
Acta Cryst. (1994). B50, 139-154 

Structure of Trypanothione Reductase from Crithidia fasciculata at 2.6 ,~ 
Resolution; Enzyme-NADP Interactions at 2.8 .~ Resolution 

BY SUSAN BAILEY 

Department of Chemistry, University of Manchester, Oxford Road, Manchester M13 9PL, England, 
and SERC Daresbury Laboratory, Daresbury, Warrington WA4 4AD, England 

ALAN H .  FAIRLAMB 

Department of Medical Parasitology, London School of Hygiene and Tropical Medicine, Keppel St, 
London WC1E 7HT, England 

AND WILLIAM N .  HUNTER* 

Department of Chemistry, University of Manchester, Oxford Road, Manchester M13 9PL, England 

(Received 27 July 1993; accepted 25 October 1993) 

139 

Abstract 

Trypanothione reductase is an FAD-dependent di- 
sulfide oxidoreductase which catalyses the reduction 
of trypanothione using NADPH as co-factor. The 
enzyme is unique to protozoan parasites from the 
genera Trypanosoma and Leishmania and is an 
important target for the design of improved anti- 
trypanocidal drugs. We present details of the 
structure of trypanothione reductase from Crithidia 
fasciculata solved by molecular replacement, using 
human glutathione reductase as a search model, and 
refined to an R factor of 16.1% with data between 
8.0 and 2.6 ~ resolution. The model comprises two 
subunits (one containing 487 residues, the other 486), 
an FAD prosthetic group, plus 392 solvent mol- 
ecules. The last four C-terminal residues are not seen 
in either subunit and the density is poor for the 
N-terminal residue of subunit B. The model has a 
root-mean-square deviation from ideality of 0.016 A 
for bond lengths and 3.T ) for bond angles. Each 
subunit was independently refined in the latter stages 
of the analysis but the subunits remain similar as 
indicated by the root-mean-square deviation of 
0.35 A~ for C a atoms. Trypanothione reductase has 
36% sequence identity with human glutathione re- 
ductase and the root-mean-square deviation between 
the 462 C a atoms in the secondary, structural units 
common to the two proteins is 1.1 A. However, there 
are large differences in the loop regions and signifi- 
cant shifts in the orientation of the four domains 
within each subunit. Domain II, which binds the 
dinucleotide co-factor, and domain IV, which forms 
the interface between the two subunits, are both 
rotated by approximately 5 ~ with respect to domain 
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I, which binds the FAD moiety, when compared 
with glutathione reductase. Crystals of trypano- 
thione reductase have been soaked in the 
dinucleotide co-factor NADPH and N~-glutathionyl - 
spermidine disulfide substrate and the structure of 
the resulting complex determined at 2.8 A, resolution. 
Strong density is observed for the adenosine end of 
the co-factor which forms many charged interactions 
with the protein though the density for the nicoti- 
namide moiety is more diffuse. The mode of binding 
indicates that NADP is bound to the enzyme in a 
similar conformation to that observed with human 
glutathione reductase. 

I. Introduction 

Trypanothione reductase (TR; E.C. 1.6.4.8) is a 
recently discovered member of the disulfide oxido- 
reductase family of enzymes (Shames, Fairlamb, 
Cerami & Walsh, 1986; see review by Fairlamb & 
Cerami, 1992). The discovery and characterization of 
TR has excited interest because, as will be explained 
below, this enzyme presents an attractive target for 
the development of new drugs by rational inhibitor 
design. TR and its substrate trypanothione {NI,N s- 
bis(glutathionyl)spermidine disulfide; T[S]2; Fair- 
lamb, Blackburn, Ulrich, Chait & Cerami, 1985} are 
unique to parasitic flagellated protozoa of the order 
Kinetoplastida, suborder Trypanosomatida. Mem- 
bers of this suborder (collectively known as trypano- 
somatids) cause several diseases of medical and 
veterinary importance in many tropical and subtro- 
pical regions of the world (World Health Organi- 
sation, 1991). The medical and economic losses 
caused by these life-threatening diseases can be 
devastating. For example, in Africa Trypanosoma 
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brucei spp. periodically cause epidemics of sleeping 
sickness in humans and nagana in cattle. In Central 
and South America 16-18 million humans are 
infected with T. cruzi which ultimately presents as 
Chagas' disease affecting the heart and digestive 
system. Throughout 80 countries in Asia, Africa and 
South America, an estimated 350 million people are 
at risk of infection with various species of Leish- 
mania. These organisms cause a spectrum of diseases 
ranging from simple self-healing skin ulcers (e.g. 
Leishmania major) to life-threatening visceral leish- 
manias in which the macrophages of the liver, spleen 
and bone marrow become infected with L. donovani. 
Current control strategies are becoming increasingly 
ineffective, vaccines are not available and the efficacy 
and safety of current treatments is poor or non- 
existent. Thus, basic research has an important role 
in identifying suitable metabolic pathways that can 
be targeted for selective drug design (Hol, 1986; 
Fairlamb, 1989). One particularly appealing pathway 
involves redox regulation. 

Mammals utilize their most abundant thiol, the 
tripeptide glutathione (L-y-glutamyl-L-cysteinyl- 
glycine; GHS) in a range of metabolic functions 
(Meister, 1989). In particular, GSH with a reactive 
thiol group, regulates an intracellular reducing 
environment protecting biological molecules from 
the oxidizing by-products of aerobic metabolism. In 
the course of this protective role GSH is oxidized to 
glutathione disulfide (GSSG). The flavoenzyme glu- 
tathione reductase (GR; E.C. 1.6.4.2) ensures high 
levels of GSH by carrying out a reduction of GSSG 
(Ghisla & Massey, 1989). In marked contrast to 
mammalian cells, glutathione is not the principal 
thiol in trypanosomes and these protzoa do not 
possess glutathione reductase. Instead, the metabo- 

lites trypanothione (T[SH]2) and N~-glutathionyl - 
spermidine (GspdSH) and the auxiliary enzyme 
trypanothione reductase maintain the reducing 
environment in the protozoan cell (Fig. 1). 

TR and GR are closely related enzymes. They are 
homodimeric with a subunit molecular weight of 
approximately 52 kDa and catalyse the transfer of 
electrons from NADPH to their specific substrates 
via a flavin adenine dinucleotide (FAD) prosthetic 
group and a redox-active cysteine disulfide. 
Although TR's and mammalian GR's share approxi- 
mately 40% sequence identity and the residues 
involved in catalysis are conserved, the enzymes 
demonstrate a high degree of specificity for their 
respective substrates (reviewed by Fairlamb & 
Cerami, 1992). The difference in substrate specificity 
plus the absence of trypanothione and TR in mam- 
malian cells make this aspect of trypanosomatid 
metabolism an excellent target for the development 
of new drugs. 

High-resolution structures of human erythrocyte 
GR and the complex with GSSG are available (Janes 
& Schulz, 1991; Karplus, Pai & Schulz, 1989; Kar- 
plus & Schulz 1987, 1989). Sequence comparison of 
the residues involved in binding GSSG reveal five 
non-conservative changes between GR and TR; 
Glul8, Trp21, Serl09, Metl l3 and Ala343 in TR 
replace Ala34, Arg37, Ilel13, Asnl l7  and Arg347, 
respectively, in GR. Site-directed mutagenesis of 
these residues in either GR or TR has confirmed the 
importance of these residues in conferring substrate 
specificity (Bradley, Bucheler & Walsh, 1991; 
Henderson et al., 1991; Sullivan, Sobolov, Bradley & 
Walsh, 1991). However, incomplete reversal of sub- 
strate binding indicates that the factors affecting 
substrate specificity are more complex than simple 
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Fig. 1. Schematic diagram to indi- 
cate the protective biological role 
of trypanothione in trypanosome 
metabolism and where the cog- 
nate enzyme, trypanothione red- 
uctase, is involved. 
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side-chain substitution and demonstrate the need for 
detailed structural information as a basis for under- 
standing the structure and function of TR. 

TR from the insect parasite Crithidia fasciculata 
has approximately 70% sequence identity with TR's  
from the mammalian parasites T. brucei and T. cruzi 
(Field, Cerami & Henderson, 1992; Aboagye- 
Kwarteng, Smith & Fairlamb, 1992). Its crystal 
structure has been determined in two different crystal 
forms, a monoclinic (Kuriyan et al., 1991) and a 
tetragonal (Hunter et al., 1992). We previously 
described the active site in detail at an intermediate 
stage of the analysis. We now report experimental 
procedures in full, the completed 2.6 A structure of 
the tetragonal form, detail of how NADP interacts 
with the enzyme and some comparisons of TR with 
human GR. 

2. Experimental methods 

2.1. Crystallization, data collection and structure 
solution 

Trypanothione reductase was isolated and purified 
from wild-type cells of Crithidia fasciculata (clone 
HS6) following the method described by Shames, 
Fairlamb, Cerami & Walsh (1986). Crystals were 
grown in sitting drops from an 18 mg ml-~ protein 
solution in 0.1 M phosphate buffer, pH 7.0, and 50% 
saturated ammonium sulfate equilibrated against 
80% saturated ammonium sulfate at 278 K (Hunter 
et al., 1990). The crystals belon~ to the space group 
P4~, a = b = 128.9 and c = 92.5 A with a dimer in the 
asymmetric unit. 

Native data were initially collected on a Xentro- 
nics area detector using Cu Ka X-radiation from a 
sealed-tube source, as described previously (Hunter 
et al., 1992), yielding 20 805 reflections with a n  Rmerg e 

of 11.7%. These data were supplemented by further 
measurements on station PX9.6 at the Synchrotron 
Radiation Source, Daresbury Laboratory, using film 
as the detector. This produced a composite data set 
(data set I) of 22 207 unique reflections with F >  
o(F)  in the range 8.0-2.8 ~,  approximately 65% 
complete. These data were used for the structure 
solution and initial refinement of the trypanothione 
reductase model. 

A second data set (data set II) was collected using 
an Enraf-Nonius FAST area detector on station 
PX9.6. The synchrotron was operating at 2.0 GeV 
with a current range of 200-100 mA. The wavelength 
was 0.89 ,~ and a 0.2 mm collimator was used. Three 
crystals, measuring up to 0.12 × 0.12 × 0.5 mm, were 
used to collect 199 ° of data. The crystals were 
aligned with the c axis offset by approximately 45 ° 
from the rotation axis in order to enable reflections 
to a maximum d spacing of 2.6 A to be measured. 

Table 1. Data collection statistics for  native TR data 
set II 

All da ta  are included in these studies. 

Resolut ion No.  of  
range (A) Rm~r~* reflections % Comple te  
30.0 4.0 9.7 12 801 98 
4.0 3.0 14.5 15 413 89 
3.0 2.6 33.1 I0 824 67 

* R,,~rg¢ = X l ( k ) -  ( I ) / X l ( k )  where l(k) and I represent  the 
diffract ion intensities o f  individual measurements  and the corre-  
sponding mean values. The  summat ion  is over  all measurements .  

Frames of 0.1 ~ were collected with exposure times of 
15 s per frame and were corrected for beam decay in 
advance of processing with the M A D N E S  software 
(Messerschmidt & Pflugrath, 1987). The profile- 
fitting method of Brick as implemented in the 
M A D N E S  version available at Daresbury Labora- 
tory was used. The crystals were rather sensitive to 
the intense radiation at the synchrotron and some 
images were not used due to radiation damage. 
Statistics for data collection and processing are given 
in Table 1. The final data set contains 39 038 
independent reflections, 83.5% of the theoretical dif- 
fraction data to 2.6 A with average l / o ( l )  of 6. 

A crystal soaked in mother liquor plus 10 mM 
NI-glutathionylspermidine disulfide ([GspdS]2) and 
10 mM NADPH has also been used for data collec- 
tion to 2.8/k. Details of the binding of [GspdS]2 have 
been reported elsewhere (Bailey, Smith, Fairlamb & 
Hunter, 1993) but details relevant to the dinucleotide 
binding will be presented below. 

The structure was solved by molecular replace- 
ment (Hunter et al., 1992). Briefly, the coordinates of 
the refined model of the glutathione reductase mono- 
mer (Karplus & Schulz, 1987), obtained from the 
Brookhaven Protein Data Bank (Bernstein et al., 
1977; accession number 3GRS.PDB), were used to 
generate a polyalanine dimer search model. The 
M E R L O T  package (Fitzgerald, 1988) was used to 
obtain a molecular replacement solution. Cross- 
rotation functions at various resolution ranges gave 
the orientation of the dimer and this was improved 
with a limited search using the Lattman rotation 
function (Lattman, 1985). The molecule was posi- 
tioned in the unit cell using a combination of transla- 
tion functions and R-factor searches. Rigid-body 
refinement gave an R factor of 53.2% for data to 
4.0 A. The phases were further improved by solvent 
flattening (Wang, 1985; Leslie, 1987), before a partial 
model of TR was built using a version of the pro- 
gram FRODO on an Evans and Sutherland ESV30 
workstation (Jones, 1978; P. R. Evans, personal 
communication). A partial gene sequence of the pro- 
tein was available and side chains were built into the 
model where the sequence was known and where 
there was good density. The R factor for this model, 
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comprising 5530 non-H atoms (70% of the protein), 
was 43% for data between 8 and 3 A. 

2.2. Refinement 

The model was refined using the programs TNT 
(Tronrud, Ten Eyck & Matthews, 1987) and 
X-PLOR (version 2.1, Brfinger, 1990), the CCP4 
package (SERC Daresbury Laboratory, 1986) was 
used for calculation of difference maps, and model 
building was performed using FRODO. TNT 
refinement was carried out on a VAX cluster 
centered on a 3500 VAXserver, and X-PLOR calcu- 
lations were performed on either a Silicon Graphics 
Iris 4D/240GTX or on a Hewlett-Packard series 700 
cluster. Progress of the refinement is summarized in 
Table 2. 

The starting model for refinement comprised resi- 
dues 2-474 and an FAD for each subunit, but atoms 
which were not in density were given zero occupancy 
and residues 1-38 and 465-492 for which we had no 
sequence were built either as alanines or according to 
the homologous T. cruzi sequence where appro- 
priate. During the course of refinement, more of the 
side chains were included as the structure improved 
and as sequence information became available. 

The model was refined with data set I using TNT 
with each monomer in the asymmetric unit treated 
independently. Three rounds of refinement and two 
manual rebuilds yielded a model comprising 7286 
atoms (residues 2-474) with an R factor of 25.6% for 
data between 8 and 2.8 A. Loops 38-45 and 135-145 
were still in very poor density. All further 
refinements were performed using X-PLOR. 

Data set I was used with X-PLOR for three cycles 
combining simulated annealing (SA) refinement and 
model rebuilding. For SA refinement the model was 
slow-cooled from the initial temperature (4000 K for 
the first cycle and 2000 K for the second and third 
cycles) to 300 K reducing the temperature by 25 K 
after every 50 dynamic steps where each step corre- 
sponded to 0.5 fs. Group thermal parameters (B 
factors) were refined for the side-chain atoms and 
main-chain atoms of each residue. After the first SA 
run the r.m.s, deviation between the atoms of the A 
and B subunits had increased and in some of the 
following rounds of refinement non-crystallgraphic 
symmetry restraints were applied. These were grad- 
ually loosened so that no such restraints were used in 
the later steps. 

At this point the processing of data set II was 
completed and the refinement proceeded using data 
to 2.6 A resolution. After a further round of SA 
(slow cooling from 1000 to 300 K) and restrained 
refinement of individual B factors the missing loops, 
38-45 and 135-145, were built into good density. 
Two further cycles of SA and model building, includ- 

Table 2. Progress of  the refinement 

R e f i n e m e n t  
r o u n d  
I 
2 
3 
4 
5 
6 
7 
9 
9 
10 
II 
12 
13 

R e s o l u t i o n  So lven t  R f a c t o r t  

P r o g r a m  r a n g e  (A)  m o l e c u l e s  N C S *  ( % )  
TNT 8.0-3.0 --  No 35.0 
TNT 8.0 2.8 --- No 28.6 
TNT 8.0 2.8 - -  No 25.6 
X-PLOR 8.0 2.8 - -  No 22.6 
X-PLOR 8.0-.2.8 - -  Yes 23.8 
X-PLOR 8.0 2.8 12 Yes 23.2 
X-PLOR 8.0 2.6 12 Yes 26.8 
X-PLOR 8.0-2.6 12 Yes 24.7 
X-PLOR 8 .0  2.6 99 Yes 22.2 
X-PLOR 8.0-2.6 108 No 19.5 
X-PLOR 8.0 2.6 290 No ! 7.3 
X-PLOR 8.0-2.6 310 No 17.0 
X-PLOR 8.0-2.6 392 No 16.1 

* N o n - c r y s t a l l o g r a p h i c  s y m m e t r y  re s t r a in t s .  
t R fac tor=ZIF , , -F , ' /~_ lE , !  % ,  w h e r e  E, a n d  F,. a r e  the  

o b s e r v e d  a n d  c a l c u l a t e d  s t r u c t u r e  a m p l i t u d e s ,  r e spec t ive ly .  

ing careful addition of 99 solvent atoms, were carried 
out to give an R factor of 22.2%. At several posi- 
tions the maps were, however, still noisy and there 
were density peaks in an Fo-F,., aca~c map which 
caused concern. These peaks were not compatible 
with solvent positions and were not consistent with 
the amino-acid sequence information then available. 
A published sequence for an isoform of TR from C. 
fascieulata (Field, Cerami & Henderson 1992) identi- 
fied differences from the sequence of our model. 
Inspection of the 2Fo-  F,., Cgcalc and Fo- F, O~calc 
maps indicated that at a number of positions this 
published sequence fitted the density maps better 
than the sequence we were using and accordingly 
changes were incorporated. In all, 155 side chains 
were changed in each monomer. Two residues, 
Asp297 and Phe454, which are Glu297 and Va1454 in 
the published sequence, were not changed in our 
model as the density was best fitted by our existing 
sequence. The final sequence of our 2.6 A resolution 
model is now in complete agreement with that of the 
correct sequence for the cloned gene of the C. fasci- 
¢ulata strain from which the enzyme was isolated 
(Aboagye-Kwarteng, Smith & Fairlamb, 1992). This 
includes the incorporation of a phenylalanine at 
position 126. The initial analysis of the TR/NADP/  
[GspdS]2 structure at 2.8 A resolution had a tryp- 
tophan at position 126 but the improved data set has 
allowed correction in the final model. Although most 
of the sequence changes made during the course of 
the analysis were very conservative they led to an 
improved interpretation of the electron density and 
after a further round of simulated annealing and 
B-factor refinement the R factor dropped to 19.5% 
Several cycles of conventional positional refinement 
with the addition of solvent molecules and small 
manual adjustments to the structure gave the final 
model comprising 7412 protein atoms, 106 FAD 
atoms and 392 solvent molecules with an R factor of 
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16.1%. Coordinates and structure factors have been 
deposited with the Brookhaven Da ta  Bank.* 

3. Results and discussion 

3.1. Quality of the structure 

The refined native model of  T R  comprises residues 
1-487 in the A chain and 2-487 in the B chain. No  
density is seen for Met lB and for the last four 
residues at the C terminus of  both chains. It should 
be noted that at tempts to sequence the N terminus of  
the enzyme were unsuccessful suggesting that  the 
terminal amino acid is blocked (Shames, Fai r lamb,  
Cerami & Walsh, 1986). However,  the density of  
residue 1 on the A chain does not allow for the 
identification of  any such blocking group. Fig. 2 
shows typical electron density calculated in a 2Fo- 
Fc, Cl~calc map. The main-chain density is contiguous 
at the lo- level for all main-chain a toms of  the 
model. The stereochemical parameters  for the final 
model are given in Table 3. A plot (not shown) of  R 
factor against resolution calculated by the method of  
Luzzati (1952), estimates a mean error  in the co- 
ordinates of  between 0.25 and 0.30 A. The geome- 

* Atomic coordinates and structure factors have been deposited 
with the Protein Data Bank, Brookhaven National Laboratory. 
Free copies may be obtained through The Technical Editor, 
International Union of Crystallography, 5 Abbey Square, Chester 
CH1 2HU, England (Supplementary Publication No. SUP 
37106). A list of deposited data is given at the end of this issue. 

Table 3. Refinement statistics,for native TR 

Resolution range (A) 8.0 2.6 
No. of reflections F> lo-(k) 35000 
Completeness (%) 83.5 
R factor (%) 16.1 
No. of atoms 

Total 7628 
Protein 7142 
FAD 96 
Solvent 392 

Average B factors (A t) 
Main chain (A) 12.0 

(B) ll.l 
Side-chain (A) 17.0 

(B) 15.3 
FAD (A) 5.4 

(B) 5.3 
Solvent 28.0 

R.m.s. deviations of geometry from ideal values 
Bonds (A) 0.017 
Angles () 3.35 
Dihedrals () 26.5 
Impropers (:) 1.75 

tries of  the main chain and side chains have been 
analysed using the p rogram PROCHECK (Morris,  
MacAr thur ,  Hutchison & Thornton ,  1991; 
Laskowski ,  MacAr thu r ,  Moss & Thornton ,  1993). 
R a m a c h a n d r a n  plots ( R a m a c h a n d r a n  & Sasisek- 
haran,  1968) of  the q~/0 angles for the A and B 
chains are presented in Fig. 3. The major i ty  of 
non-glycine residues are within the allowed regions 
with 88% of  these residues in the energetically most  
favoured areas. The only non-glycine residues in 
disallowed regions are at the N and C termini of  the 
chain where the density is more  diffuse, and residue 

Fig. 2. An example of the electron 
density (2E, - F~., a~a~c) shown at 
the 1 o" level of the density in the 
unit cell. The part of the model 
selected for display is at the dimer 
interface and illustrates the close 
contact between the S atoms of 
Cys444 in each polypeptide chain 
but with no evidence of disulfide 
bond formation. 
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Tyr45 which is in excellent density and held in a 
strained conformation by hydrogen bonds involving 
main-chain atoms. Analysis of the side-chain XI and 
X2 dihedral angles indicates that 90% of the side 
chains cluster around the ideal geometry, i.e. they are 
within 2.50- of the gauche +_ and trans conforma- 
tions. Least-squares superimposition of the A and B 
subunits gave an r.m.s, deviation of 0.35/k for all C '~ 
atoms and 0.7 A for all atoms. The segments which 
deviate most are loops at the protein surface. 
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Fig. 3. Ramachandran  plots o f  the final model  for  (a) subunit  A and 
(b) subunit  B. Triangles denote  glycine residues, squares all others. 
Residues which are not  in energetically favoured regions are 
labelled. 

The variation in temperature factors along the 
polypeptide is shown in Fig. 4. The average tempera- 
ture factor for main-chain atoms is 12.0 and 11.1 ,~2 
for the A and B chains, and for side-chain atoms is 
17.0 and 15.3 A z for the two chains, respectively. The 
temperature factors for the FAD co-factors are much 
lower at 5.4 and 5.3/k 2 for the A and B subunits, 
respectively. The solvent molecules have an average 
B factor of 28 A 2 with only six solvent molecules 
having B factors greater than 50 A2. It is noteworthy 
that the segments of polypeptide that comprise the 
disulfide substrate, the NADPH co-factor binding 
sites and the FAD-binding site have the lowest ther- 
mal parameters in the structure. This is discussed 
later. 

3.2. Overall structure 

The TR molecule is a homodimer with a very 
similar folding pattern to GR. In the structure of 
human GR the two monomers are related by a 
crystallographic twofold axis but in TR the second 
subunit is generated by a rotation of 179.4 ° and a 
translation of 0.01 A along the dimer axis. The 
sequence and secondary structural elements, 
determined using the method of Kabsch & Sander 
(1983), are given in Fig. 5. TR comprises approxi- 
mately 30% a-helix, 25% extended chain, 10% 
reverse turns and 4% 310-helix. 

Each monomer contains four domains; domain I 
(residues 1-162) binds the FAD co-factor and with 
domain III (residues 290-359) forms one side of the 
trypanothione binding site. Domain II (residues 
163-289) binds NADPH and domain IV (residues 
360--491) forms the interface with the second subunit 
and the other side of the trypanothione binding site. 
Domains I and II exhibit f la i l  or 'Rossmann'  folds 
(Rao & Rossmann, 1973), common among 
nucleotide-binding domains. The folding of each 
domain and the assembly of each subunit and of the 
dimer are demonstrated in Fig. 6. The enzyme has 
two catalytic sites which are located at the interface 
of the two subunits. One trypanothione-binding site 
is clearly visible in Fig. 6 as the deep cleft between 
the two subunits. 

Domain I is formed from two sheets, flA and f iB 
and three helices, a l, a2  and a3. The two sheets 
form a fl-sandwich against which helices a l and a3 
pack on the side of flA. Sheet A consists of four 
parallel strands from domain I plus a fifth parallel 
strand from domain III whereas sheet B is formed 
from three antiparallel strands. Helix a2, the N 
terminus of a3 and the residues connecting these two 
helices, form a long extension from the core of 
domain I. This protrusion interacts with domains II 
and III and with domain I from the second subunit 
at the dimer interface. 
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Domain II also comprises a /J-sandwich formed 
from the parallel four-stranded sheet C and the 
antiparallel three-stranded sheet D. Helices a4, a5 
and a6 pack against sheet C. Helices a4 and a5 
form close contacts with the protruding segment of 
domain I, with a4 also contacting the loop formed 
by residdes 40--45 of domain I. Contact with domain 

IV is through a5 and a6 which pack against one face 
of sheet/JE. 

Domain I II is a small domain which forms many 
interactions with domain I: it provides the fifth 
strand for sheet A and contains helix a7 which along 
with c~l and c~3 packs against sheet A forming a wall 
which lines one side of the trypanothione binding 
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Fig. 4. Main-chain isotropic tem- 
perature factors of (a) subunit A 
and (h) subunit B. Values are 
averaged within each residue and 
plotted against residue number. 
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Fig. 5. Amino-acid sequence of C. fasciculata TR determined from the cloned gene (Aboagye-Kwarteng, Smith & Fairlamb, 1992). 
Secondary structure has been assigned according to Kabsch & Sander (1983). Helices comprise four or more residues and are labelled an 
where n is the number of the helix; a8 and a 14 are stretches of  3,, helix. Strands comprise three or more residues and are labeled to the sheet 
to which they belong. The sequence ofhuman GR is shown for comparison. Amino acids that are identical with TR are depicted with a dot. 
Deletions of residues in each sequence is denoted by -,  * indicates the carboxy terminus. 
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cleft. Domain III does not interact with domains II 
and IV of the same subunit but does form a number 
of van der Waals contacts, at one end of the try- 
panothione binding site, with domain IV of the 
partner subunit. 

The core of domain IV is the flat, seven-stranded 
antiparallel sheet fiE. Helix a l0  is on one side of this 
sheet and on the other side are the secondary struc- 
tural elements which are involved with subunit- 
subunit contacts; helix a12 and a loop comprising a 
length of/3-strand and two short helical lengths, a 13 
and helix 14 (two turns of 3~o-helix). Strand one of 

sheet E also makes contacts with the opposite 
subunit. 

3.3. Catalytic site 

Details of the catalytic residues and the disulfide 
substrate-binding site have already been published at 
an intermediate stage of the structure determination 
of the native form (Hunter et al., 1992) and in the 
analysis of the complex of TR with [GspdS]2 (Bailey, 
Smith, Fairlamb & Hunter, 1993). There are no 
changes to report now that the native structure has 
been fully refined. For completeness we briefly sum- 

~3 

oO 

Domain I Domain II Domain III Domain IV 

(a) 

c~13 

Fig. 6. Ribbon drawing of TR showing the folding and assembly of (a) domains I-IV, (b) subunit A, and (c) the TR dimer. The FAD and 
NADP molecules are depicted as ball-and-stick representations. This diagram together with Figs. 9 and 11 were produced with 
MOLSCRIPT (Kraulis, 1991). 
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marize our previous findings in this section and 
explain the structural basis for the difference in 
substrate specificity of TR and GR. 

A comparison between TR and human GR active 
sites indicates that in TR the disulfide-binding cleft is 
enlarged to accommodate the larger substrate. This 
feature will be further discussed in §3.8 where a 
comparison of the overall structures is carried out. 
The cleft of TR has an overall negative charge to FAD 
interact with a positive substrate, the cleft of GR is atom NIA 
overall positive to interact with a negative substrate. N6A 
The TR disulfide substrate interactions are domi- N7A 

O2*A 
nated by the amino-acid side chains which form van 
der Waals interactions in conjunction with direct and 
solvent-mediated hydrogen bonds. Specifically, TR o3*A 
uses a hydrophobic patch formed by Trp21 and olPA 
Met113 in one corner of the active-site cleft ~o bind a 
spermidine component of the substrate with o2PA 
numerous van der Waals interactions and an amine- 
thioether hydrogen-bonding interaction. The active- 
site residues do not undergo any significant changes OIPF 
when binding the substrate. The low thermal param- 
eters noted for the polypeptide segments that form O2PF 
the disulfide-binding site, namely residues 14-21, 
52-61, 103-113, 335-343, 396-399 and 461-470, are 

GI.~ 127 o , W122. 
WI79 

e 
6N ** 

Girl27 N ~ > 

"- ~ ?N 

9N o. W9,W48 
/ ~  °°°*° 

ZO H 
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Thr335 O(31 

----- z()}l 

Thr335 N 

His 461'-O 40 

Lys60 NZ 

Fig. 7. A schematic representation of FAD binding showing 
hydrogen-bond interactions (dashed lines) between the co-factor 
and the protein. 

Table 4. Possible hydrogen-bond interactions involving 
the FAD, TR and solvent molecules as identified froin 

the model of  TR refined at 2.6 A resolution 
Distances (A) are given for both the A and B subunits. FAD 
atoms are labelled A or F depending on whether they are part of 
the adenine mononucleotide (AMP) or the flavin mononucleotide 
(FMN) moiety, W designates a solvent molecule. 

O4*b-~" 

O3*F 
O2F 

N3F 
O4F 
N5F 

TR component 
TR and solvent (A, B) Distances interacting with 

Residue Atom A B the solvent 
Glu 127 N 3.0 3.0 
Gly127 O 3.1 3.3 
W122, W179 O 3.6 3.3 Arg290 O, Thr293 OGI 
Asp35 ODI 2.9 3.1 
W9, W48 O 2.9 2.8 His44 O, 

Arg290 NH I,NH2 
Asp35 OD2 3.4 3.0 
Ala47 O 3.2 3.2 
Thr51 OGI 2.5 2.8 
W80, W51 O 2.7 2.7 Ser162 N, Arg287 NH2, 

Asp327 OD 1 
Thr51 N 2.7 3.1 
WIO, W277 O 3.2 3.0 Serl40G, Gly49 O, 

Cys52 N 
FAD O4*F 3.0 2.9 
Glyl5 N 3.0 2.7 
W274, W44 O 2.7 2.7 Glyl3 N, Glyl6 N, 

Ala 159 O 
Asp327 N 2.9 2.8 
W23,W7 O 2.6 2.6 Glyl61 N, Ile325 O, 

Va1328 N 
Seri4 OG 3.2 3.5 
Cys52 N 3.6 3.5 
Thr335 OGI 3.7 3.5 
Asp327 ODI 3.1 2.8 
Thr335 N 2.7 2.9 
W5, W153 O 3.4 2.7 His461 N, His461 O 
His461' O 2.9 2.9 
Lys60 NZ 2.7 2.7 
Lys60 NZ 2.9 3.7 

t O4*F protein contacts in the TR/NADP/[GspdS]~ complex are 
all between 3.2 and 3.4 A. 

evident in Fig. 4. This observation suggests that the 
active site is a well ordered cleft ready to bind and 
process the flexible disulfide substrates. 

3.4. FAD-binding site 

The FAD and surrounding residues are very well 
ordered as indicated by the temperature factors (e.g. 
the FAD average is 5.4 A2). The presence of a dimer 
in the asymmetric unit provides an internal check 
and so all features described apply to both subunits 
unless otherwise stated. In addition, the structure of 
the TR/NADP/[GspdS]2 complex was independently 
refined and provides a further check. 

The FAD moieties are bound in an extended 
conformation as has already been observed in other 
FAD-binding proteins and not surprisingly adopt a 
structure very similar to that observed in human GR 
(Schulz, Schirmer & Pai, 1982). The flavin moiety 
was restrained to a plane during refinement and with 
the resolution of our data limited to 2.6 A we are 
unable to comment on the possible twisting of the 
flavin as noted in other studies, for example, chole- 
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sterol oxidase (Vrielink, Lloyd & Blow, 1991). The 
ribityl chain is extended with the hydroxyls in trans 
conformation. Torsion angles associated with the 
phosphates indicate cis/gauche conformations allow- 
ing an intermolecular hydrogen bond between 04 '  of 
the ribityl and one of the adenine phosphate O 
atoms. The ribose sugar is in the C2"-endo conforma- 
tion and the adenine ring is anti with respect to the 
glycosidic linkage. The adenine is tucked into a 
hydrophobic pocket formed by Leu36, Thrl60, 
Phe126 and Leu294. The methyl substituents on the 

Fig. 8. The electron density for NADP bound to the B subunit of TR 
contoured at 1.6 o-. The map was calculated using coefficients 
Fo - Fc, ~'calc in which all atoms of the NADP co-factor were 
omitted from the structure-factor calculation. 

isoalloxazine reside near Lys60, Phe182, Ile199 and 
Tyr 198. 

There are 17 direct interactions between the FAD 
and 11 amino-acid residues of the protein which are 
potential hydrogen bonds. Seven are indirect con- 
tacts where a water molecule forms a bridge between 
the FAD and the protein, and one hydrogen bond is 
within the prosthetic group itself. The interactions 
between the protein and the FAD are shown 
schematically in Fig. 7 and documented in Table 4. 
The majority of residues which interact with the 
FAD are contributed from domain II. This is one of 
the domains which displays a Rossmann fold and 
interacts with FAD in a manner typical for 
nucleotide-binding domains with the nucleotide- 
binding site at the C-terminal end of the parallel 
/3-sheet and charge stabilization of the phosphate 
groups provided in part by the helix dipole of helix 
a 1. Domains III and IV' (where ' is used to designate 
a contribution from the partner subunit) also interact 
with the FAD co-factor taking part in five possible 
hydrogen bonds. 

The solvent molecules which bridge the FAD and 
protein are well defined in the electron-density maps 
and have low thermal parameters. These seven sol- 
vent atoms are equivalent to seven of the eight 
solvent molecules observed to bind directly to the 
FAD of GR. There are two waters hydrogen bonded 
to the O atoms of each phosphate group and the 
other waters interact with N7 of the adenine, 02* of 
the ribose and 02 of the flavin. There is no evidence 
in our maps for the eighth solvent which would 
interact with the 03* of the ribose. The possibility 
that electron density close to the phosphate O atoms 
may represent cations rather than solvent molecules, 
allowing the negative charges on the phosphates to 
be balanced, has been considered. However, the 
relevant distances and arrangements suggest strong 
hydrogen bonds and we have modelled the density as 

334  

3 

87 Fig. 9. A stereoview of NADP 
(black) bound to TR on sub- 
unit B. Amino acids (red) are 
shown for six peptide seg- 
ments contributing to the 
NADPH binding site. The 
one letter code for selected 
residues is used and solvents 
are depicted as cyan spheres. 
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the O atoms of water molecules. This agrees with the 
observations by Karplus & Schulz (1987) in their 
analysis of the FAD interactions with human GR. 

3.5. NADP-binding site 

We have available details of the structure of TR 
both with and without a dinucleotide bond. Data 
were collected from crystals of TR soaked in mother 

~ O  . Met333 O 
. ~ 

2OH . . . . . . . .  Tyrl9g OH 
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W326 
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Arg228 NE or NH2 

Fig. 10. A schematic representation of the NADP binding showing 
hydrogen-bonding interactions (dashed lines) formed between the 
co-factor and the protein. 

liquor containing N A D P H  and [GspdS]2 and the 
structure refined to an R factor of 14.8% at 2.8/~ 
resolution (Bailey, Smith, Fairlamb & Hunter, 1993). 
The binding of the disulfide substrate to TR has 
already been described in detail and we now concen- 
trate on how the dinucleotide interacts with the 
protein. Although the crystals were exposed to the 
reduced form of the co-factor we made no attempt to 
exclude molecular oxygen and we have produced an 
abortive complex of enzyme-co-factor and disulfide 
substrate (Bailey, Smith, Fairlamb & Hunter, 1993). 
Fig. 8 shows the density seen for one of the NADP 
molecules in an omit Fo-  Fc, O~calc map and Fig. 9 
presents a stereoview of the molecule bound to the 
protein. There is strong continuous density for the 
adenine, the adenine phosphoribose and the phos- 
phate moieties and then the density becomes more 
diffuse, reflecting less order in the binding of the 
nicotinamide moiety. N A D P  was built into each 
subunit and refines to a similar position commen- 
surate with the accuracy of the structure. The N A D P  
is bound in a similar manner to the binding of the 
oxidized co-factor to GR (Pai, Karplus & Schulz, 
1988; Karplus & Schulz, 1989). The adenine ribose 
sugars adopt a C3'-endo conformation and the bases 
are anti with respect to the glycosidic linkage. The 
more diffuse electron density observed for the 
nicotinamide component of the dinucleotides renders 
it difficult to be precise about the sugar pucker and 
our model has refined to present sugar conforma- 
tions intermediate between C3'- and C2'-endo. The 
base is syn with respect to the glycosidic linkage. 
Torsion angles subtended at the phosphate groups of 
the N A D P  are in the trans/gauche ranges. 

Residues 55-62, 164-167, 194-202, 220-230, 
253-256, 283-288, 333-336, 364-367 and 459-463 
form the dinucleotide binding site of TR. Both main- 

K446~ I 

P 

Fig. 11. Interactions at the 
dimer interface. Subunit A is 
shown in yellow and subunit 
B is green. The view is perpen- 
dicular to the dimer axis. 
Interface region 2 is between 
residues 432 and 447 of each 
subunit. Helices a12 which 
form close van der Waals con- 
tacts are viewed end on. Side 
chains which form hydrogen 
bonds with the partner sub- 
unit are illustrated in red and 
labelled with the amino-acid 
one-letter code. 
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chain and side-chain atoms of these residues remain 
in essentially the same position in the presence and 
absence of NADP. The thermal parameters for these 
parts of the enzyme are amongst the lowest in the 
structure (Fig. 4). However, we do note a small 
difference between the two NADP-binding sites in 
the conformations of the side chains of Met333 and 
Arg228 which interact with the co-factor (Table 5). 
For Arg228 this may just reflect its flexibility as is 
indicated by the high temperature factors (>  50 A 2) 
at the end of this side chain. In addition there is also 
a slight difference in the orientations of the adenine 
ribose Y-phosphates. These differences influence the 
detail of the hydrogen bonding which is given in Fig. 
10 and in Table 5. As previously discussed with 
respect to the GR structure the insertion of the 
dinucleotide results in the displacement of several 
well ordered solvent molecules (Karplus & Schulz, 
1989). NADP binds in a groove on the surface of 
domain II of TR and the majority of the co-factor- 
protein interactions are with this domain. The 
nicotinamide is sandwiched between the side chains 
of Cys364 and Tyr198, the latter blocking access to 
the isoalloxazine ring of FAD. In human GR the 
corresponding residues are Tyr197 and Thr369 and 
the binding of NADPH produces a conformational 
change whereby the tyrosine swings away from the 
isoalloxazine ring, allowing access for the nicotin- 
amide, and the threonine adjusts to form a hydro- 
gen bond with the tyrosine in its new orientation. A 
similar structural arrangement may occur as part of 
the catalytic process in TR. 

In the binding site on subunit A there are ten 
direct interactions between protein and co-factor 
involving six amino-acid residues, and six solvent 
molecules mediate indirect interactions. On subunit 
B there are 11 direct interactions involving the same 
six residues and nine solvents to bridge co-factor and 
protein. Most of the hydrogen bonds are to the 
phosphates and the adenosine moiety, and the 
stronger binding of this part of the co-factor is 
reflected in the lower temperature factors for the 
atoms in this portion of the co-factor. The adenosine 
atoms have an average temperature factor of 36.0 A 2 
whereas the nicotinamide half of the molecule has an 
average temperature factor of 61.9 A 2. 

The adenosine phosphate has strong electrostatic 
interactions with the guanidinium groups of Arg222 
and Arg228. These two arginines are conserved 
between TR and GR and help explain the TR and 
GR preference for NADPH over NADH (Shames, 
Fairlamb, Cerami & Walsh, 1986). The planar 
guanidinium group of Arg222 also stacks against the 
adenine ring of the co-factor providing numerous 
van der Waals contacts on one side of the base. On 
the other side Leu167 and Ile285 interact with this 
part of the co-factor. 

Table 5. Possible hydrogen-bond interactions formed 
between NADP, TR and solvent molecules as identified 

in the complex structure at 2.8 A resolution 

N A D P  a toms  are labelled N and A to indicate the n icot inamide  or 
adenine moiety,  respectively, except for the adenine ribose Y-phos-  
phate  a toms  which are labelled with an X. Fewer solvent molecules 
were located in site A and site B. Distances are given in ,~. 

T R  c o m p o n e n t  
interact ing with 

the solvent 
N A P D  T R  and solvent (A, B) Distances 
a tom Residue A t o m  A B 
O2*N Tyr198 OH 2.5 2.7 

Met333 O 2.7 2.7 
O3*Nt W326 O 3. I Arg287 NE, 

Asp327 OD 1 
Met333 SD 3.3 

OIPN W334, W315 O 2.9 2.6 Tyr198 N 
O2PN W201, W315 O 3.3 2.6 Gly286 N 
OIPA'~ W327 O 3.1 Arg228 N, Arg228 O 
O3PAi W333, W278 O 3.0 3.5 Arg287 N 

W336 O 2.8 
O3*A Gly196 N 2.6 3.0 

W270, W265 O 2.8 2.7 Gly196 O, Arg228 N 
OIPX~ Arg222 NH2 3.3 

Arg222 NE 3. I 
Arg228 NE 3.1 
Arg228 N H 1 3.5 
Tyr221 OH 2.9 3.0 

O2PX Tyr221 OH 3.4 
Arg228 NH 1 3.4 
Arg228 NE 2.9 
Arg228 NH2 3.1 
W270, W265 O 3.1 3.1 Gly196 O, Arg228 N 

O3PX Arg222 NH2 3.2 
Arg228 NH2 2.7 3.0 
Arg228 NE 3.5 

N3A W348, W268 O 2.7 3.0 Arg222 N 

t Difference observed between the two binding sites, in par t icular  
the side chains o f  Met333 and Arg228 and the adenine ribose 
3 ' -phospha te  have slightly different conformat ions .  

3.6. Dimer interface 

There are extensive contacts between the two sub- 
units in the TR dimer; 72 residues from each subunit 
are closer than 4.0/k to the other subunit. There are 
two primary regions of contact at the dimer inter- 
face; interactions are formed (a) between residues 
80-90 of domain I; and (b) between helix a12 and 
the loop of residues 455-464 in domain IV of each 
subunit. These two contact areas are separated by a 
solvent-filled cavity, internal to the dimer though 
connected to the external solvent. Hydrophilic side 
chains line the walls of this cavity. It is conceivable 
that ligands could bind in this area of the enzyme but 
access to the cavity would require significant dis- 
placements of the side chains such as Asp358, 
Thr360 and Lys361. 

The solvent-accessible area is 19 418 ~2 for sub- 
unit A and 19 635/k 2 for subunit B when they are 
treated in isolation. Dimer formation buries 6821/k 2 
to leave a solvent-accessible area of 32 182 A z. The 
solvent-accessible areas were calculated by the 
method of Lee & Richards (1971) as implemented in 
X-PLOR. A probe radius of 1.4 ~ was used in the 
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calculations. Intersubunit hydrogen bonds are listed 
in Table 6. A feature of the hydrogen-bonding con- 
tacts between the subunits is that most involve side- 
chain-main-chain interactions. 

The first contact area can be seen at the centre of 
Fig. 6(c) and is formed between the long extension of 
domain I and its dimer-related partner. The loop 
comprising residues 80-90 is in mainly extended 
conformation and forms six main-chain hydrogen 
bonds to its counterpart giving a short antiparallel 
/3-1adder with a bulge in the middle formed by a 
single turn of 31o-helix. The side chains of residues 
Tyr210, Trp81, Glu82, Asn91 and Ser87 are also 
involved in hydrogen-bonding interactions between 
the subunits and there are also a number of solvent- 
mediated interactions. These interactions are not 
conserved from GR. 

Fig. 11 shows how helix a12 stacks against its 
counterpart forming numerous van der Waals con- 
tacts. The residues on this helix are mainly hydro- 
phobic; exceptions are Ser440 which hydrogen bonds 
to its counterpart in the second subunit, and residues 
Glu436, Asn439 and Lys446, which face away from 
the dimer-related helix and hydrogen bond to the 
main chain of the opposing dimer. The latter three 
residues are conserved in GR where they form a 
similar hydrogen-bonding pattern. The S atoms of 
Cys444 in each subunit, present at the C-terminal 
end of a12, are 3.7 A apart and there is no evidence 
in the electron-density maps of disulfide bond for- 
mation (Fig. 2). In human GR a disulfide linkage is 
observed but this involves Cys90 interacting with the 
corresponding residue of the partner subunit. This is 
in the first contact area discussed above. The 
engineering of a similar disulfide linkage into E. coli 
GR proved to have no apparent effect on the proper- 
ties of the enzyme (Scrutton, Berry & Perham, 1988). 

3.7. Crystal packing 

Each molecule makes extensive contacts with six 
symmetry-related molecules producing three types of 
crystal contact. Hydrogen-bond interactions between 
the reference molecule (I) and the symmetry-related 
molecules (II, III, and IV) are listed in Table 7 along 
with the relevant symmetry operations. Note that 
interactions using the same residues but with differ- 
ent symmetry operations are evident. Hence, I-II 
interactions are the same as I-V, I-III  the same as 
I-VI and I-IV the same as I-VII. Altogether there 
are 17 potential hydrogen bonds between symmetry- 
related molecules and ten water-mediated inter- 
actions. There are also extensive van der Waals 
contacts between molecules. 

The contact region between molecules 1 and 11 
does not have many direct hydrogen bonds; however, 
we observe numerous well ordered solvent molecules 

Table 6. Possible hydrogen bonds formed at the dimer 
interface 

Contac t  Distances (A) 
region D o n o r  Acceptor  Subunit  A Subunit  B 
I Lys 61 NZ Pro 462 O 3.0 3. I 
I Trp 81 NE Gly 66 O 3.0 3.1 
I Trp 81 NE Tyr 210 OH 3.3 3.4 
I Glu 82 N Arg 89 O 2.8 2.7 
! Asp 84 N Ser 87 OG 2.9 3.0 
I Arg 89 N Glu 82 O 2.7 2.7 
I Asn 91 N Glu 80 O 2.6 2.7 
I Tyr 210 OH Phe 79 O 2.7 2.7 

II Ser 434 OH Ser 434 OH 3.0 3.0 
II Gin 439 NE2 Ile 458 O 3.3 3.3 
II Lys 446 NZ Asn 456 O 2.8 3.0 
II Va1460 N Gin 439 OEI 2.8 2.9 
II Ser 464 N Glu 436 OEI 3.3 3.2 
II Ser 464 N Glu 436 OE2 2.9 2.9 
II Ala 465 N Glu 436 OEi 2.9 2.8 

Table 7. Direct and solvent-mediated hydrogen-bond 
interactions between symmetry-related molecules 

Designation o f subun i t  A or  B is provided. 

First Second Distances 
Molecules molecule Solvent molecule* (A) 
I- II GIu82A OEI Arg30B NHI 3.1 

Arg89B NH2 Ala I 15B O 2.9 
AIa77A O W99 Arg30B NH2 2.8 2.5 
Glu82A OEI W286 Tyr5B OH 2.8 2.9 
GIu82A OEI W286 Thrl21BOGI 3.2 2.8 
Asp84A ODI WI02 Lys38B NZ 3.2 2.9 
Arg85A O W216 Leu148B O 2.9 3.1 
Arg85A N W21 Glu149B OE2 3.0 2.8 
Lysl01B NZ WI60 Ser2BO 2.7 2.7 

I-III AIa313A N GIn216BOEI 3.0 
Tyr314A OH Ile247B O 2.8 
Asn318A O Arg213B NHI 3.3 
Asp320A OD2 Arg213B NHI 3.4 
Tyr377A OH Ser272B O 3.3 
Tyr377A OH Gly273B O 3.3 
Lys385A NZ Gly273B O 2.7 
Lys385A NZ GIu275B OE I 3.2 
Tyr386A OH Glu271B O 3.0 
Tyr386A OH Ser272B O 3.5 
Tyr386A OH GIy273B N 3.3 
Tyr314A OH W348 Arg243B NE 3.0 3.0 
Tyr314A OH W348 Asn248B OD I 3.0 3.0 

I IV Asn144A O Asp320BN 3.2 
Asn144A OD1 Asn132B ND2 3.4 
AlaI46A N Asn318BO 2.8 
ValI47A N Asp320B ODI 3.0 
Asp 142A OD I W273 AIa299B O 3.2 2.8 

* Symmetry  operat ions are designated as x, y, z (type I); 1 - x, - y, 
- I / 2 + z ( I I ) ; 1 - y , x , I / 4 + z ( I I I ) a n d l - y , x ,  - 3 / 4  + z ( I V ) ;  l - x ,  

- y ,  l / 4 + z  (V);y,  I - x ,  3 / 4 + z ( V I ) a n d y ,  I - x ,  - I / 4 + z ( V I I ) .  

in this region which mediate interactions between the 
symmetry-related molecules. This contact area 
involves domain I of each molecule and the interac- 
tions are between the loops at the C-terminal ends of 
helices a l and a3, the edges of strands/3A and /3B  
with the N-terminus of the A subunit and the long 
helix of domain I of the second molecule. 

There are extensive direct contacts between mol- 
ecule I and molecule III. The contact area on the first 
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molecule involves a l0 of domain IV and the loop 
between a7 and flA of domain III from subunit A. 
These segments interact with loops at C termini of 
a5 and a6 together with the edges of /3C and/3D of 
domain II subunit B. 

The third type of contact (molecule I with IV) 
involves a smaller area than those interactions dis- 
cussed above. It involves a domain I loop (residues 
142-146) of subunit A of molecule I interacting with 
the N-terminal end of the single #-strand of domain 
III and the loop between #-strands 1 and 2 of 
domain I, subunit B of molecule IV. 

There are large solvent channels in the crystal. 
These are parallel to the z axis of the crystal. The 
NADPH-binding sites and the trypanothione- 
binding sites open onto this channel allowing access 
to substrates or inhibitors soaked into the crystal. 

3.8. Comparison with glutathione reductase 

TR from C. fasciculata shares 36% sequence 
identity with human GR. The alignment presented in 
Fig. 5 was determined by careful inspection of the 
molecules, constructed with consideration to struc- 
tural features and shows some differences from pre- 
vious sequence alignments (Hunter et al., 1992; 
Aboagye-Kwarteng, Smith & Fairlamb, 1992; Field, 
Cerami & Henderson, 1992). The main differences 
are in residues 137-169 and residues 250-277 (TR 
numbering) where the positioning of the inserts has 
been altered. Both of these segments are regions of 
low homology and are remote from the active site. 

The TR and GR dimers have been superimposed 
by a least-squares fit of the C" coordinates based on 
common secondary structural elements identified 
using the DSSP software and by visual inspection of 
the structure. The overall structures of the two 
proteins are similar with an r.m.s, deviation of 
1.10A for 462 C" atoms, but many of the loops 
linking the secondary structural units show large 
deviations. Superimposition of each subunit of TR 
separately on the GR structure gives r.m.s, devia- 
tions of 0.90 A (subunit A) and 0.89 A (subunit B). 
The relative orientation of the monomers is thus 
slightly different in TR and GR. As noted earlier the 
GR dimer is produced by a perfect (crystallographic) 
twofold axis of symmetry. In TR this is not so and a 
rotation of 179.4 ~ relates TR subunit A with subunit 
B. Calculation of the rotation and translation opera- 
tions required to superimpose the B subunit of TR 
onto the B subunit of GR, after previous superim- 
position of the A subunits, gives a rotation of 3.4 ~ 
and a translation of 3.2 A along the rotation axis. 
The values presented above are very similar to those 
reported by Kuriyan et al. (1991) in the comparison 
of the monoclinic form of the C. fasciculata TR with 
human GR. 

Table 8. Comparison of  TR and GR domain structure 

Additional operations required to superimpose individual domains 
of GR onto individual domains of TR after first having super- 
imposed the FAD-binding domains. TRd lA-GRdI  indicates TR 
domain I subunit A superimposed with GR domain I. 

C"a toms  R.m.s K* ¢p* ~* Tt 
used Before After (') ( )  ( )  (A) 

TRdIA GRdl 78 0.77 
TRdIIA-GRdll 73 1.63 0.70 4.6 72.0 8.9 1.2 
TRdIIIA GRDII! 25 0.75 0.46 2.6 15.6 71.8 0.5 
TRdIVa-GRdlV 55 2.12 0.59 5.2 54.3 48.4 3.6 

* Polar rotation angles as defined by Rossmann & Blow (1962). 
t Absolute value of translation vector along the rotation axis. 

Rearrangement of the domain structure appears to 
be a common feature in the family of flavin oxidore- 
ductases (Petsko, 1991; Mattevi, Schierbeek & Hol, 
1991). To examine this we superimposed the largest 
domain of subunit A (domain I) with the corre- 
sponding domain of human GR and applied the 
rotation matrix and translation vector to the com- 
plete subunit A. Then we superimposed each of the 
four domains of subunit A of TR and GR separately 
and calculated the shifts in the relative positions of 
the domains as has already been done for the com- 
parison of lipoamide dehydrogenase with GR 
(Mattevi, Schierbeek & Hol, 1991). The results are 
presented in Table 8 which details the r.m.s, devia- 
tion between the various structural units of TR and 
GR and the changes in orientation of the domains 
relative to the FAD domain. These are characterized 
by the additional rotation and translation needed to 
superimpose a domain once the FAD domains have 
been superimposed. The scale of the domain shifts is 
a 5 rotation for domains II and IV and translations 
of 1.0 to 3.6 ,~. 

There are several insertions and deletions of more 
than one residue in the TR structure when compared 
with human GR although none are close to the 
active site of the enzyme. TR is missing 16 residues 
at the N-terminus but has 19 extra residues at the 
C-terminal region which are on the surface of the 
protein leading away from the active site. All the 
insertions and deletions are in loops at the protein 
surface with the exception of the loop linking /3A2 
with a2. At this point residues 36-44 of TR create a 
loop which fits into a crevice between domains I and 
II and forms several hydrogen-bond interactions 
with residues on a4 of domain II. It has been 
suggested that this loop may influence the relative 
orientation of domains I and II (Kuriyan et al., 
1991). It undoubtedly contributes but cannot be the 
sole determinant of domain orientations. 

The sequence identity level of approximately 40% 
is consistent through all four domains. At a variety 
of positions, where domain-domain interactions are 
made, there are differences in the amino-acid sequen- 
ces between TR and GR. A case in point is the helix 
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a l of  domain I which interacts with a9 of domain 
III. There is good homology at the N-terminal end of  
the helices which deteriorates towards the C-terminal 
end. The changes at this point in conjunction with 
other changes at the domain-domain interface seg- 
ments of  the structures lead to differing interactions 
between domains hence altered orientations. The 
domain alterations help to form a disulfide substrate- 
binding site for each enzyme that is compatible with 
the size of  the respective substrate. 

Whereas different domain orientations are used to 
help determine the disulfide substrate specificity of  
each enzyme, GR and TR have conserved those 
aspects of  the structures needed to bind the prosthe- 
tic FAD,  the co-factor N A D P H  and to position the 
catalytically active residues. The components of  the 
structures important to the binding of  the dinucleo- 
tides are well ordered, fairly rigid parts of  the struc- 
tures. It appears that these disulfide oxidoreductases 
present a structure where a rigid and precise location 
of functional groups determines both the redox 
chemistry and the nature of the substrate that can be 
processed. 
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