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Dual Binding Sites for Translocation 
Catalysis by    Glutathionylspermidine 
Synthetase

Most organisms use glutathione to regulate intracellular thiol redox balance and protect against oxidative 

stress; protozoa, however, utilize trypanothione for this purpose. Trypanothione biosynthesis requires 

ATP-dependent conjugation of glutathione (GSH) to the two terminal amino groups of spermidine by 

glutathionylspermidine synthetase (GspS) and trypanothione synthetase (TryS), which are considered as drug 

targets.  GspS catalyzes the penultimate step of the biosynthesis- amide bond formation between spermidine and 

the glycine carboxylate of glutathione. We report herein five crystal structures of Escherichia coli GspS in complex 

with substrate, product or inhibitor. The C-terminal of GspS belongs to the ATP grasp superfamily with similar fold 

to the human glutathione synthetase. Based on our structure we propose that GSH is phosphorylated at one of two 

GSH binding sites to form an acylphosphate intermediate that then translocates to the other site for subsequent 

nucleophilic addition of spermidine. We also identify essential amino acids involved in the catalysis. Our results 

constitute the first structural information on the biochemical features of parasite homologs (including TryS) that 

underlie their broad specificity for polyamines. 

E. coli

Parasitic diseases, such as Chagas' disease, African 

sleeping sickness and several widespread illnesses known 

collectively as leishmaniasis, cause millions of human deaths 

each year worldwide. Lack of suitable drugs or vaccines is 

a major concern. In contrast to bacterial or viral infections, 

development of effective antiparasitic chemotherapy has 

been hindered by the close similarities between parasite 

and host metabolisms. Many of the existing drugs suffer 

from poor efficacy, host toxicity or/and drug resistance. 

To aid the development of new drugs, a special emphasis 

should be placed on a metabolic pathway in parasites that 

differs from or does not exist in the host. Some pathogenic 

parasites employ trypanothione (bis(glutathionyl)sper-

midine) to defend against oxidative stress. The analogous 

enzymes trypanothione reductase and trypanothione 

peroxidase exist exclusively in the Kinetoplastida. Thus, 

trypanothione-related metabolism appears to be an att-

ractive target for therapeutic intervention. Figure 1 shows 

the dimeric structure of the E. coli GspS in each asymmetric 

unit. The globular structure reveals a mixed / fold 

with a size of 30 x 35 x 40 Å3 in the N-terminal amidase 

domain and an equilateral triangle shape in the C-terminal 

synthetase domain with the sides of the triangle of ~60 

Å and thickness of 30 Å. Residues 196-205 between the 

two domains are defined as the linker region. The active 

site of the synthetase domain, clearly demarcated by the 

bound ligands in the complex structures, is located at 

the central anti-parallel  sheet and is surrounded by five 

loops. As a part of the lid domain, P-loop (536AGRCGS542) is 

Beamlines 

SP12B2 Protein X-ray Crystallography

13B Protein Crystallography

Authors

C. H. Pai, B. Y. Chiang, T. P. Ko, C. M. Chong, F. J. Yen, 

A. H.-J. Wang, C. H. Lin, and C. C. Chou

Academia Sinica,  Taipei, Taiwan

C. H. Pai

National Yang-Ming University,  Taipei, Taiwan

B. Y. Chiang, A. H.-J. Wang, and C. H. Lin

National Taiwan University,  Taipei, Taiwan

S. Chen and J. K. Coward

University of Michigan, Michigan, USA

Biology



66

Activity Report

               2007/2008

Biology

disordered in the apo_GspS structure but forms a closed 

conformation when bound with substrate, product or in-

hibitor. The amidase domain is a member of the cysteine, 

histidine-dependent amidohydrolases/peptidases (CHAP) 

superfamily. It is a cysteine protease  with Cys59 and 

His131 as the catalytic dyad, and these two amino acids are 

invariant among all GspS and TryS enzymes. 

The five X-ray structures reported here are fully con-

sistent with the proposed reaction mechanism. Among 

the structures, GspS_AMPPNP and GspS_GSH_ADP 

helped to delineate how GspS initially binds with the 

substrates ATP and GSH to catalyze the formation of 

acylphosphate, whereas the structure of GspS_ADP 

provided the information on the enz yme/product 

complex. Each of these structures is necessary to obtain 

the full picture of the reaction mechanism.  For example, 

without the information obtained from the structure of 

the GspS_inhibitor, it would be unclear how the reaction 

advances from the acylphosphate to form an amide 

bond. The phosphinate inhibitor (Fig. 3, compound 2) was 

previously shown to be a remarkably potent inhibitor, 

producing phosphinophosphate (3), which dissociates 

from the enzyme GspS so slowly that it causes time-

dependent inactivation. Consistent with the inhibition 

study, the GspS_inhibitor structure reveals that the inhibitor 

reacts with ATP to produce ADP and the tight-binding 

phosphorylated intermediate. The resulting glimpse of 

the formation of the tetrahedral intermediate shows the 

nucleophilic attack of spermidine on the acylphosphate 

and subsequent amide bond formation.

Fig. 2: Two different binding sites of GSH indicated by comparing the complex structures. Comparison of the GspS_GSH_ADP (Figure 2A) 
and GspS_inhibitor (Figure 2B) structures with a special focus on the substrate-binding sites. Boxes show the substrate and the 
inhibitor-binding sites in the complex structures.

Fig. 1: Overall structure of E.coli glutathionylspermidine synthetase/amidase.
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The comparison between these structures offers valuable 

information for determining the binding sites of the three 

substrates and demonstrates the progression of catalysis. 

ADP is stacked between two anti-parallel sheets (S1 in 

Fig. 2A and 2B). The cavity is covered by the disordered P 

loop (not seen in apo_GspS). Apparently the loop serves to 

bind the nucleotide and prevents the intrusive hydrolysis 

of the acylphosphate intermediate by the surrounding 

solvent molecules.  Examination of the GspS_GSH_ADP 

and GspS_inhibitor structures indicates that there are two 

possible binding sites for glutathione (S2 and S3 in Fig. 

2A and 2B). We propose that S2 is the initial GSH binding 

site, and a subsequent conformational change triggered 

by ATP hydrolysis is likely involved in the translocation of 

the activated GSH to S3. The translocation has to occur to 

accommodate the other substrate, spermidine, at S2 for the 

next step of nucleophilic addition. 

 Herein we report the determination of five X-ray crystal 

structures of E. coli GspS, including the protein/substrate, 

protein/product and protein/inhibitor complexes. In particular, 

during crystallization the nanomolar phosphinate inhibitor 

became phosphorylated to generate the phosphinophosphate 

intermediate at the active site despite its limited stability.  These 

results clarify the mechanistic details of the synthetase reaction 

and will contribute to our understanding of structural and 

functional differences within the TryS enzyme family.   

Experimental Station

Protein crystallography end station

Publication

C. H. Pai, B. Y. Chiang, T. P. Ko, C. C. Chou, C. M. Chong, F. J. Yen, 

S. Chen, J. K. Coward, A. H.-J. Wang, and C. H. Lin, The EMBO 

Journal 25, 5970 (2006).

Contact E-mail

ahjwang@gate.sinica.edu.tw

Fig. 3: Proposed reaction mechanism of GspS in comparison with 
phosphorylation of phosphinate inhibitor.
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