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Abstract

We developed a capillary electrophoresis (CE) apparatus equipped with a batch- or flow-type bioluminescence (BL) detection cell. Firefly
luciferin—luciferase BL reaction was used to analyze samples of nucleotides, such as ATP, dATP, ADP, GTP, UTP, CTP, ITP, and TTP. In the CE
apparatus with the batch-type cell, ATP was detected at concentrations ofjsMl@ile the other nucleotides were not detected at concentrations
less than 50Q.M. The electropherogram of ATP included two BL peaks; the latter peak showed peculiar broadening, which continued up to ca.
2.5h. In the CE apparatus with the flow-type cell, ATP, dATP, and ADP were detected with single peaks with detection limits of 1, 75.&hd 100
respectively. The other nucleotides, GTP, UTP, CTP, ITP, and TTP, were not detected at concentrations less than 0.5 mM. A mixraT#® 10
and 10Q.M dATP was examined using the CE apparatus with the flow-type BL detection cell. ATP and dATP were separated using running buffer
at pH 10 containing 1 mM phenylboronic acid. The interaction between ATP and phenylboronic acid delayed the migration time of ATP.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction reagents related to the BL reaction are generally expensive, bio-
chemical analysis would be easily applicable to CE, asitrequires
Capillary electrophoresis (CE) has become one of the mosinly small amounts of reagents as compared with flow injection
powerful and conceptually simple separation techniques for thanalysis (FIA) and HPLC.
analysis of complex mixturgd—3]. One of the major areas of However, there have been few reports concerning CE with a
research into CE involves the development of detection method8L detector. Dadoo et al. developed a CL or BL detector inter-
Chemiluminescence (CL) has been examined as an attractiface that can be used with CE, which involved the use of an
detection schemein JB-11]. Theinterface device between CE optical fiber and three-dimension positiorj@éd]. The firefly
and CL detector, i.ethe CL detection cell, is a very important luciferase reaction was chosen in this previous study because
factor in the development of CE with a CL detector. The CLof its high CL quantum efficiency (which can reach 90%) and
detection cells developed to date can be classified mainly intiis relatively fast reaction kinetics as compared with other bio-
two types, i.e.batch-type and flow-typg 2,13] luminescent reactions. However, the detector was specific and
Onthe other hand, one recent application in biochemical anatomplicated. In addition, they examined a single sample of ATP
ysis is based on the highly efficient firefly luciferin—luciferase using the CE apparatus with a BL detector; and did not examine
reaction. In the bioluminescence (BL) reaction, luciferin reactanixed samples with the apparatus. Recently, Liu et al. developed
with ATP and magnesium ions in the presence of luciferase ta microchip CE with BL detector for detection of ATP, which
form adenylluciferin that transfers to oxylufirin, AMP, Gand  they used for ATP-conjugated metabolite analy4is]. How-
light. This BL reaction can be used to determine ATP eitherever, they also reported no information concerning separation
directly or coupled with other enzymatic systems. Althoughof analytes despite use of the CE system.
In the present study, we developed a CE apparatus equipped
with a batch- or flow-type BL detection cell. The firefly
* Corresponding author. Tel.: +81 774 656595; fax: +81 744 656803. luciferin—luciferase BL reaction was used for the apparatus to
E-mail address: ktsukago@mail.doshisha.ac.jp (K. Tsukagoshi). analyze model nucleotide samples. We demonstrated the sepa-
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ration and detection of a mixture of ATP and dATP in the CEof the face of the photomultiplier tube. A fused-silica capillary
apparatus with a flow-type BL detection cell. It was necessaryube (50um I.D., 50 cm in length) and a platinum wire (5Qfn

to consider the uses and applications of the BL reaction basdd.) were inserted into the three-way joint. The BL reagent,
on the data obtained in the CE with the BL detector using thevhich was obtained by diluting the BL stock solution two-fold

two detection systems. with 10 mM phosphate buffer (pH 7.8), was delivered toward the
tip of capillary outlet at a flow rate of 2,61 min~! by a syringe

2. Experimental pump. Samples of nucleotides prepared in 10 mM phosphate
buffer (pH 7.8) were injected into the capillary by siphoning (for

2.1. Reagents 15s from a height of 20 cm; ca. 10 nl). The capillary was filled

with a running buffer consisting of 10 mM phosphate buffer (pH

All reagents used were commercially available and of7.8) in advance. A high voltage of 12 kV was applied between
analytical grade. lon-exchanged water was distilled for usethe capillary ends. Samples migrated electrophoretically to the
Freeze-dried firefly luciferin—luciferase mixture, guanosifie 5 capillary outlet and mixed with the reagent to produce BL. The
triphosphate (GTP), cytidiné%riphosphate (CTP), and phenyl- obtained BL was detected with the photomultiplier tube.
boronic acid were purchased from Wako (Osaka, Japan).

Adenosine 5triphosphate (ATP), adenosin€-@iphosphate 3. Results and discussion

(ADP), deoxyadenosine’#riphosphate (dATP), inosine’5

triphosphate (ITP), uridine’8riphosphate (UTP), and thymi- 3 ;- By profiles of ATP in CE apparatus using batch-type
dine 8-triphosphate (TTP) were purchased from ICN Pharmap; jetection cell

ceuticals (Costa Mesa, CA, USA).

The freeze-dried firefly luciferin—luciferase mixture (100mg)  \we developed a CE apparatus equipped with a batch-type
was dissolved in 10mM phosphate buffer (pH 7.8) (5.4ml) t0g| detection cell as described in Secti@ and used it to
prepare a BL stock solution. The stock solution was diluted Withey amine ATP, dATP, ADP, GTP, UTP, CTP, ITP, and TTP. ATP
10 mM phosphate buffer (pH 7.8) as needed for each experimenf as detected at concentrations of 5—0@, while the other
The freeze-dried firefly luciferin—luciferase mixture included pclectides were not detected at concentrations of less than
luciferin, luciferase, EDTA, magnesium acetate, and humamgg,, M. The electropherogram of ATP is shownFig. 1 We
serum albumin. However, quantitative information regarding the,pserved two BL peaks on the electropherogram; the latter peak

components was not reported by the manufacturer. showed peculiar broadening, which continued up to ca. 2.5 h.
. . The reason for the two peaks has not yet been determined. ATP
2.2. CE apparatus with batch-type BL detection cell reacted with the BL reagents at the tip of capillary outlet, i.e.,

] ) ) a specific microenvironment, in the batch-type cell. The spe-

A quartz cuvette (inner diameter ca. 5mm and inner volumgsisic microenvironment may cause such an electropherogram
ca.0.7 ml)was used as a BL detection cell. The BL stock solutiokyith two peaks. The first peak appeared immediately when ATP
was diluted three-fold with 10 mM phosphate buffer (pH 7.8) toemerged from the capillary outlet and reacted with the reagent.
obtain the BL reagent, which was then added to the batch-typene BL that formed the first peak may be observed around the
BL detection cell. Afused-silica capillary (3m I.D.and 50cm i of the capillary outlet. On the other hand, the second peak

in length) and platinum wire (500m I.D.) as a grounding elec-  occyrred for a long time during the dispersion of ATP into the
trode were also inserted into the cell. The detection cell was put

in front of the face of the photomultiplier tube (R-464, Hama-
matsu Photonics, Hamamatsu, Japan). Samples of nucleotides
that prepared in 10 mM phosphate buffer (pH 7.8) were injected 4
into the capillary inlet by siphoning (for 15s from a height of
20 cm; ca. 10nl). The capillary was filled with a running buffer
consisting of 10 mM phosphate buffer (pH 7.8) in advance. A
high voltage of 12 kV was applied between the capillary ends.
Samples migrated electrophoretically toward the capillary out-
let and mixed with the reagent at the tip of capillary to produce
BL.

The resulting BL was detected with the photomultiplier tube,
measured by a photon counter (C1230, Hamamastu Photonics),
and treated with an integrator (Chromatopac C-R6A, Shimadzu, | | | | | | |

Kyoto, Japan). 0 10 20 30 40 50 60 70
Time / min

BL intensity

2.3. CE apparatus with a flow-type BL detection cell
PP fi typ Fig. 1. Electropherogram obtained for ATP in the CE apparatus with a batch-

. L type BL detection cellConditions: fused-silica capillary, 5p.m I.D. and 50 cm
The flow-type cell was made using a three-way joint and @y length: applied voltage, 12 kV: running buffer, 10 mM phosphate buffer (pH
PTFE tube (50@.m I.D.). The detection cell was placed in front 7.8); BL reagent, prepared as described in Se@j@nd sample, 0.1 mM ATP.
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cell. The BL that formed the second peak was observed from
the whole volume of the cell.

Tentatively, we examined the calibration curve of ATP
based on the first peak; ATP was determined over the range
of 5-100uM with a detection limit of ca. 50 fmol (S/N=3). ‘P
The relative standard deviation and correlation coefficient were
2.4-3.8% £ =8) and 0.999, respectively. The BL reagent in the
cell and the running buffer in the capillary were exchanged for
each experiment. ATP

We examined the effects of magnesium sulfate concentration
and pH value in the detection cell on the electropherogram. We
hypothesized that it may be possible to change the electrophero-
gram of ATP with two peaks to that with only a single peak. A
maximum BL intensity was observed around an added magne-
sium sulfate concentration of OudM and pH 7.8. However, the
two BL peaks were always observed on the electropherograms
without any changes throughout the experiments.

3.2. BL profiles and detection of nucleotides in CE
apparatus using the flow-type BL detection cell

BL intensity

We developed a CE apparatus with a flow-type BL detection
cell as described in Secti@and used it to examine ATP, dATP, dATP
ADP, GTP, UTP, CTP, ITP, and TTP. ATP, dATP, and ADP were a
detected with a single peak; the second peak that was observed

in the batch-type cell did not appear. In the flow-type cell, the

confined BL was detected at the tip of the capillary outlet for
the definite reaction time, which was defined with the flow rate
of the reagent. The other nucleotides, GTP, UTP, CTP, ITP, and
TTP, were not detected at concentrations of less than 0.5 mM. |

ATP was determined over the range of 1428 with the
detection limit of ca. 10fmol (S/N =3). dATP was determined
over the range of 7aM-0.5mM with the detection limit of
ca. 800 fmol (S/N =3). ADP was determined over the range of
0.1-0.5mM with the detection limit of ca. 1 pmol (S/N - 3)_ Fig. 2. Electropherogram obtained for a mixture of ATP and dATP in the CE

. . .. . .. apparatus with a flow-type BL detection c&lbndirions: fused-silica capillary,
Their relative standard deviations and correlation coefﬂmentggim D, and 50 cmi;’?ength. applied Voltazel Loy unning buﬁ(fr 10ymM

were 4.5-6.4%(=8) and 0.995-0.998, respectively. The effec-porate buffer (pH 10.0) containing 1 mM phenylboronic acid: BL reagent, pre-
tive mixing of sample with the reagent in the flow-type cell may pared as described in Secti@ and sample, a mixture of 1M ATP and

improve sensitivity, as compared with the data obtained with thé00uM dATP.
batch-type cell. Under these conditions, all were detected at ca.
12 min, i.e., they were not separated.

Time /min

A mixture of 10uM ATP and 10QuM dATP was exam-
ined using the CE apparatus with a flow-type BL detection cell.
3.3. Analysis of the mixture of ATP and dATP in the CE Borate buffer (10 mM, pH 8 or 10) containing 1 mM phenyl-
apparatus using the flow-type BL detection cell boronic acid was used as a running buffer. As tka palue of

phenylboronic acid was reported to be 8.7, ATP would interact

We attempted to separate the mixture of ATP and dATP byith phenylboronic acid in pH 10 running buffer of, but not that
taking advantage of the interaction between the cis-diol groupt pH 8. ATP and dATP were successfully separated when using
and phenylboronic acid. The cis-diol group of ATP interacts withthe pH 10 running buffer containing 1 mM phenylboronic acid.
phenylboronic acid through ester formation in alkaline solutionThe obtained electropherogram is showrkig. 2 The results
[16,17] The interaction puts the negative charge on the comindicated that the first peak was due to dATP and the second was
plex between ATP and phenylboronic acid and increases théue to ATP. The interaction between ATP and phenylboronic
molecular weight by the mass of phenylboronic acid. On theacid in alkaline solution at pH 10 delayed the migration time of
other hand, dATP without the cis-diol group does not show sucliATP. This was supported by the experimental observation that
an interaction with phenylboronic acid. The different behaviorthey were not separated when using the pH 8 running buffer. The
toward phenylboronic acid between ATP and dATP must resuleasy and rapid separation of ATP and dATP will be effective for
in electrophoretic separation on CE. studies concerning DNA and metabolic processes.
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