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Abstract

An assay for spermidine synthase (SPDS) activity in rat liver has been developed using micellar electrokinetic chromatography (MEKC) with
laser-induced fluorescence (LIF) detection to enable the discovery of SPDS inhibitors. The assay was established by estimating the amount of
spermidine (SPD) produced from the putrescine (PUT) present by SPDS. The SPD in an enzyme reaction mixture of homogenized rat liver could
directly react with 7-fluoro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-F) as a fluorescence derivatization reagent. The NBD derivatives of SPD and PUT
could be separated and detected by MEKC-LIF detection within 15 min. The IC50 value measured for SPDS inhibitor, 4-methylcyclohexylamine,

in rat liver by this assay was consistent with published data. Our SPDS assay using MEKC-LIF is simple and allows easy determination of SPDS
activity in homogenized samples without troublesome procedures such as preparation of antibody or fluorescence-labeled substrate. The assay
should be effective for discovering the SPDS inhibitors using biological samples.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction

The aliphatic polyamines, putrescine (PUT), spermidine
SPD), and spermine (SPM) are present in all eukaryotic cells,
laying a significant role in cell proliferation and differentiation
s polycationic mediators [1–3]. The biosynthesis of polyamine
s carried out by three conserved enzymes: ornithine decar-
oxylase, spermidine synthase (SPDS), and spermine synthase
SPMS). SPDS catalyzes transfer of the propylamine group
erived from decarboxylated S-adenosylmethionine (dcSAM)
o the acceptor PUT to yield SPD, and also regulates the intra-
ellular concentration of SPD. Their polyamines such as SPD
egulate DNA replication, gene expression and protein synthe-
is at physiological condition. In pathological conditions, such
s with cancers, higher levels of polyamines have been found

3–5]. These observations indicate that being able to estimate
olyamine synthase activity would be very significant for the
evelopment of antiproliferative drugs.
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In order to measure the concentrations of polyamine and the
ctivities of polyamine synthases in biological samples, var-
ous methods have been reported [6]. For the determination
f polyamines, there are thin-layer chromatography, gas chro-
atography, high-performance liquid chromatography, capil-

ary electrophoresis and immunoassay. The HPLC methods,
hich include a polyamine derivatization step by a fluorescent-

abeling reagent such as dansyl chloride, are widely used for
etermining the concentrations of polyamines in various matri-
es [7–9]. However, HPLC assays are often cumbersome, time-
onsuming and sample-consuming for enzyme activity assay
n order to discover inhibitors. Thus, immunoassay methods are
ften applied for high throughput assay (HTS) as they are easy to
se and rapid. Enzyme activity assay are not successful because
ntibodies against polyamines do not have high enough speci-
city [10,11].

Capillary electrophoresis (CE) with laser-induced fluores-
ence (LIF) detection has been reported as an excellent and

owerful analytical tool [12–15], having many advantages over
ts counterpart, HPLC, such as higher efficiency, lower sample
olume, and high sensitivity. Also, the CE-LIF method is useful
s a highly sensitive enzyme assay, requiring a smaller amount
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f enzyme for the assay. This method could be applicable to
TS using a capillary array system which can simultaneously
easure 96 or 384 samples.
In this study, we developed a new method using CE-LIF

or SPDS activity assay that can be readily applied to the
xamination of rat liver. Our method involves reacting SPD
ith 7-fluoro-4-nitrobenzo-2-oxa-1,3-diazole (NBD-F) as a flu-
rescence labeling reagent [16–19], separating and detecting
ithin an analysis time of 15 min by micellar electrokinetic

apillary chromatography (MEKC). The SPD generated by
PDS was determined by directly adding NBD-F into the
nzyme reaction mixture of homogenized rat liver. The assay
as used to determine the IC50 value of SPDS inhibitor, 4-
ethylcyclohexylamine. The obtained value was consistent with
previously reported value [20]. Satisfactory validation of the
ethod using rat liver homogenate suggests that this method

hould be useful and reliable for assessing the inhibitory activ-
ty of drug candidates.

. Experimental

.1. Reagents and materials

Putrescine dihydrochloride, spermidine trihydrochloride,
permine tetrahydrochloride and dithiothreitol (DTT) were
btained from Sigma–Aldrich Co. (St. Lous, MO). 7-Fuloro-
-nitrobenzo-2-oxa-1,3-diazone (NBD-F) was purchased from
ojindo Labs (Kumamoto, Japan), sodium dodecylsulfate

SDS) from Wako Pure Chemical Industries Ltd. (Osaka, Japan),
isodium 1,2-ethanedisulfonate (DSEDS) from Tokyo Kasei
ogyo Co. Ltd. (Tokyo, Japan), and 4-methylcyclohexylamine

4-MCHA) from Nacalai Tesque (Kyoto, Japan). Decarboxy-
ated S-adenosylmethionine (dcSAM) was synthesized as
escribed previously [21].

.2. Apparatus

A P/ACE 5510 capillary electrophoresis system equipped
ith an argon ion laser emitting 488 nm and an LIF detector

emission wavelength filter of 560 nm) (Beckman Coulter Inc.,
ullerton, CA) was used. An uncoated fused-silica capillary
Beckman Coulter Inc., Fullerton, CA) of 75 �m i.d. 360 �m
.d. and 47 cm (40 cm to detector window) was assembled in
he LIF cartridge format, to which constant voltage (−12 kV)
as applied for 15 min at 20 ◦C for the MEKC separation.
he running buffer used was 50 mM phosphate buffer (pH
.0) containing 20 mM SDS and 20 mM DSEDS-acetonitrile
4:1, v/v). Samples were injected under pressure for 10 s at
.5 psi. Prior to injection, the capillary was washed with 0.1 M
ydrochloride for 1.5 min, 2 g dL−1 SDS for 1.5 min, water for
min and finally running buffer for 1.5 min for each run. The
lectropherographic data were analyzed with Beckman P/ACE
tation Software (version 1.0).
.3. Preparation of rat liver sample

Male Sprague-Dawley rats were killed by decapitation. All
perations thereafter were carried out at 0–4 ◦C. The liver was
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erfused with ice-cold saline and homogenized in four vol-
mes of 0.1 M DTT, 0.05 M EDTA, 0.05 M phosphate buffer
pH 7.2) using a glass-homogenizer with a motor-driven Teflon
estle. The homogenate was centrifuged at 15,000 g for 15 min
nd the supernatant was recentrifuged at 15,000 g for 15 min.
he supernatant fraction was stored at −40 ◦C until use as
rat liver homogenate sample for SPDS assay. To remove

olyamines, part of the homogenate sample was dialyzed in
.1 M DTT, 0.05 M EDTA, 0.05 M phosphate buffer (pH 7.2)
sing Slid-A-Lyzer® Dialysis Cassette 10,000 MW Cut-off
Pierce Biotechnology Inc., Rockford, IL) according to the man-
facturer’s protocol. The dialysis sample was using to confirm
nzyme activity and assay specificity. The protein concentra-
ions of homogenate and dialysis sample were analyzed using
he BCATM Protein Assay Kit (Pierce Biotechnology Inc.,
ockford, IL).

.4. SPDS assay

Ten micro liters of substrate mixture (0.5 mM DTT, 0.1 mM
cSAM and 1.5 mM PUT in 50 mM phosphate buffer (pH 7.2))
as added to 10 �L of rat liver sample in 50 mM phosphate
uffer (pH 7.2) followed by incubation for 2 h at 37 ◦C. To the
ixture, 2.5 �L of 50 mM NBD-F in acetonitrile was added

ollowed by heating for 5 min at 37 ◦C. Forty micro liters of
0 mM hydrogen chloride was added to the reaction mixture,
hich was centrifuged at 3000 g for 3 min. The supernatant was

ubjected to analysis by the MEKC-LIF system. The peak areas
f the NBD-derived SPD were monitored as an indicator of
PDS activity.

. Results and discussion

.1. Derivatization

We previously reported NBD-F to be useful fluorescence-
abeling reagent for enzyme activity assay with MEKC-LIF [22].
BD-F offers the advantages amine group derivatization being

apidly completed under the enzyme reaction conditions and
he simultaneous occurrence of the derivatization and enzyme
eactivation. Therefore, we employed NBD-F as a fluorescence
erivatization reagent.

To optimize the derivatization of SPD with NBD-F, the
ffect of reaction time and amount of the NBD-F reagent
n the derivatization were examined at 37 ◦C using rat liver
omogenate (approximately 1 mg protein mL−1) spiked with
�M of SPD (1 �L of 100 �M SPD was added to 20 �L of rat

iver homogenate). As shown in Fig. 1, the maximum of the peak
rea of the NBD derivative of SPD (NBD-SPD) was achieved by
ncubation for 5 min with a 2.5-�L portion of 50 mM NBD-F.

long reaction time and a large additional amount of NBD-F
ecreased the peak area of NBD-SPD. This finding may indicate
he formation of by-products undetectable in MEKC-LIF which

ave weak fluorescence intensity or ultraweak electrokinetics
orward to the detection window under the MEKC condition.
he optimal derivatization condition were incubation for 5 min
t 37 ◦C with a 2.5-�L portion of 50 mM NBD-F.
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Fig. 2. MEKC-LIF detection of SPD in rat liver homogenate without SPDS
reaction (A) and with SPDS reaction and the addition of substrate mixture
(B). Capillary, fused-silica capillary (75 �m i.d., 40/47 cm); running buffer,
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ig. 1. Effect of reaction time (A) and amount of NBD-F reagent (B) on the
ormation of SPD derivatives in rat liver homogenate.

.2. CE separation

Sufficient separation of the three polyamines (PUT, SPD and
PM) is necessary to carry out specific SPDS activity assay,
ecause spermine synthase can generate SPM from SPD under
PDS reaction conditions.

Direct injection of sample into the CE system is likely to
e employed in the MEKC mode without sample pretreatment
hen the polyamines in a biological sample are to be deter-
ined, because the biological matrices would not affect the CE

eparation in the MEKC mode [23,24]. Hence, we investigated
he CE separation for the NBD-polyamine derivatives using the

EKC mode.
Initially the phosphate buffer (pH 9.0) containing SDS as a

unning buffer that could bring about an electro-osmotic flow
as examined using an uncoated fused-silica capillary. How-

ver, no peaks of the NBD derivatives of polyamines could be
etected, probably due the derivatives were unstable in the run-
ing buffer or were adsorbed onto the capillary wall.

The peaks of NBD derivatives could be individually detected
sing phosphate buffer (pH 2.0) containing SDS as a running
uffer with a negative charge voltage, however, the three peaks
f the derivatives could not be separated. For sufficient sepa-
ation, acetonitrile was added to the running buffer in order to
eaken the interaction between the analytes and SDS micelle

nd to delay the migration of SDS micelle. As a result, the migra-

ion time of the NBD derivative of PUT (NBD-PUT) changed
otably from those of the other NBD derivatives, and the peak of
BD-PUT could be completely separated from the other peaks.
owever, the peaks of the NBD derivative of NBD-SPD and the

3

r

0 mM phosphate buffer (pH 2.0) containing 20 mM SDS and 20 mM DSEDS-
cetonitrile (4:1, v/v); voltage, −12 kV; injection, 10 s at 0.5 psi; detection, Ex:
88 nm, Em: 560 nm. Peaks: (1) NBD-SPM; (2) NBD-SPD.

BD derivative of SPM (NBD-SPM) still could not be sepa-
ated. This is because the ionic interaction of the NBD-SPD or
he NBD-SPM to the SDS micelle surface in the running buffer
as very strong and the two interactions were almost the same.

n order to weaken the ionic interaction and improve the sepa-
ation of the two peaks, the addition of divalent anionic reagent
SEDS to the running buffer was investigated, retaining the sta-

us of the negative charge in the capillary and the separation of
BD-PUT peak from other peaks. This enabled successful sep-

ration of the three derivative’s peaks, and NBD-SPD was selec-
ively detected within 15 min using 50 mM phosphate buffer (pH
.0) containing 20 mM SDS and 20 mM DSEDS-acetonitrile
4:1, v/v) as a running buffer as shown in Fig. 2. Under this
ondition, the migration time of NBD-PUT was more than
5 min.
.3. SPDS activity assay

According to a previously described method [25], the
eaction conditions for SPDS assay were investigated using
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ig. 3. Inhibition curve of 4-MCHA for SPDS activity. Each point represents a
ean ± S.D. of six determinations.

at liver dialysis sample without endogenous polyamines. The
orrelation between the incubation time of sample with sub-
trate mixture and the peak area of NBD-SPD was examined.
s the peak area of NBD-SPD increased linearly with an

ncrease in the incubation time, a good correlation between the
ncubation time and the peak area of NBD-SPD was obtained
p to the incubation time of 3 h (data not shown). As a result,
he incubation time for the SPDS assay was set at 2 h.

Next, the correlation between the protein concentration of
ialysis samples and the peak area of NBD-SPD was exam-
ned. A good linearity of the peak area of the NBD-SPD
as obtained over the range from 0.065 to 1.3 mg protein
L−1 (y × 10−7 = 10.1x−0.1, r = 0.9996). Thus, this established
ethod can measure SPDS activity in the range of the SPD

eneration activity corresponding to the above protein concen-
ration.

.4. Evaluation of inhibitor

In order to use dimethylsulfoxide (DMSO) as an organic sol-
ent for dissolving inhibitors, the effect of adding 2% DMSO
o the assay solution was estimated prior to the evaluation of
nhibitors according to a previously described procedure [22].
he results confirmed that addition of 2% DMSO did not affect

hese assays of enzyme activity and the MEKC-LIF separation
as not affected by the addition of DMSO. The IC50 value of the
nown SPDS inhibitors 4-MCHA was determined by the estab-
ished SPDS assays using rat liver homogenate (0.8 mg protein

L−1). Fig. 3 shows the inhibition curve with each point repre-
enting the mean ± S.D. of six determinations. The IC50 value
f 4-MCHA from SPDS assay was 1.4 �M, which was similar
o the value obtained by other assay method reported by Shi-

ahata et al. (1.7 �M) [20]. The between-run variation of IC50
alues was a relative standard deviation of 11.8% (n = 6). Thus,
ur assay method enables ready estimation of SPDS inhibitors
ithout purified enzyme and antibody.

[

togr. B 845 (2007) 80–83 83

. Conclusion

We developed the MEKC-LIF method to enable determi-
ation of SPDS activity by estimating the response of the
uorescence-labeling SPD produced from PUT by an enzyme
eaction. The present MEKC-LIF method should aid in the rapid
stablishment of SPDS activity assays. Furthermore, this work
howed that the MEKC-LIF analysis methods have the potential
f serving as tools for enzyme activity assays for drug discov-
ry when no highly-specific antibody is available and there is
ifficulty in using labeled substrates due to enzyme reactivity.

The assay system described here can measure 80 samples
day including MEKC analysis and sample preparation such

s SPDS enzyme reaction and NBD-derivatization. If a 384-
apillary array system were used, it should be possible to exam-
ne more than 30,000 samples per day. We foresee MEKC-LIF
ith a capillary array system as being useful for developing high

hroughput assay system for the discovery of inhibitors.
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