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A bstract
Th e treatm ent o f cys tam ine , a  transg lu tam inase 
(TG ase) in h ib ito r, has  b en efic ia l e ffects  in  sev-
era l d iseases inc lud in g  C A G -exp an sio n  d iso r-
ders  and  ca taract. W e co m pared  the  inh ib itio n  
charac teris tics  o f cys tam in e w ith  tho se  o f cy-
s team ine , a  red uced  fo rm  o f cys tam ine  expect-
ed  to  be  p resen t in s id e  ce lls . C ystam in e is  a  
m ore  po ten t inh ib ito r fo r T G ase  th an  cystea-
m ine  w ith  d iffe ren t k ine tics  p attern  in  a  non - 
reducing  condition . B y contrast, under reducing  
cond itio ns , the  inh ib ito ry  e ffect o f cystam ine  
w as co m parab le  w ith  th at o f cysteam in e. H ow -
ever, cys tam in e in h ib ited  in trace llu la r TG ase 
activ ity  m ore  s tro ng ly  th an  cysteam ine  desp ite  
o f cy to p lasm ic  reduc ing  env ironm ent, sugg est-
ing  th at cys tam in e itse lf inh ib its  in  s itu  T G ase  
activ ity  b y  fo rm ing  m ixed  d isu lfides .

Keywords: cystamine; cysteamine; inhibitor; polya-
mine; transglutaminase

In troduction
Transglutaminases (TGases) are a family of enzymes 
that catalyze the transamidation reaction between the 
γ-carboxyamide of a peptide-bound glutamine residue 
and the ε-amino group of a peptide-bound lysine 
residue or the primary amine group of a polyamine 
via forming a thioester acylenzyme intermediate at the 
active site cysteine (Lorand et al., 1984). Thus, TGase 
activity produces cross-linked proteins or amine 
conjugates.
  At least 3 types of TGases (TGase 1, 2 and 3) 
are expressed in human brain (Cooper et al., 2002). 
Given the fact that the catalytic properties of TGases 
acting on selected glutamine residues generate pro-
tein aggregates, TGase activity has been implicated 
in a number of neurodegenerative disorders caused 
by an abnormal expansion of polyglutamine repeats, 
such as Dentatorubral-pallidoluysian atrophy, Spino-
bulbar muscular atrophy, Spinocerebellar ataxia and 
Huntington’s disease (HD) (Cooper et al., 2002; Gen-
tile et al., 2004). Recent reports showed that the 
treatment with cystamine, a TGase inhibitor, resulted 
in prolonged survival and decreased abnormal move-
ments in a murine model of HD (Dedeoglu et al., 
2002; Karpuj et al., 2002), suggesting a possible role 
for TGases in the pathogenesis of neurodegen-
eration. Thus, the development of TGase inhibitors 
based on the inhibition mechanism of cystamine could 
lead to novel pharmacological strategies for the 
treatment of neurodegenerative disorders.
  Cystamine (β,β’-diaminodiethyl disulfide) is a thio-
lamine joined by a disulfide bridge between two 
cysteamine (β-mercaptoethylamine), and has been 
used to inhibit TGase activity in both in vitro and in 
vivo assay systems. However, the inhibition mecha-
nism of cystamine has not been clearly understood. 
Since cystamine may be converted to cysteamine in 
cytoplasmic reducing environment (Cooper et al., 
2002; Gentile et al., 2004), it has been thought that 
cysteamine, not cystamine, is an intracellular form of 
TGase inhibitor. Nonetheless, it is not known as to 
whether the inhibitory effect of cysteamine on TGase 
activity is comparable with cystamine. In this study, 
we compared the inhibitory effects of cystamine with 
those of cysteamine on TGase activity and showed 
that cystamine is a more potent inhibitor of TGase 
than cysteamine in the intact cells.

Different inhibition characteristics of intracellular
transglutaminase activity by cystamine and cysteamine
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M ateria ls and M ethods
M aterials
5-(biotinamido)pentylamine was obtained from Pierce 
and other chemicals were purchased from Sigma (St. 
Louis, MO). [14C]putrescine was obtained from Perkin-
Elmer. All culture media were purchased from Invitro-
gen.

C ell culture
A549, MCF7, T47D, HepG2 and K562 cells were 
maintained in RPMI 1640 medium containing 10% 
fetal bovine serum. Saos2, HEK293, SH-SY-5Y, HeLa, 
PC3M, HaCaT and DU145 cells were cultured in 
Dulbecco’s modified Eagle’s medium supplemented 
with 10% fetal bovine serum. HLE-B3 cells were 
grown in modified Eagle's medium containing 20% 
fetal bovine serum. Penicillin (100 U/ml), strepto-
mycin sulfate (100 µg/ml) and glutamine (2 mM) were 
supplemented to all cell culture media. All cell lines 
were maintained in a humidified atmosphere with 5% 
CO2 at 37oC.

Production of hum an TG ase 2 protein  
Recombinant human TGase 2 protein was produced 
using baculovirus expression system (Pharmingen, 
San Diego, CA) and a nickel-nitrilotriacetic acid col-
umn (Qiagen, Hilden, Germany) as previously des-
cribed (Shin et al., 2004), monitoring TGase activity 
by [14C]putrescine incorporation assay (Jeon et al., 
2002). Purified TGase 2 was dialyzed against a buffer 
(30 mM Tris-Cl, pH 7.5, 15 mM NaCl) and stored at 
-20oC in a buffer (30 mM Tris-Cl, pH 7.5, 15 mM 
NaCl and 50% glycerol). 

M icrotiter p late assay for in  vitro  TG ase activity  
Each well of a 96-well microtiter plate was coated 
with N,N’-dimethylcasein at 10 µg/ml (100 µl/well) in 
a buffer (50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 5 
mM EGTA, 5 mM EDTA) for 1 h at room temperature. 
The wells were overcoated with 5% bovine serum 
albumin (BSA) in phosphate-buffered saline (PBS) for 
1 h at room temperature. The wells were then wash-
ed three times with PBS containing 0.1% Tween 20 
(PBST). TGase 2 (10 ng of purified protein) was add-
ed to each well which contains 5-(biotinamido)pentyla-
mine (BP; 0-20 µM) in the 100 µl of a buffer (50 mM 
Tris-Cl, pH 7.5, 100 mM NaCl, 10 mM CaCl2 and 
0.1% Triton X-100). In experiments under reducing 
conditions, either dithiothreitol or glutathione at 0-20 
mM, respectively, was included in buffer R. In experi-
ments with TGase inhibitors, five amine compounds 
(cystamine, cysteamine, putrescine, spermidine and 
spermine) at 0-5 mM were included in the reaction 

mixture. The plates were further incubated for 1 h at 
37oC, followed by washing three times with PBST. 
The incorporation of BP into N,N’-dimethylcasein was 
measured with horseradish peroxidase-conjugated 
streptavidin in 5% BSA (1.25 mg/ml, 100 µl/well) for 
45 min at 37oC. After washing the cells with PBST 
five times, the wells of plates were incubated with 
O-phenylenediamine dihydrochloride (0.4 mg/ml, 50 
µl/well) in citrate-phosphate solution (0.1 M citric acid, 
0.2 M Na2HPO4) for 5-15 min at room temperature 
before the addition of 1 M H2SO4 (100 µl/well) solu-
tion. The color development was quantitated by 
measuring the absorbance at 490 nm on microplate 
spectrophotometer (Molecular Devices). 

in  situ  TG ase assay  
in situ TGase activity was measured as previously 
described (Jeon et al., 2003a; b). Briefly, the cells (2
×106) were labeled with BP at 1 mM or amine 
compounds (0 to 1.0 mM) in serum-free medium for 
1 h prior to harvesting. After washing twice with PBS, 
the cells were suspended in PBS containing protease 
inhibitors and sonicated (2 s pulse/2 s pause × 5, 
20% amplitude). The homogenate was centrifuged for 
10 min at 20,000 g at 4oC. The cell extract (0.2 
mg/ml, 50 µl/well) was coated in the wells of a 96-well 
microtiter plate for 12 h at 4oC. The wells were then 
overcoated with 5% BSA in PBS for 1 h at room 
temperature. After washing three times with PBST, 
BP incorporated into the cellular proteins was as-
sessed as performed in microtiter plate assays.

Statistical analysis  
The mean values were compared using analysis of 
variance (one-way ANOVA) plus Student’s t-test. 
Statistical significance was set at a P-value ＜ 0.05. 
GraphPad Softwares were used for statistical analysis 
and curve fitting.

R esu lts
Inhibition  of in  vitro  TG ase activ ity  by cystam ine  
or cysteam ine  
To compare the difference of inhibition characteristics 
between cystamine and cysteamine in a reducing 
condition, we first examined the effects of reducing 
agents on in vitro TGase activity. Dithiothreitol (DTT) 
or reduced-glutathione (GSH) increases TGase activity 
at higher concentration (Figure 1A). The maximum 
increase of the TGase activity was 3.8-fold with DTT 
at a concentration of 10 mM, whereas the TGase 
activity was 2.7-fold increase with GSH at 5 mM. 
Interestingly, in contrast to DTT, the TGase activity with 
GSH higher than 5 mM was remarkably diminished. 
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  We next compared the effects of cystamine and 
cysteamine on in vitro TGase activity in the presence 
or absence of reducing agents (Table 1). Cystamine 
and cysteamine inhibited in vitro TGase activity with 
IC50 values of 22 and 178 µM, respectively. In the 
presence of reducing agents, the inhibitory capacity 
of cystamine for TGase activity decreased by 5.6-fold 
(GSH) or 9.6-fold (DTT). On the other hand, the 
inhibition by cysteamine decreased only slightly (1.2- 
to 1.3-fold). These results indicate that cystamine is 
a more potent inhibitor for in vitro TGase activity than 
cysteamine in a non-reducing condition.

Com parison of inhibitory effects of cystam ine w ith  
that of polyam ines  
To determine whether the presence of disulfide bond 
of cystamine is associated with inhibitory capacity of 
cystamine, we compared the effects of naturally oc-
curring polyamines including putrescine, spermidine 
and spermine, which have two primary amine groups 

F ig u re  1 . Inhibitory effects of cystamine and cysteamine on in vitro TGase activity. Recombinant TGase 2 (10 ng) was incubated with BP (5
µ M) in the absence or presence of either DTT or GSH at various concentrations. The incorporation of BP to N,N’-dimethylcasein was measured
with horseradish peroxidase-conjugated streptavidin and quantitated in terms of the absorbance at 490 nm. Relative TGase activity is calculated
based on the negative control, w ithout DTT and GSH, as 100% . (A) Effects of DTT or GSH on in vitro TGase activity. (B) Inhibition of in 
vitro TGase activity by amine compounds. Each amine compound (200 µ M; except cystamine at 100 µ M in the reaction with reducing conditions)
was added to the reaction mixture. NT denotes the experimental condition without DTT and GSH. The figures represent the mean values ±
SEM. (n  = 3 independent experiments performed with the samples in triplicate). CTA, cystamine; CTE, cysteamine; PUT, putrescine; SPD, 
spermidine; SPM, spermine.

T a b le  1 . Inhibitory effects of cystamine or cysteamine on in vitro
TGase activity in the presence of DTT or GSH.
ꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚꠚ

IC50 (µM)
Inhibitors ꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏ

NT DTT (DTT/NT) GSH (GSH/NT)
ꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏ
Cystamine  22 ± 5 212 ± 24 (9.6) 124 ± 19 (5.6)
Cysteamine 178 ± 17 232 ± 31 (1.3) 218 ± 27 (1.2)
ꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏꠏ
Recombinant TGase 2 (10 ng) reacted with BP (5 µ M) in the absence
(NT) or in the presence of either DTT or GSH at 2 mM, respectively.
Cystamine or cysteamine at varying concentrations (0-5,000 µ M) was
added to the reaction mixture. The table represents the mean values
± SEM (n = 3). IC50 denotes the inhibitory concentration resulting in 
a 50%  inhibition of TGase activity.

F ig u re  2 . Kinetic analysis of TGase inhibition by cystamine or 
cysteamine under a non-reducing condition. Recombinant TGase 2 
was incubated with varying concentrations of BP in the absence and
presence of 500 µ M cystamine or cysteamine, respectively. The BP
incorporated into N,N’-dimethylcasein was measured with horseradish
peroxidase-conjugated streptavidin by absorbance at 490 nm. 
Representative data from a typical experiment are presented (n = 3
independent experiments performed with the samples in duplicate).
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without disulfide bond, on TGase with those of cysta-
mine and cysteamine. Among five compounds exa-
mined under non-reducing condition, cystamine is the 
most, and cysteamine the least effective inhibitor of 
TGase activity with following order: cystamine ＞ 
spermidine ≈ spermine ＞ putrescine ＞ cysteamine 
(Figure 1B). Putrescine, spermidine, spermine and cy-
steamine exhibited a sim ilar inhibitory activity for 
TGase regardless of the presence of reducing agents. 
By contrast, only cystam ine decreased its inhibitory 
capacity significantly under the reducing conditions.

  A Lineweaver-Burk plot showed that Km, Vmax and 
slope were all affected by cystamine. The graph 
pattern seemed to be intermediate between those for 
competitive and non-competitive inhibitions. However, 
competitive inhibition pattern was noted only with cy-
steamine (Figure 2). By contrast, in the presence of 
reducing agents, both cystamine and cysteamine 
showed competitive inhibition kinetics (Cooper et al., 
2002). Taken together, these results indicate that a 
disulfide bond of cystamine may react with the active 
site cysteine of TGase, which is required for the 
efficient inhibition of in vitro TGase activity.

F ig ure  3 . in vitro and in situ TGase activity of cultured cell lines. (A) 
in vitro  TGase activity for each cell line was expressed in (cpm/h)
per 100 µ g extract. BSA was adopted as a negative control for 
samples. The figures represent the mean values ± SEM of three 
determ inations. (B) The in situ  TGase 2 activity of each cell line is
expressed relative to that of control cells cultured in the absence of
BP (100%). The figures represent the mean values ± SD of four 
determ inations.

F ig u re  4 . Inhibition of in situ TGase activity of DU145 cells by 
cystamine and cysteamine. (A) The inhibition of cellular in situ TGase
activity with a various amount of cystamine or cysteamine. DU145 
cells were labeled with BP in the presence of cystamine or 
cysteamine, respectively. (B) The inhibition of cellular in situ TGase
activity with cystamine, cysteamine, putrescine, sperm idine or sper-
mine at 500 µ M, respectively. TGase activity is expressed relative to
that of the cells cultured without cystamine or cysteamine (100%). The
figures represent the mean values ± SD (n = 3-4 independent 
experiments performed with the samples in triplicate). The mean 
values were compared using analysis of variance (one-way ANOVA)
plus Student’s t-test.
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Inh ib ition of in  situ  TG ase activity  by cystam ine  
or cysteam ine  
Cystamine may be converted to cysteamine in the 
cytoplasmic reducing environment (Cooper et al., 
2002; Gentile et al., 2004). Thus, we questioned 
whether the inhibitory effect of cysteamine on in situ 
TGase activity is different from that of cystamine in 
cultured cell system. To address this question, a 
number of cell lines were screened in terms of in vitro 
and in situ TGase activities to select a suitable cell 
line. While A549, K562, PC3M, HepG2, HaCaT, HLE- 
B3, HeLa and DU145 cells showed in vitro TGase 
activities (Figure 3A), HepG2, HaCaT, HeLa and 
DU145 cells exhibited remarkable intrinsic in situ 
TGase activities (Figure 3B). Among the cell lines 
examined, DU145 cells exhibited strong positive 
TGase activities both in vitro and in situ, and was 
selected for investigating in situ TGase activities.
  Cystamine and cysteamine showed a concen-
tration-dependent inhibition of in situ TGase activity 
of DU145 cells. However, it is apparent that cysta-
mine is a more effective inhibitor than cysteamine 
(Figure 4A). When the inhibitory effects of five amine 
compounds on the in situ TGase activity were com-
pared with each other, cystamine was found to be 
the most effective inhibitor (Figure 4B). These results 
indicate that in situ TGase activity may be inhibited 
by cystamine per se in cell culture experiments, and 
that cystamine may be not completely converted to 
cysteamine in the intracellular environment. 

D iscussion
Cystamine has been used as a TGase inhibitor in 
experiments in vitro as well as in vivo. It is proposed 
that cystamine inhibits TGase activity by forming 
mixed disulfide bonds that may block the formation 
of a thioester acylenzyme intermediate or by com-
peting with transamidation reaction between the 
ε-amino group of a peptide-bound lysine residues and 
the γ-glutamyl residue of proteins bound to TGase 
(Lorand et al., 1979; Cooper et al., 2002). We found 
that the inhibition potency of cystamine is significantly 
decreased in the presence of reducing agents such 
as DTT or GSH, indicating that the disulfide bond of 
cystamine may be an important structural component 
in inhibiting TGase activity. Indeed, these data sug-
gest that the formation of mixed disulfide bonds at 
active site cysteine residue of TGase mainly contri-
bute to the inhibitory mechanism of cystamine. 
However, our kinetic studies suggest that the primary 
amine group of cystamine may also contribute to the 
competitive inhibition. These findings may be impor-
tant for developing pharmacologic agents that can 
inhibit TGase activity in vivo.

  The cytoplasmic environment is considered to be 
under a reducing condition (Cooper et al., 2002; 
Gentile et al., 2004). However, our results demon-
strated that cystamine inhibited in situ TGase activity 
far more effectively than cysteamine. In addition, the 
current data indicate that the inhibitory capacity of 
cystamine was less affected by GSH than that by 
DTT, suggesting that cellular GSH redox regulation is 
not capable of effectively converting cystamine to 
cysteamine. However, since pharamacokinetic pro-
files, such as uptake rate and half-life, of thiolamines 
and polyamines were not examined in this study, we 
did not discriminate whether the differential effects 
between cystamine and cysteamine are caused by 
reducing capacity or pharmacokinetic parameters. The 
development of convenient assay system for detecting 
intracellular thiolamines is required to clarify these 
points.
  In eukaryotic cells, three naturally occurring polya-
mines, putrescine, spermidine and spermine, are 
derived from L-arginine and L-methionine via a series 
of enzymatic reactions (Wallace et al., 2003). These 
polyamines are positively charged aliphatic cations. 
Since most polyamines in cells are sequestered by 
the association with negatively charged molecules, 
such as nucleic acids or phospholipids (Igarashi and 
Kashiwagi, 2000), only a small portion of free poly-
amines would be available as amine donors for 
TGase. Thus, this hypothesis may explain the poor 
capacity of natural polyamines for the inhibition of 
TGase activity in situ. Cysteamine is a small com-
pound that contains one amine group and sulfhydryl 
group, and therefore, less prone to interact with other 
negatively charged molecules within cells. Thus, the 
availability of free amine group in the molecules may 
be a critical factor to determine its inhibitory capacity.
  Despite positive therapeutic effects of cystamine in 
a murine model of HD (Dedeoglu et al., 2002; Karpuj 
et al., 2002), the mechanism by which cystamine 
treatment is beneficial to the mice is not understood. 
In addition to TGase inhibition, cystamine is able to 
replenish glutathione and to inhibit caspase activity 
(Lesort et al., 2003). Moreover, in contrast to cys-
teamine, it is known that cystamine does not cross 
the blood brain barrier (Cooper et al., 2002). Thus, 
it is probable that cystamine may act in symptomatic 
improvement of HD model mice by mechanism other 
than TGase inhibition, and that the metabolic effects 
of cysteamine could contribute to the therapeutic 
benefits in a murine model of HD.
  Cysteamine is a metabolite of pantetheine or coen-
zyme A and serves as a precursor for hypotaurine 
and taurine that is a neurotransmitter, exerting neuro-
protective actions in neural tissue from ischemia, 
oxidative stress and the presence of free radicals 
(Vecsei et al., 1990; Saransaari et al., 2000). In 
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addition, since cross-linking reaction between proteins 
is competitively inhibited by cysteamine (Lorand et al., 
1984; Cooper et al., 2002), this inhibition leads to the 
accumulation of amine-conjugated proteins within the 
cells. Thus, the functional alteration of target proteins 
by thiolamine incorporation needs further characteri-
zation.
  In summary, the inhibitory effects of cystamine and 
cysteamine on TGase activity were analyzed. The 
inhibitory capacity of cystamine in vitro was largely 
affected by the extent of the reduced form of the 
molecule. Nonetheless, cystamine inhibits in situ 
TGase activity decidedly stronger than cysteamine. 
These results may provide some insights for future 
investigation, regarding cystamine or its derivatives, to 
develop a treatment for TGase-related disorders.
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