passed through a membrane filter (0.2 /Lm
pore size) before use.

2.3. Instrumentation

An ISCO Model 3850 capillary electrophoresis
system was driven by a high-voltage d.c. (0-30
kV) power supply connected to a platinum
electrode. The fused-silica capillary (50 /Lm I.D.,
360 /Lm O.D.) was obtained from Polymicro
Technologies (Phoenix, AZ, USA). A column
length of 75 cm (50 cm to detector) was used.
The detection wavelength was set at 254 nm.
Sample introduction was accomplished by vac-
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uum injection for 4 s, which corresponded to a
3.7 nl injection volume.

2.4. Microdialysis system

Microdialysis sampling was performed using a
CMA/100 microinjection pump from Bioanalyti
cal Systems/CMA (West Lafayette, IN, USA)
coupled to a microdialysis probe inserted into
the jugular vein of the experimental animal. The
laboratory-built flexible i.v. microdialysis probe
has been described previously [19]. Perfusion
was carried out with Ringer's solution (NaCl,
147 mM; KCI, 4 mM; CaClz, 2.3 mM) at a
flow-rate of 0.25 ILl/min. Microdialysis samples
were collected by a CMA/142 fraction collector.

2.5. Microdialysis probe calibration

In order to ascertain the in vivo concentration
of DFMO giving rise to the concentration de
tected in the perfusion medium, it was necessary
to determine the recovery of the dialysis probe.
This was accomplished by placing the probe in a
standard solution of 0.1 mM DFMO prepared in
Ringer's solution. The flow-rate was 0.25 ILI/
min, the same as that used for pharmacokinetic
studies. Samples of the perfusate were collected
and analyzed. Recovery was then expressed as
the ratio of the concentration of DFMO in the
perfusate to the concentration of standard. The
average recovery for DFMO was 49.6 ± 3.1 %
(n = 3).

2.6. In vivo pharmacokinetic experiments

Male Sprague-Dawley rats 4-6 months old
(450-500 g) were anaesthetized with ketamine
and xylazine (80 mg/kg and 4 mg/kg, respective
ly). The flexible microdialysis probe was im
planted into the jugular vein and PE-50 tubing
was cannulated into the femoral vein. Ringer's
solution was perfused through the microdialysis
probes at a flow-rate of 0.25 ILl/min, and dialysis
samples were collected at 16-min intervals.
Blanks were collected immediately following
insertion of the microdialysis probe. The phar
macokinetic experiments were begun 24 h after

surgery. At that time, the animals were dosed
with DFMO (70 mg/kg) in Ringer's solution via
the cannula in the femoral vein. Following de
rivatization with NDA and NaCN using the
procedure below, samples were analyzed by CE
UV until DFMO was no longer detected in the
dialysate.

2.7. Derivatization procedure

Derivatization conditions varied depending on
the requirements of the reaction. In most cases,
borate buffer (pH 10) was used as the reaction
buffer. For these studies, a 1:1 molar ratio of
NDA and NaCN was used. NDA was always
added last to avoid the formation of possible side
products. The final reaction solution contained a
minimum of 20% acetonitrile to prevent precipi
tation of NDA. For the pharmacokinetic studies,
2 ILl of 50 mM borate buffer (pH 10) and 2 ILl of
15 mM NaCN solution were added to 4 ILl of
microdialysate, followed by 2 ILl 15 mM NDA
solution. The resulting solution was allowed to
react for 10 min after the addition of NDA.

3. Results and discussion

3.1. Derivatization reaction conditions

DFMO has both alpha and delta primary
amino groups, which can potentially be derivat
ized. The alpha amino group is attached to the
tertiary carbon and is more sterically crowded
than the delta amino site. Therefore, for DFMO,
the mono-derivatized product was expected to be
dominant over the bis-derivatized product. Pre
viously, experiments regarding the reaction of
NDA-CN with primary amino groups have
shown that the reaction rate is maximal when the
pH of the reaction solution is equal to the pKa of
the primary amine [9]. Since the delta amine has
a pKa of 10.4 [10], a pH 10.0 borate buffer was
used as the reaction buffer.

Fig. 1 shows the electropherograms of solu
tions containing (A) NDA and (B) DFMO
reacted with NDA-CN in pH 10.0 borate buffer.
NDA itself is UVactive and can therefore serve
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Fig. 1. Electropherograms of (A) 1.0 mM NDA and (B) 0.1
mM DFMO reacted with NDA-NaCN (1.0 mM each) for 10
min in pH 10 borate buffer. Separation conditions: 75 cm (50
cm to detector) x 50 /-Lm J.D. capillary in 20 mM sodium
borate (pH 9.0); voltage, 20 kV (18 /-LA).

as neutral marker in these studies (Fig. 1A). The
derivatization of DFMO with NDA-CN gives
rise to a new peak that corresponds to the mono
CBI-DFMO derivative (Fig. lB). The reaction
of DFMO with NDA-CN at pH 10.0 is very fast
(ca. 3 min), and can be monitored by a change
from colorless to bright yellow. While several
different wavelengths (210, 254, and 420 nm) can
be employed for the detection of the CBI deriva
tive, 254 nm was found to provide the best
sensitivity and was used for all subsequent
studies.

In order to optimize the derivatization reac
tion, the effect of borate concentration and
reaction time on product yield were evaluated.
To maintain pseudo-first-order reaction in
DFMO, excess NDA-NaCN should be used.
However, side products may be formed at very
high concentrations of NDA and NaCN. For
these studies, a 1:1 molar ratio of NDA and CN

30252015105
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was used. Using a constant concentration of
DFMO (0.05 mM), the mono-CBI-derivative
peak increased with increasing concentrations of
NDA and NaCN. The peak height achieved its
maximum value (Fig. 2) after the concentration
of NDA-CN reached ten times that of DFMO.

It has been reported that the concentration of
borate has a catalytic effect on the derivatization
reaction of NDA-CN with primary amines [9].
Therefore, the effect of borate concentration on
reaction rate was also investigated over the range
of 10-50 mM (final concentration). Fortunately,
the concentration of borate was found not to
have a substantial effect on the rate of this
particular derivatization reaction. Using 10 mM
borate buffer, the reaction of DFMO with
NDA-CN was complete within 3 min and the
derivative was stable for at least 5 h. Higher
concentrations of borate buffer did not substan
tially increase the reaction rate. However, it was
found that column efficiency decreased with
increasing SOIrcentration of borate buffer, as
shown in Fig. 3. This phenomenon has been

Fig. 2. Effect of molar ratio of NDA-DFMO on peak height
of CBI-DFMO derivative. Concentration of DFMO, 0.05
mM; reaction time, 10 min.

B
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NDA

0.01 AUFS

A

6802468

Time (min)

NDA

o 2 4
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composition of run buffer were found to have
the greatest effects on the separation. At pH
values above 9, both CBI-DFMO and the CBI
amino acid derivatives are anionic and the elec
troosmotic flow is very fast, resulting in poor
resolution. Zwitterionic buffers were investi
gated at lower pH values, but no good sepa
ration was obtained over the range pH 7-9.
Phosphate buffers in the range 8.5-5.5 were also
investigated. With a pH 8.0 phosphate buffer,
lysine was not resolved from CBI-DFMO and at
pH 6 histidine comigrated with CBI-DFMO.
However, all three compounds could be resolved
between pH 6.5 and 7.5. A 50 mM phosphate
(pH 6.7) buffer provided the best resolution of
CBI-DFMO from all of the amino acids studied.
Fig. 4 shows the separation of CBI-DFMO from
the CBI-amino acid mixture. DFMO migrated
between NDA and histidine.

•
•

2.2
~

~

2.0
~

Co 1.8

!! 1.6..-a 1.4..
u 1.2
~...
0 1.0
ell
.c
Eo< 0.8

0.6

10

Fig. 3. Efficiency of CBI-DFMO peak as a function of
borate buffer concentration in the derivatization reaction.
Separation conditions: 75 cm (50 cm to detector) x 50 /Lm
I.D. capillary; 100 mM phosphate (pH 6.5); voltage, 15 kV
(49 /LA ).

described previously for the determination of
CEl-amino acids by CE-UV [12]. Therefore, 10
mM pH 10.0 borate buffer was chosen to be
reaction buffer throughout the studies.

20 30 40 50

Concentration (mM)

3.2. Capillary electrophoresis method
development

0.01 AUFS

A B

Fig. 4. Electropherograms of (A) 20 amino acids (0.02 mM
each) and (B) DFMO (0.05 mM) and 20 amino acids (0.02
mM each) derivatized with NDA-CN. Separation conditions:
75 cm (50 cm to detector) x 50 /Lm I.D. capillary; 50 mM
phosphate (pH 6.7); voltage, 20 kV (33 /LA); A = 254 nm.

Time (min)

I t

8 10 12

CBI
DFMO

68 10 12 44

When performing i.v. microdialysis, there are
a number of naturally occurring amino acids and
small peptides that are present in the dialysate.
Therefore, separation conditions that will isolate
the CBI-DFMO from the rest of the amino acids
must be developed. In order to accomplish this,
we investigated the migration behavior of the 20
standard amino acids found in proteins relative
to CBI-DFMO. CEl-amino acids with a neutral
or negatively charged R-group are negatively
charged above pH 3 and thus are easily resolved
from CBI-DFMO. CEl-arginine possesses a
positively charged R-group with a high pKa and
migrates early in the electropherogram. In the
case of CBI-DFMO, the major interference was
expected to be histidine since the pKa of the free
amino group (6.0) is close to that of DFMO
(6.4).

In developing the separation of CBI-DFMO
from the CBI-amino acids, several variables
were investigated, including the pH and compo
sition of the run buffer, the length of the capil
lary, and the applied voltage. Of these, pH and
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Fig. 5. Electropherograms of (A) blank plasma mi
crodialysate sample and (B) plasma microdialysate spiked
with 10 nM DFMO. Separation conditions: 75 cm (50 cm to
detector) x 50 /-Lm I.D. capillary; 100 mM phosphate (pH
6.5); voltage, 15 kV (49 /-LA).

The system was calibrated over the concen
tration range expected in the microdialysis sam
ples. The relationship between peak height and
concentration of DFMO was linear over the
range 3-400 JLM (original concentration of
DFMO before derivatization) with a correlation
coefficient of 0.9995. Since 4 JLI of DFMO was
derivatized to give 10 JLI of final solution, the
actual concentration range in the final solution
after derivatization was between 1.2 and 160
JLM. In these studies, DFMO was dissolved in
Ringer's solution in order to yield a matrix
similar to that of microdialysis sample, and the
NDA and NaCN concentrations used were at
least ten times the concentration of DFMO.

The effect of NDA-CN concentration on the
yield of CBI-DFMO in dialysates was also
examined. Because the exact total concentration
of amino acids in the microdialysis samples is
unknown, it is important to add enough NDA to
react with all of the amines in the sample.
Therefore, the effect of NDA concentration on
the yield of CBI-DFMO in a spiked mi
crodialysis sample (10 JLM) was determined. It
was found that using 15 mM NDA and NaCN
ensured almost 100% yield of DFMO. Thus, the
calibration curve of DFMO obtained in Ringer's
solution under these conditions was used for the
calculation of concentration values for pharma
cokinetic studies.

The limit of detection (signal-to-noise ratio =
3) for CBI-DFMO in Ringer's solution was 3
JLM. It was slightly higher in microdialysate
samples (5 JLM before derivatization, 2 JLM after
derivatization). Using 3.7 nl as the injection
volume, the corresponding mass detection limit
was 7.4 fmol in the microdialysis sample. Based
on a 50% recovery of DFMO with the flexible
dialysis probe, the limit of detection for DFMO
was approximately 10 JLM in vivo.

3.3. Calibration and detection limits

small peak was obtained (R = 1.7). In this case,
the migration time for CBI-DFMO was about 11
min, and the overall analysis time was less than
20 min.

B

0.005 AUFS

A

A blank plasma microdialysis sample produced
an electropherogram very similar to that of
standard amino acids. However, a small uniden
tified peak appeared whose migration time was
very close to that of CBI-DFMO (Fig. 5). Thus,
the separation conditions required further op
timization to resolve CBI-DFMO from the un
known peak. It was found that the use of higher
concentrations of run buffer, lower applied volt
ages, and a longer capillary improved resolution.
However, these conditions resulted in longer
analysis times. In addition, the use of high
concentrations of borate buffer resulted in high
separation currents and increased Joule heating.
Considering all of these factors, the best sepa
ration was obtained under the following con
ditions: 100 mM, pH 6.5, phosphate buffer, 75
cm (50 cm to detector) x 50 JLm capillary, 15 kV
applied voltage. Fig. 5 shows the electrophero
grams of (A) a blank plasma microdialysis sam
ple and (B) a sample spiked with DFMO. It can
be seen that under these conditions, a baseline
separation between DFMO and the unknown
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3.4. Pharmacokinetics studies

Fig. 6. Electropherograms obtained in the pharmacokinetic
study. (A) Blank plasma dialysate, (B) 16 min after a 70
mg/kg Lv. dose of DFMO, (C) 64 min after same dose.
Separation conditions: 75 cm (50 cm to detector) x 50 JLm
I.D. capillary; 100 mM phosphate (pH 6.5); voltage, 15 kV
(49 JLA).

Time (min)

B
0.05 AUFS Pharmacokinetic studies were performed on

awake, freely moving rats. Typical electrophero
grams of blood dialysates by in vivo sampling are
shown in Fig. 6. The blank sample was run at the
high-sensitivity detector gain setting; no peak
co-migrating with the CBI-DFMO derivative
was present in the blank at this high gain (Fig.
6A). Fig. 6B shows an electropherogram of
blood dialysate 16 min after an i.v. dose of 70
mg/kg DFMO. In the initial samples, the CBI
DFMO peak overwhelmed the interference
peak. The concentration of DFMO in the mi
crodialysate rapidly decreased, as shown in Fig.
6C.

Since microdialysis is a continuous sampling
technique, each sample represents the average
concentration of analyte in the blood during the
sampling interval. A representative concentra
tion versus time profile (plotted as a bar graph)
of the microdialysis samples is shown in Fig. 7.
The semi-log plot (log concentration DFMO
versus time) gave a straight line (Fig. 7, inset),
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Fig. 7. Concentration versus time profile for a 70 mg/kg i.v. dose of DFMO in an awake, freely moving rat. Inset: plot of log
concentration versus time.
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indicating that the rapid i.v. dose of DFMO was
distributed in the body according to a one-com
partment model and eliminated by apparent first
order kinetics. The average half-life for an i.v.
dose of DFMO (n = 4) was 21.0 ± 4.8 min.

4. Conclusions

A capillary electrophoresis method for the
analysis of CBI-DFMO derivatives in blood
dialysates has been developed. The derivatiza
tion of DFMO using NDA and NaCN in pH 10
borate buffer produced the mono-CBI-DFMO
derivative, which is UV active. For the CE
separation, a phosphate run buffer (100 mM, pH
6.5) was found to provide the best separation of
CBI-DFMO from the endogenous CBI-deriva
tized amino acids native to the dialysate samples.
Peak height versus concentration was linear from
1.2 to 160 J-LM with a correlation coefficient of
0.9995 (based on the final concentration after
derivatization). The detection limit for DFMO in
an i.v. dialysate was 5 J-LM. The use of UV
detection at 254 nm provided adequate sensitivi
ty for the detection of the drug in blood mi
crodialysates. The separation was faster and
more efficient than those previously reported
using LC with fluorescence detection. This meth
od was used to monitor the pharmacokinetics of
DFMO following an i.v. dose of 70 mg/kg of
DFMO to awake, freely moving rats.
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Abstract

In capillary electrophoresis generally very small sample volumes are introduced, which often gives problems
regarding determinations of low concentrations of the analytes. Frequently, therefore, they have to be transformed
into products by suitable derivatization reagents. In this study 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F) was
used as a pre-capillary fluorigenic reagent for a series of dipeptides used as model compounds in order to study the
characteristics of the derivatization procedure. Main emphasis was put on optimization of the reaction conditions
using a chemometric approach involving a fractional factorial design for screening experiments and a central
composite face-centred design for response surface modelling. The results showed that the reagent excess must be
at least 70 times in order to get a linear response, the reaction mixture should consist of a phosphate buffer with
low ionic strength (0.001) at pH 7 containing 15% of isopropanol. The presence of the micellar agent Brij 35 in the
background electrolyte increased the fluorescence intensity of the analyte product at least 3 times, and the
separation selectivity increased compared to using a neat buffer. Leu-Val, chosen as a model peptide for studies on
quantitative determinations, could be determined at the level 10- 7 M (2 fmol injected) with a quantitative recovery
and a relative standard deviation of 2.4%. The limit of detection was 4.10- 9 M (70 amol injected).

l. Introduction

The determination of peptides present in com
plex matrices, like biological materials, in low
concentrations requires generally derivatization
procedures to be applied in combination with
separation techniques like high-performance liq
uid chromatography (HPLC) or capillary elec
trophoresis (CE). Many different reagents have

* Corresponding author.

been developed for the purpose, often being
common for amino acids, peptides and proteins.
The most used are probably o-phthalaldehyde
(OPA) [1] and the related naphthalenedial
dehyde [2]. For CE separations the derivatives
are generally produced by off-line procedures
[3-8], but post-capillary reactions have also been
developed for OPA [9-12]. Post-capillary de
rivatization was advocated for the OPA reagent
in studies on the analysis of some peptide-de
rived marine toxins due to degradation of the
formed product [13]. Recently, OPA was utilized

0021-9673/95/$09.50 © 1995 Elsevier Science B.Y. All rights reserved
SSDI0021-9673(95)00716-4
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in a pre-column reaction coupled on-line to CE
separations on a microchip [14]. Fluorescein
isothiocyanate (FITC) was introduced as a
marker for the detection of proteins a long time
ago [15], and has in recent years also been
applied for the laser-induced fluorescence detec
tion (LIF) of very low amounts of amino acids
[16-19] and peptides [20] in CE separations. A
reagent, 3-(4-carboxybenzoyl)-2-quinolinecar
boxaldehyde (CBQCA), designed to have spec
tral properties matching the output wavelength
of the helium-cadmium laser (442 nm) and to
give good migration behaviour of the products
was presented by Novotny and co-workers [21].
The reagent was utilized in detection of small
peptides [22] as well as larger ones [23] with
cyclodextrin additives, and for the separation of
amino acid homopolymers by capillary gel elec
trophoresis [24]. Other useful general fluorigenic
reagents for peptide detection include fluores
carnine [25,26] and 6-aminoquinolyl-N-hydroxy
succinimidyl carbamate [27]. In addition, re
agents selective for arginine- [28,29] and
tyrosine-containing [28] peptides have been pre
sented.

For our studies an argon-ion laser with an
output wavelength of 488 nm was available. Of
the reagents discussed above only FITC and
CBQCA have such spectral properties that they
are potential candidates for use in combination
with this laser. They were tested and compared
with 4-fluoro-7-nitro-2,1,3-benzoxadiazole
(NBD-F), and the latter was found to be the best
reagent for the dipeptides used as model com
pounds in this study. NBD-F was introduced by
Imai and Watanabe in 1981 [30] and univariate
studies indicated that a reaction for 5 min at pH
7.5 and 70°C was optimal for secondary amino
acids. The reagent has been applied extensively
in HPLC for the analysis of amines and amino
acids (for a review see Ref. [31]).

The optimization of the reaction conditions for
tagging dipeptides with NBD-F was performed
by a chemometric approach applying a fractional
factorial design followed by response surface
modelling. The separations were performed at
high pH by micellar electrokinetic chromatog
raphy (MEKC) with the non-ionic surfactant
Brij 35 as additive.

2. Experimental

2.1. Apparatus

The instrument used in the experiments was a
Beckman PlACE system 2050 with a laser Model
488 and data were collected and analyzed using a
Micro Scan 2E ADI computer (Beckman Instru
ment, Palo Alto, CA, USA). The argon-ion laser
gives excitation at 488 nm, and the emission
wavelength was 523 nm. The capillaries were
Beckman fused-silica with 75 JLm J.D., an effec
tive length of 50 cm and a total length of 57 cm.
The capillaries were thermostatted at 25°C. Be
fore introduction of a new background elec
trolyte the capillaries were flushed with 0.1 M
NaOH and water, then the capillaries were filled
with new electrolyte and the system was allowed
to equilibrate for about 10 min. The electrophor
eses were carried out at a voltage between 9 and
15 kYo Samples were injected by pressure at 34
mbar (0.5 p.s.i.) for 5 s.

2.2. Chemicals

The background electrolyte consisted of boric
acid p.A., phosphoric acid p.A. and sodium
hydroxide p.A. from Merck (Darmstadt, Ger
many), diluted with deionized water. Methanol
p.A. and isopropanol LiChrosolv were also from
Merck. Ethanol (abs.) was from AB Kemetyl
(Sweden).

The surfactant used was polyethylene glycol
dodecyl ether (Brij 35) from FlukaBioChemie
(Buchs, Switzerland).

The buffer solutions used in the reaction
procedures were all prepared of chemicals from
Merck and the quality was at least p.A.

The peptides were from Sigma (St. Louis,
MO, USA), small amounts of CBQCA, FSE and
NBD-F were gifts from Beckman; additional
NBD-F was obtained from Molecular Probes
(Eugene, OR, USA).

2.3. Reaction conditions

The reactions were initially performed accord
ing to guidelines from Beckman [32]: NBD-F in
alcohol + the dipeptides in water + buffer pH 8
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(2:2:1, v/v/v) were mixed, vortexed for 30 s, and
the reaction was allowed to proceed for 20 min
at 60°C. The concentration of alcohol in the
mixture is then 40%. An aliquot of the reaction
mixture was injected immediately after this
period.

After the optimization studies the procedure
was modified to give the highest yields: NBD-F
( > 70 times in excess) in isopropanol + the di
peptides in water + phosphate buffer pH 7 were
mixed and vortexed for 30 s, followed by a
reaction time of 50 min at 56°C. The final
concentration of NBD-F must be ~ 4 .10-4 M,
and the volume of the reagent was chosen to give
15% of isopropanol in the final mixture. The
ionic strength of the phosphate buffer was select
ed to give a ionic strength of 0.001 in the final
mixture. Samples were then immediately in
jected for separation.

2.4. Optimal background electrolyte

As a result of optimization studies the follow
ing composition of the background electrolyte
was chosen: borate-phosphate (25/12.5 mM)
buffer, pH 9 (I = 0.03), containing 10 mM Brij
35. The use of a lower concentration of the
micellar agent may in some cases be of advan
tage regarding selectivity.

2.5. Chemometric evaluation

The program MODDE from Umetri (Umea,
Sweden) was used for design and evaluation of
the chemometric studies.

Table 1
Preliminary evaluation of reagents

3. Results and discussion

3.1. Choice of reagent

In order to find a reagent suitable for use with
the argon-ion laser available, with an output
wavelength of 488 nm, four compounds were
initially tested: FITC with an excitation wave
length maximum at 488 nm; CBQCA at 468 nm;
5-carboxyfluorescein succinimidyl ester (FSE),
491 nm; and NBD-F, 475 nm. Standard con
ditions recommended in the literature for an
excess of the reagent [32] were used for the
screening experiments, and Leu-Phe was select
ed as the model dipeptide. The results of this
preliminary evaluation are given in Table 1.

With FITC the maximal fluorescence of the
analyte was obtained after 4 h reaction, but
many additional peaks originating from the re
agent appeared in the electropherogram. It was
concluded that a purification of the reagent or
modified reaction conditions were necessary to
develop FITC as a reagent useful for quantitative
peptide assays. FITC has been frequently used as
tag for amines, peptides and proteins giving
derivatives with very intense fluorescence. How
ever, according to our knowledge it has not been
used for quantitative purposes; instead, a deficit
of the reagent has been applied in the published
reactions.

CBQCA was not tried extensively in the
screening experiments, but the results indicated
that the obtained derivative had a comparatively
low fluorescence. One reason may be that the
maximum excitation wavelength is about 20 nm
away from the laser output. An advantage with

Exc. wavelength (nm)
Reaction time (h)
Reaction temp.
Response
Reagent peaks
Reagent fluorescence

• Room temperature.
b Not determined.

FITC

488
4
RT'
n.d.b

many
high

CBQCA FSE NBD-F

468 491 475
1 1 0.3
RT RT 60°C
low high high
none many few
none high high
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is necessary before it can be applied for quantita
tive purposes.

NBD-F, finally, gave a good response for the
analyte peak after a short reaction time (less
than 1 h) and the electropherogram was reason
ably clean. In addition, its cheaper chloride
analogue (NBD-Cl) was tried as a reagent.
However, a disadvantage of that is a longer
reaction time, increasing the risk for side reac
tions. Consequently, NBD-F was chosen as the
most suitable reagent for further development.
The reaction of this reagent with Leu-Phe is
illustrated in Fig. 1. The product has an intact
carboxyl function which will be charged at the
slightly alkaline conditions used both in the
reaction and during the capillary electrosepara
tion presented below.

3.2. Preliminary screening of reaction conditions

HF+

CH3I
CH-CH-CHI z 3

H N-CH-CO-NH-CH-COOH
z Io

1

+

NOz Q~

¢:7 N,o ~
~ >-./ CHz

N I
NH--CH-CO-NH--CH-COOH

I
CH-CH-CHz I 3

CH3

Fig. 1. Reaction of NBD-F with Leu-Phe.

CBQCA is a relatively fast reaction and that the
reagent itself is non-fluorescent.

FSE with a maximum excitation wavelength
close the laser light gave the highest response for
the analyte product of all tested reagents, and
the reaction time was relatively short (1 h).
However, there were many additional potential
interfering peaks in the electropherogram, in
dicating that an extensive clean up of the reagent

Reagent excess
The reaction conditions used in the literature

typically involve an excess of the reagent in
slightly alkaline (pH 7-10) solutions containing
an alcohol. Studies on the required excess of
reagent were performed in solutions containing
methanol, ethanol and isopropanol with borate
phosphate or bicarbonate buffers. The reaction
time was 30 min and the temperature 56°C. A
representative result is shown in Table 2, apply
ing the reagent dissolved in isopropanol mixed

Table 2
Dependence of reaction yield on reagent concentration and excess

Leu-Phe conc. (M) Peak height (fluorescence)
at NBD-F conc. (M)

4.12.10-5 4.12.10- 4 4.12.10-3

6.10-8

6. 10-7

6 '10-6

6.10-6

(80% IPA)

0.36
0.7
7

71
30

114

Detection: LIF (488 nm). Capillary: Beckman fused-silica, 570 x 0.075 mm I.D., effective length: 500 mm. Background
electrolyte: 10 mM Brij 35 in borate-phosphate buffer, pH 9. Voltage: 10 kV. Injection: 34 mbar for 5 s. Reagent mixture: NBD-F
in isopropanol-Leu-Phe in water-NaHC03 0.01 M (2:2:1) (40% isopropanol in the final mixture). Reaction time: 30 min.
Reaction temperature: 56°C.
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3.3. Conditions for capillary electrophoresis

Peak height
80

TIme
Fig. 2. Dependence of reaction yield on reaction time and
type of alcohol (6 = ethanol; .6. = isopropanol). Reaction
conditions: NBD-F (1 .10-3 M) in alcohol + Leu-Phe ( 1.5·
10-5 M) in water + sodium bicarbonate (0.01 M) pH 8
(2:2:1, v/v/v) were mixed, vortexed for 30 s, and the
reaction was allowed to proceed for 20 min at 60°C. Back
ground electrolyte: borate-phosphate (25/12.5 mM) buffer,
pH 9 (1 = 0.03), containing 10 mM Brij 35.

min40302010

Ql
U
c:
Ql

~ 40
~o
:J

u: 20

was 2-3 times in peak height. A study on the
reaction time was performed with ethanol and
isopropanol, and the result is shown in Fig. 2.
Reliable results were only obtained with iso
propanol indicating that 30-40 min gave the
maximal response. The data obtained using
ethanol was severely scattered, and isopropanol
was consequently chosen for further studies.

60

A pH of 9-10 was chosen for the background
electrolyte (BGE), mainly because the fluores
cence intensity is maximal at high pH; in addi
tion this will match the injected sample since the
derivatization is performed at about the same
pH, and it will also ensure complete ionization of
the carboxylate group of the product, resulting in
a high electrophoretic mobility. Scouting experi
ments showed that a borate-phosphate buffer at
pH 9 gave much higher peak height, about 16
times, than a neat phosphate buffer at pH 10. It
was also an advantage to use a low ionic strength
of the buffer, i.e. applying the concentrations 25
and 12.5 mM of borate and phosphate gave a 1.4

with 0.01 M NaHC03 ; the analyte (Leu-Phe)
was generally added dissolved in water in differ
ent concentrations. The background electrolyte
used in the capillary electroseparations was a
borate-phosphate buffer, pH 9, containing 10
mM of the micellar agent Brij 35. A linear
response of analyte product peak heights was
obtained in the concentration interval 6.10- 8 to
6.10-6 M using an NBD-F concentration of
4.10- 4 M. Increasing the reagent concentration
ten times further gave an additional increase of
the peak height. However, a too high reagent
excess will increase the risk for the appearance
of interfering peaks. On the other hand, decreas
ing the reagent concentration ten times gave a
much lower response, even when keeping the
reagent excess to ca. 70 times. Furthermore,
when the analyte also was dissolved in the
alcohol, giving a concentration of 80% in the
reaction mixture, a considerably lower response
was obtained. The result of the study indicates
that the reagent must be added in a concen
tration ~ 4.10-4 M at an excess of at least 70
times, and the concentration of the alcohol must
be kept adequately low.

Buffer
Studies performed at pH 8 using sodium

bicarbonate, phosphate and phosphate-borate
buffers indicated equivalency in response mea
sured as peak heights in the electropherogram
when either ethanol or isopropanol was the
organic solvent. Bicarbonate gave higher re
sponse than phosphate-borate with methanol as
the solvent; the levels were, however, much
lower than when applying the other two solvents.
The ionic strength of the buffer had a strong
impact on the response; decreasing the buffer
concentration ten times gave > 3 times higher
response for the model peptide (Leu-Phe).
Phosphate buffer was selected for further
studies, due to a better buffer capacity at pH";;; 8
compared to bicarbonate.

Reaction time and type of alcohol
As mentioned above, the presence of metha

nol in the reaction mixture gave a lower response
than with ethanol or isopropanol, the difference
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times higher signal compared to twice the con
centrations of the buffer components. It is well
known that fluorescence intensities may strongly
depend on the environment, and the addition of
the non-ionic micellar agent Brij 35 gave a
further significant increase of the peak height, as
illustrated in Fig. 3. The peak height of the
analyte increased about 3 times when changing
from neat buffer to a BGE containing 5 mM of
Brij 35. Increasing the concentration of the

micellar agent further gave additionally higher
signals. This indicates that the reaction product
gives a more intense fluorescence at more non
polar conditions. A similar increase was ob
served for the main reagent peak, which proba
bly is the corresponding phenolic compound (-F
is substituted by -OH), which at least partly is
charged at the conditions used. The presence of
the nitro group in para-position will increase the
acidity of the phenol. The electroosmosis mi-
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Fig. 3. Effects of Brij 35 in background electrolyte on fluorescence intensity. Background electrolyte: borate-phosphate buffer,
pH 9 (I = 0.03), with or without Brij 35. The concentration of Brij 35 is increased from the bottom to the top electropherogram:
0, 5 and 10 mM, respectively. Voltage: 10 kYo



I. Beijersten, D. Westerlund I J. Chromatogr. A 716 (1995) 389-399 395

Table 4
Chemometric screening; fractional factorial design

Variable Low level High level
(-) ( + )

1. Time (min) 30 50
2. Temp. COc) 56 76
3. Ionic strength 0.002 0.01
4. pH 8 9
5. Isopropanol (%) 20 40

stant at an excess of 100 times using the con
centration 4· 10-4 M in the derivatization of the
model peptide Leu-Phe (4.10- 6 M). The vari
ables studied were reaction time and tempera
ture, ionic strength, pH and the concentration of
isopropanol at the two levels given in Table 4.,
Sixteen experiments were performed according
to the design also shown in the table. The peak
areas were used as responses and they were
plotted on a cumulative normal probability scale
(N-plot), see Fig. 4. It was concluded that the
three most important variables for the yield were
the ionic strength, the pH and the amount of
isopropanol, and the results indicated that lower
values of all three factors than those chosen for
this experimental series should be utilized. In
addition there were some important interaction
terms: temperature-ionic strength, temperature
pH and ionic strength-pH. Interestingly, the

grates at 8-8.5 min in the different systems,
corresponding to an apparent mobility of (6
5.6) ,10-4 cm2 IV· s; the mobility decreasing
somewhat with increasing micellar concentra
tion. The micelles are non-ionic and migrate with
the electroosmosis, and this means that the
migration time of the analyte will decrease due
to distribution to the micelles, since the analyte
product is anionic and has an electrophoretic
mobility towards the anode. The selectivity be
tween the analyte and reagent products peaks
increased in going from 0 to 5 mM Brij 35 (Table
3), and in addition some small impurity peaks
became visible in the micellar system that were
not observed in neat buffer. Some of those peaks
may be hidden in the analyte peak when using
plain buffer as the BGE. However, increasing
the micellar concentration further, the selectivity
decreases again, due to a too strong distribution
of the components to the micellar phase. The
efficiency is high in the systems (see Table 2) and
increases with increasing micellar concentration
from about 360 000 plates per m in the neat
buffer system up to 540000 with 10 mM Brij
(the voltage was 10 kV).

3.4. Chemometric screening

Applying the experiences from the preliminary
screening experiments described above, the most
important variables were selected for a fractional
factorial design experimental approach. It was
decided to keep the reagent concentration con-

Table 3
Efficiency and selectivity

Brij 35 conc. Efficiency a .
(mM) (Nlm) (tm.Rltm.A )

0 360000 1.35
5 400000 1.48

10 540000 1.42

Detection: LIF. Capillary: Beckman fused-silica, 570 x 0.075
mm I.D., effective length: 500 mm. Background electrolyte:
borate-phosphate buffer, pH 9, with or without Brij 35.
Voltage: 10 kYo Current: 25 p..A. Injection: 34 mbar for 5 s.
• tm,R = migration time of reagent; tm,A = migration time of
analyte.

Exp. no.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

3 4 5
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Fig. 4. N-plot of effects obtained after screening according to a fractional factorial design. Symbols: io = ionic strength; ph = pH;
IP = isopropanol concentration; te = reaction temperature; ti = reaction time.

temperature itself had no significant effect on the
response. There was also an indication that a
longer reaction time had some impact on the
outcome of the reaction. For further optimi
zation of the reaction the three most important
variables (ionic strength, pH and amount of
isopropanol) were studied by response surface
modelling, with the temperature and time kept
constant at 56°C and 50 min, respectively.

3.5. Response surface modelling

A central composite face-centred (CCF) de
sign was chosen for the response surface model
ling (RSM) experiments. The ranges studied for
the three variables were: ionic strength 0.001
0.002; pH 7.5-8; isopropanol 10-20%, and the
experiments were run according to the work
sheet given in Table 5. Four experiments (9, 10,
11 and 17) were unsuccessful according to the
preliminary analysis by residuals plots and op-

timizations of the correlation between observed
and predicted data, and were removed from the
final analysis. The quadratic ionic-strength term
gave a low significance according to an ANOVA
analysis and was also eliminated. The multiple
linear regression analysis gave an acceptable
summary of fit with R 2 = 0.982, R;dj = 0.953 and
Q2 = 0.710, and a condition number of 4.683.
The most important factors were the quadratic
isopropanol term followed by the ionic strength
and pH. The 3D contour plots (Fig. 5) show that
there is an optimal isopropanol concentration
(15%) and that the lowest values of the ionic
strength and pH give the best response, indicat
ing that even lower values would be optimal.
However, it is not reasonable to use a lower
ionic strength since this would give too low
buffer capacity in the reaction, in which a strong
acid (HF) is generated. The pH range chosen for
the RSM studies was, however, too limited, and
additional univariate experiments keeping the
isopropanol amount to 15% and the ionic
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Table 5
Worksheet for response surface modelling with a CCF design

ExpNo ExpName RunOrder InOut Ionic pH IPA Area

1 N1 11 in 0.001 7.5 10 3049
2 N2 15 in 0.002 7.5 10 2983
3 N3 15 in 0.001 8 10 2757
4 N4 3 in 0.002 8 10 2583
5 N5 10 in 0.001 7.5 20 3125
6 N6 7 in 0.002 7.5 20 2854
7 N7 17 in 0.001 8 20 3103
8 N8 12 in 0.002 8 20 2589
9 N9 2 out 0.001 7.75 15 2596

10 N10 4 out 0.002 7.75 15 2563
11 N11 8 out 0.0015 7.5 15 2878
12 N12 6 in 0.0015 8 15 3100
13 N13 14 in 0.0015 7.75 10 2653
14 N14 5 in 0.0015 7.75 20 2843
15 N15 13 in 0.0015 7.75 15 3075
16 N16 9 in 0.0015 7.75 15 3029
17 N17 1 out 0.0015 7.75 15 1057
18 N18 16 in 0.0015 7.75 15 3066

Parameters: ionic strength (Ionic), pH, isopropanol conc. (IPA).

397

strength at 0.001 showed that pH 7 was optimal
(pH 6.5 gave lower response).

3.6. Separation and quafititation

An illustration of the separation capability of
the MEKC system is given in Fig. 6, where ten

closely related dipeptides are separated after a
simultaneous derivatization by the optimized
reaction procedure. They are all migrating within
a short time interval between 10 and 13 min, the
reagent product peak does not interfere, since it
migrates at 14.5 min.

A preliminary investigation of the potential of
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2600
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3400
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co 3200
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0.0020

0.0018

Fig. 5. Response surface modelling according to a central composite face-centred design: 3D contour plots. Experimental
conditions: see Table 4. (A) Fixed parameter: ionic strength = 0.001. (B) Fixed parameter: isopropanol concentration = 15%.
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Fig. 6. MEKC separation of ten dipeptides. Reaction and
capillary electrophoretic conditions according to the optimal
procedures described in the Experimental section. Peptide
concentrations: 4.10-7 M. Peptides: 1 = Phe-Phe; 2 = Leu
Phe; 3 = Phe-Leu; 4 = Phe-Val; 5 = Leu-Leu; 6 = Leu-Val;
7 = Leu-Ala; 8 = Phe-Ser; 9 = Leu-Ser; 10 = Leu-Met. The
reagent peak migrates at 14.5 min. Voltage: 9 kV; current: 20
/LA.

the procedure for quantitative determinations
was performed with Leu-Val as the analyte and
utilizing Leu-Ala as the internal standard. A
typical electropherogram is shown in Fig. 7, with
0.7 fmol of Leu-Val migrating before the inter
nal standard at 7.5 min. Results from quantita
tive studies at two levels are given in Table 6,
illustrating quantitative recoveries and good pre
cisions at the levels 10-7 M (2 fmol injected) and

Table 6
Recovery and precision

Fig. 7. Electropherogram from a quantitative analysis of
Leu-Val. Reaction conditions: NBD-F (4 .10- 4 M) in phos
phate buffer, pH 7 (I = 0.001), and isopropanol (13%);
temperature 56°C; and reaction time 50 min. Background
electrolyte: borate-phosphate buffer, pH 9, with 11 mM Brij
35. Leu-Val concentration: 5.2.10-8 M (0.7 fmol injected).
Leu-Ala concentration: 1.1.10-7 M.

10-6 M (20 fmol), 2.4 and 3.8%, respectively;
six samples at each concentration level were
determined. Two separate standard curves had
to be used to get good recoveries; in the broad
concentration range 12 standards were used,
while 8 standards comprised the curve in the
lower concentration range. In each case they
were constructed from two independent weigh
ings of the analyte and internal standard. The
limit of detection at a signal-to-noise ratio equal

Range of standard
curve
(107 M)

0.52-29.1"

0.54-2.33 b

12

8

Added Determined R.S.D.
concentration concentration (%)
(107 M) (10 7 M)

1.04 1.20 2.5
10.1 10.1 3.8

1.01 1.02 2.4

n
d

6
6
6

Analyte: Leu-Val. Internal standard: Leu-Ala (3.4 .10-7
" respectively 1.1.10- 7

b M). Linear regression: " y = 0.0061 + 0.122x
(r = 0.9997); by = 0.0032 + 0.368x (r = 0.9993).
C Number of standards; at six C) and four (b) concentration levels from two independent weighings.
d Number of samples.
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to 3 was determined to be 4.10-9 M (70 amol
injected).

4. Conclusions

The main parameters in optimizing the yield
for the reaction between dipeptides and NBD-F
were determined by chemometric studies apply
ing a fractional factorial design for screening
purposes and a central composite face-centred
design for response surface modelling. It was
found that the reagent excess should be > 70
times, the ionic strength should be low
(,,;;; 0.001), optimal pH was 7 and the amount of
2-propanol should be ca. 15%. The derivatiza
tion products were anionic, and femto- to at
tomole amounts of a series of closely related
dipeptides could be separated in a background
electrolyte of pH 9 with Brij 35 as the micellar
agent. The selectivity was improved in the micel
lar systems compared to applying a neat buffer
as the background electrolyte. Furthermore, the
use of high pH was necessary to get high fluores
cence, and the intensity was further improved
about four times in the presence of micelles.
Using an argon-ion laser with an output wave
length of 488 nm, mass detection limits of about
70 amol were achieved, and the peptides could
be quantified at the level 10-7 M (ca. 2 tmol
injected) with a relative standard deviation of
2.4%. In future studies the reagent will be
applied for assays of larger peptides, like neuro
peptides, and possibly also studied for its useful
ness in peptide mapping of proteins.
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Abstract

Recombinant human bone morphogenetic protein 2 (rhBMP-2) is a disulfide-linked homodimeric glycoprotein
(M, = 30 000) which induces bone formation in vivo in several animal model systems. In this paper, we report the
separation of a homogeneous rhBMP-2 sample into nine peaks by capillary zone electrophoresis (CZE), using a
simple, pH 2.5, phosphate buffer containing no additives. The nine peaks have been identified to be glycoforms of
rhBMP-2 [designated as (rhBMP-2)2-(GlcNAc)4(Manz ), where Z varies from 10 to 18]. The difference between
any adjacent pair of peaks is only one mannose residue (M, = 162). The ability of CZE to resolve rhBMP-2
glycoforms having the same charge and differing only 0.5% in molecular mass, without resorting to chemical
complexation, is both unexpected and intriguing. Possible mechanisms explaining how the additional mannose can
affect the mobility of rhBMP-2 glycoforms were explored. Zeta potentials of various glycoforms were calculated
from their mobilities and interpreted in light of diffuse double layer parameters. Our results suggest that CZE
employing a low-pH buffer, where proteins are highly charged, may be uniquely suitable for complex protein
glycoform analysis.

1. Introduction

1.1. Overview

Glycoproteins usually exist as heterogeneous
populations of glycosylated variants (glycoforms)
in which assemblies of different oligosaccharides
are attached to each glycosylation site post-trans
lationally. There is increasing evidence that the
carbohydrate moieties of glycoproteins play
major roles in their structures and functions [1
3]. Traditionally, glycans are studied only after

* Corresponding author.

they are enzymatically released from the glyco
proteins. High-performance capillary zone elec
trophoresis (CZE) is emerging as a technique for
studying intact glycoproteins [4-12]. Glycoform
analysis is particularly challenging because of the
enormous diversity of oligosaccharide structures.
For example, four different amino acids can only
form 24 different tetrapeptides, whereas four
different monosaccharides can form 36 000 tetra
saccharides.

There have been numerous reports on the
separation of protein glycoforms using CZE [4
9]. However, the identities of the resolved peaks
were generally not reported. As a result, it is

0021-9673/95/$09.50 © 1995 Elsevier Science B.v. All rights reserved
SSDI0021-9673(95)00742-3
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difficult to appraise how difficult a given situa
tion was and how successful the separation was.
One notable exception is the reports by Rudd et
al. [10-12], who reported the separation of five
ribonuclease B glycoforms (designated as RNase
Man-5, -6, -7, -8, and -9) by CZE using a buffer
containing 20 mM sodium phosphate, 50 mM
SDS, and 5 mM sodium tetraborate at pH 7.2. In
this study, the glycoforms were separated on the
basis of charge differences. Negatively charged
borate-oligomannose complexes introduced
charge differences among the glycoforms which
enabled their separation.

Due to the high purity of our samples, we can
identify all the peaks in the electropherogram
and rule out the possibility of sample contamina
tion or degradation. As a result, we can demon
strate that we can separate all the rhBMP-2
glycoforms according to their number of man
nose residues and that glycoforms that have the
same number of mannose residues cannot be
resolved by our CZE system. We also estimated
that the effect of an additional mannose on
rhBMP-2 mobility is equivalent to about half a
charge.

1.2. rhBMP-2 structure

Recombinant human bone morphogenetic pro
tein 2 (rhBMP-2) is an Mr = 30 000, homo
dimeric basic protein (pI> 8.5) which has been
shown to induce bone growth in vivo in several
animal models [13-19]. Implantation of rhBMP
2 in the rat ectopic model induced bone forma
tion within 14 days [19]. This protein presumably
transforms primitive mesenchymal cells into os
teoblasts that form host bone. Fig. 1 is a
schematic diagram of the primary structure of
rhBMP-2. Each monomer subunit contains 114
amino acids including 7 cysteines and 1 Asn-X
Ser/The consensus glycosylation site at Asn56

.

The highlighted sequence constitutes the D5
glycopeptide spanning from D53 to L92

• The N
terminus of rhBMP-2 is a glutamine (GIn) which
can cyclize to form a pyroglutamic acid
(pyroglu). rhBMP-2 normally exists as a homo
dimer via the C78_C78 interchain disulfide bond.
Fig. 2 is a schematic diagram of an N-linked

II---SH

Fig. 1. Primary structure of recombinant human bone mor
phogenetic protein 2 (rhBMP-2).

o Mannos.

@ N-acetylglucosamine

a: (1-2) mannosidase

Fig. 2. A diagrammatic representation of an oIigomannose 9
structure showing endoglycosidase H (Endo-H) and a(l
2)mannosidase cleavage sites.
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The solution of Eq. 1 describing the potential at
a distance x away from a uniformly charged
sphere of radius a in an electrolyte solution has
the form

The ionic strength, I, is sum over all molar
concentrations, Ci , and charges of species in the
solution:

customary to regard the charges as a continuous
distribution and to ignore individual charges.
The variation of electrostatic potential with dis
tance from a charged surface of arbitrary shape
in a electrolyte solution is a classical electrostatic
problem described by the Poisson-Boltzmann
equation,

where a» r, 'I' is the potential at a distance x
away from the surface of the particle, Z is the
charge of the particle, e is the charge of an
electron, E is the permittivity of the electrolyte
and '1'0 is the potential at the Stern layer. The
equation indicates that the potential drops as an
exponential function of distance x from the
surface of the particle. The parameter K -1 has
the dimension of length and is sometimes called
the double layer thickness. The K parameter
regulates how fast the potential of an ion falls off
in solution. And K -1 is the distance within the
double layer through which the potential drops
37% (1/ e). It is evident from Eq. 3 that the
higher the ionic strength, the more effectively
the potential of an ion is screened. In a 0.1 M
solution of phosphoric acid, K -1 has a value of
approximately 3 A.

The mobility of a spherical molecule with
radius a has been shown to be [20],

EU1(Ka)
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1.3. Diffuse double layer model

Fig. 3 models a diffuse double layer around a
charged colloidal particle, a protein molecule,
for instance, in an electrolyte solution. In any
electrolyte solution, there are counterions. Some
counterions may be associated rather tightly
(fixed diffuse layer), while others more loosely
(mobile diffuse layer). The electrolyte forms an
ion atmosphere around the particle, the ion
atmosphere can effectively reduce the net charge
on the protein because oppositely charged ions
will tend to be attracted to the protein. The
interface between the fixed portion of diffuse
layer and the mobile portion of diffuse layer is
called the surface of shear or the slip plane. It is

oligomannose 9 structure with the endoglycosid
ase H (Endo-H) and a(1-2)mannosidase cleav
age sites indicated, respectively.

x

Fig. 3. A diagrammatic representation of a charged colloidal
particle in an electrolyte solution, showing the relationship
between the fixed and mobile parts of the diffuse double
layer. Zeta potential {;m is the potential at the shear plane. If
the shear plane was pushed outward (shear plane'), the zeta
potential will decrease to {;m + 1 •



404 K. Yim et al. / J. Chromatogr. A 716 (1995) 401-412

where il is the Henry function, which monotoni
cally increases from 1.0 at Ka = 0 to 1.5 at Ka =
00, in which case the equation reduces to the
Helmholtz-Smoluchoski equation (Eq. 6) for
the electrolysis of large smooth particles [20].

€~
}.t = - (6)..,.,

2. Experimental

2.1. Instrumentation

All capillary electrophoresis experiments were
performed on the BioFocus-3000 capillary elec
trophoresis system from Bio-Rad Laboratories
(Hercules, CA, USA). All the capillaries used
were precoated capillaries furnished in the
BioFocus cartridge assembly kit (50 }.tm I.D. x
350 }.tm O.D. x 50 cm) from Bio-Rad Laborator
ies. The capillaries were cut to desired lengths by
the User (29 cm and 50 cm, respectively). The
cartridge temperature was set at 20°e. Typically,
injections were made electrophoretically at 6 to
12 kV for 4 to 8 s and running voltage was 5 to
12 kYo Detection was performed by UV ab
sorbance at 200 nm. All rhBMP-2 samples were
either buffer exchanged into or diluted with 10
mM phosphoric acid prior to CZE analysis. The
running buffer was 100 mM phosphate buffer,
pH 2.5.

Oligomannose analysis was done on a Dionex
(Sunnyvale, CA, USA) high-pH anion-exchange
chromatography with pulsed amperometric de
tection (HPAE-PAD) system consisting of a Bio
LC gradient pump, a PAD2 detector and a PA
100 (250 x 4 mm I.D.) column. Eluent A was
100 mM sodium hydroxide and eluent B was 100
mM sodium acetate in 100 mM sodium hydrox
ide. The gradient was 0% B to 100% B in 40
min. The flow-rate was 1.0 ml/min and detection
was by PAD with a gold working electrode and
triple-pulse amperometry.

Peptide mapping and fractionation were per
formed on a Hewlett-Packard (Palo Alto, CA,
USA) 1090 HPLC with a Vydac (Sigma Chroma
tography, St. Louis, MO, USA) C18 or C4

column (25 x 0.46 cm J.D.). The flow-rate was

1.0 ml/min. Solvent A was 4 mM heptafluoro
butyric acid (HFBA), 6 mM trifluoroacetic acid
(TFA) in water and solvent B is the same in 95%
acetonitrile. The gradient was 11 % B to 100% B
in 75 min. Detection was at 200 nm.

Fast atom bombardment mass spectrometry
was done on the HX11OHF/HX110HF tandem
mass spectrometer by JEOL (Peabody, MA,
USA). Matrix-assisted laser desorption
ionization-time of flight (MALDI-TOF) mass
spectrometry was done on a Bruker (Billerica,
MA, USA) REFLEX mass spectrometer
equipped with a reflector.

2.2. Reagents and materials

rhBMP-2 was provided by the Genetics Insti
tute (Andover, MA, USA). Endoproteinase
Asp-N (Asp-N) was purchased from Boehringer
Mannheim (Indianapolis, IN, USA). Endo
glycosidase-H (Endo-H) was obtained from
Genzyme (Cambridge, MA, USA). Aspergillus
saitoi a(1-2)-mannosidase [a (1-2)-mannosid
ase] was purchased from Oxford GlycoSystems
(Rosedale, NY, USA). Trifluoroacetic acid
(TFA) and heptafluorobuteric acid (HFBA) and
dithiothreitol (DIT) were purchased from Pierce
(Rockford, IL, USA). Iodoacetic acid, sodium
salt obtained from Aldrich (Milwaukee, WI,
USA). Trizma Base, disodium EDTA, calcium
chloride, guanidine HCI and glycerol from Sigma
(St. Louis, MO, USA). HPLC grade acetonitrile
was obtained from Burdick and Jackson (Mus
kegon, MI, USA).

2.3. Sample preparation

Endo-H digestion
rhBMP-2 and glycopeptide D5 samples were

buffer exchanged into a pH 5.5, 10 mM sodium
phosphate solution for endoglycosidase-H
(Endo-H) digestion. A sample of rhBMP-2 (2.5
mg/ml) or D5 peptide was incubated with 40
mU /ml of Endo-H (specific activity = 40 U /mg)
for 16 h at 37°e. The pH of the digested samples
was adjusted to 2.5 using 0.1 M HCI before CZE
analysis.
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a(1-2)Mannosidase digestion
rhBMP-2 was digested to rhBMP-22(GlcNAc)4

(Man5,Man5) with a(1-2)mannosidase at an
enzyme / protein ratio of 50 mU / 1 mg in 1 ml of
sodium acetate, pH 5, at 37°C for 48 h.

Reduction and carboxymethylation of rhBMP-2
A 1O-~1 aliquot of 0.1 M dithiothreitol was

added to 250 ~g rhBMP-2 in 480 ~l 0.5 M Tris
buffer, 6 M guanidine, 5 mM EDTA, pH 8.5.
The mixture was spun for 5 min on a bench
centrifuge, layered with argon and was incubated
at 37°C for 1.5 h. After the addition of 10 ~l 250
mM iodoacetic acid, the reaction mixture incu
bated under argon for 1 h in darkness. The
sample was immediately desalted on RP-HPLC
(C4 column) and freeze dried.

Glycan mapping
Oligomannoses were released from rhBMP-2

by Endo-H digestion. The deglycosylated protein
was removed by centrifugation in a Amicon
(Beverly, MA, USA) microcon-3 microconce
ntrator. Desalting was achieved through chroma
tography on a Bio-Gel P-2 column from Bio-Rad
(Hercules, CA, USA) Oligomannoses were frac
tionated on a Dionex (Sunnyvale, CA, USA)
Carbopac PA-100 column with pulsed am
perometric detection. A gradient of sodium
acetate from a to 100 mM over 40 min was used
[21-22].

3. Results and discussion

3.1. Mobility calculations
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Fig. 4. CZE of rhBMP-2 in a 50 cm x 50 /-Lm I.D. Bio-Rad,
coated capillary. Sample was electroinjected for 4-8 s at 6-12
kV in 0.1 M phosphoric buffer (pH 2.5). Detection is by
absorbance at 200 nm. Capillary cartridge temperature was
controlled at 20°C.

3.2. Peak identifications

Since the polypeptide portion of rhBMP-2 is
homogeneous (data not shown), its microhetero
geneity is believed to come from the carbohy
drate portion of the molecule. As Asn56SerThr is
the predicted glycosylation site, we began our
investigation with the glycopeptide Asp53-Leu92

(D5). The D5 glycopeptide was purified from the
endoproteinase Asp-N digest of reduced and
alkylated rhBMP-2 using RP-HPLC. Fig. 5 com
pares the D5 peptide before and after Endo-H
digestion. The electropherograms showed that

Table 1
Migration times and mobilities of rhBMP-2 glycoforms

A typical electropherogram of rhBMP-2 is
shown in Fig. 4. The electropherogram shows
nine peaks. The migration times of the nine
peaks and their respective mobilities are summa
rized in Table 1. The average mobility (~ave) is
1.32 X 10-4 cm 2

V-I S-I and the difference in
mobility between adjacent peaks (A~) is 0.100 x
10-4 cm2

V-I S-I. The efficiency N of the
separation is approximately 350 000 theoretical
plates per 50 cm and the resolution (R s ) is
estimated to be 1.12.

Peak No.

1
2
3
4
5
6
7
8
9

Migration time
(min)

23.20
23.35
23.53
23.73
23.92
24.11
24.32
24.52
24.70

Mobility
(10- 4 cm 2 V-I S-I)

1.36
1.35
1.34
1.33
1.32
1.31
1.30
1.29
1.28
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D5 glycopeptide had five peaks before and one
peak after Endo-H digestion. The collapse of the
peaks by Endo-H digestion suggested that the
microheterogeneity is due to a high-mannose
type carbohydrate. This postulate was confirmed
by our FAB-mass spectrometric data. In order to
enhance the sensitivity and accuracy of the mass
spectrometric analysis, the D5 glycopeptide was
further digested with endoproteinase Lys-C re
sulting a smaller glycopeptide ASp53'K73, which
was recovered by RP-HPLC. Fig. 6 is the FAB
mass spectrum of the glycopeptide ASp53'K73
[23]. The FAB-mass spectrum shows five distinct
peaks. The masses correspond to the mass of the
peptide (Asp53-Lys73) added to the masses of
two N-acetylglucosamine (GlcNAc) residues and
5, 6, 7, 8 or 9 mannose residues [ASp53'K73

_

(GlcNAc)2ManX' where X = 5, 6, 7, 8 or 9].
That is, our MS data confirmed that the putative

2018

---'---~

glycosylated 05 pePt~e

2
3 4

86

1.0

0.0 ",--

Oeglycosylated 05 p~Ptide
E 0.8 111
c 1\

o 0.6 1\

~ 1\

J:: I~
10 12 14 16

migration time (min)

Fig. 5. Overlay of the CZE profiles of intact and de
glycosylated D5 glycopeptide of rhBMP-2. A Bio-Rad,
coated capillary was used. Sample was injected by electro
migration for 4-8 s at 6-12 kV in 0.1 M phosphoric buffer
(pH 2.5). Detection is by absorbance at 200 nm. Capillary
cartridge temperature was controlled at 20°C.
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Fig. 6. Fast atom bombardment mass spectrum (FAB-MS) of the D5 glycopeptide of rhBMP-2 showing five glycoforms
(D5-(GlcNAc)2Manx), where X varies from 5 to 9.
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Fig. 7. Overlay of the CZE profiles of intact and de
glycosylated rhBMP-2. A Bio-Rad, coated capillary was
used. Sample was injected by electromigration for 4-8 s at
6-12 kV in 0.1 M phosphoric buffer (pH 2.5). Detection is
by absorbance at 200 nm. Capillary cartridge temperature
was controlled at 20°C.

the glycoform formula (rhBMP-2)z-(GlcNAc)4
(Manx,Man y ), where X and Y can vary from 5
to 9, respectively, and X ~ y.

However, only nine peaks have been sepa
rated. A simple hypothesis can be proposed. If
the hypothesis is confirmed, it will also shed light
on the mechanism of separation. The hypothesis
is: Even though there are fifteen rhBMP-2 glyco
forms, there are only nine groups with distinct
masses. Namely, the groups rhBMP-2z
(GlcNAc)4(Manz ) where Z varies from 10 to 18.
Accordingly, if the CZE mechanism separates
with reference to the number of mannoses a
given rhBMP-2 molecule possesses, then it could
only resolve nine peaks. For example, the follow
ing three glycoforms: (rhBMP-2)z-(GlcNAc)4
(Mans,Man9 ), (rhBMP-2)z-(GlcNAc)4(Man6 ,

Mans)' (rhBMP-2)z-(GlcNAc)4(Man 7 ,Man7 ),

glycosylation site Asn S6 is indeed occupied by a
high-mannose-type structure. The D5 electro
pherogram bears a striking resemblance with its
FAB-mass spectrum, suggesting peak 1 to be
D5-(GlcNAc)zMans, peak 2 to be D5-(GlcNAc)z
Man6 , so forth. The migration pattern indi
cates that the D5 glycopeptide mobility de
creases as mannose residues are added. The
carbohydrate heterogeneity of rhBMP-2 can be
further confirmed by using matrix-assisted laser
desorption ionization-time of flight mass spec
trometry (MALDI-TOF MS). Table 2 summa
rizes the mass spectrum of a reduced and
alkylated rhBMP-2 sample [23]. The spectrum
displayed five peaks. Strikingly, each peak in the
mass spectrum corresponds to an individual
glycosylation variant of the monomeric subunit.
The 160 u difference between peaks is in excel
lent agreement with the mass of a single man
nose residue (Mr = 162). The observed masses
for all the peaks are within 0.15% of the theoret
ical values. This confirmed that the rhBMP-2
monomer exists in five different glycoforms
rhBMP-2-(GlcNAc)zManx , where X = 5, 6, 7, 8
or 9.

We now turn to intact rhBMP-2. Fig. 7 com
pares intact rhBMP-2 before and after Endo-H
digestion. The collapse of the nine rhBMP-2
peaks into one major peak (and two minor
peaks) after Endo-H digestion again confirmed
that its microheterogeneity is due to the high
mannose-type carbohydrate.

Since intact rhBMP-2 is a disulfide-linked homo
dimer of two identical monomers, simple combi
natorial calculations, [n + c(n,r), where n = 5
and r = 2] reveals that there are 15 glycoforms.
The fifteen glycoforms can be represented by

Table 2
MALDI-TOF MS results of reduced and alkylated rhBMP-2

Peak No. Glycoform Theoretical M, Observed M,

1 BMP-2 (GIcNAc)2Mans 14529 14520
2 BMP-2 (GIcNAc)2Man6 14690 14680
3 BMP-2 (GIcNAc)2Man7 14852 14840
4 BMP-2 (GIcNAc)2Mans 15014 15010
5 BMP-2 (GIcNAc)2Man9 15176 15160
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Fig. 8. High-pH anion-exchange chromatography with pulsed
amperometric detection (HPAE-PAD) analysis of the N
linked oligomannose oligosaccharides released from rhBMP
2 by Endo-H digestion.

Table 3
The theoretical glycoform distribution calculated from the
N-linked oligomannose analysis results

Species Area Fraction

M5 7.6 0.23
M6 7.5 0.23
M7 6.6 0.20
M8 6.4 0.19
M9 4.9 0.15

Species Isoforms Fraction

MIO 55 0.05
Mll 56,65 0.10
MI2 57,75,66 0.14
M13 58,85,67,76 0.18
MI4 59,95,68,86,77 0.20
MI5 69,96,78,87 0.15
MI6 79,97,88 0.10
MI7 89,98 0.06
MI8 99 0.02
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all have 14 mannose residues each; consequent
ly, they all have the same mobility and migrate
as one peak.

3.3. Peak assignments

A theoretical glycoform distrIbution (the rela
tive proportion of glycoforms) can be calculated
from a rhBMP-2 glycan map. A glycan map is
the high-pH anion-exchange chromatography
with pulsed amperometric detection (HPAE
PAD) chromatogram of the oligosaccharides
released from a glycoprotein by glycosidase
digestion. A typical rhBMP-2 glycan map is
shown in Fig. 8. The theoretical distribution of
the rhBMP-2 glycoforms is calculated as shown
in Table 3. An electropherogram of rhBMP-2 is
compared to theoretical glycoform distributions I
and II, as shown in Figs. 9a and 9b, respectively.
In Fig. 9a, the glycoform distribution I is shown
with number of mannose residues arranged in
descending order. In Fig. 9b, the theoretical
distribution II is shown with number of mannose
residues arranged in ascending order. The simi
larity between the CZE profile and theoretical
distribution II suggests that the peak assignments
in Fig. 9b are correct. In other words, the
migration time increases (or the mobility de
creases) as the number of mannoses is increased.

However, an independent verification is still
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Fig. 9. (a) Comparison of the CZE profile of rhBMP-2 with the theoretical glycoform distribution I calculated from the
oligosaccharides analysis results. (b) Comparison of the CZE profile of rhBMP-2 with the theoretical glycoform distribution II
calculated from the oligosaccharides analysis results.
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required. A direct proof can be realized if an
enzyme which can convert all rhBMP-2 glyco
forms to (rhBMP-2)2-(GlcNAc)4(Mans,Mans)
can be found. Fortunately, such an enzyme does
exist and it is a(1-2)mannosidase. As shown in
Fig. 10, when rhBMP-2 is digested with a(l
2)mannosidase, the cluster of nine peaks does
collapse into a single peak coincident with the
(rhBMP-2)2-(GlcNAc)4(Mans ,Mans ), thus con
firming the peak assignments.

ly enough, nine peaks were indeed resolved and
it is important to examine possible mechanisms
of separation. In other words, how does an
incremental mannose residue affect the mobility
of rhBMP-2?

3.5. Plausible mechanisms

Since mobility of a particle is defined as

3.4. Mobility depends on the number of
mannoses

(7)

(8)

q
JL=-

f

dJL dm
-=-0.8-

JL m

where JL is the mobility of a particle, q is its
surface charge and f its frictional coefficient. A
neutral mannose molecule can reduce the mobili
ty of rhBMP-2 by increasing its frictional coeffi
cient or decreasing its effective charge.

Effect of mass of a mannose on rhBMP-2
mobility

rhBMP-2 belongs to the transforming growth
factor f3 (TGF-f3) family of growth factors and is
believed to have a rod shape like TGF-f3. If we
assume rhBMP-2 to have a rod shape, then its
frictional coefficient should be proportional to its
molecular mass (Mr ) raised to the power 0.8
[24]. After substituting MO.s for f, differentiating
Eq. 4 and noting that charge q is constant, we
obtain

This equation states that the fractional change in
mobility is equal to eight tenths the fractional
change in molecular mass. Given that the mass
of a mannose is 162 and that the mass of rhBMP
22-(GlcNAc)4Man14 is 29680, the fractional
mass change (dm/m) is 162/29680 or 0.54%,.
Thus, the calculated fractional change in mobili
ty (!::"JLf/ JL) is (-0.8 x 0.54%) or -0.43%. Since
the experimentally determined fractional change
in mobility (!::"JLf/JL) is (-0.100'10-4 cm2 V-I
s-I)/(1.32 .10-4 cm2 V-I S-I) = -0.75%, the
incremental mass change of a mannose can
account for (0.43/0.75) = 57% of the observed
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When the mobilities and migration times of
the rhBMP-2 glycoforms are plotted against the
numbers of mannose residues, two straight lines
with R 2 > 0.999 result. Two observations can be
made from these results. Firstly, the mobility of
a given glycoform decreases when its number of
mannose residues increases. Secondly, the slope
8JL/8n\n is constant and is equal to 0.1'10-4 cm2

V -I -1
S .

Since rhBMP-2 is homogeneous in charge and
oligomannoses are neutral, the rhBMP-2 glyco
forms are not expected to be resolved by CZE as
there are no charge differences. But, interesting-

23.0 23.5 24.0

migration time (min)

Fig. 10. Overlay of the CZE profiles of intact and a(l-Z)·
mannosidase digested rhBMP·Z. rhBMP·Z was digested to
rhBMP·Z oligomannose 10 with a(l-Z)mannosidase at an
enzyme-protein ratio of 50 mU/mg in 1 ml of sodium
acetate, pH 5, at 37°C for 48 h.
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mobility change (dp.,) on rhBMP-2 through its
effect on the frictional coefficient f.

migration time (min)

Fig. 11. Overlay of the CZE profiles of a mixture of the
pyroglu and gIn forms of rhBMP-2 and that of the pyroglu
form of rhBMP-2.

Effect of one charge on rhBMP-2 mobility
Fig. 11 is the electropherogram of a mixture

two rhBMP-2 charge variants. The two charge
variants arise because the N-terminal of rhBMP
2 is a glutamine (GIn form) which can cyclize to
form a pyroglutamic acid (pyroglu form). The
GIn terminus is positively charged under acidic
conditions while the pyroglu terminus is not; so
there is a two-charge difference between the two
forms (rhBMP-2 being a dimer). The mobility
differences between the corresponding pair of
glycoforms should be attributable to their charge
differences alone. In other words, since the
charge difference between the (Gln-rhBMP-2)2
(GlcNAc)4ManlO and (pyroglu-rhBMP-2)2
(GlcNAc)4ManlO forms is two charges, the 'ef
fective charge difference' between adjacent gly
coforms can be estimated to be 0.51 charges. In
other words, adding a mannose to rhBMP-2 has
the same effect on its mobility as reducing its
total charge by 0.51.

By using a simple particle model, we can
already gain insight on how a mannose residue
can affect the mobility of rhBMP-2 through a

charge shielding effect, hydrodynamic drag (f)
effect, or a combination of the two.

It is difficult to ascribe a meaning to the
charges on a colloid particle; it is more useful to
consider the electrostatic potential on its surface.
From the mobilities of the rhBMP-2 glycoforms,
their respective zeta potentials can be calculated.
Substituting Tl = 0.010 P and E = 80.4 for water at
200e into Eq. 6, the zeta potential, {;, of
(rhBMP-2)2-(GlcNAc)4(Man5Man5 ) is 38 mV
and d{; is -0.29 mV per mannose residue. One
interpretation is that, as shown diagrammatically
in Fig. 3, the zeta potential {; of a particle is the
potential at its 'surface of shear' or 'slip plane'.
The location of the 'slip plane' or 'surface of
shear' is not known independently, but it seems
reasonable that it is not far away from the Stern
plane. It fact, it is often assumed that they
coincide, and that I/Jo={;. It is likely that the slip
plane is just slightly further out into the outer
edge of the Stern layer. The potential {; depends
on all those things that fix the structure of the
diffuse double layer, including the presence of
neutral species. The addition of the mannose
units to rhBMP-2 has the effect of extending the
shear plane outward, reducing the zeta potential
by 0.29 mY. Whether the incremental mannose
residue extends the shear plane further into the
double layer, thus reducing the zeta potential, or
the incremental mannose residue increases the
frictional coefficient of the particle and at the
same time shields and reduces the 'effective
charge' on the protein particle cannot be dis
cerned. Both the charge and hydrodynamic fac
tors seem to be involved.

It is illuminating to examine Fig. 12, which is
the X-ray crystal structure of TGF-132 [25,26]
drawn on the same scale with an oligomannose 9
structure, to obtain an appreciation of their
spatial arrangement. The reader can almost
mentally form a bond between Asn56 and the
N-acetylglucosamine of the oligomannose 9
structure. The most salient feature of the struc
ture is that the oligomannose 9 structure is large
relative to the protein, considering its molecular
mass. One consequence of this large size is that
the oligomannose may conceivably wrap around
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Fig. 12. X-ray crystal structures of TGF-f32 and an oligomannose 9 (GIcNAc2Man 9 ).
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the N-terminal region (where numerous positive
charges are located) and as a result reduces the
'effective charge' on the protein particle.

4. Conclusion

We have shown that recombinant human bone
morphogenetic protein 2 (rhBMP-2) has fifteen
glycoforms. Their structures can be described by
the formula (rhBMP-2)z-(GlcNAc)4(Manx ,
Many), where X ~ Y and X and Y can vary
from 5 to 9, respectively. We have separated the
fifteen glycoforms into nine peaks. The identities
of the nine peaks are (rhBMP-2)z-(GlcNAc)4
(Manx,Many) where X + Y= 10,11, ... ,18. In
other words, we were able to separate two
proteins (Mr = 30000) that differ by only one

mannose residue. We were not able to separate
the rhBMP-2 glycoforms that have the same
number of mannose residues (stereoisomers).
Since mannose is a neutral molecule and the
protein is homogeneous, all the rhBMP-2 glyco
forms have the same charge and were not ex
pected to be separated without resorting to
chemical complexation. We explored several
separation mechanisms and concluded that the
size of the mannose residue is the key to the
separation mechanism. The mannose residue is
large compared to the size of a protein. Conse
quently, it either provides enough drag or shields
enough charges on the ·molecule to reduce its
mobility to be resolved. Since the slope of the
mobility versus number of mannose plot (SJ.t/
SnU is so constant, we believe the drag effect
rather than charge shielding to be primarily
responsible for the decrease in mobility. The
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novelty ofour separation is that no complexation
is invoked and all the glycoforms carry the same
charge. Based on our results, we can infer that
CZE using a simple low-pH buffer can resolve
not only glycoforms with uncharged (neutral)
glycans but also glycoforms with charged glycans
(sialylated species for example) [4]. Therefore,
CZE under low-pH conditions, when the pro
teins are fully positively charged, is a technique
uniquely suitable for complex glycoform analysis
without resorting to complexation reactions.
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