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Abstract 

Trypanothione  reductase  (TR) is an  NADPH-dependent  flavoprotein  unique  to  protozoan parasites from  the gen- 
era Trypanosoma and Leishmania and is an  important  target  for  the design of  improved  trypanocidal  drugs. We 
present  details of the  structure  of  TR  from  the  human  pathogen Trypanosoma cruzi, the  agent  responsible  for 
Chagas'  disease  or  South  American  trypanosomiasis.  The  structure  has been solved by molecular  replacement, 
using as  the  starting  model  the  structure of the enzyme from  the  nonpathogenic Crifhidiafasciculafa, and refined 
to an  R-factor  of  18.9%  for 53,868 reflections with F 2 uF between 8.0 and 2.3 A resolution.  The model com- 
prises two  subunits (968 residues), two  FAD  prosthetic  groups,  two  maleate  ions,  and 419 water molecules. The 
accuracy  and  geometry of the  enzyme  model is improved with respect to  the C. fasciculata enzyme  model.  The 
new structure is described and specific features of the enzyme  involved in substrate  interactions  are  compared with 
previous  models  of  TR  and  related  glutathione  reductases  from  human  and Escherichia coli. Structural  differ- 
ences at  the  edge  of  the  active sites  suggest an  explanation  for  the  differing specificities toward  glutathionylsper- 
midine  disulfide. 
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Trypanothione  reductase (EC 1.6.4.8) is a  dimeric disulfide ox- 
idoreductase  unique  to  parasitic flagellated protozoa of the  or- 
der  Kinetoplastida,  suborder  Trypanosomatina  (Fairlamb & 
Cerami, 1992). Some  trypanosomatids  are  the  causal  agents  of 

Reprint  requests  to:  William N.  Hunter,  Department of Chemistry, 
University  of  Manchester,  Oxford  Rd.,  Manchester, M13 9PL, United 
Kingdom;  e-mail:  wnh@spec.ch.man.ac.uk. 

Present  address:  N.I.A.I.D./N.I.H.  Rockville,  Maryland 20852. 

WA4 4AD,  United  Kingdom. 
' Present  address:  Daresbury  Laboratory,  Daresbury,  Warrington, 

tase;  FAD,  flavin  adenine  dinucleotide;  GSH  and GSSG, glutathione 
Abbreviations: TR,  trypanothione  reductase;  GR,  glutathione  reduc- 

(L-y-glutarnyl-L-cysteinylglycine) and  the  disulfide, respectively; GspdSH 
and  [GspdSI2,  N'-glutathionyl  spermidine  and  its  disulfide,  respec- 
tively; T[SH],  and  T(S)z, N',N8-bis(glutathionyl)spermidine and its di- 
sulfide, respectively; SA,  simulated  annealing; NCS, noncrystallographic 
symmetry; u, standard  deviation;  E-factor,  crystallographic  isotropic 
temperature  factor;  R-factor,  crystallographic  residual; F, structure  fac- 
tors; Fobs, experimentally  observed  structure  factors; Fcolc, calculated 
structure  factors;  calculated  phases; I ,  diffraction  intensity; 
RMSD,  RMS  deviation. 

several  diseases of medical and veterinary importance in the 
tropical and  subtropical regions of the world.  Of  particular note 
is Chagas' disease, or  American  trypanosomiasis, of which the 
etiological  agent is Trypanosoma  cruzi. This disease is endemic 
in South and  Central  America  (World  Health  Organisation, 
1991; Moncayo, 1993) and is now also found in the United States 
due to contaminated  blood supplies (Kirchhoff, 1993). Despite 
some  efforts, safe and effective treatments  for 7: cruzi infection 
have not yet been identified  (de  Castro, 1993). The  character- 
ization of trypanosome  metabolism  has suggested  biochemical 
pathways sufficiently different from  human metabolic  pathways 
where chemical intervention might prove  a viable route  to  the 
control of infection.  One such pathway uses TR in the  mainte- 
nance  of  thiol-redox  balance  and  the  protection  against  oxida- 
tive stress. 

Trypanosomes use the  peptide-polyamine  conjugate  metab- 
olites, trypanothione ((N',NX-bis(glutathiony1)spermidine) and 
N'-glutathionylspermidine, to  regulate  an  intracellular reduc- 
ing  environment  and  to  protect biological  molecules from  the 
oxidizing byproducts of aerobic  metabolism  (Fairlamb, 1989; 
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Schirmer  et  al., 1995). These  thiols  are oxidized to  the respec- 
tive disulfides TS2  and  [GspdSI2  in  the  course  of  this  protective 
role.  The  flavoenzyme  trypanothione  reductase  maintains  the 
reducing  environment  in  the  protozoan cell by reduction of the 
disulfides to  maintain high levels of  thiols.  Interestingly, a third 
metabolite,  involved in this  pathway in 7: cruzi, termed  homo- 
trypanothione (N' ,N9-bis(glutathionyl)aminopropylcadaver- 
ine),  has recently  been characterized  (Hunter et al., 1994). 

Humans utilize a different,  although  related, system that  has 
been investigated  thoroughly by a range of  biophysical tech- 
niques  (Meister, 1989; Schirmer et al., 1995). The  protective 
thiol is glutathione (L-y-glutamyl-L-cysteinylglycine), which is ox- 
idized to  glutathione  disulfide  and  the  cognate  enzyme is glu- 
tathione  reductase  (EC 1.6.4.2). 

TR  and  GR  are closely related enzymes. They  are  homodi- 
meric, with a subunit  molecular weight of  approximately 52 
kDa,  and  they  catalyze  the  transfer of electrons  from  NADPH 
to their specific substrates via an  FAD  prosthetic  group  and a 
redox  active cysteine disulfide  (Ghisla & Massey, 1989; Borges 
et al., 1995). Although TR's and  mammalian GR's share  approx- 
imately  40%  sequence  identity  and  the residues  involved in ca- 
talysis are  conserved,  the enzymes are  mutually exclusive with 
respect  to  disulfide  substrate specificity (Fairlamb & Cerami, 
1992). The difference  in substrate specificity, the absence of try- 
panothione  and  TR in mammalian cells, and  the  observation 
that  many chemicals with anti-trypanosoma1  properties  show  ac- 
tivity against  trypanothione  metabolism,  including  therapeutic 
arsenicals and  antimonials  (Cunningham et al., 1994; Schirmer 
et  al., 1995), make  this  aspect of trypanosomatid  biochemistry 
an excellent target  for  the  development of new drugs  either 
through screening methods or a  rational design process (Verlinde 
& Hol, 1994). Access to  accurate  structural  detail  of  TR  and  an 
understanding of structure-function relationships is required in 
support of such a process. 

Our  initial  crystallographic  studies utilized TR isolated from 
Crithidia fasciculata clone H56  (Hunter et al., 1990; 1992; Bai- 
ley et al., 1993; 1994). A number of complications emerged from 
the  early  studies with this  enzyme.  The  difficulties  associated 
with  the  growth  and  culturing  of  this  nonpathogenic  trypano- 
somatid,  combined  with  the low yields of  enzyme that  could be 
isolated  and  purified, were  a  limiting factor in terms of quan- 
tity of material  for  crystallographic  study.  The presence of  at 
least three isozymes  was also a complicating  factor (Field  et al., 
1992). In  addition, we decided  that it  was  a priority  to  charac- 
terize and  work with the  correct  target, namely a TR  from a  hu- 
man  pathogen.  The  sequence  identity between the  enzymes 
isolated from C.  fasciculata and 7: cmzi is around  69% (Aboagye- 
Kwarteng et al., 1992). Although  the residues important  for ca- 
talysis and  those  implicated in substrate binding are  conserved, 
only  an  accurate  structure would help identify any  important  dif- 
ferences.  For  inhibitor design or  identification  studies, it is de- 
sirable  to  obtain  as  accurate a structure  as  possible,  and we 
sought  to  improve our TR  model.  This led us to  consider a re- 
combinant source  of TR.  An Escherichia  coli overexpression sys- 
tem  for  TR,  now  from  the  causal  agent  of  Chagas' disease, 7: 
cruzi, has been constructed  (Borges  et  al., 1995) and  provides 
large quantities  of enzyme for our studies. Access to such quan- 
tities  of TR  enabled a rigorous screening of crystallization con- 
ditions  and  this  has  produced  tetragonal  crystals  that  diffract 
to  high resolution  (Zhang  et  al., 1993). We now  report  the crys- 
tal  structure  analysis of this  TR  and  present  some  comparisons 

with  the C. fasciculata TR  and  related  glutathione  reductases. 
While our study was under way, Lantwin  and co-workers (1994) 
published  details of a monoclinic  crystal  form of 7: cruzi TR. 
The low resolution of that  structure (e.g., see Table 1  in Lant- 
win  et al. [1994]),  limits the usefulness of their  model  for  com- 
parative  purposes.  The  structure we now  report is a significant 
improvement in resolution  for 7: cruzi TR. 

Results and discussion 

Quality of the structure 

The  final  model  comprises 968 residues, 7,451 non-hydrogen 
protein  atoms,  Ser 3A to Pro 487A of the  first  subunit, Ile 5B 
to  Pro 487B of  the second subunit. In addition,  there  are  two 
FAD molecules (106 atoms),  two  maleate  ions (16 atoms),  and 
419  solvent  positions  modeled  as oxygen atoms.  The first two 
residues  in subunit  A,  the  first  four residues in subunit B, and 
the  last six in both  subunits were excluded from  the  structure 
because there was no convincing electron density to  model.  The 
R-factor is 18.9% for  the 53,868 reflections  (91.5%  of the pos- 
sible unique  data) with Fob., 2 U F  in the  resolution  range 8.0- 
2.3 A. A  Luzzati  plot (Luzzati, 1952; not  shown) suggests an 
error level of  0.25-0.3 A. An example of electron density is pre- 
sented  in  Figure 1. At a level of 0.7u,  the final 2FOb, - Fcu,c map 
shows  continuous  electron density for all main-chain  atoms. 
Density is fragmented or absent  for 34 side chains  of residues 
located  primarily on loops at  the molecular surface  or  at  the ter- 
mini.  These residues are mainly lysines (12), arginines (8), and 
glutamic acids (S), and  are remote from  the active sites. The elec- 
tron  and difference density maps suggest multiple conformations 
for  the following arginines,  75A,  90A, 151A. 223A, 75B, 358B, 
His  359A, Lys 486B, and, in both  subunits,  Trp 22. This last ex- 
ample will be discussed in detail  later. No attempt was made  to 
incorporate multiple conformations in the  refinement. 

The real-space R-factor  (Jones et al., 1991) ranges from 15.7 
to  43.7%, with an average  of 22.8%. The  mean  E-factors  are 
25.2 and  33.8 A *  for  subunits A and B, respectively, with an 
RMS of 1.8 A 2 .  Mean values for side-chain atoms  are 30.2 and 
39.0 A 2 ,  with RMS values of 4.4 and 4.1 A' per subunit.  The 
average  B-factor  for  FAD  atoms of subunit A is 13.4; for  sub- 
unit B, 23.6 A*; and  for  the maleate ions  and solvents,  53.9 and 
44.9 A', respectively.  Figure  2  presents both  thermal  param- 
eters  and  the real-space R-factor per residue  for  each  subunit. 
The  subunits  have a similar  B-factor  profile,  although  the in- 
creased  thermal  parameters  associated with subunit B suggest 
a  larger degree of  static  disorder of that  subunit.  Some of the 
lowest thermal  parameters  are observed in and  around  the  cat- 
alytic  center and  dinucleotide-binding regions,  implying that ri- 
gidity may be important in the  redox chemistry of these enzymes 
(see Bailey et al., 1994). 

The  model  has  RMS  deviations  from ideality  of 0.01 A in 
bond lengths, 2.6" in bond angles, 1.4" for improper  angles, and 
24. I "  for  dihedral angles. The  Ramachandran plot (Ramachan- 
dran & Sasisekharan, 1968) shows 91. I Vo of non-glycine resi- 
dues in  most favored regions with 19 residues in the left-handed 
helical section. A further 8.8% of  these  residues are  in allowed 
regions. A notable  outlier in the  Ramachandran  plot is Phe 46 
in both  subunits.  The  electron  density  associated with this resi- 
due  in  subunit A is presented in Figure 1. As with the  corre- 
sponding residue, Tyr 45 in C. fasciculata TR, a hydrogen bond 



54 Y. Zhang  et al. 

Fig. 1. An example of the final 2FOb, - F,,,,. electron density map. The map, thistle-colored chicken wire,  is contoured at a 1.50 
level. Atomic positions are colored according to atom type: C ,  black; N, cyan; 0, red. Blue dashed lines represent a hydrogen 
bond.  This figure, like Figures 2 and 8, was prepared using the program 0 (Jones et al., 1991). 

with a preceding residue holds this peptide in a strained confor- 
mation (Bailey et al., 1994). In excess  of 90% of side-chain di- 
hedral angles are within 2 . 5 ~  of the ideal gauche* and trans 
conformations. Noncrystallographic symmetry is indicated by 
least-squares superposition of the two subunits that constitute 
the asymmetric unit.  This gives an RMSD of 0.31 A for main- 
chain atoms and 0.82 A for all atoms in common. 

A least-squares fit of C. fasciculata TR on 7: cruzi TR pro- 
vides an RMSD  of 0.67 A for 962 C a  atoms, a clear indication 
of main-chain  similarity.  However, the accuracy of the TR struc- 
ture has been  improved  over our previous studies with the C. fas- 
ciculata enzyme  (Bailey et al., 1994). We have extended the res- 
olution from 2.6 to 2.3 A, improved the completeness of the data, 
and incorporated  about 19,000 more reflections into the refine- 
ment calculations of an asymmetric unit of similar size. The ge- 
ometry of the model has been improved. For example, the 
RMSDs from ideality on bond lengths and angles reduced from 
0.02 A and 3.4" for C. fasciculata TR  to 0.01 A and 2.6" for 

the 1: cruzi enzyme. Moreover, these improvements relate to the 
actual biochemical target for drug discovery,  TR from a human 
pathogen. 

Overall,  domain, and secondary  structure 

The TR dimer has approximate dimensions of 95 X 66 X 93 A 
(Fig. 3). The disulfide  substrate-binding  cleft, a distinctive 
V-shaped  crevice,  is formed at the dimer interface, as will be de- 
tailed later. The assignment of domain  structure of the disul- 
fide oxidoreductase family  of  enzymes has been set by the work 
on GR and there have been changes over the years, (see  Mitt1 
& Schulz, 1994). A four-domain model was convenient because 
it had  domains consecutive along the  amino acid chain. How- 
ever, because domains can be inserted in other domains (Schulz, 
1992), a three-domain model has been adopted. Swindells 
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Fig. 2. Plots of thermal parameters (top), averaged over all atoms,  and 
the real space  R-factor (bottom) per residue. Values for subunit  A are 
depicted with a black line, those for subunit B with a red line. 

Fig. 3. Ribbon drawing of the trypanothione reductase dimer. Selected 
elements of secondary structure are shown as spirals for a and 310 he- 
lices, arrows for &strands. Domains are colored as follows: yellow, 
FAD-bonding domain (I); green, NADPH-binding domain (11); red, in- 
terface  domain (111). This  diagram,  together with Figures 4,6, 9, and 
10,  was prepared with MOLSCRIPT (Kraulis, 1991). 
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(1995a,  1995b) has recently  described a method for domain char- 
acterization based on  the identification of hydrophobic cores 
and the results are consistent with a three-domain structure for 
GR. We now adopt  the three-domain structure  for TR and as- 
sign  the  domains on  the basis of comparison with GR. Do- 
main I comprises two segments of the chain, namely residues 
1-163 and 293-352. Domains I1 and 111 are formed from resi- 
dues 164-292 and 353-497, respectively. Domains are shown in 
Figure 4 and Kinemage 1. Domain I binds the FAD, domain I1 
binds NADPH,  and domain I11 forms the  interface with the 
partner subunit. Domains I and I1 each have P-a-P-cr-P motifs, 
which will be discussed later. 

The dimer is formed through domain I11 interactions with the 
partner  subunit  domain 111. There  are 25 direct  (mostly 
side-chain-main-chain interactions) and 17 solvent-mediated  hy- 
drogen bonds between them. To complement these interactions, 
there are 373 van der Waals contacts less than 4.0 A. Residue 
C444 is worthy of comment.  This residue is positioned close to 
the partner  subunit C444. The electron density unambiguously 
indicates that  there is no disulfide link rather  than that the res- 
idues are in the reduced form.  A similar observation  has been 
made with  respect to the C. fascicufata TR (Bailey et al., 1994). 

Solvent accessibility calculations (Lee & Richards, 1971) in- 
dicate that dimer formation buries about 6,400 A2 of protein 
surface. According to Chothia and  Jain (1975) this represents 
a considerable hydrophobic free energy contribution of around 
160 kcal mol-' to dimer stabilization. 

The i7 cruzi TR secondary structure is about 28% a-helix, 4% 
310-helix, 24% P-strands, and 10% turns. Figure 5 shows the 
amino acid sequence with secondary structure assignments that 
have been made using the hydrogen bonding criteria of Kabsch 
and  Sander (1983), the analysis software  PROMOTIF  (G. 
Hutchinson & J. Thornton, pers. comm.), and by visual  checks. 
There are  some slight differences compared to  the previous as- 
signments on  the C. fasciculata TR (Bailey et al., 1994) and in 
part this is due  to  an improvement in the resolution and accu- 
racy of the  structure. In particular, we have assigned an addi- 

Fig. 4. Monomer of trypanothione reductase. The FAD group bound 
to domain I is  depicted in ball-and-stick mode. View into the active site 
is  similar to that  employed  further on. Note that  the  partner  subunit con- 
tributes to the active site with the interface domain. 
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Fig. 5. Amino acid sequence of T. cruzi trypanothione reductase with 
assigned secondary structure. == indicates a and 3,,, helices; t+, 0- 
strands. Naming of sheets and numbering of a-helices is also given. 

tional small segment of two-stranded antiparallel P-sheet. This 
is formed by residues 163-165 and 288-290. There are  thus six 
@-sheets  labeled A-F. Sheets A  and  D  are five- and four-stranded 
parallel sheets, respectively. The remaining four sheets are anti- 
parallel, comprising three (B), two (C), three (E), and seven (F) 
strands. 

Disulfide substrate-binding site 

The catalytic center involving the redox active disulfide (Cys 53 
with  Cys 58) and active site base (His 461) lie at  the bottom of 
a cleft formed by domains I and 111 (of the  partner  subunit; 
Fig. 6, Kinemage 2). The cleft has dimensions of approximately 
20 A in length, 15 A deep and wide. A number of previous pub- 
lications  have  addressed the question of why TR and GR are mu- 
tually exclusive  with  respect to substrate specificity  (reviewed  by 
Fairlamb & Cerami, 1992). High-resolution crystal structures of 
human erythrocyte GR  and  the complex with GSSG are avail- 
able (Karplus & Schulz, 1987,  1989) for comparative purposes. 
Analysis of the residues involved in binding GSSG reveal five 
nonconservative changes between GR and TR; a Glu, Trp, Ser, 
Met, and Ala in TR replace Ala 34, Arg 37, Ile 113, Asn 117, 
and Arg 347, respectively in human GR. Site-directed mutagen- 
esis experiments have confirmed a  contribution from these res- 
idues in  conferring  substrate specificity (Bradley et  al., 1991; 
Henderson et al., 1991; Sullivan et al., 1991). 

The comparison of enzyme-substrate  complexes  characterized 
crystallographically provides the most reliable detail (Bailey 
et al., 1993) and indicates that specificity is determined by a com- 
bination of steric and electrostatic factors that can be summa- 
rized as follows. TR has an enlarged active site in comparison 
with GR in  order to accommodate a larger substrate. The hu- 
man GR active site is too small for T(S)2 or [GspdSI2. The dif- 
ference in size of the active sites is due  to a combination of 
domain  alterations and specific amino acid variations (Hunter 
et al., 1992). The overall negative charge of the TR active site 
complements the positively charged substrates and  a hydropho- 
bic patch  formed by a Trp  and a Met  serve to bind the aliphatic 
moiety of substrate.  The positive GR active site binds the neg- 
ative GSSG. 

The  electrostatic  properties in and  around  the disulfide 
substrate-binding active sites of TR and GR can be visualized 
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Fig. 6. View into the disulfide substrate binding  site  and catalytic center. Residues  implicated in binding of substrate or involved 
in catalysis are shown and labeled. For comparative purposes, conserved C. fasciculata TR side chains are  drawn  in black. 

using the GRASP program (Nicholls, 1993; Fig. 7). There is a 
marked difference between the human GR and  TR.  The active 
site charges are,  as discussed above, designed for  and comple- 
ment the charge of the respective substrates. The charge com- 
plementarity is not limited to the actual binding site, but  rather 
extends out  and  around  the clefts. This suggests that longer- 
range electrostatic attraction  and repulsion contributes to  the 
enzyme's  specificity for its own substrate. Such long-range elec- 
trostatic effects will need to be considered in  inhibitor design. 

A comparison of TR  from C. fasciculata in a monoclinic 
(Kuriyan  et al., 1991) and a tetragonal crystal form (Bailey 
et al., 1994) has identified multiple conformations for the Trp 21 
and Met 113 that  form  the hydrophobic  patch at the rim of the 
active site cleft (Bond  et al., 1995). This heterogeneity was not 
identified from  the individual analyses, but only became appar- 
ent upon detailed comparison. We note that, in the I: cruzi TR, 
the electron density maps are of a quality to clearly indicate con- 
formational flexibility of the  Trp 22 side chain. (Fig. 8). Two 
conformations are clearly present. We have modeled the pre- 
dominant  conformation as judged by fit to electron density and 
omit maps, but decided that, without high-resolution data, we 
are  not justified in refining both  conformations. It will be in- 
structive to see  if the binding of substrate to the 7: cruzi enzyme 
produces an ordering of this residue. In any case, conforma- 
tional flexibility may be used by TR in the binding of cognate 
substrates and should be considered when characterising the ste- 
ric and electrostatic properties of the active site. 

Our structural  characterization of T. cruzi TR  and detailed 
comparison with the C. fasciculata enzyme in complex with the 
physiological substrate [GspdS],  suggests important differences 
on  the rim of the active site involving residues on a helix, a4, 
(Figs. 6, 9, Kinemage 2). This  part of the active site seems, so 
far,  to have escaped attention in the literature. 

One spermidine moiety of [GspdS],  is observed to interact 
with this helix in  the C. fasciculata TR complex (Bailey et al., 
1993), where Ser 109 can  participate in a hydrogen bond with 

substrate. This serine is  conserved in I: cruzi TR  (Ser 110). Two 
other residues on this helix interact with van der Waals contacts 
and are also  conserved,  namely  Ile 106 and Tyr 110, which corre- 
spond to Ile 107 and Tyr 11 1 in the pathogen TR. A third residue, 
which interacts with  [GspdS], in C. fasciculata TR, is  Gly 112. 
In the I: cruzi structure, there is a nonconservative sequence al- 
teration here to Glu 113. This introduces a negatively charged 
residue into  an area where a positively charged part of one of 
the enzyme substrates could be located. There are three other 
changes along this helix to note. Gly 105 and Asp 108 in C. fas- 
ciculata TR are replaced by Asn and Lys, respectively. A polar 
substitution accompanies a switch from negative to positive 
charge. A switch from a positive Lys 101 to a negative Glu 102 
also occurs. These differences between the pathogenic 7: cruzi 
and C. fasciculata TR alter  the size, shape, and electrostatic 
properties of this part of the active  site. These residues are prob- 
ably too distant from  the binding site to influence enzyme- 
T(S), interactions other  than by long-range electrostatic effects. 
However, the situation alters when the other physiological sub- 
strate, [GspdS],, which is larger and more positive, is consid- 
ered. The importance of these amino acid differences between 
the two TR molecules  will only be known when the structure of 
the enzyme-[GspdS], complex is determined. This work is in 
progress. 

This  area of the active site may also contribute to the speci- 
ficities  displayed by GR's. In contrast to the human enzyme,  GR 
from E. coli shows measurable activity to process T(S), (Hen- 
derson et al., 1991). The high-resolution crystal structure of the 
bacterial enzyme has recently been reported (Mitt1 & Schulz, 
1994) and some comment on this  point is made. The ability to 
accommodate T(S),  is attributed to changes of two residues 
that bind GSSG carboxylates in human  GR. These are Arg 37 
and Asn 117 of human GR, which become Asn 21 and Val 102 
in the bacterial protein. These changes bring about a reduction 
in positive charge (Fig. 7) and  an increase in space in the active 
site, both of which would promote T(S), activity. E. coli GR 
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Fig. 7. Distribution of charge  in  and  around  the disulfide binding  sites 
of (A) T. cruzi TR; (B) human GR; and (C) E. coli GR. Figures  pro- 
duced  with GRASP (Nicholls, 1993) and colored  as follows: white,  neu- 
tral; red, negative charges; blue, positive charges. Coordinates for GR 
structures  were  retrieved from the Brookhaven Protein Data Bank. 

cannot efficiently process [GspdSI2 (Smith et al., 1995). We 
note that in E. coli GR, Arg 94 corresponds to Asn  106, located 
on a4, the helix providing residues that interact with [GspdSIz. 
Arg  94 is positioned so that it  might  repulse the spermidine com- 
ponent of [GspdSIz. Site-directed mutagenesis experiments 
would allow this point to be addressed. 

In each disulfide substrate-binding site, a water molecule is 
located within  hydrogen bonding distance of N' His 461 (Fig.  10, 
Kinemage  2). In active site A,  the distance is  2.6 A; in active site 
E, it is 2.9 A. A water molecule has also been located at a simi- 
lar position in human GR (Karplus & Schulz, 1989). The geom- 
etry mimics a catalytic triad and bears a striking similarity with 
the Glu-His-Water  system identified the active site of 06-methyl- 
guanine-DNA methyltransferase (Moore et al., 1994) and  the 
Asp-His-Water in  the Thermus  aquaticus elongation factor  cat- 
alytic site (Kjeldgaard et al., 1993). In  TR, this may be the wa- 
ter that provides the  proton  to charge the active site base as a 
component of catalysis, although,  as discussed above with re- 
spect to  Trp 22, it will  be instructive to see what happens when 
substrate is bound. The chemistry could be very similar to  that 
utilized by serine proteases (Carter & Wells,  1988),  except that 
the water molecule replaces the serine hydroxyl group in acting 
as a proton  donor. 

FAD and NADP binding sites 

The nucleotides, FAD and NADP, bind to domains I and 11, re- 
spectively  (Kinemage  1). Each domain contains the Rossmann- 
fold motif commonly utilized in nucleotide binding (Rao & 
Rossmann, 1973; Schulz, 1992;  Mitt1 et al., 1994). In domain 
I ,  this involves /3Al-a1-/3A2-a3-/3A3; in  domain 11, /3Dl-a6- 
/3D2-a7-/3D3. Two  fingerprints for binding the dinucleotide 
FAD,  previously identified in other enzymes, are conserved. The 
first is the consensus sequence Gly-X-Gly-X-X-Gly at residues 
12-17, which is part of the /3-a-P-a-/3 Rossmann fold (Schulz 
et  al., 1982; Schulz, 1992). X represents any amino acid. The 
second is the 1 1-amino acid stretch Thr-X-X-X-X-h-y-h-h-Gly- 
Asp at residues 317-327, where h indicates a small nonpolar 
amino acid, and y an aromatic residue. This motif  was f i s t  iden- 
tified from studies on rubredoxin reductase (Eggink  et al., 1990). 
In the  former case, Ser 15 and Gly 16 form hydrogen bonds 
with the  pyrophosphate segment of the FAD. In the latter case, 
Asp 327 terminates the motif and hydrogen bonds to the ribityl 
chain. The preceding  Gly  326 introduces a turn in the polypeptide 
chain that helps to accommodate the pyrophosphate group. As 
in E. coli GR, any residue other than glycine at this position 
would lead to steric clash between the side-chain atoms and  the 
FAD pyrophosphate  group. 

Our earlier study using the TR from C. fasciculata determined 
details of NADP binding (Bailey et al., 1993). Four amino acids 
that were identified as important in this respect are conserved 
in the T. cruzi enzyme. These are Met 333,  Gly  197, Arg 223, 
and Arg 229. Phe 199 in T. cruzi TR replaces a tyrosine in the 
C. fasciculatu structure.  This is the residue that, in the absence 
of NADPH, covers the isoalloxazine  ring  system of the FAD and 
protects it from the  aqueous environment. As  first shown for 
human  GR, when NADPH binds, this side chain swings out of 
the way (Karplus & Schulz, 1989). The key oxidoreductase- 
NADP interactions, first reported for TR by  Bailey et al. (1994) 
and subsequently by Lantwin et al. (1994), remain conserved. 
The similarities between human GR and TR with respect to 



58 Y. Zhang et al. 

. .  . 
a s ,  i.. _.j... .I 
: i :  . . .  . . .  .., .. .̂ .. 

Fig. 8. Electron density (2FOb3 - FCu/J and difference density (Fobs - FcUfc) maps in the vicinity of Trp 22A. The same color 
scheme as used in Figure 1 is adopted with the  addition that positive difference density is displayed in green. Both maps are con- 
toured  at a 1 S o  level. 

NADPH interactions suggests that this component of  TR  is not 
suitable as a  target  area  for  drug design. 

Summary 

We have  completed an accurate structure for TR from the patho- 
genic T cruzi. The final model is an improvement on previously 
reported TR structures and represents a sound template for com- 
putational  studies of inhibitor design. Our structural compari- 
sons with the  TR  from  the  nonpathogenic C. fasciculata 
highlight  differences  between the enzymes located on a helii (a4) 
lining one side of the active site and  confirms  the  importance 

of characterizing the  structure of the actual target for drug dis- 
covery. The identification of structural differences in this part 
of the TR active site led us to compare the TR structures with 
the related glutathione reductase’s from human and E. coli. 
There are indications that alterations on a4 may be responsi- 
ble for the  different specificities of these GR’s toward  glutathi- 
onylspermidine disulfide. 

With access to large quantities of TR that provide good qual- 
ity crystals, we are now in a  position to  pursue details of 
enzyme-substrate and enzyme-inhibitor complexes to provide 
more  structural detail in support of a search for  TR inhibitors. 
In addition, with a recombinant source of material, we plan to 

GIu102 (Lys)- 

Fig. 9. Comparison of the disulfide substrate-binding sites of T. cruzi and C. fusciculutu trypanothione reductases. The stretch 
of a-helix in the  foreground (a4) harbors a  number of sequence differences between the enzymes. Side chains in black corre- 
spond to  the C. fasciculufu structure with residue labels in brackets. T. cruzi structural  components denoted as follows: red, 
acidic glutamic acids; cyan, basic lysines and histidine; grey, tryptophan  and methionine; pink, tyrosine and serine; green, re- 
dox active disulfide. 
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Fig. 10. Stereo view to show the  triad Glu-His-Water system in active site A  that may assist protonation of the active site base 
His 461. Blue dashed lines represent hydrogen bonds.  Atoms are colored as follows: N, cyan; 0, red; C, grey. 

combine site-directed  mutagenesis  with structural analysis to fully 
delineate enzyme structure-activity relationships. 

Materials and methods 

Crystallization and data collection 

Recombinant enzyme corresponding to the trypanothione reduc- 
tase from the Silvio strain of 7: cruzi was obtained as described 
by Borges et al. (1995). Crystallization was effected from a wide 
range of conditions using either hanging or sitting drops.  For 
example, 7.5 mg/mL protein  solution  in 100 mM maleic acid 
buffer,  pH 6.0,  0.2% (v/v) dioxane, 1% sodium dihydrogen 
phosphate, and approximately 10% PEG 8000 vapor-diffused 
against 20% PEG 8000 at 6-8 "C (Zhang  et al., 1993). Yellow 
crystals in  the  form of elongated tetragonal prisms with dimen- 
sions of 0.25 x 0.25 x 1.5 mm grow in  about 10 days. The crys- 
tals have unit cell dimensions of a = b = 92.8, c = 156.6 A, and 
space group P4,. 

The  data used for  the molecular replacement calculations 
to solve the structure were recorded at room temperature on sta- 
tion PX9.5 at the Synchrotron Radiation Source, Daresbury. A 
MAR image plate was  used in  conjunction with X-rays of X 
1.07 A and a 0.3-mm collimator. Four deliberately misset crys- 
tals provided 75,108 measurements of 29,021 independent re- 
flections to 2.7 A resolution. The R-merge in Laue group 4/m 
of 11.5% compared to 46% in 4 / m m  and systematic absences 
indicated space group P4, or enantiomorph with a dimer in the 
asymmetric unit. 

Station PX9.6 with a Rigaku RAXIS image plate detector, 
X-rays of X 0.89 A, 0.2-mm collimator, provided more data 
from a further  three crystals, also at room temperature. First 
exposures displayed diffraction well beyond 2.0 A, but the high- 
resolution diffraction quickly degraded due  to radiation  dam- 
age. With this in mind, and due to time constraints, data to only 
2.3 A were measured. We plan to extend the resolution at some 

later point. In total, the seven crystals provided 170,106 mea- 
surements of 55,392 independent reflections, redundancy 3. l ,  
with R-merge 10.9% for I ?  a(I) data. This represents 94.1% 
of the data in the range 8.0-2.3 A, of which 64.6% have I ?  
3a( I ) .  Greater than 80% of the data in the  outermost  bin, 
2.4-2.3 A, is observed at the ? a(Z) level. This combined data 
set  was  used for refinement. MOSFLM (A.W.  Leslie, pers. 
comm.) was  used for all data processing. 

Structure  solution  and  refinement 

Molecular replacement calculations  (MERLOT; Fitzgerald, 
1988) positioned the TR dimer from C. fasciculata (Bailey  et al., 
1994) in the T. cruzi unit cell (Zhang  et  al., 1993). The enzymes 
share almost 70% sequence identity, but, in order to reduce 
model bias, side-chain atoms beyond Cp were removed from 
structure  factor calculations. A self-rotation function indicated 
the presence of a noncrystallographic twofold within 2" of a pri- 
mary axis in the a/b plane. Cross-rotation functions using a 
range of Patterson radii and different resolution limits identi- 
fied the  major peak at a 3-4a level. Translation functions and 
two-dimensional R-factor searches, again with a variety of pa- 
rameters, provided a consistent solution in space group P43. 
The molecular packing in the unit cell  was reasonable, and rigid- 
body  refinement of the dimer  reduced R from 50.7% for 3a data 
in  the range 9.0-6.0 A, to 42.9%. Two further  rounds of rigid- 
body refinement, extending the  data  to 4.0 A, gave R = 46.6%. 
Note that,  at this stage, only the truncated model, which was 
about 60% of the asymmetric unit,  had been  used  in the  struc- 
ture factor calculations. 

The first electron density (2F, - F,, c ~ ~ ~ / ~ )  and difference 
density maps (F, - F,, a,alc) were calculated using data  to 2.7 A 
and inspected on  an ESV30 graphics workstation  (FRODO, 
Jones, 1978; P.R. Evans, pers. comm.). These maps guided 
model manipulation and incorporation of the side-chains to con- 
struct  the first T. cruzi TR model. The amino acid sequence in 
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use at this point was that derived from  the work  of Sullivan and 
Walsh (1991). The  correct  sequence  for  our  enzyme became 
available after refinement had been initiated and several residues 
had  to be changed in the  course  of  the  study.  The  final  model 
comprises  the  sequence  according  to  the  study by Borges  et al. 
(1995). 

A total of 21 rounds of model-map inspection,  model manip- 
ulation,  and  refinement were then  carried  out with a gradual 
extension  of  resolution.  The  refinement  incorporated slow- 
cooling  simulated  annealing  methods  combined with restrained 
least-squares  methods using XPLOR  (Briinger, 1992). Strict 
NCS  restraints were employed for  the SA calculations. Weaker 
NCS  restraints were employed  for  the  restrained  least-squares 
until the limit of the  data set was reached,  at which point they 
were released. Main-chain and side-chain geometry of the  model 
was monitored  during refinement using PROCHECK  (Laskow- 
ski et al., 1993). This  indicated  areas of the molecule  where 
particular  attention was required. Restrained isotropic  thermal 
parameters were only refined  when all data were included,  and, 
likewise, waters were carefully added only when the 2.3-A data 
had been incorporated in the  refinement. In particular,  the sol- 
vent structure  near  disordered side chains was treated conserva- 
tively. A number of the solvent positions refined to geometrically 
unacceptable  positions  out  of  electron  density  peaks, or pro- 
duced very high thermal  parameters.  When  this was observed, 
the  water was removed from  the  model.  Two  maleate  ions were 
identified.  The  CCP4  suite of programs were used for  assorted 
crystallographic  calculations  (Collaborative  Computational 
Project  Number 4,  1994). Coordinates  and  observed  structure 
factors have been submitted  to  the  Brookhaven  Protein  Data 
Bank (Bernstein et al., 1977). 
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