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ABSTRACT. Thymidylate synthase-X (ThyX) represents an attractive target for tuberculosis drug discovery. Herein, we selected 
19 compounds through a virtual screening approach. We solved the first X-ray crystal structure of Thermatoga maritima in complex 
with a non-substrate analogue inhibitor. Given the active site similarities between MtbThyX and Tm-ThyX, our crystal structure 
paves the way for a structure-based design of novel antimycobacterial compounds. The 1H-imidazo[4,5-d]pyridazine was identified 
as scaffold for the development of MtbThyX inhibitors. 

INTRODUCTION  
According to a study performed in 2006, a healthy human 
being has a 10% lifetime risk of developing active Tubercu-
losis (TB), and this risk increases to a 10% annual risk in 
already Human Immunodeficiency Virus (HIV) infected in-
dividuals.1,2 The drugs available account for a reasonable 
success in treating the disease, but they have been in use for 
any years. Indeed, the introduction of the first-line, four-drug 
(isoniazid, rifampicin, pyrazinamide and ethambutol) com-
bination therapy dates back to the 1960s. At that time, re-
searchers thought that a combination therapy was preferable 
to a single drug therapy, because this would give less 
chances to the pathogen to mutate and re-invade the host’s 
body. Additionally, the second-line treatments, including 
amikacin, capreomycin, ciprofloxacin, ethionamide, cyclo-
serine and p-aminosalicylic acid, are almost 40 years old and 
show more adverse effects.3 Furthermore, the spread of 
multi- and extensively drug resistant strains of M. tubercu-
losis have made the cure of the disease even more challeng-
ing to manage.4 
The thymidylate synthase enzyme belongs to the family of 
transferases involved in the transfer of a one-carbon group 
(methyltransferases). They play an important role in the bi-
osynthesis of the DNA base thymine, which is a necessary 
entity for the organism survival. The enzyme catalyzes the 
reductive methylation of the uracil moiety of 2’-deoxyuri-
dine-5’-monophosphate (dUMP) turning it into 2’-deoxy-
thymidine-5’-monophosphate (dTMP), which further serves 
as a precursor for 2’-deoxythymidine-5’-triphosphate, a 
building block of DNA. Two forms of thymidylate synthase 

are known, namely, the classical thymidylate synthase (TS 
or ThyA), which uses methylene tetrahydrofolate 
(CH2H4folate) as both the methylene group donor and the 
reducing agent, and the flavin-dependent thymidylate syn-
thase (FDTS or ThyX) that requires NADPH and FAD as a 
reducing system while CH2H4folate serves only as the car-
bon donor (Figure 1). These forms of thymidylate synthases 
differ not only in their catalytic mechanisms but also in their 
amino acid composition and structural forms.5, 6-9 
Mycobacterium tuberculosis is found to contain genes en-
coding for both enzymes, ThyA and ThyX. However, the bi-
ological significance of their presence is still not understood. 
Mutational studies performed on the organism showed that 
ThyX serves as an essential entity, confirming that it is a 
plausible drug target.10 Compounds specifically designed to 
target M. tuberculosis ThyX were active towards this en-
zyme and inactive towards ThyA.11 
ThyX from M. tuberculosis is a homotetrameric protein with 
a 222 symmetry and a central a/b domain flanked by two 
helical domains.9 The FAD cofactor is bound in an extended 
conformation and provides a characteristic yellow color. The 
adenine rings are deeply buried in the interfacial pocket 
while the isoalloxazine rings make stacking interactions with 
the pyrimidine rings of dUMP substrates in the active site. 
Such a tailored binding explains the difficulties met in re-
moving FAD from the enzyme. 
The catalytic mechanism of ThyX enzyme involves two 
semireactions: the first in which FAD is reduced to FADH2 
and NADPH is oxidized to NADP+, and the second in which 
FADH2 and CH2H4folate provide respectively an electron 
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and the methylene moiety, for the reductive methylation of 
dUMP to dTMP.5, 12-14 Solution of the X-Ray Diffraction 
structure of the CH2H4folate-FAD-dUMP-ThyX complex 
(PDB-ID: 4GT9) showed stacking interactions involving 
rings of the three substrates and of His53 of the enzyme.12 
While no crystal with NADP+ and FAD bound to ThyX has 
been obtained, docking studies12 as well as steady-state ki-
netic analysis performed on Paramecium bursaria chlorella 
virus (PBCV-1) ThyX NADPH oxidase activity suggested 
that the binding sites of CH2H4folate and NADPH over-
lap.15,16 
Noticeable structural and mechanistic differences among the 
ThyA and ThyX enzymes as well as the absence of the ThyX 
gene in eukaryotes (especially in humans) allow to selec-
tively target the mycobacteria.17 
Since dUMP binding to the active pocket of ThyX is neces-
sary, not only for the second semireaction that directly in-
volves it as a substrate, but also for the occurrence of the first 
one,14 we aimed at identifying molecules that block such en-
try, thus eventually prevent the normal ThyX cycle and lead 
to ‘thymineless’ death of the pathogens. 
In this work, we present the results of a virtual screening 
work on Mtb-ThyX, targeting the dUMP-substrate binding 
region. We have selected 19 molecules. Docking studies 
have shown that these compounds bind with an orientation 
similar to that of dUMP, making stacking interactions with 
the isoalloxazine rings of FAD. In order to confirm the bind-
ing mode of the compounds, we carried out X-ray crystallo-
graphic studies. No crystals of Mtb-ThyX in complex with 
our molecules was obtained but we solved the X-ray crystal 
structure Termotoga maritima ThyX (Tm-ThyX) in complex 
with compound 3. Due to the similarities of Mtb-ThyX and 
Tm-ThyX active sites we could confirm the binding mode 
proposed with the docking studies. The library was also 
evaluated against human thymidylate synthase (hTS) in or-
der to assess the selectivity of these class of compounds. 
Herein, we provide the first X-ray crystal structure of Tm-
ThyX in complex with a non-substrate (dUMP) analogue 
and we propose the 1H-imidazo[4,5-d]pyridazine moiety as 
a novel scaffold for the development of antimycobacterial 
compounds. We established a basis for a further structure-
based design of molecules with improved binding affinities 
and thus more competitive versus the dUMP. 
 
MATERIALS AND METHODS 
Virtual screening towards Mtb-ThyX and molecular dy-
namics simulations. 
The structure of Mtb-ThyX (PDB-ID: 2AF6) was retrieved 
from Protein data Bank. The structure contains the tetram-
eric form of ThyX along with the co-factor FAD and sub-
strate analog BrdUMP.9 BrdUMP substrate was extracted 
from the active site so that the enzyme only contains FAD in 
the active site. Virtual screening was then performed on 
ZINC database that contains approximately 8 million pur-
chasable compounds and in a ready–to-dock format.18 The 
database also supports its own screening tool, Dockblaster, 
which uses Dock version 3.6 software for docking com-
pounds from ZINC database. The following files were given 
as inputs: (i) the protein file in the pdb format, (ii) pdb file 
containing the co-ordinates of three active site residues 

chosen in such a way that when joined with each other in the 
form of triangle, surrounds the target site: Arg199, Gln103’, 
Arg172’. This screening resulted in the generation of a list 
containing 2000 molecules approximately. The list contain-
ing the coordinates of the filtered compound was down-
loaded and the compounds were then docked using Auto-
dock version 4.2 software.19 Following this second docking 
step, we selected 13 compounds (Table 1) that show similar 
binding pattern as that of the dUMP substrate. (Details on 
Autodock parameters used are reported in Supporting Infor-
mation). 
In order to see whether the compounds binding pose, gener-
ated from Autodock, is preserved, the compound-protein 
complexes were prepared and subjected to Molecular dy-
namics for time length of 1 ns. (See Supporting Information 
for details) 
 
Compounds 
13 computationally selected compounds, plus other 6 similar 
compounds were purchased from the respective vendors as 
reported in SI (Table S1). All reagents have been purchased 
at the highest purity level available from commercial sources 
(purity > 90%). 
 
Protein purification 
MTbThyX was purified following the protocol re-
ported11 TmThyX was produced as a C-terminal hexa-
His tag fused protein in E. coli BL1(DE3) cells. Post 
culture, cells were spun down at 4200rpm and then re-
suspended in ice cold lysis buffer (50mM Tris pH 8.5, 
200mM NaCL, 1mM TCEP). They were lysed by son-
ication. The protein was purified on a 5mL Hi-flo Ni-
ion exchange column. The wash buffer used was: Tris 
pH 8.5 50mM, NaCl 200mM, Imidazole 50mM, TCEP 
0.5mM and FAD 10µM. For S191 the elution buffer 
was the same except using 1M imidazole and no FAD 
(this made the elution of the protein visible as it was 
yellow in colour).  Concentrated protein was stored in 
Tris pH 8.5 50mM, NaCl 200mM.  

Human Thymidylate synthase (hTS) was obtained as in lit-
erature reported.20 
 
Enzyme catalytic assay 
To determine the effect of the compounds on ThyX catalytic 
activity the tritium release assay was performed, essentially 
according to a previously published method.21 The assay 
measures the formation of tritiated water resulting from the 
release of 3H from the 5-carbon position of the dUMP py-
rimidine ring, a prerequisite for the transfer of the methyl 
group from methylenetetrahydrofolate to the dUMP sub-
strate.22,23 Further details are reported in the Supporting In-
formation. 
hTS enzymatic activity inhibition was assessed spectropho-
tometrically as previously described.24 
 
Protein Crystallization 
ThyX (from Mtb and Tm) was crystallized using sitting drop 
method in a 96 well plate format. The ThyX (5-10 mg/mL) 
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protein was mixed with equal volumes of 1.6-2.0 M Ammo-
nium sulphate, 50 mM tri-sodium citrate and 3-5% isopro-
panol and plates were left at 16 °C to yield diffraction quality 
crystals. Aiming to obtain the crystal structure of our com-
pounds in complex with the enzyme, the protein crystals 
were soaked overnight in crystallization solution containing 
10 mM of compound and cryo-protected with 20% ethylene 
glycol before freezing crystals in liquid nitrogen. Only the 
X-ray crystal complex of Tm-ThyX-compound 3 was ob-
tained. 
 
X-ray Data Collection and Structure Determination 
X-ray diffraction data were collected at Diamond light 
source (Beamline: I03) and are shown in Table S2. The crys-
tals diffracted to about 1.7Å. The crystal structure Tm-
ThyX-3 was determined using molecular replacement using 
Phaser25 employing coordinates from PDB ID 3G4A as tem-
plate with CCP4 package.26 
 
RESULTS AND DISCUSSION 
In-silico studies on Mtb-ThyX 
ThyX is a homo-tetrameric protein with four substrate-bind-
ing cavities. X-ray crystallographic studies on Mtb-ThyX 
had shown that the binding region of dUMP analogues 
(FdUMP, BrdUMP) is formed by residues coming from two 
monomers (Figure 2A). The uridine ring makes a stacking 
interaction with the isoalloxazine ring of the FAD cofactor 
and hydrogen-bonds with the side-chains of Arg199 and 
Arg107’ (the apostrophe after the sequence number indicates 
that the residues is part of a different monomer); moreover 
it forms other two hydrogen-bonds mediated by a crystallo-
graphic water molecule, with the side-chain of Glu92 and the 
backbone of Asp205. The 2’-deoxyribose moiety forms two 
hydrogen bonds with the side-chains of Arg95 and Gln103’; 
whereas the phosphate moiety forms hydrogen bonds with 
the side-chains of Arg87’, Ser105’ and Arg172’ and with the 
backbones of Gln106’ and Arg107’, as well as making a wa-
ter-mediated hydrogen bond with the side-chain of Ser88. 
The binding site is then formed by five other residues: His91, 
His203, Ala204, Ile94’ and Tyr108’. The virtual screening 
protocol (Dockblaster screening followed by Autodock 
docking) generated 2000 compounds that could interact with 
the dUMP-binding residues. Since the binding of dUMP and 
its analogues is driven mainly by interactions with arginines, 
we searched for compounds able to interact with the ar-
ginines present in the active site and, at the same time, able 
to make stacking interactions with the isoalloxazine rings of 
FAD. Such filtration led to the recovery of 13 molecules (Ta-
ble 1) showing binding patterns similar to that of dUMP. 
The predicted binding modes showed that some compounds 
(1-4, 10) span the whole binding site making several inter-
actions with many residues of the binding pocket (Figure 
2C). Others (5-9, 11-13), having more planar geometries and 
being less functionalized, lie above the flavin rings and in-
teract to residues that bind the uridine moiety of the substrate 
but are unable, due to structural limitations, to interact with 
the arginines and other residues that bind the phosphate moi-
ety of the substrate (Figure 2D). MD experiments showed 
that all these compounds preserved their binding modes even 

if the system was dynamic, supporting our screening proce-
dure. 
 
Mtb-ThyX enzyme kinetics inhibition studies 
All compounds have been tested against the recombinant 
Mtb-ThyX; the percentages of inhibition (%I) were meas-
ured using a concentration of 100 µM for each compound. 
Moreover the compounds were tested against hTS but none 
was shown to be active (data not shown). The Mtb-ThyX 
kinetics inhibition studies were based on a radioactive-lig-
and competition assay where dUMP was used as the com-
peting substrate. We used 5-fluordeoxyurdine-5’monophos-
phate (5-FdUMP) as reference compound, which showed a 
percentage of inhibition equal to 97% at 100 µM concentra-
tion value. This result is consistent with the data reported in 
literature.21 
Among the 19 compounds studied, compound 7, bearing a 
1H-imidazo[4,5-d]pyridazine moiety, shows the best inhibi-
tion activity with %I of 29%, while compounds 1, 6, 11, 12, 
14, 15 and 18 inhibit the Mtb-ThyX activity by about 10%-
15%. All the other compounds (2, 3, 4, 5, 8, 9, 10, 13, 16, 
17, 19) do not significantly inhibit Mtb-ThyX (% I: < 10%). 
Among all chemical structures reported here, the imidazo-
pyridazine (compounds 6, 7, 12 and 18) and benzo-pyri-
dazine (compounds 14 and 15) scaffolds showed the best ac-
tivity. 
 
X-ray Crystallographic studies: X-ray crystal complex 
Tm-ThyX-FAD-3 
In order to confirm the binding modes proposed by the dock-
ing studies, we tried to crystallize the compounds with Mtb-
ThyX protein but no X-ray crystal complex could be ob-
tained. Therefore, we performed an X-ray crystallographic 
screening on Tm-ThyX. The sequence identity between the 
Mtb-ThyX and Tm-ThyX is only 28%, but the superimposi-
tion of their active sites reveals that many of the key residues 
responsible for substrate binding and activity are retained 
(Table S3 in the Supporting Information).27 As shown in Fig-
ure 2A and 2B, in both enzymes the dUMP binding site is 
deeply buried and the access is controlled by the flavin part 
of the FAD. In our X-ray crystallographic screening towards 
Tm-ThyX, we solved the crystal complex Tm-ThyX-FAD-
3. 
The 1,2,4-triazine ring of compound 3 is involved in a stack-
ing interaction with FAD (Figure 3A) and H-bonds with Tm-
Arg174, Tm-Ser88’ and Tm-Arg90’, and water-mediated H-
bonds with Tm-Gln75, Tm-Gln180 and FAD. The carbox-
ylate group forms H-bonds with Tm-Gln75, Tm-Ser88’, 
Tm-Gly89’, and Tm-Arg147’(Figure 3B) (for the sake of 
clarity in the paper we use always the Mtb-ThyX residue se-
quence numbering; when we need refer to Tm-thyX residue 
sequence numbering, this is indicated by “Tm-” added be-
fore the residue indication). 

The availability of the X-ray crystal complex allowed us to 
validate the in silico studies: the analysis of the structure re-
vealed that compound 3 binds in the same way as predicted 
by docking studies and confirmed the binding pocket simi-
larity between Tm-ThyX and Mtb-ThyX (Figure 3B and 
3C). 
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The conformation adopted by compound 3 closely resembles 
that of dUMP: the triazine ring overlaps the uracil ring of 
dUMP and the carboxylate group occupies a position similar 
to that of the phosphate group in dUMP. Since the substrate-
binding site is conserved between Mtb-ThyX and Tm-ThyX, 
compound 3 might bind into Mtb-ThyX in a way similar to 
that found in Tm-ThyX. However, compound 3 showed a 
modest inhibitory activity towards Mtb-ThyX, being among 
the weakest inhibitors of the identified compound set. The 
phosphate group of dUMP serves as an anchor and drives the 
binding to all the arginine residues, while the carboxylate 
group of compound 3 does not establish H-bonds with Tm-
Arg147 and Tm-Arg90 (corresponding to Arg107 and 
Arg172 in Mtb-ThyX). 

CONCLUSION 

We here present the first X-ray crystal structure of Tm-ThyX 
in complex with a non-substrate analogue. Due to the simi-
larities between Mtb-Thyx and Tm-ThyX active sites, the 
Tm-ThyX-FAD-3 can represent a starting point for further 
structure-based approaches to drug discovery against Tuber-
culosis. Among the tested library, compound 7, bearing a 
1H-imidazo[4,5-d]pyridazine moiety, showed the highest 
inhibitory activity towards Mtb-ThyX, making it a promis-
ing scaffold for structure-based drug design aimed at identi-
fying novel antimycobacterial agents. Our work suggests 
that we should design novel compounds linking the selected 
scaffold to chemical moieties able to establish H-bonds with 
all the arginines constituting the binding site, in order to in-
crease the potency towards Mtb-ThyX.  

ASSOCIATED CONTENT 
Supporting Information.  

AUTHOR INFORMATION 
Corresponding Authors 
*M.P. Costi, mariapaola.costi@unimore.it;  

Author Contributions 
SS carried out the structural studies and TLB oversaw 
the analyses and reviewed the manuscript. 
Funding Sources 
The Authors acknowledge the FP7 European project 
MM4TB. 
ACKNOWLEDGMENT 

The Authors wish to thank CINECA for providing the com-
putational resources that helped us understand the ligand in-
teractions in dynamics phase. 

ABBREVATIONS USED 

dUMP, deoxyuridine-5’-monophosphate; dTMP, 2’-deoxy-
thymidine-5’-monophosphate; TS, thymidylate synthase; 
CH2H4folate, methylene tetrahydrofolate; ThyX flavin-de-
pendent thymidylate synthase; Mtb-ThyX, Mycobacterium 
tuberculosis flavin-dependent thymidylate synthase; Tm-

ThyX, Termotoga maritima flavin-dependent thymidylate 
synthase. 

 

REFERENCES 
1. Dye, C.; Lonnroth, K.; Jaramillo, E.; Williams, B. G.; 

Raviglione, M. Trends in tuberculosis incidence and 
their determinants in 134 countries. Bull. World Health 
Organization. 2009, 87 (9), 683-691. 

2. Young, D.; Dye, C. The developmet and impact of tuber-
culosis vaccines. Cell. 2006, 124 (4), 683-687. 

3. Kaneko, T.; Cooper, C.; Mdluli, K. Challenges and oppor-
tunities in developing novel drugs for TB. Future Med 
Chemistry. 2011, 3(11), 1373-1400. 

4. Mukherjee, T.; Boshoff, H. Nitroimidazoles for the treat-
ment of TB: past present and future. Future Medicinal 
Chemistry. 2011, 3(11), 1427-1454. 

5. Myllykallio, H.; Lipowski, G.; Leduc, D.; Filee, J.; For-
terre, P.; Liebl, U. Analternativeflavin-dependent mech-
anism for thymidylate synthase. Science. 2002, 297, 
105-107. 

6. Leduc, D.; Graziani, S.; M-Cladiere, L.; Sodolescu, A.; 
Liebl, U.; Myllykallio, H. Two distinct pathways for 
thymidylate (dTMP) synthesis in (hyper)thermophilic 
Bacteria and Archaea. Biochem. Soc. Trans. 2004, 
32(2), 231-235. 

7. Mathews, I. I.; Deacon, A. M.; Canaves, J. M.; Macmillan, 
D.; Lesley, S. A.; Agarwalla, S.; Kuhn, P. Functional 
analysis of substrate and cofactor complex structures of 
a thymidylate synthase-complementing protein. Struc-
ture. 2003, 11, 677-690. 

8. Murzin, A. G. DNA building block reinvented. Science. 
2002, 297, 61-62. 

9. Sampathkumar, P.; Turley, S.; Ulmer, J. E.; Rhie, H. G.; 
Sibely, C. H.; Hol, W. G. J. Structure of the Mycobac-
terium tuberculosis flavin dependent thymidylate syn-
thase (MtbThyX) at 2.0 A resolution. J Mol Biol. 2005, 
352, 1091-1104. 

10. Fivian-Hughes, A. S.; Houghton, J.; Davis, E. O. Myco-
bacterium tuberculosis thymidylate synthase gene 
thyX is essential and potentially bifunctional, while 
thyA deletion confers resistance to p-aminosalicylic 
acid. Microbiology. 2012, 158, 308-318. 

11. Kogler, M.; Vanderhoydonck, B.; De Jonghe, S.; Rozen-
ski, J.; Van Belle, K.; Herman, J.; Louat, T.; Parchina, 
A.; Sibley, C.; Lescrinier, E.; Herdewijn, P. Synthesis 
and evaluation of 5-substituted 2’-deoxyuridine mono-
phosphate analogues as inhibitors of flavin-dependent 
thymidylate synthase in Mycobacterium tuberculosis. 
J. Med. Chem. 2011, 54, 4847-4862. 

12. Koehn, E. M.; Perissinotti, L. L.; Moghram, S.; Prabha-
kar, A.; Lesley, S. A.;. Mathews, I. I.; Kohen, A. Fo-
late binding site of flavin-dependent thymidylate syn-
thase. Proc. Nat. Acad. Sci. US. 2012, 109, 15722–
15727. 

13. Mishanina, T. V.; Koehn, E. M.; Conrad, J. A.; Palfey, 
B. A.; Lesley, S. A.; Kohen, A. Trapping of an inter-
mediate in the reaction catalyzed by flavin-dependent 
thymidylate synthase. J. Am. Chem. Soc. 2012, 134, 



 5 

4442−4448. 
14. Basta, T.; Boum, Y.; Briffotaux, J.; Becker, H. F.; La-

marre-Jouenne, I.; Lambry, J. C.; Skouloubris, S.; 
Liebl, U.; Graille, M.; vanTilbeurgh, H.; Myllykallio, 
H. Mechanistic and structural basis for inhibition of 
thymidylate synthase ThyX. Open Biol. 2012, 2, 
120120. 

15. Graziani, S.; Xia, Y.; Gurnon, J. R.; Van Etten, J. L.; 
Leduc, D.; Skouloubris, S.; Myllykallio, H.; Liebl, U. 
Functional analysis of FAD-dependent thymidylate 
synthase ThyX from Paramecium bursaria chlorella vi-
rus-1. Journal. Biol. Chem. 2004, 279 (54), 340-347. 

16. Graziani, S.; Bernauer, J.; Skouloubris, S.; Graille, M.; 
Zhou, C-Z.; Marchand, C.; Decottignies, P.; van Til-
beurgh, H.; Myllykallio, H.; Liebl, U. Catalytic Mech-
anism and Structure of Viral Flavin-dependent Thymi-
dylate Synthase ThyX. Journal of Biol. Chem. 2006, 
281, 24048-24057. 

17. Sampathkumar, P.; Turley, S.; Sibely, C. H.; Hol, W. G. 
J. NADP+ expels both the co-factor and a substrate an-
alog from the Mycobacterium tuberculosis ThyX Ac-
tive site: Opportunities for Anti-bacterial Drug Design. 
J. Mol Biol. 2006, 360, 1-6. 

18. Irwin, Shoichet. ZINC- A free Database of commercially 
Available Compounds for Virtual Screening. Journal 
Chem. Inf. 2005, 45 (1), 177-182. 

19. Morris, G. M.; Goodsell, D. S.; Halliday, R. S.; Huey, 
R.; Hart, W. E.; Belew, R. K.; Olson, A. J. Automated 
Docking Using a Lamarckian Genetic Algorithm and 
Empirical Binding Free Energy Function. J. Comput. 
Chem. 1998, 19, 1639−1662. 

20. Cardinale, D.; Guaitoli, G.; Tondi, D.; Luciani, R.; Hen-
rich, S.; Salo-Ahen, O.M.H.; Ferrari, S.; Marverti, G.; 
Guerrieri, D.; Ligabue, A.; Frassineti, C.; Pozzi, C.; 
Mangani, S.; Fessas, D.; Guerrini, R.; Ponterini, G.; 
Wade, R.C.; Costi, M.P. Protein-protein interface-
binding peptides inhibit the cancer therapy target hu-
man thymidylate synthase. PNAS. 2011, 108, E542-
E549 

21. Ulmer, J. E.; Boum, Y.; Thouvenel, C. D.; Myllykallio, 
H.; Hopkins Sibley, C. Functional Analysis of the My-
cobacterium tuberculosis FAD-Dependent Thymi-
dylate Synthase, ThyX, Reveals New Amino Acid 
Residues Contributing to an Extended ThyX Motif. 
Journal of Bacteriology. 2008, 2056–2064. 

22. Armstrong, R. D.; Diasio R. B. Improved measurement 
of thymidylatesynthetase activity by a modified trit-
ium-release assay. J. Biochem. Biophys. 1982, 6 (2), 
141-147. 

23. Myllykallio, H.; Lipowski, G.; Leduc, D.; Filee, J.; For-
terre, P.; Liebl. U. An alternative flavin-dependent 
mechanism for thymidylate synthesis. Science. 2002, 
297 (5578), 105–107. 

24. Ferrari, S.; Morandi, F.; Motiejunas, D.; Nerini, E.; Hen-
rich, S.; Luciani, R.; Venturelli, A.; Lazzari, S.; Calò, 
S.; Gupta, S.; Hannaert, V.; Michels, P. A.; Wade, R. 
C.; Costi, M. P. Virtual screening identification of non 
folate compounds, including a CNS drug, as antipara-
sitic agents inhibiting pteridine reductase. J. Med. 
Chem. 2011, 54 (1), 211-221. 

25. McCoy, A.; J.,Grosse-Kunstleve, R. W.; Adams, P. D.; 
Winn M. D.; Storoni, L. C.; Read, R. J. Phaser crystal-
lographic software. J ApplCrystallogr. 2007, 40, (4), 
658-674. 

26. Winn, M. D.; Ballard, C. C.; Cowtan, K. D.; Dodson, E. 
J.; Emsley, P.; Evans, P. R.; Keegan, R. M.; Krissinel, 
E. B.; Leslie, A. G.; McCoy, A.; McNicholas, S. J.; 
Murshudov, G. N.; Pannu, N. S.; Potterton, E. A.; Pow-
ell, H. R.; Read, R. J.; Vagin, A.; Wilson, K. S. Over-
view of the CCP4 suite and current developments. Ac-
taCrystallogr D BiolCrystallogr. 2011, 67 (Pt 4), 235-
242. 

27. Chernyshev, A.; Fleischmann, T.; Kohen, A. Thymidyl 
biosynthesis enzymes as antibiotic targets. Applied 
Microbiology and Biotechnology. 2007, 74 (2), 282-
289. 

 
 
 

  



 

 

6 

 
Figure 1.Thymidylate synthase reactions. A) The reaction catalyzed by classical thymidylate synthase (TS or ThyA). B) The 
reaction catalyzed by flavin-dependent thymidylate synthase (FDTS or ThyX). 
R = 2’-deoxyribose-5’-phosphate; R’= (p-aminobenzoyl)-glutamate; R’’ = adenosine 5’-pyrophospho ribosyl; R’’’ = adeno-
sine-5’-pyroposphate-ribityl. 
 
Table 1. Percentage of inhibition of the 19 compounds towards Mtb-ThyX. All compounds were tested at 100 µM. The refer-
ence compound is 5-FdUMP. 
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29.0 + 
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2.0 



 

 

7 

 
 

 
Figure 2. A) BrdUMP 
interactions with Mtb-
ThyX; from PDB ID 
2AF6. BrdUMP is col-
ored in yellow and FAD 
in khaki. B) BrdUMP 
interactions with Tm-
ThyX; from PDB ID 
IO27. BrdUMP is col-
ored in dark green and 
FAD in khaki. C) Dock-
ing of compound 4 into 
Mtb-ThyX. Compound 
4 is colored in brown 
and FAD in khaki. D) 
Docking of compound 7 
into Mtb-ThyX. Com-
pound 7 is colored in 
magenta and FAD in 
khaki. 
C atoms from one mon-
omer are colored in light 
green, while C atoms 
from the other monomer 
are colored in cyan. H-

bonds are shown as black lines. 
 

 
Figure 3. A) Stacking interaction between FAD and compound 3 in the Tm-ThyX active site; from PDB ID 5CHP. 
B) X-ray crystallographic complex Tm-ThyX-FAD-compound 3; from PDB ID 5CHP. C) Docking of compound 
3 into Mtb-ThyX. 
C atoms from one protomer of the dimer are colored in light green, while C atoms from the other protomer are 
colored in cyan. Compound 3 is colored in magenta; FAD in khaki. The H-bonds are shown as black lines. 
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