
Trypanothione: A Novel Bis(glutathiony1)spermidine 
Cofactor for Glutathione Reductase in Trypanosomatids 

Abstract. Glutathione reductase from trypanosomes and leishmanias, unlike 
glutathione reductase from other organisms, requires an unusual low molecular 
weight cofactor for activity. The cofactor was puriJied from the insect trypanosoma- 
tid Crithidia fasciculata and identiJied as a novel glutathione-spermidine conjugate, 
N',~~-bis(~-~-~lutam~l-~-hemic~stin~l-~l~c~l)s~ermidine, for which the trivial name 
trypanothione is proposed. This discovery may open a new chemotherapeutic 
approach to trypanosomiasis and leishmaniasis. 

The available treatments for human grown in simple media and obtained in 
tropical diseases caused by parasitic try- high yields. Purification of the cofactor 
panosomes (African sleeping sickness, was monitored enzymatically with dia- 
Chagas' disease) and leishmanias (orien- lyzed enzyme extracts from bloodstream 
tal sore, kala-azar) lag far behind the Trypanosoma brucei by measuring oxi- 
enormous advances in chemotherapy of dized glutathione (GSSGtdependent ox- 
bacterial diseases. Current drug treat- idation of NADPH on addition of cofac- 
ment is either lacking or unsatisfactory tor extract (5). Enzyme extracted from 
( I ) ,  and new drugs for clinical use are too T. brucei was used in preference to en- 
expensive to develop through classical zyme from C.  fasciculata because it con- 
empirical screening methods (2). Re- tains negligible amounts of NADPH oxi- 
search is now being directed toward dase, which otherwise interferes with the 
identifying key differences between the assay (4). Crude cofactor was extracted 
metabolism of host and parasite as tar- from C.  fasciculata (wet weight, 118 g) 
gets for drug development (3). (6) by a combination of freeze-thawing, 

During our studies of glutathione me- centrifugation, and ultrafiltration (4), 
tabolism in trypanosomes, we have iden- 
tified such a target in glutathione reduc- 
tase (4). This nicotinamide adenine dinu- 
cleotide phosphate (NADP+)-dependent 
enzyme is responsible for the mainte- 
nance of glutathione in the reduced 
form (L-y-glutamyl-L-cysteinyl-glycine; 
GSH). Unlike the mammalian enzyme, 
the enzyme activity in trypanosomatids 
was found to be highly unusual in that it 

yielding 3.9 g of lyophilized material 
containing 5440 units of cofactor (5). 
This material was purified by anion and 
cation exchange chromatography and 
ion-paired reversed-phase high-pressure 
liquid chromatograpy (HPLC), yielding 
approximately 300 pg of cofactor in an 
overall recovery of 24 percent (Table 1). 
The pure material eluted as a single 
sharp peak of ninhydrin-reactive materi- 

had an absolute requirement for an un- al near the breakthrough of the third 
known thiol-containing cofactor of low buffer on a Durrum-500 amino acid ana- 
molecular weight (4). This led us to puri- lyzer (7) with an elution time of 45 min- 
fy the cofactor and determine its struc- utes. The purified cofactor also eluted as 
ture. The discovery that the cofactor a single symmetrical peak at 62.5 min- 
contains the polyamine spermidine cova- utes on ion-paired, reversed-phase HPLC 
lently linked to glutathione opens excit- (8). After performic acid oxidation (9) 
ing new avenues for drug development the oxidized cofactor eluted earlier in the 
against these parasitic diseases. Durrum-500 and HPLC systems, still as 

The insect trypanosomatid Crithidia a single sharp peak but now at 2.0 and 
fasciculata was chosen as a suitable 6.5 minutes, respectively. This finding is 
source of cofactor because it can be consistent with the oxidation of sulfur to 

Table 1. Purification of cofactor for trypano- 
somatid glutathione reductase from C .  fasci- 
culata. 

Purification 
step 

Ultrafiltrate 
Dowex AG 1-X8 

(formate) 
Dowex AG 50-X4 (H+) 
Amino acid analyzer 

(Na+) 
Dowex AG 50-X4 (H+) 
Reversed-phase HPLC 

Cofac- 
tor 

units 
(5 )  

Re- 
cov- 
erY 
(%I 
100 
94 

94 
57 

46 
24 

the more acidic sulfonate moiety. 
Amino acid analysis of the performic 

acid-oxidized, acid-hydrolyzed material 
yielded stoichiometric amounts of gluta- 
mate, glycine, and cysteic acid residues 
(Table 2). However, when this material 
was analyzed by cation-exchange thin- 
layer chromatography (TLC) (lo), an ad- 
ditional ninhydrin-positive spot was not- 
ed at the origin, indicating the presence 
of an additional highly basic amino-con- 
taining compound. Ion-paired, reversed- 
phase HPLC confirmed the presence of 
four amino-containing compounds: cys- 
teic acid, glycine, glutamate, and a com- 
ponent with the same retention time as 

spermidine (77 minutes) and well re- 
solved from putrescine (46 minutes) and 
spermine (89 minutes). The presence of 
spermidine and the absence of the latter 
polyamines in acid-hydrolyzed samples 
of cofactor was confirmed by TLC of the 
dansyl derivatives (11). Toluene extracts 
of acid-hydrolyzed dansylated cofactor 
yielded material with a migration identi- 
cal to that of authentic tris-dansyl sper- 
midine (migration relative to dansyl- 
NH2 = 0.8). Carboxymethylation of co- 
factor reduced in the presence of dithio- 
threitol or sodium borohydride followed 
by acid hydrolysis yielded S-carboxy- 
methyl cysteine, indicating the presence 
of cystine in the original material. The 
spermidine content determined quantita- 
tively by HPLC was found to be half that 
of the amino acids, suggesting a mini- 
mum composition of spermidine : gly- 
cine : glutamate : hemicystine residues of 
1 : 2:2:2 and a minimum molecular 
weight of 721. 

After desalting by HPLC (12) the co- 
factor was subjected to analysis by 252Cf 
fission fragment-induced ionization 
mass spectrometry (FFII-MS) (13), a 
method characterized by its ability to 
produce quasi-molecular ions in addition 
to structurally informative fragments of 
ions from involatile compounds. The ob- 
served quasi-molecular ion species and 
two significant fragment ions are listed in 
Table 3. The data indicate a molecular 
weight of 721 for the cofactor, confirm- 
ing the chemical analysis. FFII-MS of 
GSSG gave a strong fragment at mass 
217 in common with the cofactor, sug- 
gesting that the arrangement of amino 
acid residues in the cofactor is similar to 
that in GSSG, but with spermidine cova- 
lently attached to it. Of the potential 
structures of spermidine-(i) attached to 
both glycine residues, (ii) attached to 
both glutamate residues, or (iii) attached 
from a glutamate residue of one tripep- 
tide to the glycine of the other-the 
fragmentation data suggest that (i) is the 
most likely. 

This compound was synthesized by 
active ester peptide coupling chemistry 
with a protected spermidine substrate, 

Table 2. Composition of performic acid-oxi- 
dized cofactor after acid hydrolysis. 

Nano- Ratio (to 
Component cysteic moles acid) 

Cysteic acid* 5.19 1 .0 
Glycine* 5.21 1 .0  
Glutamate* 5.19 1 .0 
Spermidinet 2.50 0.5 

*Measured w ~ t h  the Durrum amino acid analyzer. 
tMeasured from peak height of Fluram trace on 
HPLC, compared to standards. 
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N',N4-(methylene)spermidine (14). The 
synthesis involved simultaneous sequen- 
tial introductions of the amino acid resi- 
dues of both glutathionyl appendages 
with t-butoxycarbonyl-glycine hydroxy- 
succinimide ester, t-butoxycarbony1-S- 
benzylcysteine-4-nitrophenyl ester, and 
t-butoxycarbonyl-glutamic-a-(benzyl es- 
ter)-y-(hydroxysuccinimide ester); 
cleavage of the N1,N4-methylene group 
(14); removed of the t-butoxycarbonyl 
groups with trifluoroacetic acid and de- 
benzylation with anhydrous HF; and ox- 
idation of the reduced form with 5,s'-  
dithiobis(2-nitrobenzoic acid) (DTNB) to 
afford ~',~~-bis-(~-y-~lutam~l-~-hemi- 
cystinyl-glycy1)spermidine. This materi- 
al shows retention times identical to 
those of the cofactor on the amino acid 
analyzer and by ion-paired, reversed- 
phase HPLC; has a common series of 
structurally significant ions on FFII-MS 
(Table 3); and substitutes for cofactor in 
the glutathione reductase assay with T. 
brucei enzyme, confirming the chemical 
structure assignment of the cofactor 
(Fig. 1 ) .  

Previously a related compound that 
contains spermidine attached to a single 
glutathione moiety (L-y-glutamyl-L-cys- 
teinylglycylspermidine) was found in 
Escherichia coli. This compound is ab- 
sent in logarithmically growing cells but 
is synthesized during the stationary 
phase, where it accounts for all the intra- 
cellular spermidine and a large part of 
the intracellular glutathione (15). Its 
function is not known. Using dialyzed 
glutathione reductase from T, brucei as a 
biological probe, we were able to identi- 
fy a similar cofactor-like activity only in 
extracts of trypanosomatids (T. brucei, 
Trypanosoma cruzi, C. fasciculata, 
Leishmania mexicana), but not in ex- 
tracts of E,  coli (logarithmic-phase cells), 
rat liver, spinach, yeast, and the proto- 
zoans Chlamydomonas reinhardtii, Ei- 
meria tenella, Plasmodium berghei, and 
Trichomonas vaginalis (4). As the com- 
pound identified here has been found in 
all trypanosomatids, but in no other 

Table 3. Structurally significant ions of cofactor 
MS. M, cofactor molecule. 

Ion species 

COOH 0 0 
I I1 II I1 

0 

HC-CH2-CH,-C-NH-CH-C-NH-CH2-C-NH 
I I I 
NHz FH2 ( 7 ~ 2 ) ~  

5 NH 
I 

COOH 
I 

FH 2 ( 7 ~ 2 ) ~  

HC-CH,- CH,-C-NH-CH-C-NH-CHP-C-NH 
I II II 

0 
II 

NH, 0 0 

Fig. 1. Structure of trypanothione. 

sources examined to date, we propose 
that the trivial name trypanothione be 
used to differentiate trypanosomatid co- 
factor from E. coli glutathionylspermi- 
dine. 

Trypanothione may function in the 
trypanosomatid glutathione reductase- 
catalyzed reaction as follows: 

(1) T ( S ) p  + N A D P H  + H t  - T ( S H ) 2 +  N A D p t  

(11) T ( S H ) 2  + G S S G  - T ( S ) 2  + 2 G S H  

(111) G S S G  + N A D P H  + H C  - 2 G S H  + N A D P t  

where T(Sl2 and T(SH)2 represent oxi- 
dized and reduced trypanothione, re- 
spectively. In reaction (i) oxidized try- 
panothione is reduced enzymatically in 
the presence of NADPH to form reduced 
trypanothione. This would be consistent 
with our previous finding (4) that enzy- 
matically reduced cofactor could be in- 
activated by treatment with N-ethylma- 
leimide, whereas the oxidized form 
could not. In reaction (ii) reduced try- 
panothione undergoes thiol-disulfide ex- 
change with GSSG, reforming oxidized 
trypanothione. The sum of these reac- 
tions (iii) illustrates that trypanothione 
acts catalytically as a cofactor in the 
overall NADPH-dependent reduction of 
GSSG. Reduced trypanothione will also 
undergo thiol-disulfide exchange with 
cystine and the mixed disulfide of coen- 
zyme A and GSH, accounting for the 
apparent lack of specificity of the en- 
zyme reaction noted in our previous 
studies (4). The enzyme-catalyzing reac- 
tion (i) is the functional equivalent of 
glutathione reductase in other orga- 
nisms. Purification and sequence deter- 
mination of this enzyme will provide 
information on the relatedness of the 

a n d  synthetic trypanothione produced by FFII- 

Ratio of mass to charge 

Measured Measured 
cofactor trypanothione 

trypanosomatid enzyme with the highly 
conserved sequence of glutathione re- 
ductase from other organisms. It is not 
known whether reaction (ii) is enzyme- 
catalyzed or not. However, the second 
reaction can proceed nonenzymatically, 
since chemically reduced trypanothione 
can be readily reoxidized by the addition 
of GSSG or DTNB. 

We have been unable to isolate a 
mixed disulfide of trypanothione and 
DTNB, suggesting that rapid intramolec- 
ular disulfide exchange of the putative 
intermediate T(SH)S-TNB must occur. , , 

This situation resembles that observed 
for the reaction between dithiothreitol 
and DTNB. where an intermediate ad- 
duct forms only transiently, in contrast 
to the reaction products of DTNB with 
cysteine, homocysteine, and GSH, all of 
which form stable RS-TNB adducts (16). 
Space-filling molecular models of try- 
panothione suggest an explanation for 
this. Both oxidized and reduced forms 
can assume the conformation of a paral- 
lel P-pleated sheet by the formation of 
three hydrogen bonds (between C=O and 
NH functions of the peptide) and two 
salt bridges (between the a-carboxyl and 
a-amino groups of each glutamate resi- 
due). If this conformation were preferred 
in solution, then the proximity of the 
sulfhydryl groups would be maintained, 
so that rapid intramolecular rearrange- 
ment of the putative T(SH)S-SR interme- 
diate would occur, expelling RSH and 
cyclizing trypanothione to the stable oxi- 
dized form, T(SI2. 

Glutathione contents in the range 3 to 
5 nmol per milligram of protein have 
been reported for T. brucei, T,  cruzi, and 
C. fasciculata (17). In contrast, the con- 
tent of trypanothione is about ten times 
lower in C. fasciculata (about 0.2 nmol 
per milligram of protein, calculated from 
Table 1). Thus, as in most other cells 
(la), glutathione represents the major 
low molecular weight thiol in trypano- 
somes. It participates directly or indi- 
rectly in many areas of cellular metabo- 
lism, and perturbation of its status can be 
deleterious to many organisms (18). 
However, certain mutants of E. coli de- 
fective in glutathione metabolism are ap- 
parently able to grow normally, suggest- 
ing that glutathione is not essential for 
growth to E, coli under laboratory condi- 
tions (19). This is not the case in T. 
brucei, since inhibition of glutathione 
synthesis in vivo by buthionine sulfoxi- 
mine confers prolonged survival times or 
cures in infected mice (20). Furthermore, 
depletion of GSH levels in Melarsen 
oxide-treated T. brucei renders them 
more susceptible to heme lysis (21). 

The unique nature of the trypanthione- *Monoisotopic value. 
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mediated reduction of glutathione repre- 
sents a target that is common to all - 
trypanosomal and leishmania1 diseases. 
In the absence of this essential cofactor, 
or if its reductase were inhibited, these 
parasites would be unable to maintain 
their intracellular pool of glutathione in 
the reduced form. On the basis of previ- 
ous studies (20, 21), depletion of total 
GSH or alterations in the GSH:GSSG 
ratio within the cell would be ex~ec ted  to 
be deleterious to these organisms. Sever- 
al potential sites for drug development 
can be identified, including inhibition of 
synthesis of trypanothione and inhibition 
of trypanothione reductase. The details 
of the pathway of synthesis of trypano- 
thione remain to be elucidated, but initial 
studies with [3H]spermidine have shown 
that this polyamine can be incorporated 
into trypanothione. Since cw-difluoro- 
methylornithione inhibits spermidine 
synthesis in trypanosomes (22), the se- 
lective toxicity of this drug, now under- 
going clinical trials (23), could be due in 
part to inhibition of trypanothione syn- 
thesis. 
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Disorganization of Cultured Vascular Endothelial Cell 
Monolayers by Fibrinogen Fragment D 

Abstract. Fibrinogen fragment D, which is heterogeneous, has several important 
biological functions. Human fibrinogen fragments D94 (molecular weight, 94,000), 
0 7 8  (78,000), and E (52,000) were purijied. Fragments D78 and D94 but not purijied 
fibrinogen or fragment E specijically caused disorganization of bovine aortic 
endothelial cells cultured as monolayers. Within 2 hours of exposure to pathophys- 
iological concentrations offragment D, the confluent endothelial cells retracted from 
each other and projected pseudopodia. These disturbed cells subsequently became 
rounded and detached from the substrate. The actin present in stress fibers in 
stationary monolayer cells was diffusely redistributed in cells with fragment D- 
induced alterations in morphology. This effect was not observed in monolayers of 
kidney epithelial cells. The results demonstrate a specijic effect of jbrinogen 
fragment D on the disorganization of cultured vascular endothelial cell monolayers 
and suggest that fragment D plays a role in the pathogenesis of syndromes with 
vascular endothelial damage. 

Recent studies have demonstrated that 
fibrinogen fragment D is directly in- 
volved in several biological activities. 
Purified fibrinogen fragment D stimu- 
lates the biosynthesis of fibrinogen (1, 2) 
and the proliferation of human hemopoi- 
etic cells in vitro (3) and contains the 
peptide essential for binding this frag- 
ment to D2 Newman staphylococci (4) 
and human platelets (5). The fragment 
also inhibits fibrin monomer polymeriza- 
tion (6). Intravenous infusion of purified 
fragment D monomer induces hypoxe- 
mia and tachypnea and increases capil- 
lary permeability in rabbits (7, 8). The 

plasma level of fragment D antigen is 
markedly increased in patients with adult 
respiratory distress syndrome (ARDS) 
(9, 10). High levels of this fragment have 
been observed in patients with thrombot- 
ic thrombocytopenic purpura (TTP) (11) 
and in patients with disseminated intra- 
vascular coagulopathy (DIC) (12). These 
syndromes share the salient features of 
elevated fibrinogen-fibrin degradation 
products, including fragment D, and se- 
vere endothelial cell abnormalities. The 
etiology of the syndromes is not known. 
Because of this association, we investi- 
gated the hypothesis that fibrinogen frag- 
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