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The bifunctional trypanothione synthetase-amidase cata-
lyzes biosynthesis and hydrolysis of the glutathione-spermi-
dine adduct trypanothione, the principal intracellular thiol-
redox metabolite in parasitic trypanosomatids. These
parasites are unique with regard to their reliance on trypano-
thione to determine intracellular thiol-redox balance in
defense against oxidative and chemical stress and to regulate
polyamine levels. Enzymes involved in trypanothione biosyn-
thesis provide essential biological activities, and those absent
from humans or for which orthologues are sufficiently dis-
tinct are attractive targets to underpin anti-parasitic drug
discovery. The structure of Leishmania major trypanothione
synthetase-amidase, determined in three crystal forms,
reveals two catalytic domains. The N-terminal domain, a cys-
teine, histidine-dependent amidohydrolase/peptidase ami-
dase, is a papain-like cysteine protease, and the C-terminal
synthetase domain displays an ATP-grasp family fold com-
mon to C:N ligases. Modeling of substrates into each active
site provides insight into the specificity and reactivity of this
unusual enzyme, which is able to catalyze four reactions. The
domain orientation is distinct from that observed in a related
bacterial glutathionylspermidine synthetase. In trypano-
thione synthetase-amidase, the interactions formed by the C
terminus, binding in and restricting access to the amidase
active site, suggest that the balance of ligation and hydrolytic
activity is directly influenced by the alignment of the domains
with respect to each other and implicate conformational
changes with amidase activity. The potential inhibitory role
of the C terminus provides a mechanism to control relative
levels of the critical metabolites, trypanothione, glutathio-
nylspermidine, and spermidine in Leishmania.
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Parasitic Leishmania and Trypanosoma species cause serious
tropical diseases such as kala-azar, African sleeping sickness,
and Chagas diseases (1, 2). The few drugs used to combat these
infections are unsatisfactory due to issues of toxicity, high cost,
poor efficacy, and increasing levels of drug resistance (3, 4). The
detailed genomic and proteomic data now available for these
organisms advance fundamental knowledge of eukaryote biol-
ogy and provide opportunities to identify and exploit novel
aspects of parasite metabolism in drug discovery (5). The search
for new trypanocidal agents is focused on unique metabolic
pathways found in the parasites such as those involved in poly-
amine metabolism (6, 8) including the peptide-polyamine con-
jugate trypanothione  (N',N®-bis(glutathionyl)spermidine
(T[SH],),* see Fig. 1 (9, 10)).

Mammals use glutathione (L-y-Glu-Cys-Gly) in conjunction
with glutathione reductase and glutathione peroxidase to reg-
ulate intracellular thiol levels and redox metabolism. Trypano-
somatid parasites are different and exploit the properties of
T[SH], together with the distinct enzymes trypanothione
reductase, tryparedoxin, and tryparedoxin peroxidase to form
the tryparedoxin peroxidase pathway, which contributes in
defense against oxidative stress (9, 10). This divergence from
the host and reliance on different enzymes is of basic interest
and the structure-function relationships for the tryparedoxin
peroxidase pathway components have been elucidated (11-14).
The host-parasite differences present opportunities to target
trypanothione metabolism for drug discovery, and trypano-
thione reductase, for example, is a potential drug target (15).
We now focus on the enzyme responsible for the synthesis and
degradation of T[SH],, trypanothione synthetase-amidase
(TSA). This enzyme is uniquely positioned to regulate the sup-
ply of T[SH],, critical for maintenance of redox metabolism and
the level of polyamines that are essential for cell proliferation
and differentiation (6 —8).

TSA activity was first identified in the model trypanosomatid
Crithidia fasciculata (16, 17). Subsequently it was observed that
the active enzyme is actually a TSA glutathionylspermidine
synthetase (GSPS) heterodimer (18, 19). In the human patho-
gens, Trypanosoma brucei, Trypanosoma cruzi, Leishmania
major, and Leishmania donovani, a monomeric protein, mass

2The abbreviations used are: T[SH],, N',N8-bis(glutathionyl)spermidine;
GSPS, glutathionylspermidine synthetase amidase (EC 6.3.1.8; EC 3.5.1.78);
r.m.s.d., root mean square deviation; TSA, trypanothione synthetase-ami-
dase (EC 6.3.1.9; EC 3.5.1.78); LmTSA, L. major TSA; SeMet, selenomethio-
nine; EcGSPS, E. coli GSPS.
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FIGURE 1. Ligation and hydrolytic reactions catalyzed by trypanothione synthetase-amidase. Trypanothione is produced by stepwise ligation of gluta-
thione with spermidine (reaction I), then glutathionylspermidine (reaction Il). Hydrolysis of trypanothione (reaction Ill) then glutathionylspermidine (reaction

IV) is performed by the N-terminal amidase domain.

~74 kDa, is responsible for TSA activity (20-25) and catalyzes
four reactions by acting as a GSPS, a trypanothione synthetase,
a trypanothione amidase, and a glutathionylspermidine ami-
dase. Based on similarities to Escherichia coli GSPS (EcGSPS),
TSA is predicted to comprise two domains with separate activ-
ities (26 —28). The C-terminal domain catalyzes T[SH], biosyn-
thesis by the stepwise addition of two molecules of glutathione
(GSH) onto spermidine with hydrolysis of two ATP molecules
(Fig. 1). The N-terminal domain is capable of hydrolyzing
T[SH], and/or glutathionylspermidine back to spermidine and
glutathione (Fig. 1) and is classified as a cysteine-histidine-de-
pendent amidohydrolase/peptidase amidase (29, 30).

TSA is important in T. brucei as shown by RNA interference
experiments, which indicate a loss of proliferation and viability
with increased sensitivity to oxidative stress (21, 22). Such data
are consistent with studies on T. cruzi where TSA inhibitors
displayed potent trypanocidal effects (31). These observations
strongly suggest that the enzyme is a potential drug target.
Here, we present the structure of the recombinant L. major
enzyme (LmTSA), determined in three crystal forms. We have
been unable to obtain structures of TSA ligand complexes and,
therefore, exploited similarities with related enzymes, in partic-
ular EcGSPS and cysteine proteases, to construct models and
investigate the determinants of specificity and reactivity. These
models allow us to address a key question; How can LmTSA
balance or regulate conflicting biosynthetic and hydrolytic
reactions that ultimately determine the critical levels of thiols
and polyamines?

EXPERIMENTAL PROCEDURES

Reagents—Recombinant LmTSA was obtained by published
methods (22). Selenomethionine (SeMet)-labeled protein was
obtained using the methionine auxotroph strain E. coli B834 ™~
(Novagen). Cells were grown in M9 media supplemented with
amino acids, where L-methionine was replaced with L-SeMet
(12). Full incorporation of SeMet was confirmed by matrix-
assisted laser desorption/ionization-time of flight mass
spectrometry.

Crystallization—The crystallization solution contained 5 mg
ml~ ! LmTSA in 40 mm HEPES, pH 7.4, 1 mM tris(2-carboxy-
ethyl)phosphine hydrochloride, and 1 mm ethylenediamine tet-
raacetic acid. Protein concentration was determined using the
theoretical extinction coefficient 131.8 mm ™ 'cm ™' at 280 nm
calculated using Protparam (32).
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Three crystal forms were obtained at 18 °C with the hanging
v-drop vapor diffusion method and grew to full size (maximum
dimension 0.2 mm) in 2 days. The drops were constructed from
1 ul of protein solution mixed with 1 ul of reservoir. Conditions
for crystal form I were optimized to a reservoir of 1.4 M
(NH,),SO,, 100 mm HEPES, pH 7.0, 200 mm NaBr, crystal form
II to 1.6 m (NH,),SO,, 100 mm HEPES, pH 7.0, and 200 mMm
NaBr, and crystal form III to 14% polyethylene glycol 8000, 15%
glycerol and 100 mm KCl. Crystal appearance and diffraction
properties degraded quickly, and crystals were harvested 2 days
after attaining full size. Crystal forms I and II were cryo-pro-
tected by soaking for 5 s in artificial mother liquor supple-
mented with 25% ethylene glycol. Form III crystals were used
directly from the crystallization drops. Crystals were character-
ized on a Rigaku MicroMax HF-007 rotating anode generator
and R-Axis IV>" image plate detector, then stored under
liquid nitrogen. Form I and II crystals required in situ
annealing to optimize diffraction quality. The crystals dis-
played space groups P2,2,2; (form I) and P2, (form II and
IIT). Crystals were also obtained by co-crystallization in the
presence of adenosine 5'-(8,y-imino)triphosphate, glutathi-
one, and spermidine, although none of these ligands was
resolved in electron density maps (data not shown).

X-ray Data Collection and Processing—Data were collected
at the European Synchrotron Radiation Source (Grenoble,
France). Native data for form [ and II crystals were collected on
beam lines ID14-4 and BM14 using an ADSC Q315 CCD and a
MAR MOSAIC 225 CCD detector, respectively, and for form
IIT on ID29 with an ADSC Q315 CCD detector. Multiwave-
length anomalous dispersion data were collected from a single
orthorhombic form I SeMet LmTSA crystal on ID14-4. Proc-
essing and scaling were performed with XDS (33) or a MOS-
FLM (34) SCALA (35, 36) combination, and statistics are given
in Table 1.

Structure Determination, Refinement, and Model Analysis—
Initial phases were obtained by multiwavelength anomalous
dispersion phasing. Six of the 12 possible selenium positions
were identified using the program SOLVE (37) giving a figure-
of-merit of 0.4 for data to 4 A resolution and a Z-score of 21.9.
Density modification and phase extension was performed using
the program RESOLVE (38) and increased the figure-of-merit
to 0.77. Subsequent data collection (BM14) on a second orthor-
hombic crystal permitted phase extension to 3 A producing an
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TABLE 1
Crystallographic statistics
Data set SeMet (A,) SeMet (A,) SeMet (A;) Form I Form II Form III
Space group P2,2,2, P2,2,2, P2,2,2, P2,2,2, P2, P2,
Wavelength (A) . 0.9794 0.97960 0.97780 0.97897 0.9199 0.9755
Unit cell dimensions a,b,c (A) 71.1,85.9, 167.4 70.7, 85.4,168.0 70.5,167.1, 84.92 67.1,127.7, 88.8
) B =941 B =946
Resolution range (A) 40-3.4 40-3.6 40-3.6 20-2.75 20-2.8 25-2.3
Reflections 260,907 138,289 139,006 94,640 180,449 496,759
Unique reflections 14,854 13,455 13,529 26,468 48,090 65,387
Completeness (%) 95.9 (94.1)* 83.3 (77.5) 83.1 (76.4) 96.5 (88.6) 99.7 (100) 98.7 (96.5)
merge’ 10.1 (23.7) 9.0 (41.6) 9.2 (45.6) 9.2 (45.6) 7.3 (41.5) 6.6 (24.1)
Redundancy 34(3.2) 1.9 (1.9) 2.0(1.9) 3.5(3.2) 3.8(3.8) 7.6 (7.6)
{all)y 122 (2.9) 8.3 (2.2) 8.4 (2.1) 21.7 (3.6) 14.5 (2.5) 17.2 (5.0)
Wilson B (A?) 315 36.2 36.8 53.1 71.1 39.3
Ryon/ Ry ee™ 21.0/26.1 19.8/24.8 17.7/23.3
Number of residues/waters/halides 603/45/7 1196/161/9 1189/603/2
r.m.s.d. from ideal values for covalent bonds
Lengths (A)/angles () 0.014/1.46 0.009/1.21 0.013/1.37
Average B-factors (A?) 66.5 63.3 46.0
Ramachandran analysis (%)
Favored regions 87.7 87.9 90.9
Allowed regions 12.1 11.9 8.9
Outliers 0.2 0.2 0.2

“ Values in parentheses refer to the highest resolution bin.
b
R

merge

= Sh2i||(hi) — (I(h))|=hZi 1(h,i), where I(h,i) is the intensity of the ith measurement of reflection /, and (I(%)) is the mean value of (/i) for all i measurements.

¢ Ryork = SHKI|F,| — |FJl/Z|F,}, where E, is the observed structure factor amplitude, and the F. is the structure-factor amplitude calculated from the model.
Ry, is the same as R, except calculated with a subset, 5%, of data that are excluded from refinement calculations.

overall figure-of-merit of 0.6, with the figure-of-merit to 4 A
significantly improved to 0.87. Automated procedures
(RESOLVE) produced a partial model, which formed the basis
for model building in the program COOT (39). The model at
this stage contained 526 residues, mainly poly-Ala. Crystal form
III became available and provided data to 2.3 A of resolution,
and the form I poly-Ala derived model was used for molecular
replacement with MOLREP (40). Two molecules were posi-
tioned giving an R-factor of 49.8 and a correlation coefficient of
0.40. The phases were improved by exploiting non-crystallo-
graphic symmetry averaging combined with solvent flattening
(supplemental Fig. S1).

The resulting map was interpreted to produce a model with
605 residues for each molecule. Refinement was performed
using REFMACS5 (41) with TLS (Translation/Libration/Screw)
refinement (42), model manipulation, and inclusion of water
molecules and halide ions. Once completed, this model was
used to solve the other crystal forms by molecular replacement,
and similar refinement protocols were implemented. MOL-
PROBITY (43) was used to investigate the model geometry
along with the validation tools in COOT and PROCHECK (44),
and figures were prepared using PyYMOL (45). Least-squares
superpositions and comparison of domain orientations and
protein structures used LSQKAB (46), DynDom (47), and SSM
(48). COOT and PyMOL were used to model substrate/product
complexes. Refinement and model geometry statistics are pre-
sented in Table 1.

RESULTS AND DISCUSSION

General Comments—The structure of LmTSA was deter-
mined with phases derived from a multiwavelength anomalous
dispersion experiment applied to a SeMet derivative. The
model from this analysis was used to determine the structures
of two additional crystal forms, one of which diffracted to 2.3 A
resolution. The statistics and model geometry (Table 1) indi-
cate that the analyses have produced acceptable medium-reso-
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lution models. The structures derived from the three crystal
forms are very similar. The root mean square deviation
(r.m.s.d.) from overlap of ~650 Ca positions of the different
models ranges from 0.6 to 1.1 A with an average of 0.8 A. The
most ordered crystal form, III, has two molecules in the asym-
metric unit, labeled A and B, with an r.m.s.d. of 0.7 A when they
are superimposed. Molecule A has three disordered, presum-
ably flexible loops, comprising residues 251-263, 551-579,
614 —625. Molecule B has five loops missing, between 227 and
234, 250 and 263, 551 and 578, 617 and 625, and 632 and 637.
Given the high degree of similarity between the molecules, it is
only necessary to detail one, and we have arbitrarily selected
molecule A.

Overall Structure—The secondary and tertiary structures of
LmTSA are depicted in Fig. 2 (the sequence matched to the
secondary structure in supplemental Fig. S2). LmTSA com-
prises an N-terminal amidase domain of residues 1-215 and
634652 and C-terminal synthetase domain of residues 216 —
633. The amidase domain displays a papain-like fold, (49), with
two a-helices (@l and «2) and a (B-barrel created by B9 to B16
(Fig. 2a).

The synthetase domain comprises three subdomains and
displays the ATP-grasp fold (Fig. 2b (50)). Subdomain A, resi-
dues 216 -393 and 595- 633, contains a four-stranded anti-par-
allel B-sheet (820, 321, B33, B34). Helix a5 is buried under one
side of this B-sheet, whereas the other side creates an open cleft,
adjacent to subdomain C where ATP binds. Subdomain B, res-
idues 394511, consists of a four-stranded parallel B-sheet
(B23, B24, 328, 329) with 10 on one side, a11, @12, and «13 on
the other, and a small region of anti-parallel B-sheet (825 to
327). A short linker region then spans to the smaller subdomain
C (residues 514 —595), which as mentioned, creates one side of
the ATP binding cleft. This subdomain contains a three-
stranded anti-parallel B-sheet (830, 831, and 332) and with a14
and «15 forms part of the protein surface. The links between
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FIGURE 2. Secondary, tertiary, and domain structure of LmTSA. g, the fold. Red and black stars mark amidase
and synthetase active sites, respectively. Selected elements of secondary structure are labeled. a1 is blue, and
the B-barrel is red. b, the subdomain structure of the ATP-grasp synthetase domain viewed orthogonal to a.
Subdomain A is colored orange, subdomain B is blue, and subdomain C is purple. A model of ADP (black sticks,

based on structural comparisons) is included.

C ETSA o B GIn191

FIGURE 3. Comparison with EcGSPS. a, superposition of LmTSA (black ribbon, gray a1) in the same orientation
as Fig. 2b and EcGSPS (red), based on the synthetase domains, to highlight the difference in the amidase
domains. b, the distinct amidase-synthetase linkers based on superposition of amidase domains.

B31 and B32 and between 32 and 33 are disordered. Such
flexible segments at the interface of the subdomains are a prom-
inent feature of ATP-grasp proteins (51, 52) and are discussed
below. Another linker region (residues 587-595) spans the ATP
binding cleft to the C-terminal section of subdomain A, which
comprises 333 to 335.

The N- and C-terminal polypeptide segments extend from
the amidase and synthetase domains, respectively (Fig. 24). The
N terminus adopts an extended conformation toward a7, a9,
and 329 of the synthetase domain. The C-terminal 20 residues
actually contribute to the amidase domain with implications for
regulation of amidase activity; this will be discussed below.

The arrangement of molecules in the three crystal forms,
whether involving non-crystallographic symmetry or crystallo-
graphic symmetry, is similar, with N-terminal residues from
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one molecule occupying the ATP
binding site of the adjacent mole-
cule (supplemental Fig. S3). This is
an extensive area of contact, impor-
tant for the stability of the LmTSA
crystal lattice, and has hindered
efforts to obtain ligand complexes
by crystal soaking or co-crystalliza-
tion. To investigate the determi-
nants of specificity and activity, we
identified related structures for
comparative modeling.

The amino acid sequences of
LmTSA and EcGSPS share ~30%
identity overall, and this applies to
individual domains. A least-squares
superposition of the amidase
domains produces an r.m.s.d. of 1.4
A for 167 Ca atoms; the r.m.s.d. for
338 Cu positions of the synthetase
domain is 1.8 A. However, superim-
position of synthetase domains
reveals a striking difference in the
relative orientation of the amidase
domains (Fig. 3a), with a rotation of
130° center-of-mass translation of
3.5 A. The scale and influence of this
difference is illustrated by the place-
ment of the major helix in the ami-
dase domain («1) in the two struc-
tures (Fig. 3a). In LmTSA ol
extends away from the synthetase
domain with the amidase active site
close to the interface region,
whereas in EcGSPS, «l is perpen-
dicular to LmTSA «l. The linker
regions of polypeptide that span
from amidase to synthetase
domains in LmTSA and EcGSPS are
also significantly different (Fig. 3b).
In both cases the linkers extend
from the final strand of the B-barrel
(B15) to the first B-strand in the
synthetase domain (316). The linker segment in LmTSA (resi-
dues 191-216) is longer compared with EcGSPS (residues 191—
202). LmTSA is also extended by 18 amino acids at the C ter-
minus, and this segment interacts with both amidase and
synthetase domains.

The relative orientation and nature of the interaction
between amidase and synthetase domains is, therefore, distinct
in the two enzymes and manifests itself ultimately in creating
distinct amidase active sites. The EcGSPS amidase active site is
in the middle of a large, solvent-accessible cleft on the surface of
the N-terminal domain (not shown). In LmTSA the domain
positions in conjunction with the structure of the C terminus
renders the catalytic site inaccessible, a point discussed later.

The Synthetase Active Site—The synthetase domain displays
the ATP-grasp fold, which binds nucleotide in a well defined

Phe191
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FIGURE 4. The synthetase active site. a, model of substrates at the onset of reaction | (ATP, GSH, and spermidine). The protein surface is depicted as a gray
semi-transparent van der Waals surface, except for areas that interact with adenine (yellow, S1), ATP phosphates (orange, S1), GSH (cyan, S2), spermidine (purple,
S3),and Arg-613 (blue). The substrates are colored according to atom type, Nis blue, Ois red, P is orange, ATP Cis yellow, GSH Cis cyan, and spermidine Cis purple.
Selected side chains are also shown in stick mode colored by atom type with C atoms of residues colored depending upon with which substrate component
they may interact. Mg? " ions are green spheres. b, model for the onset of reaction Il (ATP, GSH, and glutathionylspermidine). The S1, 52, and S3 binding pockets

are marked by dashed lines in a, and key residues labeled in b.

fashion. We identified EcGSPS as the most closely related struc-
ture to LmTSA, and a comparison of the synthetase domains
gives an r.m.s.d. of 1.54 A over 343 Ca positions. Human glu-
tathione synthetase is also structurally related, although with a
low sequence identity of about 10%. Comparison of LmTSA
with Human glutathione synthetase using SSM gave an r.m.s.d.
of 3.1 A over 272 Ca positions. These structural overlays indi-
cate that the synthetase active sites of human glutathione syn-
thetase, EcGSPS, and LmTSA are similar, and the excellent con-
servation of residues important for ATP and glutathione
binding (supplemental Fig. S4) allowed us to model LmTSA
complexes at the onset of both reactions I and II (Figs. 1 and 4).
Comparison with the structure of EcGSPS in complex with an
inhibitor that contained a spermidine-like moiety (28) allowed
us to position the spermidine in LmTSA. This model was then
extended to glutathionylspermidine by positioning the tripep-
tide to avoid any obvious steric clash. We made no effort to
compute or dock positions of the peptide component for two
reasons. There are disordered loops in this area of the synthe-
tase domain, and this would, in conjunction with the high
degree of rotational freedom of glutathionylspermidine, com-
promise such modeling.

The synthetase active site is a triangular shaped cavity that
accommodates each of the three substrates roughly at the ver-
tices of the triangle. The catalytic center is placed at the ortho-
center. The ATP binding S1 site lies between subdomains A and
C, the GSH-binding cleft is formed mainly by subdomain B, and
the polyamine-binding S3 site (spermidine and glutathionyl-
spermidine) is a cleft between subdomains A and B (Fig. 4).

The S1 ATP binding site is formed by the anti-parallel
B-sheet of subdomain A and the anti-parallel B-sheet of subdo-
main C. There are two poorly ordered segments of polypeptide
around S1; these include residues that link 831 with 832 and
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B32 with B33. A prominent feature of the ATP-grasp family of
enzymes is the presence of such flexible loops around the nucle-
otide binding site that clamp down on a nucleotide phosphate
(52).

Adenine is predicted to bind LmTSA in a hydrophobic
pocket created by Phe-343, Leu-530, Ala-546, Leu-585, Val-
618, and Ile-619 (latter two not shown). Adenine N6 would
donate hydrogen bonds to the carbonyl groups on the side
chain of GIn-583 and main chain of GIn-584, N1 could accept a
hydrogen bond from the main chain amide of Phe-586, and N7
accept a hydrogen bond from Lys-548 NZ. Six of these 10 resi-
dues, directly implicated in adenine binding, are strictly con-
served in EcGSPS (supplemental Figs. S4 and S5). The remain-
der, Phe-343, Phe-586, Val-618, and Ile-619 of LmTSA,
correspond to Tyr-329, Trp-571, Leu-603, and Val-604 in
EcGSPS, respectively, and represent conservative substitutions.
In addition, there are seven strictly conserved residues in
LmTSA and EcGSPS important for binding and orientation of
the triphosphate component of ATP during catalysis (53). In
LmTSA these are Arg-328, Asp-330, Glu-344, Asn-346, Lys-
513, Lys-548, and Arg-613. The basic Lys-513 and Lys-548 are
placed to interact with phosphates. Asp-330, Glu-344 (strictly
conserved in the ATP-grasp family), and Asn-346 coordinate
Mg>* ions, which in turn interact with the phosphate groups of
ATP. These interactions orient and activate the y-phosphate to
participate in the synthetase reaction. Arg-613 helps to form
the S1 and S3 pockets (see below) and may stabilize the transi-
tion state. Arg-328 is at the bottom of the catalytic site and is
held in place with a hydrogen bond to the main chain carbonyl
of Ser-351 (not shown). The guanidinium is directed to align
the GSH carboxylate and, with Arg-613, to generate and stabi-
lize the transition state.
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EcGSPS ligand complexes with GSH and an inhibitor com-
prising y-Glu-Ala-Gly linked to spermidine by a phosphinate
group identify two GSH binding sites (28). The GSH-like moi-
ety of this inhibitor occupies a cleft formed at one end by the
B23-a10 and B28-all regions, with the other end created by
the polypeptide that links 821 to «8. This is the S2 binding
pocket. The GSH-like segment forms hydrogen bonds and van
der Waals interactions with Ser-335, Asp-387, Glu-392, Ala-
443, and Thr-446 in EcGSPS (28). The first three of these are
conserved in GSPS and TSA sequences (Ser-349, Asp-403, and
Glu-409 in LmTSA). Thr-446 is conserved in GSPS and either
threonine or serine in TSA (Ser-462 in LmTSA). Ala-443 of
EcGSPS is replaced by methionine in TSA (Met-459 in LmTSA)
and either Ala or Ser in GSPS.

In the EcGSPS glutathione complex, the ligand binds in a
cleft that extends away from S1 ATP and S2 GSH binding sites.
This cleft is occupied by a spermidine moiety in the EcGSPS
inhibitor complex and is the S3 polyamine substrate binding
site. When glutathione occupies the EcGSPS S3 site, it forms a
disulfide bond with Cys-338, and the glycine forms an isopep-
tide link with Lys-607 NZ (28). This complex is incompatible
with synthetase activity. Mutagenesis of Cys-338, conserved in
all GSPS sequences, to alanine results in a marked reduction in
affinity for GSH and spermidine, and Pai ez al. (28) suggest that
this non-catalytic binding site may regulate the enzyme with a
translocation mechanism required to correctly position GSH in
the S2 site. Cys-338 of EcGSPS is not conserved in TSA, where
it is replaced by threonine (Thr-352 in LmTSA). The presence
of Cys-338 combined with the experimental conditions under
which the structure was obtained may have complicated the
study of EcGSPS by providing the capacity to bind glutathione
in a non-productive manner. Under physiological conditions,
the reducing environment in the cytosol would likely prevent
such binding.

The N-terminal sections of a4, a8, and «l0 create the S3
pocket of LmTSA, with contributions from $34 and the linker
to B35. The polypeptide linking these two -strands is disor-
dered, as is the segment between a4 and 18, suggesting that
conformational changes on the edge of the S3 pocket might
accompany polyamine substrate binding. In EcGSPS, two acidic
residues, Glu-391 and Asp-610, and the main chain carbonyl
group of Lys-607 are predicted to form hydrogen bonds with
the spermidine moiety of the inhibitor, and by inference these
are interactions that bind the polyamine substrate in the S3
pocket. Glu-391 is conserved (Glu-407), but Lys-607 and Asp-
610 are not. As mentioned, in LmTSA this section of polypep-
tide is disordered and likely to adjust position when substrate
binds. Ser-351 OG donates a hydrogen bond to Glu-407 OD2,
an arrangement providing functional groups to interact with
the polyamine substrates. The Ser-351 OG in particular may
align and prepare the terminal amine to participate in catalysis.
Glu-355, conserved in TSA, is on a8, forming the base of the S3
cleft and placed to interact with and position polyamine com-
ponents. In a structural alignment (not shown), this residue
aligns with Cys-338 of EcGSPS.

The positioning of S1, S2, and S3 pockets and identification
of where the substrates bind suggests how TSA catalyzes two
synthetic reactions without recourse to an ill-defined translo-
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cation mechanism. In reaction I (Fig. 1), the S1, S2, and S3
pockets are occupied by ATP, GSH, and spermidine, respec-
tively, with the y-phosphate of ATP, the glycine carboxylate of
GSH, and the terminal amine group of spermidine at the ortho-
center of the synthetase active site (Fig. 44). The GSH carboxyl
group is activated by phosphorylation, facilitating the genera-
tion of an acylphosphate intermediate. The reaction is assisted
and the intermediate stabilized by contributions from Arg-328
and two Mg>" ions. The amine carries out nucleophilic attack
on the anionic intermediate, which collapses to produce an
amide linkage (N'-glutathionylspermidine), with release of
ADP and phosphate in a manner similar to that described for
glutathione synthetase (EC 6.3.2.3) and +y-glutamylcysteine
synthetase (54). The reaction I products vacate the active site
before reaction II (Fig. 1) can proceed. Here the S1 and S2 pock-
ets are again occupied by ATP and GSH, respectively. Gluta-
thionylspermidine binds in S3 (Fig. 4b) with the peptide com-
ponent directed away from the active site, and the terminal
amine group placed at the catalytic center. Reaction II occurs
like reaction I to produce trypanothione, ADP, and phosphate.

The most noticeable differences between the synthetase
domains of EcGSPS and LmTSA are localized to the extremities
of the S3 pocket (not shown), where the sequence identity is
poor (supplemental Fig. S5). This can be rationalized in
terms of the substrate structures because in EcGSPS the S3
site does not accommodate glutathionylspermidine, only the
smaller spermidine. A more open S3 pocket bounded by flex-
ible loops allows LmTSA to bind spermidine, the larger
spermine (26), and N'-glutathionylspermidine.

The Amidase Active Site—The amidase active site is near the
N-terminal segment of al. Site-directed mutagenesis identified
Cys-59 as the catalytic cysteine (55). The catalytic triad is com-
pleted by His-130 and Asp-146 (Fig. 5).

The biochemistry of cysteine proteases, especially papain, is
well documented (56). A superposition of the amidase domain
of LmTSA with a papain structure containing peptide frag-
ments in the active site (57) identifies important similarities
(supplemental Figs. S6 and S7) and informs on the orientation
of the amide bond to be cleaved with respect to the catalytic
machinery. In LmTSA, the C-terminal Glu-652 carboxylate is
on one side of Cys-59 SG (Fig. 5). When LmTSA is superposed
on the papain-peptide complex, then the N terminus of the
peptide fragment is positioned on the other side of Cys-59 SG.
We take these groups to represent the approximate positions of
a carboxylate and a terminal amine at the end of a reaction. The
amidase mechanism involves a Cys-59 —His-130 thiolate-imi-
dazolium pair with His-130 oriented by a hydrogen bond to the
Asp-146 carboxylate. Generation of a thiolate allows nucleo-
philic attack by Cys-59 onto the glycine-spermidine peptidic
bond to form an acyl thioester. In reaction III (Fig. 1), hydrolysis
of the thioester, exploiting an activated water, releases glutathi-
one and glutathionylspermidine. In reaction IV the thioester is
formed with glutathionylspermidine, and cleavage releases glu-
tathione and spermidine.

Two related features of the LmTSA amidase active site are
significant. First, Asn-148 occupies the position of GIn-19 in
papain. In papain, the GIn-19 side chain, in combination with
the main chain amide of the catalytic cysteine, forms an oxya-
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FIGURE 5. The amidase active site is blocked. g, a van der Waals surface representation of LmTSA is shown on
the left side with the synthetase domain colored black and the amidase domain gray. The amidase active site is
expanded on the right side. The secondary structure around the active site with the catalytic triad and Asn-148
side chains colored according to atom type, Cis gray, N is blue, O is red, and S is yellow. The C terminus is a black
coil with the final residue shown in stick representation with O positions in red. b, hydrogen bonding interac-
tions in the amidase active site. Residues are depicted as sticks colored according to atom type, N is blue, O is
red, S is yellow, and C atoms from the residues in the amidase domain are gray from the synthetase domain
(black) and the C terminus (cyan). Dashed lines represent possible hydrogen bonding interactions.

nion hole to support the thiolate attack on the amide linkage by
stabilizing the tetrahedral intermediate before formation of an
acyl-enzyme complex (56). However, for LmTSA Asn-148 to
contribute a similar function requires a different rotamer. Sec-
ond, and most striking, is the observation that the side chain of
the C-terminal residue (Glu-652) is directed into the amidase
active site, interacting with Cys-59, forcing Asn-148 into a non-
productive conformation.

The C terminus of LmTSA breaks away from the synthetase
domain at Lys-632 to interact with the amidase domain (Figs.
3a and 5). The C-terminal segments of Leishmania TSA
sequences are highly conserved and acidic (supplemental Fig.
S5). The last three residues in LmTSA are Glu-650 —Asp-651—
Glu-652. These residues participate in hydrogen bonding and
salt bridge interactions with basic amino acid side chains that
hold the amidase and synthetase domains in the arrangement
observed and block access to the catalytic Cys-59 (Fig. 5). Glu-
650 interacts with His-270, and Asp-651 associates with Arg-
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375 in addition to a main chain
5 p carbonyl hydrogen bonding interac-
tion with Arg-383 NH,. The C-ter-
minal carboxylate on Glu-652 inter-
acts with Arg-383, and His-39 and
the side chain accepts hydrogen
bonds donated by Cys-59 SG and
Asn-148 ND2. As with the synthe-
tase active site, all attempts to co-
crystallize with or soak ligands into
the amidase active site failed. We
attribute this to the presence of the
C-terminal residues blocking the

active site. Nevertheless, alignment
‘ of the C terminus in the active site
and comparisons with the papain
peptide complex (supplemental Fig.
S7) indicate how substrates are
aligned for catalysis. To correctly
position the scissile bond with
respect to Cys-59 for reaction III,
then one 7y-Glu-Cys-Gly compo-
nent of trypanothione must lie
along the groove (Fig. 6). Residues
647-652 must vacate the groove to
allow access to the catalytic center.
The spermidine and other y-Glu-
Cys-Gly components are directed
out of the active site toward an
acidic cleft. Here, Asp-38, Thr-123,
Asp-178, Glu-181, and Glu-183 are
placed to attract and interact with
the substrate (Fig. 6). Near the cata-
Iytic site His-39 and Asn-126 may
interact with the central amine of
spermidine. At the onset of reaction
IV (Fig. 1), glutathionylspermidine
binds with the y-Glu-Cys-Gly moi-
ety aligned as before, the positively
charged spermidine extending out
toward the negatively charged surface of the cavity, allowing the
second hydrolytic reaction to occur.

The Regulation of Conflicting Activities—In EcGSPS a 15-fold
activation of glutathionylspermidine hydrolysis occurs when
the synthetase substrates GSH and ATP are present and up to a
70-fold activation of amidase activity, dependent on substrate
type, when the domain is isolated from the synthetase domain
(27). This suggests communication between or interdepen-
dence of enzyme activities. The entrance to the EcGSPS ami-
dase active site, near the synthetase domain, is accessible by
a solvent-filled cavity. The enzyme is a homodimer, but the
subunit interface is distant from the amidase active site (not
shown), and the mechanism of activation or communication
in that enzyme remains unclear. Our attempts to obtain a
soluble N-terminal amidase domain of LmTSA have failed.
The C-terminal segment of the protein contributes to the
amidase domain structure, and its loss likely destabilizes the
fold.

Asn148
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FIGURE 6. A model for one of the amidase product complexes. A model for
the end of reaction IV is shown. The protein surface is a semitransparent van
der Waals surface, colored gray for neutral residues, red for acidic residues,
and blue for basic residues. The main chain is traced in gray. The black ribbon
is the C-terminal segment, which has been removed from the surface calcu-
lation to indicate the cleft shape and charge leading into Cys-59. The surface
forHis-30 has been omitted for the purpose of clarity. GSH and spermidine are
depicted as sticks with C atoms colored cyan and purple, respectively. Resi-
dues discussed under The Amidase Active Site are shown as sticks, colored and
labeled as in Fig. 4.

The bifunctional TSA must regulate or balance conflicting
amidase and synthetase activities to achieve the relative con-
centrations of GSH, spermidine, glutathionylspermidine, and
T[SH],. In LmTSA the structure of the C terminus, which
blocks the amidase active site, provides the mechanism to reg-
ulate such activity whereby a conformational change is required
to vacate the active site for substrate binding. This may result
from changes in domain orientation or could be driven by sub-
strate concentrations. The amino acids responsible for placing
the C terminus in the amidase active site are strictly conserved
in Leishmania and C. fasciculata TSA with the exception of
Glu-181 in the latter enzyme, conservatively replaced by aspar-
tate. In Trypanosoma species the amino acid sequences at the
C-terminal segment differs from Leishmania and C. fasciculata
TSA sequences (supplemental Fig. S4). This implies differences
at this part of the amidase active site and, therefore, a different
mode of regulation. Further studies are required to investigate
this issue in Trypanosoma.
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