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Trypanothione, the essential metabolite in the oxi-
dant defense system of trypanosomatids, is synthesized
by two distinct proteins, glutathionylspermidine syn-
thetase and trypanothione synthetase. Glutathionyl-
spermidine synthetase was purified to homogeneity
from the trypanosomatid Crithidia fasciculata by aque-
ous two-phase systems and chromatography. The en-
zyme showed a specific activity of 38 mmol of glutathio-
nylspermidine formed per min per mg of protein. Its
molecular mass was 78 kDa in SDS-polyacrylamide gel
electrophoresis, and it appeared predominantly mono-
meric in native polyacrylamide gel electrophoresis and
gel filtration. The isoelectric point was at pH 4.6, and the
pH optimum was near 7.6. Partial amino acid sequenc-
ing revealed homology with, but low similarity to, the
glutathionylspermidine synthetase/amidase of Esche-
richia coli, and amidase activity was not detected in
glutathionylspermidine synthetase of C. fasciculata.
The kinetics of trypanosomatid glutathionylspermidine
synthetase revealed a rapid equilibrium random mech-
anism with limiting Km values for Mg21-ATP, GSH, and
spermidine of 0.25 6 0.02, 2.51 6 0.33, and 0.47 6 0.09 mM,
respectively, and a kcat of 415 6 78 min21. Partial reac-
tions at restricted cosubstrate supply were not detected
by 31P NMR, supporting the necessity of a quarternary
complex formation for catalysis. ADP inhibited compet-
itively with respect to ATP (Ki 5 0.08 mM) and trypano-
thione exerted a feedback inhibition competitive with
GSH (Ki 5 0.48 mM).

Glutathionylspermidine synthetase (GspS)1 catalyzes the
first of two steps of trypanothione biosynthesis, the synthesis of
glutathionylspermidine (Gsp) from GSH and spermidine with
the consumption of ATP (1). Trypanothione (N1,N8-bis(gluta-
thionyl)spermidine; TSH) is a metabolite unique to trypanoso-
matids such as Trypanosoma sp., Leishmania sp., and
Crithidia fasciculata (2). These parasites comprise pathogens
causing widespread and difficult to treat tropical diseases such
as African sleeping sickness (Trypanosoma brucei gambiense or

Trypanosoma brucei rhodesiense), Chagas disease (Trypanoso-
ma cruzi), kala azar (Leishmania donovani), oriental sore
(Leishmania tropica), and mucocutaneous leishmaniasis
(Leishmania braziliensis). Others (e.g. Trypanosoma congo-
lense) affect domestic animals, whereas C. fasciculata is path-
ogenic to insects only.

Since the discovery of TSH in 1985 (3, 4), the pathways for its
synthesis and utilization have attracted considerable interest
as potential targets for selective therapeutic intervention (5, 6).
In all trypanosomatids, TSH substitutes for GSH in the defense
against hydroperoxides and derived reactive oxygen species
because of its ability to reduce peroxides either enzymatically
(7–9) or spontaneously (10). It thereby protects the parasitic
trypanosomatids, which apparently are deficient in catalase
and glutathione peroxidases (11), against oxidative stress for
instance during host-defense reactions (9, 12, 13). Trypano-
thione disulfide thus formed is reduced by the NADPH-depend-
ent trypanothione reductase (14, 15), a flavoprotein homolo-
gous to glutathione reductase that, together with glutathione
peroxidases (16, 17), constitutes a major part of the defense
system of the host (18, 19). The precursor of TSH, Gsp, may
have a distinct biological role. It was first identified in Esche-
richia coli (20), where it remains unprocessed to TSH due to the
apparent lack of TSH synthetase. In E. coli, GspS, and conse-
quently Gsp, is prominent in the stationary phase (20, 21).
Similarly, in C. fasciculata, Gsp increases substantially during
the transition from growth phase to stationary phase, while
TSH simultaneously drops (22). These fluctuations of GSH
conjugates or the associated variations in cellular spermidine
levels have tentatively been implicated in growth regulation
(2, 20, 21).

The first enzyme of TSH synthesis, GspS, has been isolated
once in trace amounts from C. fasciculata (0.5 mg from 500 g,
wet cell mass) and preliminarily characterized in terms of the
apparent Mr, kinetic parameters, and substrate specificity (1).
An enzyme catalyzing the analogous reaction in E. coli has
recently been cloned. Surprisingly, this GspS also exhibits a
substantial amidase activity with Gsp as substrate. The simul-
taneous catalysis of Gsp synthesis and breakdown results in an
apparently futile ATP consumption, the biological role of which
remains speculative (23, 24). Since E. coli does not produce
TSH, its GspS obviously has to be seen in a biological context
distinct from trypanosomal TSH metabolism, and also the
structural and phylogenetic relationship of bacterial and
trypanosomal GspS remains to be investigated.

Here we report a convenient isolation procedure for GspS
from C. fasciculata that allows an in depth analysis of this
enzyme. Various physicochemical parameters, preliminary
amino acid sequence data, and the kinetic mechanism of the
enzyme are presented.
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EXPERIMENTAL PROCEDURES

Protein Determination

Protein concentrations were determined by the method of Bradford
(25). Bovine serum albumin was used as a standard.

Enzyme Assays

The assays were carried out at 25.0 °C in a volume of 0.9 ml contain-
ing 50 mM bis-Tris-propane, 50 mM Tris, pH 7.5, 5 mM MgSO4, 1 mM

EDTA, 5 mM DTT, 5 mM ATP, 10 mM GSH, and 10 mM spermidine (1).
The assay for trypanothione synthetase (TS) was carried out as de-
scribed by Smith et al. (1). Aliquots were taken after 20 min. For thiol
analysis, a precolumn derivatization with the fluorescent thiol-specific
reagent, monobromobimane (Calbiochem), was used as described pre-
viously (2). All samples for HPLC analysis were diluted 4-fold with
water. Separation and analytical conditions were as described previ-
ously (26). HPLC analysis was performed with a Jasco-HPLC-system
consisting of an autosampler (851-AS), a pump (PU-980), a ternary
gradient unit (LG-980–02), and a highly sensitive fluorescence detector
(FP-920), which enabled a precise analysis of the small product peak
within numerous other and larger ones. An external standard (0.04 mM

Gsp) was used for integration calibration of the samples. The malachite
green colorimetric assay for liberation of inorganic phosphate (1) was
used for fast detection of GspS activity during purification after column
chromatography and for GspS localization on gels.

Purification of GspS

Production of Starting Material—C. fasciculata was grown in a me-
dium previously described (27) in a 100-liter fermenter at 27 °C with
continuous stirring (200 rpm) and aeration (0.1 volume/volume/min).
Organisms were harvested in the late logarithmic growth phase by
continuous flow centrifugation. The pellet was resuspended with 100
mM HEPES buffer (pH 7.5) containing 1 mM DTT and 1 mM MgSO4.
After centrifugation, the cells were stored at 220 °C.

Extraction in Aqueous Two-phase Systems—250 g of cells were sus-
pended in 250 ml of 20 mM bis-Tris-propane buffer, pH 7.5, disrupted by
freezing in liquid nitrogen and thawing. The crude homogenate was
subjected to an aqueous two-phase extraction at room temperature. All
other operations were performed at 4 °C.

For extraction of GspS aqueous two-phase systems (total mass,
900 g) were prepared by weighing in concentrated solutions of the phase
components and finally the crude extract (Fig. 1). A poly(ethylene
glycol) (PEG)/phosphate system containing 7.5% (w/w) PEG6000, 13%
(w/w) sodium-potassium phosphate, pH 7.0, and 40% crude homogenate
(or water in the blank systems) was used. The mixture was gently
shaken for 10 min at room temperature and separated by centrifugation
at 5000 3 g. The top phase was sucked off and applied to a bottom phase
of a blank system. After mixing, centrifugation, and separation of the
phases, the PEG-rich top phase of the second phase extraction was
mixed with a blank bottom phase, adjusted to pH 6.0 with HCl. This
third system was mixed again, centrifuged, and separated. Now the
GspS was found in the phosphate-rich bottom phase.

Diafiltration—The phosphate-rich third bottom phase and other
pooled enzyme fractions were diafiltrated with a membrane with a
cut-off of 30 kDa (Filtron Minisette) using a Pro Flux M12 diafiltrator
(Amicon) at 0.2 megapascals and a 500-fold volume of 2 mM bis-Tris-
propane buffer, pH 8.0.

Resource Q Chromatography—A BioLogic-System (Bio-Rad) was
used at 4 °C for all chromatographies. The diafiltrated protein mixture
was applied onto a Resource Q column (6 ml) (Pharmacia Biotech Inc.)
equilibrated with 2 mM bis-Tris-propane buffer, pH 8.0. After washing
with 10 column volumes of equilibration buffer, the bound proteins
were eluted at a flow rate of 1 ml/min with a gradient of 0.0–0.4 M KCl

(100% B) as follows: t 5 0 min, B 5 0%; t 5 20 min, B 5 15%; t 5 40 min,
B 5 15%; t 5 60 min, B 5 30%; t 5 120 min, B 5 30%; t 5 150 min, B 5
100%. The GspS eluted at 0.27 M KCl, and the pooled active fractions
were diafiltrated with 2 mM bis-Tris-propane buffer, pH 6.0.

Poros 20 Pi Chromatography—The diafiltrated proteins were applied
onto Poros 20 Pi (0.46 3 10 cm, 1.7 ml) (Perseptive Biosystems) equil-
ibrated with 2 mM bis-Tris-propane buffer, pH 6.0. After washing with
10 column volumes of equilibration buffer, bound proteins were eluted
at a flow rate of 4 ml/min with a gradient of 0–1 M NaCl (100% B) as
follows: t 5 0 min, B 5 0%; t 5 8 min, B 5 35%; t 5 16 min, B 5 35%;
t 5 17 min, B 5 37%; t 5 21 min, B 5 37%; t 5 25 min, B 5 100%. GspS
eluted at 0.7 M NaCl.

Poros 20 PE Chromatography—Pooled active fractions were adjusted
to 1 M ammonium sulfate and applied onto a hydrophobic interaction
chromatography column Poros 20 PE (0.46 3 10 cm, 1.7 ml) (Perseptive
Biosystems) equilibrated with 20 mM bis-Tris-propane buffer, pH 8.0,
containing 1 M ammonium sulfate, washed with 10 column volumes of
equilibration buffer, and eluted with a linear gradient of 1–0 M ammo-
nium sulfate and a flow rate of 4 ml/min over 7.5 min. GspS eluted at
0.75 M ammonium sulfate. Pooled active fractions were diafiltrated with
10 mM bis-Tris-propane buffer, pH 6.8.

Mono P Chromatography—The diafiltrated fraction was applied onto
a Mono P HR 5/20 column (4 ml) (Pharmacia) for anion exchange
chromatography. The column was equilibrated with 10 mM bis-Tris-
propane buffer, pH 6.8. After washing with 10 column volumes of
equilibration buffer, bound proteins were eluted with a gradient of 0–1
M NaCl (100% B) as follows: t 5 0 min, B 5 0%; t 5 20 min, B 5 25%;
t 5 40 min, B 5 25%; t 5 60 min, B 5 50%; t 5 80 min, B 5 50%; t 5
100 min, B 5 100%. The flow rate was 1 ml/min. GspS eluted at 0.45 M

NaCl.

Determination of Physical Parameters

Molecular Mass Estimation by Chromatography—Proteins were ap-
plied onto a gel permeation chromatography column, Superose 12 (HR
10/30) (Pharmacia), equilibrated with 20 mM bis-Tris-propane buffer,
pH 7.5, containing 0.15 M NaCl, and eluted with a flow rate of 0.3
ml/min. Blue dextran (2,000 kDa), thyroglobulin (669 kDa), ferritin
(440 kDa), b-amylase (200 kDa), alcohol dehydrogenase (150 kDa),
bovine serum albumin (67 kDa), and carbonic anhydrase (30 kDa) were
used as standards.

Electrophoresis—The subunit molecular weight was determined by
SDS-PAGE (28) using a PhastGel Gradient 8-25 (Pharmacia) with the
following molecular mass standards: phosphorylase b (94 kDa), bovine
serum albumin (67 kDa), ovalbumin (43 kDa), carbonic anhydrase (30
kDa), trypsin inhibitor (20.1 kDa), and a-lactalbumin (14.4 kDa).

The native molecular weight was determined by native PAGE using
a PhastGel Gradient 8–25 (Pharmacia) with the same molecular mass
standards and additionally thyroglobulin (669 kDa), ferritin (440 kDa),
catalase (232 kDa), and lactate dehydrogenase (140 kDa).

The isoelectric point was determined by isoelectric focusing using a
PhastGel IEF 3–9 (Pharmacia) with a broad pI calibration kit and by
titration curve analysis with PhastGel IEF 3–9. The latter technique is
a two-dimensional electrophoresis. In the first dimension, a pH gradi-
ent is generated. The gel is then rotated clockwise 90°, and the sample
is applied perpendicular to the pH gradient across the middle of the gel
(29).

For detection of GspS activity after native PAGE or isoelectric focus-
ing, the gels were cut into two pieces; one was silver-stained for protein
detection, and the second was incubated for 15 min at room tempera-
ture in a solution of 100 mM HEPES, pH 7.0, 5 mM MgSO4, 1 mM EDTA,
5 mM DTT, 10 mM GSH, 10 mM spermidine, and 2 mM ATP. After 15
min, 2.5 ml of a staining solution containing malachite green, ammo-

TABLE I
Purification of glutathionylspermidine synthetase

Volume Protein Specific activity Purification factor Yield

ml mg units/mg %

Crude extract 380 7600.0 0.003 1 100
First extraction into top phase 170 221.0 0.092 31 107
Second extraction into top phase 170 119.0 0.129 43 81
Extraction into bottom phase 505 50.6 0.199 66 53
Diafiltration 1200 48.0 0.25 83 63
Resource Q 6 4.2 1.1 370 25
Poros 20 Pi 8 0.8 5.8 1943 24
Poros 20 PE 5 0.2 12.2 4067 13
Mono P 5 0.1 37.6 12533 19
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nium molybdate, and Tween 20 (1) was added. Lanes containing active
GspS showed a dark green color after few minutes.

The GspS content in partially purified samples was determined
using SDS capillary electrophoresis (Bio-Rad) on the basis of the ab-
sorption at 280 nm and assuming an identical absorption coefficient for
all proteins in the sample.

Amino Acid Sequencing

SDS-PAGE of purified GspS was performed at a constant current of
20 mA in a separating gel (7.5% T). For blotting, the proteins were
transferred for 1.5 h onto a polyvinylidene difluoride membrane at 40
V/70 mA in a buffer containing 25 mM Tris base, 192 mM glycine, and
10% (v/v) methanol. The blot was stained with Coomassie Blue.

For peptide sequencing, the band corresponding to a molecular mass
of 78 kDa was cut out. This material was washed and digested with
endoproteinase Lys-C as described before (30) and separated by re-
versed-phase HPLC (30). Peptide peaks were detected at 214 nm and
collected manually. Aliquots of 15–30 ml were applied directly to bio-
brene-coated, precycled glass fiber filters of a sequencer (Applied Bio-
systems 470A) with standard gas phase programs of the manufacturer.

Kinetic Analysis

All kinetic experiments were carried out at 25.0 °C in a volume of 0.9
ml containing 50 mM bis-Tris-propane, 50 mM Tris, pH 7.5, 1 mM EDTA,
5 mM DTT, and variable concentrations of ATP (0.10, 0.13, 0.18, 0.28,
and 0.66 mM), GSH (0.36, 0.47, 0.66, 1.11, and 3.57 mM), and spermidine
(0.36, 0.47, 0.66, 1.11, and 3.57 mM), respectively. The enzymatic tests
for kinetic studies except the ADP inhibition studies were performed in
the presence of phosphoenolpyruvate (10 mM) and pyruvate kinase (0.5
units). A fixed magnesium concentration of 5 mM and a GspS content of

0.072 mg (0.923 mM) was used. Aliquots were taken at 15 and 30 min.
GspS activity was analyzed by product determination as described
above.

31P NMR spectra were recorded on a Bruker ARX 400 NMR spec-
trometer (at 162 MHz and locked to the deuterium resonance of D2O) to
detect potential partial reactions.

The experiments were carried out at 25.0 °C in a volume of 0.6 ml
containing 50 mM bis-Tris-propane, 50 mM Tris, pH 7.5, 5 mM MgSO4,
1 mM EDTA, 5 mM DTT, in the presence of 20% D2O. Spectra were
recorded at the beginning of the experiment and after the addition of
the substrates (5 mM ATP, 10 mM GSH, and 10 mM spermidine).

RESULTS

Enzyme Purification—The purification strategy outlined un-
der “Experimental Procedures” resulted in a GspS preparation
with a specific activity of 37.6 units/mg at an overall yield of
about 20%. The purification factor achieved was 12,500. As is
seen from Table I, the phase distribution system applied
proved to be highly efficient in enriching GspS.

The optimized procedure was based on a factorial design of
phase compositions (31), i.e. PEG6000/phosphate (7.5/13% (w/
w)), PEG4000/phosphate (8/14% (w/w)), PEG1550/phosphate (9/

FIG. 1. Extraction of glutathionylspermidine synthetase in
aqueous two-phase systems. 1. system, GspS was extracted into the
top phase of an aqueous two-phase system containing 7.5% (w/w)
PEG6000 and 13% (w/w) sodium-potassium phosphate, pH 7.0. 2. system,
the PEG-rich top phase of the first system containing GspS was applied
to a bottom phase of an identical system containing water instead of cell
lysate. 3. system, the top phase of the second phase system was added
to an acidified bottom phase of a blank system. The GspS was now
extracted into the phosphate-rich bottom phase.

FIG. 2. SDS-PAGE analysis of the glutathionylspermidine syn-
thetase fractions during purification. Lane 1, SDS marker pro-
teins; lane 2, pooled fractions after chromatography on Mono P; lane 3,
pooled fractions after chromatography on Poros 20 PE; lane 4, pooled
fractions after chromatography on Poros 20 Pi; lane 5, pooled fractions
after chromatography on Resource Q.

FIG. 3. Titration curve analysis of the homogeneous glutathio-
nylspermidine synthetase. 1. dimension, isoelectric focusing, run
without protein sample; 2. dimension, native PAGE.
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18% (w/w)), each tested at pH 4.0, 5.5, and 7.0 and containing
40% cell lysate. By centrifugation, the cell debris was concen-
trated in a gum-like interphase if the pH of the system was
$5.5. A graphical evaluation of the experimental data (not
shown) clearly demonstrated a significant increase in the par-
tition coefficient of GspS with increasing pH and a decrease in
the partition coefficient of the total protein with increasing
molecular weight of PEG. The best system, containing 7.5%
(w/w) PEG6000, 13% (w/w) phosphate, pH 7.0, yielded an ex-
traction of GspS into the top phase (Fig. 1) with a purification
factor of 30 in one step.

Some residual turbidity left in the top phase of the initial
extraction could be eliminated by a second extraction step,
mixing the primary top phase with a bottom phase of an iden-
tical blank system. By these systems, a proteolytic activity, as
observed with casein yellow, and an ATPase activity were
quantitatively removed by extraction into the bottom phases.
Simultaneously, GspS was completely separated from TS ac-
tivity. While GspS was recovered completely in the top phase,
TS activity was extracted into the bottom phase (Fig. 1), but it
proved to be unstable and was not purified further. This con-
firms, in contrast to previous assumptions (22), the existence of
two distinct enzymes involved in trypanothione biosynthesis
(1). After two extractions into top phases, GspS was essentially
free of interfering enzymatic activities and could be precisely
quantitated. The final chromatographic purification of GspS,
however, was impaired by the high phosphate concentration
and viscosity of the top phase in which the enzyme was dis-
solved. GspS was therefore extracted from the second top phase
into the bottom phase of a third system by lowering its pH to
6.0 without loss of activity. The GspS in the phosphate-rich
bottom phase was diafiltrated and then could be loaded onto a
Resource Q column.

The specific activity of GspS obtained after additional chro-
matographic steps was about 6-fold higher than achieved be-
fore (1), and also the yields compared favorably with previous
experience. In fact, GspS thus purified appeared homogeneous
by SDS-PAGE (Fig. 2) and by titration curve analysis (Fig. 3).

Enzyme Characterization—A subunit molecular mass of
GspS of 78 kDa was estimated by SDS-PAGE, and an identical
value was obtained by gradient gel electrophoresis of the native
enzyme. In the latter case, the identity of the 78-kDa band with
GspS was confirmed by activity staining, i.e. phosphate liber-
ation upon incubation with Mg21-ATP, GSH, and spermidine
(not shown). Also, gel permeation chromatography on Superose
12 indicated a comparable molecular mass (79 kDa). A small
activity peak eluted at about 170 kDa, suggesting a slight
tendency of the enzyme to dimerize. In essence, however, GspS
of C. fasciculata was present as a monomeric enzyme of 78 kDa.
Its isoelectric point deduced from isoelectric focusing was at
pH 4.6.

Functional characterization of GspS of C. fasciculata was
performed with a 400-fold purified preparation, i.e. with the
fraction obtained after step 6 in Table I, since the pure enzyme,
even when stored at 4 °C and 220 °C, almost completely lost its
activity within 1 day. According to purity analysis by capillary
electrophoresis, the partially purified preparation contained
33% GspS. At this stage of purification, GspS activity was
stable in 20 mM bis-Tris-propane, pH 8.0, and in the presence of
8 mM DTT for more than 2 months at 220 °C. However, it lost
its activity within 1 day in the presence of 1 M phosphate and 1
M ammonium sulfate. At room temperature, the enzyme could
be stored for more than 24 h without loss of activity, which
guaranteed reliable functional studies at the temperature op-
timum between 25 and 30 °C. Biosynthetic activity required
the presence of magnesium ions.

In partially purified GspS, we did not observe any TS activ-
ity, at a detection limit of $1% of the corresponding GspS rate.
We could also exclude an amidase activity of C. fasciculata
GspS, which had been described for the corresponding E. coli
enzyme (23, 24), since Gsp was not hydrolyzed by C. fasciculata
GspS under experimental conditions that would have detected
a hydrolytic activity at a 1% level of the synthetase activity.
TSH hydrolysis was also not detected (not shown). These find-
ings contrast markedly with a relative amidase activity of 18%
(pH 7.5) or 35% (pH 8.5) of the synthetase activity reported for
E. coli GspS. Also, the pH optimum of the C. fasciculata en-
zyme (Fig. 4) is higher by nearly 1 pH unit (pH 7.6–7.8) than
that of E. coli GspS (pH 6.8).

Amino Acid Sequencing—As already observed by Smith et al.
(1), N-terminal amino acid sequencing proved unsuccessful,
obviously due to an N-terminal blocking group. After proteo-
lytic cleavage with endoproteinase Lys-C, however, a total of 11
peptides could be recovered from HPLC in a quality to allow
sequencing. Of these peptides, seven could unambiguously be
aligned to the deduced GspS sequence of E. coli recently pub-

FIG. 4. pH optimum of glutathionylspermidine synthetase.
Product formation of Gsp was analyzed as described under “Experimen-
tal Procedures.” Values are means 6 S.D. from two independent meas-
urements done at 10 and 20 min.

TABLE II
Peptides of glutathionylspermidine synthetase from Crithidia

fasciculata
The amino acid numbering corresponds to the E. coli sequence (23). *,

identical amino acids; 1, similar amino acids found in GspS from E.
coli.

(10)VPFGEVQGYAPGHIPAYSNK(29)

1*** 1 ***** 1 1**
133SIITGLDSPFAAI(145)

*** * 1 *
(191)TYEPTE(196)

* **
(202)NEIPRPLTHK(211)

** * 1
(227)LDLNDPAE(234)

** **11
(500)ILPIIYHNHPDHPAILRAE(518)

****11 * * 1* 1
(535)IVGRVGRNVTITDG(548)

*1** * *1 1

Glutathionylspermidine Synthetase from C. fasciculata 11911



lished by Bollinger et al. (23) (Table II). GspS of E. coli and of
C. fasciculata thus appeared to be phylogenetically related.
However, based on the limited sequence information, the se-
quence similarity between these enzymes, with only 40% iden-
tity, appears rather low.

Kinetic Pattern—The analysis of the kinetic mechanism by
steady-state kinetics were performed by means of direct prod-
uct (Gsp) detection at fixed time points. The time points were
set to yield less than 15% consumption of the limiting substrate
but more than 0.002 mM Gsp for a reliable quantification. In
the beginning, nonlinear Lineweaver-Burk plots were obtained
that could be attributed to product (ADP) inhibition (see below)
and, at an ATP concentration above 1 mM, also to substrate
inhibition (not shown). When ADP accumulation was avoided
by coincubation with phosphoenolpyruvate/pyruvate kinase
and the concentrations of ATP were kept constant at levels
below 1 mM, linear double-reciprocal plots were observed. Fig.
5, A–C, illustrates enzyme-normalized Lineweaver-Burk plots,
each showing the rate dependence of the variable substrate at
five fixed variable concentrations of the cosubstrate and a fixed
level of the third substrate. Hereby Mg21-ATP was considered
as a single substrate, since an excess of Mg21 (5 mM) over ATP
(maximum of 0.66 mM) guaranteed complete ATP complex-
ation. From this set of primary data, the secondary and tertiary
plots could be derived to fit the general Dalziel equation for
three-substrate reactions (32).
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1
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(Eq. 1)

All pertinent kinetic coefficients and constants describing
the catalytic mechanism could be deduced. Even by inspection
of the primary plots, an enzyme substitution or “ping-pong”

FIG. 5. Primary double reciprocal plots of the glutathionyl-
spermidine synthetase reaction. Enzyme activity was determined

TABLE III
Dissociation constants and their S.D. values for the

glutathionylspermidine synthetase
The dissociation constants are defined as KATP 5 [E][ATP]/[E z ATP],

KGSH ATP 5 [E z GSH][ATP]/[E z GSH z ATP], etc. Limiting Km values
correspond to the dissociation constants of the quarternary complexes
(K

GSH Sperm. ATP
, etc.). In an ideal rapid equilibrium random mechanism,

the four dissociation constants characterizing the affinity of a given
substrate to the enzyme or its complexes should be identical. Pertinent
experimental values are indeed not significantly different.

Constant Value

mM

KATP 0.23 6 0.07
KGSH ATP 0.35 6 0.15
KSperm. ATP 0.17 6 0.05
KGSH Sperm. ATP 0.26 6 0.04

KGSH 1.47 6 1.14
KATP GSH 1.84 6 0.72
KSperm. GSH 1.78 6 0.85
KATP Sperm. GSH 2.62 6 0.79

KSperm. 0.45 6 0.13
KATP Sperm. 0.34 6 0.14
KGSH Sperm. 0.64 6 0.24
KATP GSH Sperm. 0.47 6 0.08

as described under “Experimental Procedures.” Each rate was deter-
mined from two different time points. The five fixed variable co-sub-
strate concentrations were chosen as follows: 0.36 mM (l), 0.47 mM (f),
0.66 mM (å), 1.11 mM (ç), and 3.57 mM (l). A, the ATP concentration
was varied from 0.10 to 0.66 mM at five fixed GSH concentrations. The
spermidine concentration was kept constant at 0.47 mM. B, the GSH
concentration was varied from 0.36 to 3.57 mM at five fixed spermidine
concentrations. The ATP concentration was kept constant at 0.13 mM.
C, the spermidine concentration was varied from 0.36 to 3.57 mM at five
fixed GSH concentrations. The ATP concentration was kept constant at
0.13 mM.
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mechanism could be excluded, since the slopes were clearly
convergent. Fitting the experimental data to the general Dal-
ziel equation yielded values significantly different from zero for
all individual terms, thus ruling out a compulsory order mech-
anism. We therefore have to classify the kinetic mechanism of
GspS as an equilibrium random order mechanism. Whether the
complexation of the individual substrates occurs absolutely
independently of each other or whether the binding substrates
mutually affect affinities of cosubstrates is less easily decided.
The apparent Km values for the different substrates, however,
are not significantly affected by the concentrations of the re-
spective cosubstrates. Consequently, the deduced dissociation
constants of the corresponding binary, ternary, and quarter-
nary complexes are very close for a given substrate and not
significantly different (Table III). This would indeed imply a
mutually independent random addition of substrates. How-
ever, with regard to the inevitable scatter of data, the possibil-
ity cannot be excluded that some route leading to the quarter-
nary complex is slightly favored. However, a rapid equilibrium
random order mechanism, as depicted in Fig. 8, conforms best
to the experimental data. Based on this assumption, the limit-
ing Km values are defined as the dissociation constants of the
quarternary complexes, numerically 0.25 6 0.02, 2.51 6 0.33,
and 0.47 6 0.09 mM for Mg21-ATP, GSH, and spermidine,
respectively. The rate-limiting velocity constant can then be
calculated to be k 5 1/f0 5 415 6 78 min21.

A quarternary complex mechanism implies that all three
substrates must be assembled at the enzyme before a reaction
can proceed. To check this hypothesis, we subjected the enzyme
to long term exposure with Mg21-ATP plus one of the addi-
tional substrates and monitored a potential partial reaction by
31P NMR. Fig. 9 demonstrates that with all combinations of
substrates no ATP turnover could be observed within 5 h un-
less the third substrate was added. These findings strongly
support the assumption of a quarternary complex mechanism
and explain the absence of any ATPase activity of GspS. Nei-
ther can the presumed catalytic intermediate glutathio-
nylphosphate be formed in any detectable amount by an incom-
plete catalytic complex.

As already mentioned, ADP significantly inhibits GspS,
which renders it difficult to measure GspS activity in the ab-
sence of an ATP-regenerating system. The type of inhibition is
competitive with respect to ATP (Fig. 6). A Ki of 80 mM was
calculated, which is in the range of physiological ADP concen-
trations. GspS also proved to be feedback-inhibited by TSH
with a Ki of 480 mM (Fig. 7), which is competed by GSH.

DISCUSSION

The purification scheme of GspS from C. fasciculata pre-
sented here allowed detailed functional analysis of the enzyme
without interference from other enzymatic activities. The ini-
tial aqueous phase extraction procedures proved to be advan-
tageous in separating the two enzymes involved in the synthe-
sis of trypanothione into two different phases and in the
complete separation of GspS from an ATPase activity present
in the crude extract. We thereby implicitly confirmed that
trypanothione biosynthesis of trypanosomatids, like the anal-
ogous GSH biosynthesis (33, 34), is achieved in two consecutive
steps by two distinct proteins (1) and not by a single enzymatic
entity as had been presumed formerly (22). In agreement with
Smith et al. (1), we could not detect any trypanothione synthe-
tase activity in our GspS preparation. A similar rapid equilib-
rium random mechanism as here established for GspS (Fig. 8)
has already been described for GSH-synthesizing enzymes (33,
34). This kinetic pattern therefore appears not to be uncommon
in nonribosomal amide-forming ligases.

Some characteristics of our GspS, however, differ from pre-
vious reports on this enzyme. Smith et al. (1) attributed a
molecular mass of 90 kDa to GspS of C. fasciculata and 82 kDa
to TS, whereas our GspS migrated in SDS and native gradient
gels with an apparent molecular mass of 78 kDa. Clearly, the
clarification of this discrepancy must await completion of full-
length cDNA cloning to estimate the maximum size of GspS.
Furthermore, Smith et al. (1) reported a sharp pH optimum at
6.5, whereas we found an optimum at about 7.5 and an inflec-
tion point of the pH dependence curve near 6.8, suggestive of a
histidine residue participating in catalysis upon dissociation.
Finally, a substantial rate of a partial reaction (i.e. spermidine-

FIG. 6. Inhibition of glutathionylspermidine synthetase by
ADP. Plot of enzyme-normalized reciprocal initial reaction velocities
(e/v) versus concentrations of ADP. The concentrations of ATP were 0.25
mM (l) and 0.75 mM (f), respectively.

FIG. 7. Inhibition of glutathionylspermidine synthetase by
trypanothione. Plot of enzyme-normalized reciprocal initial reaction
velocities (e/v) versus concentrations of TSH. The concentrations of GSH
were 2.5 mM (l) and 10 mM (f), respectively.
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independent liberation of phosphate from ATP, presumed to
result from the hydrolysis of the intermediate glutathio-
nylphosphate) was reported for both GspS and TS of C. fascicu-
lata (1). Any formation of an intermediate at a measurable rate
and quantity would, however, hardly be compatible with the
kinetic pattern of GspS worked out here. The deduced kinetic
mechanism of GspS (i.e. a rapid equilibrium random quarter-
nary complex mechanism) does not conflict with the assump-
tion of an activation of GSH in the form of glutathionylphos-
phate during the transition state, but such a partial reaction
would most likely require the assembly of all substrates at the
active site. We also could experimentally rule out, in the ab-
sence of spermidine, any significant accumulation of glutathio-
nylphosphate, which should have been detected by 31P NMR

near 0.6 ppm after 5 h of incubation (Fig. 9). Yet neither an
acylphosphate nor any ATP hydrolysis was observed unless all
substrates were present.

Comparing GspS of C. fasciculata and E. coli reveals sub-
stantial differences. The limited sequence information of C.
fasciculata so far available (see peptides reported and ongoing
DNA sequencing) proves homology with the E. coli enzyme, but
the extent of conserved residues appears to be restricted to
about 40%. The divergence between the bacterial and the
trypanosomal enzyme is obviously associated with pronounced
functional diversification. Bollinger et al. (23, 24) reported a
dual function for E. coli GspS, the Gsp synthetase activity and
a Gsp amidase activity possibly residing in distinct domains of
the protein. In concert, these two activities result in futile

FIG. 8. Scheme of the glutathionyl-
spermidine synthetase as a rapid
equilibrium random terreactant sys-
tem. For numerical values of dissociation
constants see Table III.

FIG. 9. 31P NMR spectra during the reaction of the glutathionylspermidine synthetase with its substrates. A, GspS in the presence
of ATP; incubation time 5 0 min, scanning time 5 7 min. B, GspS in the presence of ATP; incubation time 5 5 h, scanning time 5 30 min. C, the
addition of the second substrate (GSH or spermidine); incubation time 5 5 h, scanning time 5 30 min. D, the addition of the third substrate (GSH
or spermidine); incubation time 5 5 h, scanning time 5 30 min. Peak 1, inorganic phosphate; peak 2, ATP g-phosphate; peak 3, ADP b-phosphate;
peak 4, ADP a-phosphate; peak 5, ATP a-phosphate; peak 6, ATP b-phosphate.
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consumption of ATP without any meaningful anabolic outcome.
The biological role of the E. coli Gsp synthetase/amidase is
therefore discussed in the context of modulation of spermidine
and/or GSH levels in response to growth conditions. In the
GspS of C. fasciculata, despite its homology and comparable
size, the amidase activity appears to have been lost during
evolution. The influence of physiological effectors (i.e. product
inhibition by ADP and feedback inhibition by TSH) classify the
trypanosomatid GspS as a typical representative of the key
enzymes of anabolic processes.

In conclusion, we have functionally and in part chemically
characterized GspS, the key enzyme for the synthesis of TSH,
which is believed to be the crucial mediator of the oxidant
defense system in trypanosomatids (6). Trypanosomatid GspS
does not exhibit any homology with known proteins in verte-
brates and exhibits only limited similarity with the Gsp syn-
thetase/amidase of E. coli. In view of the uniqueness of the
protein and the widely discussed importance of TSH for
trypanosomatid vitality and resistance to oxidant drugs, GspS
might be considered as a potential target for a specific trypa-
nocidal therapy. The convenient access to a stable partially
purified enzyme preparation, the functional characterization,
and the amino acid sequence data presented here should im-
prove the basis for future developments to this end.
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