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a b s t r a c t
Spermidine/spermine N1-acetyltransferase 1 (SSAT1) is a key enzyme that catalyzes the catabolism of
polyamines. SSAT1 is a very important enzyme because it not only maintains the homeostasis of polyamines but also is involved in many physiological and pathological events. As such, a rapid assay of SSAT1
activity is valuable in drug screening and clinical diagnostics. Here, we report a novel colorimetric assay
for monitoring SSAT1 activity in zebraﬁsh (zSSAT1). In comparison with the available SSAT1 assays, this
new method is cost-effective and simple. The optimal zSSAT1 activity was obtained below 55 °C in a mild
alkaline environment. The Km values of zSSAT1 for spermidine and spermine are 55 and 182 lM, respectively, whereas putrescine is not a good substrate for zSSAT1. In addition to enzyme kinetic studies, the
colorimetric assay was also used to detect the cellular activity of SSAT1. Thus, the current method is a
reliable assay for determining SSAT1 activity with many potential applications in medical biology.
Ó 2010 Elsevier Inc. All rights reserved.

The homeostasis of polyamines is tightly regulated to maintain
normal cell growth and proliferation [1,2]. The polyamines spermine and spermidine can be synthesized from their diamine precursor, putrescine, through anabolic pathways [3]. Conversely, several
catabolic pathways also convert polyamines back to putrescine [4].
Both the catabolic and anabolic pathways contribute to the balance
of polyamine content and regulation of cell fate.
Spermidine/spermine N1-acetyltransferase 1 (SSAT1)1 catalyzes
one of the rate-determining reactions of polyamine catabolism, in
which spermine or spermidine accepts the acetyl group from acetyl-coenzyme A (CoA) to produce N1-acetylspermine or N1-acetylspermidine. The cellular polyamine equivalence is quickly changed
because the acetylpolyamine is readily exported from cells or converted into spermidine or putrescine by polyamine oxidase [5]. Thus,
the ﬂuctuation in SSAT1 activity may profoundly inﬂuence the cellular content of polyamines, acetyl-CoA, and relative metabolites in
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cells. Therefore, the cellular activity of mammalian SSAT1 is strictly
controlled at multiple levels, including transcription [6], messenger
RNA (mRNA) processing [7,8], mRNA translation [9], and protein stabilization [10].
Recently, increasing evidence has indicated that SSAT1 may be
involved in various physiological and pathological events, including
liver regeneration [11], ischemia–reperfusion injury [12–14], pancreatitis [15,16], lipid metabolism [17,18], carcinogenesis [19], cell
migration [20], and hypoxia signaling [21]. These ﬁndings make
SSAT1 an attractive target for pharmaceutics. Many polyamine analogs, such as PG11047 and diethylnorspermine (DENSpm), have
been developed for cancer therapy [22,23]. As such, an activity assay
and enzyme kinetic characterization of SSAT1 are important.
The most general assay for SSAT1 activity is to measure the production of radioactive acetyl polyamine from 14C- or 3H-labeled
acetyl-CoA [24,25]. Although it is reliable and sensitive, radioactive
methods have associated health risks and high costs of radioactive
materials. Recently, Takao and coworkers used N1-dansylnorspermine as a substrate for SSAT1 [26] and, after enzyme catalysis, the
ﬂuorescent product was analyzed by high-performance liquid chromatography (HPLC). Montemayor and Hoffman also reported a nonradioactive assay to measure SSAT1 activity that is based on the 1H
nuclear magnetic resonance (NMR) signal of acetyl-CoA or acetylpolyamine [27]. However, there is no currently available method
that is simple, cost-effective, and adaptable to high-throughput
applications. In this study, we developed a colorimetric SSAT1
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activity assay and used it to characterize enzyme kinetics and monitor cellular SSAT1 activity. This method is a quick, easy, and reliable
assay for measuring SSAT1 activity.
Materials and methods
General materials
All chemicals, including 5,50 -dithio-bis-(2-nitrobenzoic acid)
(DTNB), CoA, acetyl-CoA, putrescence, and polyamines, were purchased from Sigma–Aldrich and were of the highest purity available. Enzymes used in molecular cloning were obtained from
New England Biolabs. The pGEX-2T expression vector was obtained
from GE Healthcare, the pcDNA3.1 vector was obtained from Invitrogen, and the Escherichia coli BL21 (DE3) host cells were obtained
from Novagen.
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(50 mM Tris–HCl, 1 mM EDTA, and 0.4 ng/ll SSAT1, pH 7.5), and
Ellman’s reagent (2 mM DTNB and 1 mM EDTA in 50 mM Tris–
HCl, pH 7.5) were freshly prepared prior to the start of the experiment. For each activity assay reaction, aliquots of the enzyme
sample solution (25 ll) were prealiquoted into a 96-well microplate. The reactions were started by mixing each well with 25 ll
of substrate solution and stopped by heating at 85 °C for 5 min.
After cooling at 14 °C for 2 min, 50 ll of Ellman’s reagent was
added to each well and incubated at 25 °C for 30 min. To correlate
the production of CoA-SH with the OD412 measurements in each
enzyme reaction, serial standards of CoA-SH (2–40 nmol) were reacted with 50 ll of Ellman’s reagent in each experimental batch. By
using this method, many SSAT1 enzyme activity assays were carried out simultaneously, and the experimental results were obtained by an enzyme-linked immunosorbent assay (ELISA) plate
reader (BioTek) in a high-throughput fashion.

Preparation of recombinant SSAT1 enzymes
Cell culture, gene transfection, and cellular protein extraction
With the primer pair of zSATF (50 -GAATTCATGGCCAATTTTAATTTG-30 ) and zSATR (50 -CTCGAGCTCTTCAGCAGACATTTT-30 ), the
coding sequence of zebraﬁsh SSAT1 (zSSAT1, BC150358) was ampliﬁed from the complementary DNA (cDNA) of 72-h zebraﬁsh embryo.
The ampliﬁed cDNA was ligated into the pGEX-2T vector via EcoRI and
XhoI sites, and the recombinant plasmid was transformed into E. coli
strain BL21. E. coli cells harboring pGEX-2T–zSSAT1 were cultured
at 37 °C with agitation until OD600 = 0.6. Recombinant protein expression was induced with 0.4 mM isopropyl-L-thio-b-D-galactopyranoside (IPTG) at 37 °C for 4 h. Recombinant zSSAT1 was puriﬁed to
homogeneity by glutathione afﬁnity chromatography (GSTrap FF
column, GE Healthcare). The glutathione S-transferase (GST) tag
was then removed from recombinant GST–zSSAT1 by thrombin (GE
Healthcare) according to the manufacturer’s instructions.
High-throughput colorimetric activity assay of SSAT1
The substrate solution (50 mM Tris–HCl, 1 mM ethylenediaminetetraacetic acid [EDTA], 0.5 mM acetyl-CoA, and variable
concentrations of spermine/spermidine, pH 7.5), enzyme solution

Zebraﬁsh ZF4 cells (ATCC CRL-2050) were cultured in 45% Dulbecco’s modiﬁed Eagle’s medium (DMEM, Gibco), 45% Ham’s F12
medium (Gibco), and 10% fetal bovine serum (FBS, Gibco) at
28 °C with humidiﬁed air/CO2 (19:1, v/v). Before transfection,
the cell culture was grown to 70% conﬂuence, washed with phosphate-buffered saline (PBS), detached with 0.25% trypsin solution
(Gibco), and suspended with electroporation medium (1:1 mixture of DMEM and Ham’s F12 without serum). For each transfection, approximately 4 to 6  106 cells were mixed with the
pcDNA3.1–zSSAT1 vector, which fused a myc tag at the 50 end
of zSSAT1 cDNA, and 1 pulse of 1000 V for 99 ls and 2 pulses of
250 V for 7 ms were applied using an electroporator (T820,
BTX). To prepare cellular proteins for analysis, cells were collected
by centrifugation at 300g, washed twice by PBS, and extracted
with M-PER reagent (Thermo Scientiﬁc) according to the manufacturer’s instructions. The crude extract was dialyzed against
50 mM Tris–HCl (pH 7.5) with 1 protease inhibitor (Complete
Protease Inhibitor Cocktail, Roche) by an Amicon ultracentrifugal
ﬁlter device (Millipore).

Fig.1. Schematic presentation of the principles of the SSAT1 colorimetric activity assay. The enzyme activity of SSAT1 catalyzes the transfer of an acetyl group from acetylCoA to spermidine or spermine to produce an acetyl polyamine and the free form of CoA, which can be used to measure SSAT1 activity by a spectrophotometer after the DTNB
reaction.
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larimeter equipped with a Peltier temperature control system (Japan Spectroscopic). After background subtraction and smoothing,
all CD data were converted from a CD signal (mdeg) into mean residue ellipticity (deg cm2 dmol1). The thermal transition of 50 lM
zSSAT1 in PBS (pH 7.0) was monitored at 203 nm over a temperature range from 30 to 85 °C with a scan rate of 2 °C/min.

Molecular modeling

Fig.2. Characterization of the optimal reaction pH of zSSAT1 activity. By reading the
OD412 after reaction with DTNB, the activity of zSSAT1 in the presence of 1 mM
spermidine and 0.5 mM acetyl-CoA at pH 6.5–9.0 was measured. Error bars
represent standard deviations from three independent experiments.

Western blot

The protein sequence of zSSAT1 was used to search for a template by phi-BLAST [28] against the Protein Data Bank (PDB). Multiple sequence alignments within the zSSAT1 and mouse SSAT1 (PDB
code: 3BJ7) [27] were carried out using CLUSTALW [29]. The threedimensional (3-D) structure of monomeric zSSAT1 was modeled
using the MODELLER of HOMOLOGY module in Insight II 2005
(Accelrys). The MODELLER program, using a spatial restraint method to construct the 3-D structure, yielded 10 models with an optimized loop structure for each one [30]. The swapped dimeric
zSSAT1 was made by superimposing two individual monomeric
models to the A and B chains of the template structure. The dimeric
model was then minimized using the Steepest Descent method followed by Conjugate Gradients in the DISCOVER module of Insight II

Crude cell extracts were resolved by 12% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) and transferred to a polyvinylidene ﬂuoride (PVDF) membrane. The
protein blot was immunodetected using an anti-myc antibody
(1:2000, Cell Signaling) and an anti-mouse immunoglobulin G
(IgG) antibody (1:5000, Promega) as the primary and secondary
antibodies, respectively. The signals were detected with an ECL
Plus chemiluminescence reagent (GE Healthcare) under an imaging system (UVP Biospectrum).
CD spectroscopy
To determine the circular dichroism (CD) spectra of zSSAT1,
400 ll of protein sample (50 lM) buffered in PBS (pH 7.0) was
placed into a cuvette (1 mm path length) and maintained at
25 °C. The change in the far-ultraviolet (UV) CD spectrum from
190 to 260 nm was then measured using a JASCO J-810 spectropo-

Fig.3. Characterization of the temperature and substrate preference of zSSAT1. The
reactivity of zSSAT1 in the presence of 1 mM putrescence (solid bars), spermidine
(white bars), or spermine (gray bars) at 30–55 °C was measured by the colorimetric
assay. Error bars represent standard deviations from three independent
experiments.

Fig.4. Heat stability of zSSAT1. (A) The zSSAT1 secondary structure variation at
25 °C (solid line), at 85 °C (dashed line), or at 25 °C after being heated to 85 °C
(dotted line) was detected by a CD spectrum. On the basis of the CD spectrum, the
denaturation of zSSAT from 30 to 85 °C was monitored by 203-nm CD absorption.
(B) The absorption at 85 °C is deﬁned as 100% unfolding, and the absorption at 30 °C
is deﬁned as 0% unfolding. The unfolding percentage versus temperature indicates
that the Tm of zSSAT1 is 58.2 °C.
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2005. The distribution of the backbone dihedral angles of the model was evaluated by a Ramachandran plot using PROCHECK [31].
Results
Colorimetric assay to measure the activity of SSAT1
Because SSAT1 catalyzes the transfer reaction of an acetyl group
from acetyl-CoA to spermidine or spermine and leaves a free CoASH, it is possible to detect the activity of SSAT1 by monitoring the
production of CoA-SH. On the basis of the assay for GlcN6P N-acetyltransferase [32], we postulated that the production of CoA-SH
by SSAT1 could be measured using a 412-nm absorption spectrum
in the presence of Ellman’s reagent (Fig. 1).
To evaluate our hypothesis, we used a colorimetric assay to
characterize the activity of recombinant zSSAT1 prepared from
E. coli. In the ﬁrst series of zSSAT1 enzyme reactions (with 10 ng
enzyme, 1 mM spermidine, and 0.5 mM acetyl-CoA), the pH was
changed from 6.5 to 9.0 (Fig. 2). An increase of OD412 was observed
as compared with the control reaction that contained the same reagents except heat-inactivated enzyme. In addition, the OD412 of
the reaction at pH 9.0 was approximately 3-fold higher than that
at pH 6.5, in agreement with a previous study that measured the
activity of mouse SSAT1 using 1H NMR assay methods [27].
Characterization of the enzyme activity of zSSAT1
Because the activity of zSSAT1 has never been characterized, a
novel colorimetric assay was applied to study the properties of this
enzyme in detail. Multiple reaction temperatures and different
types of polyamines were used to determine the optimal reaction
condition and substrate preference. According to previous studies
[24,27,33], spermine is a better substrate than spermidine for rat,
mouse, and human SSAT1, whereas putrescine is a poor substrate
for these enzymes. Consistent with these data, putrescine was
found to be a poor substrate for zSSAT1. However, zSSAT1 preferred spermidine to spermine as a substrate (Fig. 3).
The activity of zSSAT1 increased with increasing temperature
until 45 °C and activity toward spermidine and spermine decreased at 50 and 55 °C, respectively (Fig. 3). Activity was almost

Fig.6. Detection of cellular zSSAT1 activity by the colorimetric assay. (A) The
expression level of the zSSAT1 protein in ZF4 cells transfected with 0, 20, 30, 40, and
50 lg of pcDNA3.1–zSSAT1 was detected using an anti-myc antibody (lanes 1, 2, 3,
4, and 5, respectively, in inset) and quantiﬁed (solid bars). The cellular SSAT1
activity of each sample was also detected by the colorimetric assay (gray bars). (B)
The correlation of cellular SSAT1 activity and corresponding SSAT1 protein
expression level is shown in the graph.

undetectable with either substrate when the reaction temperature
was above 60 °C (data not shown).

Fig.5. Kinetic study of zSSAT1 by the colorimetric assay. The initial velocity data corresponding to different concentrations of spermidine (0.2, 0.4, 0.6, and 1.0 mM) (A) or
spermine (0.5, 1.0, 1.5, and 2.0 mM) (B) were analyzed by Lineweaver–Burk double reciprocal plots. On the basis of the x axis intersect, the Km values of zSSAT1 for spermidine
and spermine were 55 and 182 lM, respectively.
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To further investigate the cause of the temperature-dependent
loss in zSSAT1 activity above 60 °C, a CD spectrum was used to
study the effect of heat on the enzyme structure, and this revealed
that the secondary structure of zSSAT1 was greatly distorted when
heated to 85 °C. In addition, the CD spectrum also indicated that
heat denaturing of zSSAT1 was irreversible (Fig. 4A), consistent
with our previous observation that zSSAT1 activity could not be
recovered after the enzyme was heated to 85 °C. By continuously
monitoring the variation of the CD spectrum at 203 nm as an index
of zSSAT1 unfolding, the melting temperature (Tm) of zSSAT1 was
estimated to be 58.2 °C (Fig. 4B).

using a high-throughput colorimetric assay were performed. By
using Lineweaver–Burk double reciprocal plots, the initial velocity
data obtained with variable concentrations of spermidine (0.2–
1 mM) or spermine (0.5–2 mM) at a ﬁxed concentration of acetyl-CoA (0.5 mM) and the corresponding substrate concentration
yielded well-correlated lines with R2 values of 0.999 and 0.986,
respectively (Fig. 5). According to the x axis intersect, the Km value
of zSSAT1 for spermidine was 55 lM, which is identical to the
value of human SSAT1 reported previously [33]. However, the Km
value of zSSAT1 for spermine was 182 lM compared with 5 lM
for human SSAT1 reported previously [33].

Kinetic study of zSSAT1 by the colorimetric assay

Detection of cellular SSAT1 activity by the colorimetric assay

Unlike rat, mouse, and human SSAT1, spermidine was a better
substrate for zSSAT1 than spermine. To further characterize the
substrate preference of zSSAT1, kinetic studies of this enzyme

Different amounts of pcDNA3.1–zSSAT1 plasmid (20–50 lg)
were transfected into ZF4 cells to mimic different cellular SSAT1
expression levels. After 24 h, the cells were collected and the total

Fig.7. Substrate preference of zSSAT1. (A) The primary sequence of zSSAT1 was aligned with human SSAT1 (hSSAT1) and mouse SSAT1 (mSSAT1). The amino acids conserved
in any two sequences are shaded with black. (B) According to the molecular modeling of zSSAT1, Leu150 and Gln151 are located in the spermine binding pocket near the
propylamino group.
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protein was extracted. Because the crude cell extract may contain
endogenous polyamines and acetyl-CoA, each sample was dialyzed
against reaction buffer before the assay. For each sample, a blank
reaction was prepared in the same reaction conditions but without
the addition of polyamine. Because the crude cell extract may contain other acetyltransferase activities, the cellular SSAT1 activity
was determined by the 412-nm absorption of each reaction after
subtraction of its corresponding blank reaction (Fig. 6A, gray bars).
Expression of SSAT1 in each sample was simultaneously detected
by Western blotting (Fig. 6A, inset) and quantiﬁed by an optical
densitometer (Fig. 6A, solid bars). Taken together, the cellular
SSAT1 activity determined by colorimetric assay correlated well
with protein expression levels detected by Western blotting
(Fig. 6B). Therefore, the colorimetric assay can quickly determine
ﬂuctuations of cellular SSAT1 activity.
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cellular SSAT1 activity could be an important index for these studies. After protocol optimization, our colorimetric assay correlated
well with cellular SSAT1 expression levels (Fig. 6), indicating that
this assay may be clinically applicable.
Recently, regulation of SSAT1 activity as a potential cancer
treatment has made SSAT1 an important target for drug development [22,23,35]. Compared with current SSAT1 assay methods,
our colorimetric assay is economical and reliable and will likely
be a useful tool in SSAT1-related drug screening and/or clinical
diagnostics.
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Discussion
In this article, we have demonstrated a novel colorimetric assay
for determining the activity of SSAT1. This method can efﬁciently
characterize the enzyme activity of a novel SSAT1 from zebraﬁsh.
Like mouse SSAT1 [27], zSSAT1 showed higher activity in a mild
alkaline environment (Fig. 2). Activity of zSSAT1 increased with
increasing temperature until 45–50 °C (Fig. 3); activity was completely lost and not recovered at temperatures above 60 °C. A CD
spectrum to analyze the effect of heat on the zSSAT1 structure
demonstrated that the secondary structure was denatured when
zSSAT1 was heated to 85 °C, and this was irreversible when the
sample was cooled to 25 °C (Fig. 4A). By using a 203-nm CD spectrum as an index of zSSAT1 unfolding, the Tm of zSSAT1 was estimated to be 58.2 °C, and this explains why the enzyme lost
activity at temperatures above 55 °C.
According to our data, zSSAT1 showed very low activity with
putrescine as the substrate, similar to other SSAT1s [24,27,33].
However, zSSAT1 had higher reactivity toward spermidine
(Fig. 3), whereas rat, mouse, and human SSAT1s prefer spermine
as their substrate. To further characterize the relationship between
zSSAT1 and its substrates, a detailed kinetic study is needed. The
96-well format of the colorimetric assay provides a method to
simultaneously perform many reactions under different conditions
to readily obtain the kinetic results. Our data indicate that the Km
of zSSAT1 for spermidine was the same as that of human SSAT1
(55 lM). However, the Km of zSSAT1 for spermine was 182 lM,
which is approximately 36-fold higher than that of human SSAT1
(5 lM) [33]. The higher Km value of zSSAT1 for spermine indicates
that zSSAT1 has a weak binding afﬁnity for spermine. Sequence
alignment and protein structure modeling indicate that Ser150
and Glu151 in the polyamine binding pocket of human SSAT1
[34] are replaced by Leu150 and Gln151 in zSSAT1 (Fig. 7A). On
the basis of the crystal structure of mouse SSAT1 [27], Ser150
and Glu151 are very close to the propylamine group of spermine
and may contribute to spermine binding through hydrogen bonds
and ionic interactions but might not be involved in spermidine
binding, which is smaller and farther from these two amino acids.
Therefore, it is possible that the weaker binding afﬁnity toward
spermine results from Leu150 and Gln151 substitutions in zSSAT1,
which may have decreased interactions with the propylamine
group of spermine.
The cellular activity of SSAT1 is tightly regulated by the cellular
content of polyamines. It has been reported that the expression of
human SSAT1 increases by several hundred folds after the induction of polyamine analogs [9]. Furthermore, SSAT1 expression levels are also linked to many important physiological and
pathological events such as hypoxia [8,21], iron deﬁciency [8], cancer [19,35], and even suicide tendency [36]. Therefore, assaying
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