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ABSTRACT  

A new generation of potent hDHODH inhibitors designed by a scaffold-hopping 

replacement of the quinolinecarboxylate moiety of brequinar, one of the most potent known 

hDHODH inhibitors, is presented here. Their general structure is characterized by a biphenyl 

moiety joined through an amide bridge with an acidic hydroxyazole scaffold (hydroxylated 

thiadiazole, pyrazole and triazole). Molecular modelling suggested that these structures 

should adopt a brequinar-like binding mode involving interactions with subsites 1, 2 and 4 of 

the hDHODH binding site. Initially, the inhibitory activity of the compounds was studied on 

recombinant hDHODH. The most potent compound of the series in the enzymatic assays was 

the thiadiazole analogue 4 (IC50 16 nM). The activity was found to be dependent on the fluoro 

substitution pattern at the biphenyl moiety as well as on the choice/substitution of the 

heterocyclic ring. Structure determination of hDHODH co-crystallized with one 

representative compound from each series (4, 5 and 6) confirmed the brequinar-like binding 

mode as suggested by modelling. The specificity of the observed effects of the compound 

series was tested in cell-based assays for antiproliferation activity using Jurkat cells and 

PHA-stimulated PBMC. These tests were also verified by addition of exogenous uridine to 

the culture medium. In particular, the triazole analogue 6 (IC50 against hDHODH: 45 nM) 

exerted potent in vitro antiproliferative and immunosuppressive activity without affecting cell 

survival. 
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1. Introduction  

Human dihydroorotate dehydrogenase (hDHODH), a flavin-dependent mitochondrial enzyme 

involved in de novo pyrimidine biosynthesis, is a validated therapeutic target for the 

treatment of autoimmune diseases such as rheumatoid arthritis and cancer.[1-3] Leflunomide 

(Figure 1) is a disease-modifying anti-rheumatic drug that was approved more than 15 years 

ago for the treatment of rheumatoid arthritis and other autoimmune diseases.[4] 

 

Figure 1. Presentation of scaffolds of leflunomide, its active metabolite teriflunomide (A77 

1726), brequinar, vidofludimus (4SC-101) and the hydroxyfurazan analogues 1[5] and 2.[5] 

Although associated with severe side effects such as diarrhea, abnormal liver tests, nausea, 

and hair loss,[6] leflunomide acts as a prodrug and is rapidly converted into its active 
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metabolite teriflunomide (also called A77 1726, Figure 1), which is able to inhibit hDHODH 

in the low μM range.[7, 8] Since the introduction of leflunomide, the search for new potent 

hDHODH inhibitors that would display similar clinical benefits as leflunomide but without 

associated side effects, has been on going. One of the promising compounds was 

brequinar[9], which was discarded as a therapeutic agent due to a narrow therapeutic window 

and inconsistent pharmacokinetics[2]. Another compound, 4SC-101 (vidofludimus),[10] is 

currently undergoing phase II clinical trials for inflammatory bowel disease.[6, 11] However, 

despite recent efforts,[1, 6, 12-15] the quest to add new hDHODH inhibitors to the human 

pharmacopoeia remains an urgent area of research.  

Earlier, we reported a series of innovative hDHODH inhibitors [5] designed by 

merging some structural features of leflunomide and brequinar and based on the acidic 4-

hydroxy-1,2,5-oxadiazol-3-yl (hydroxyfurazan) moiety (Figure 1, compounds 1 and 2). The 

acidic hydroxyfurazan, connected through an amide bridge to a substituted biphenyl 

lipophilic moiety, was suggested to play the role of brequinar’s carboxylic group by 

interacting with Arg136 in the hDHODH subsite 2.[16] Compounds 1 and 2 were able to 

potently inhibit DHODH on murine liver mitochondrial membranes (50 and 66 nM 

respectively).[5] The degree of fluorine substitution at the phenyl ring adjacent to the 

oxadiazole moiety was strongly correlated with activity. In addition, the correlation between 

activity and stabilization of the compounds’ bioactive conformations was extensively 

studied.[17]  

Using a similar approach, in this work we describe new potent hDHODH inhibitors 

designed by selecting other acidic hydroxylated azoles, ideally substituting hydroxyfurazan 

in 1 and 2. The selection of hydroxylated azole systems (specifically hydroxythiadiazole, 

pyrazole and triazole) was run by the possibility of establishing interactions with the small 

lipophilic pocket created by Val143 and Val134 (subsite 4) and by their different acidic 

properties[18]. Supported by promising docking scores, nine candidate structures based on 
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three acidic heterocycles were designed and synthetized (compounds 3 – 9, Figure 2, Table 

S1).  
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Figure 2. (a) Structures of compounds 3, 4 containing the hydroxythiadiazole moiety and 5 

containing the hydroxypyrazole moiety. (b) Structures of compounds 6 – 9 bearing the 

hydroxytriazole moiety.  

Synthetic strategies and detailed enzymatic and cell-based studies of the designed series are 

presented and discussed. The suggested binding modes of the most representative molecules 

were confirmed by high-resolution crystal structures of hDHODH in complex with the 

compounds 4 – 6. 

 
2. Result and discussion 

 

2.1 Molecular modelling 

A molecular simulation of compounds 1 – 9 docked inside the hDHODH binding site was 

initially performed. Docking results, starting from the structure of hDHODH co-crystallized 

with a brequinar analogue (PDB id 1D3G)[19] and based on a validated protocol (root-mean-

square-difference of 0.615 Å with a docking score of ∆G = -14.8 Kcal/mol), indicated that all 

designed compounds, as previously reported for analogues 1 and 2, adopt a brequinar-like[2] 

binding mode. The main interactions involve on one side the ionized hydroxyl group of the 

heterocyclic moiety, predicted to be oriented toward the polar subsite 2 of the binding site 

(Figure 3). This moiety was observed making an ion bridge with the side chain of Arg136 

and a hydrogen bond with the side chain of Gln47, thus effectively mimicking the carboxyl 

group of brequinar and related compounds. On the other hand, the tetrafluorinated biphenyl 

moiety is able to make hydrophobic contacts with the amino acids (Leu42 and Leu46) in 

subsite 1 (Figure 3). In terms of docking score, the compounds range (-12.09 - -13.59, 

Supplementary Table 1) falls between terifluonomide (-9.21) and brequinar (-14.81) 

themself. Triazole 7 owed the lower score (-13.59), being just one unit higher the brequinar 

itself. 
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Besides maintaining the interactions with Arg136 and Gln47 of subsite 2, the new azole 

scaffolds were found able to reach the pocket of subsite 4, where Val134/Val143 are located. 

This small hydrophobic pocket has often been used to achieve additional ligand interactions 

and to increase the binding affinity. This is the case for teriflunomide, which is able to 

stabilize the primary subsite 4 interaction using a methyl group, and brequinar, where this 

role is played by a fluorine atom.[19] Leban and co-workers [20] used a similar strategy in 

designing a vidofludimus analogue characterized by the presence of a thiophene sulphur atom 

that fits into this hydrophobic pocket. It should be noted how compounds 3 – 9 presented 

better docking scores then hydroxyfurazans 1, 2 (-11.34 and -10.91, respectively), being able 

to establish additional interactions with the binding site of hDHODH. This seems indicate 

coherence with the strategy used for designing them. 

 
Figure 3. Inhibitors 4 – 7 (a – d respectively) docked into the hDHODH ubiquinone binding 
site. Amino acid residues interacting with the inhibitors are shown in stick representation. A 
water molecule in the ubiquinone binding site is shown as a red sphere. Inhibitors 4 - 7 are 
presented in stick representation with carbon atoms in orange, nitrogen in blue, fluorine in 
cyan, oxygen in red and sulphur in yellow. The yellow dashed lines represent the hydrogen 
bonds and interactions involved in binding of the inhibitors, along with the distances (in Å) 
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between the respective atoms. The figure was made using PyMOL 
(http://www.pymol.org).[21]  

 

2.2 Chemistry 

The reaction scheme designed for the thiadiazole analogues 3 and 4 started from 10[22], a 

hydroxythiadiazole intermediate (Scheme 1).  

 

 
Scheme 1. Synthesis of thiadiazole analogues 3 and 4: i) BnBr, K2CO3, dry DMF; ii) a) 2M 

NaOH, MeOH, reflux; b) 2M HCl; iii) oxalyl chloride, DMF, dry THF; iv) dry pyridine, dry 

toluene; v) TFA, 70 °C. 

In order to protect the hydroxyl group in position 3, compound 10 was O-benzylated using 

benzyl bromide under basic conditions. When considering the reactivity of substituted 

hydroxylated azoles (such as thiadiazole itself), both O- and N- alkylation patterns must be 

considered. The type of the heteroatoms inside the heteroazole system, and the choice of the 

alkylating agent usually rule the alkylation pattern. For example, the hydroxy-1,2,5-

oxadiazole system can be alkylated only on the exocyclic oxygen, while the N-alkylation was 

rarely observed.[23] Although for hydroxy-1,2,5-thiadiazole alkylation on either the 

exocyclic oxygen or the nitrogen in position 2 has been reported,[24] the reaction with benzyl 
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bromide of thiadiazole 10 yielded only one major reaction product (11, 59 % yield). 

Compound 11 was characterized as the O-benzyl isomer on the basis of the 13C-chemical 

shift of the methylene benzylic position found at δ 73.5 ppm, whereas the N-benzylated 

isomers were upshifted to around 50 ppm.[25] These data were also found to be coherent 

with O-benzylated hydroxytriazoles 23 and 24, both characterized by heteronuclear 2D-

NMR (HSQC and HMBC) experiments.[26] The nitrile 11 was then hydrolysed to the 

corresponding acid 12, this latter transformed into its corresponding acyl chloride that was 

allowed to react with the appropriate aniline (13 or 14) to give the protected thiadiazole 

amides 15 and 16, respectively. Application of standard catalytic hydrogenation conditions to 

15 and 16 for the removal of the benzyl moiety did not gave any reaction product, probably 

due to the poisoning of the palladium catalyst by the thiadiazolic sulphur atom. Compounds 3 

and 4 were obtained from 15 and 16 by treatment with trifluoroacetic acid under moderate 

heating.  

The synthesis of the pyrazole analogue 5, shown in scheme 2, started from hydroxypyrazole 

18, readily obtained in 71% yield by treatment of diethyl 2-(1-

ethoxyethylidene)propanedioate 17 with methylhydrazine in the presence of sodium 

ethoxide. 
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Scheme 2. Synthesis of the pyrazole analogue 5: i) NH2NHCH3, sodium ethoxide, 0 °C; ii) 

BnBr, K2CO3, dry DMF; iii) a) 6M NaOH, EtOH; b) 2M HCl; iv) oxalyl chloride, DMF, dry 

THF; v) AlMe3, dry toluene, rt; vi) dry toluene, reflux; vii) H2, Pd/C, dry THF. 

We verified the relative position of methyl group of compound 18, through the diagnostic 1H-

13C HMBC correlation between the 1H signal of N(1)-methyl substituent and the 13C signal of 

C-5 of the pyrazol ring and the absence of a similar correlation between 1H signal of N(1)-

methyl substituent and the 13C signal of C-3 of the pyrazol ring (Supplement figures S1 and 

S2). Subsequently, crystal structures of hDHODH in complexes with compound 5 (see 

Chapter 2.4) confirmed the position of methyl group in N(1) atom. The hydroxypyrazole 18 

was O-benzylated producing 19 (the 13C-NMR methylene benzylic position signal at δ 70.0 

ppm is consistent with what was observed in 11). The hydrolysis of 19 produced the acid 20, 

which was then converted into its corresponding acyl chloride. The latter, probably due to 

steric hindrance, was found to be quite unreactive towards the weakly nucleophilic aniline 

14. To resolve this problem, the aniline 14 was converted into its dimethylalluminiumamide, 

reactive enough to produce the desired amide 21 in 72% yield. The benzyl-protected 

compound 21 was then converted to 5 by applying standard catalytic hydrogenation 

conditions. 

The synthesis of the triazole analogues 6 - 9 (Scheme 3) started from the isomeric triazole 

building-blocks 23 - 26, obtained from unsubstituted triazole 22 by a methodology for 

preparation of regio-substituted hydroxytriazoles we recently described.[18] 
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Scheme 3. Synthesis of triazole analogues 6 – 9: i) alkyl bromide, K2CO3, dry acetonitrile; ii) 

a) 5M NaOH, EtOH; b) 2M HCl; iii) oxalyl chloride, DMF, dry THF; iv) fluoro-substituted 

biphenylamine, dry pyridine, dry toluene; v) H2, Pd/C, dry THF. 

The hydrolysis of the esters 23 - 26 to their corresponding carboxylic acids 27 - 30 was 

followed by conversion into the corresponding acyl chlorides that were allowed to react with 

the appropriate aniline to generate the protected triazole amides 31 – 36. These products were 

converted into the triazole targets 6 – 9 by applying standard catalytic hydrogenation 

conditions. 

 

2.2 Inhibition of hDHODH and structure-activity relationships (SAR)  

The inhibition of recombinant hDHODH by compounds 3 – 9 (Figure 2) was firstly evaluated 

and compared with inhibition data given from the leads teriflunomide, brequinar and the two 

hydroxyfurazan analogues 1 and 2 (Table 1). 
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Compound 
hDHODHa 
IC50 ± SE 

(µM) 

Proliferationb 

IC50 ± SE  
(µM) 

Cytotoxicityc 

(effect≥30%) 
(µM) 

Immuno- 
suppressiond 

IC50 ± SE 
(µM)  

Brequinar 0.0018±0.0003 0.93±0.08 45.0±2.5 4.3±0.1 

Teriflunomide 0.388±0.064 43.22±1.24 53±3 54.3±3.1 

1 0.599±0.074 68.30±7.12 >100 n.d. 

2 0.289±0.017 59.70±3.45 >100 n.d. 

3 0.044±0.005 2.50±0.70 5±1.8 n.d. 

4 0.016±0.001 1.04±0.04 78.0±6.4 6.2±0.4 

5 0.041±0.007 2.22±0.13 82.0±3.2 10.7±0.3 

6 0.045±0.013 1.88±0.06 >100 8.9±0.7 

6a 0.853±0.140 13.28±0.08 49.3±3.4 n.d. 

6b 6.0±1.9 35.69±0.14 56.8±4.9 n.d. 

7 0.018±0.001 5.8±0.08 8±1.5 n.d. 

8 0.108±0.010 7.13±0.18 11±3.2 n.d. 

9 0.036±0.004 3.22±0.11 6.0±2.1 n.d. 

Table 1: Structure and biological effects of compounds 1 – 9, as compared to brequinar and 
teriflunomide. Effect of the compounds (expressed as IC50 value, μM, except for cytotoxicity) 
on a) hDHODH, in vitro assay; b) inhibition of cell proliferation (Jurkat T cells); c) cytotoxicity, 
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concentration of compounds causing a significant (≥30%) cytotoxic effect (Jurkat T cells); d) 

inhibition of proliferation of PHA-stimulated PBMCs. The “n.d.” notation indicates that the 
compound has not been tested in that specific assay. 

 

Firstly, it can be observed how, moving to hDHODH isoform, compounds 1 and 2 were 

unable to repeat the potent inhibition observed on murine liver mitochondrial membranes (50 

and 66 nM respectively)[5]. However, they were active as hDHODH inhibitors in the same 

range of teriflunomide. Moreover, the substitution (OCF3 (1) vs H (2)) on the meta position 

of the second ring seemed to be detrimental for activity, since compound 2 that lacks this 

substitution is the most active. The thiadiazole analogues 3 and 4 were found to potently 

inhibit hDHODH indicating how the presence of a sulphur on the azole ring can effectively 

play a role. In particular, compound 4 is the most active compound of the all series (IC50 = 16 

nM), being almost 24 times more potent than teriflunomide (IC50 = 388 nM) and only 9 times 

less potent than brequinar (IC50 = 1.8 nM) on enzymatic assay. The lower activity of 

compound 3 compared to compound 4 (IC50 44 nM vs. 16 nM) confirms that the absence of –

OCF3 substituent in the second ring of the biphenylic scaffold is beneficial for the activity 

against hDHODH. Also the hydroxypyrazole moiety present in compound 5 seemed to 

positively interact with the binding site, being this compound more potent (IC50 41 nM vs 289 

nM) than hydroxyfurazan 2. Finally, we used the hydroxytriazole system,[18] to investigate 

the role of substituents at both N(b) and N(c) positions in inhibiting hDHODH. The methyl 

substitution is well tolerated by hDHODH, as compounds 6 and 7 present IC50 value of 45 

and 18 nM, respectively. Compound 7 is the most active compound of the triazole series and 

comparable to the thiadiazole 4 itself. In order to obtain compounds potentially possessing a 

more promising drug-like profile, we would ideally remove two (6a) or three fluorine (6b) 

atoms from biphenylic scaffold of 6. However, this modification resulted in a dramatic drop 

in inhibitory activity as we observed for compounds 1 and 2 on rDHODH.[5] In both cases, 

the activity profile is strictly dependent on the degree of fluorine substitution at the phenyl 
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ring adjacent to the azole moiety. With N-cyclopropylmethyl analogues 8 and 9, we intended 

to explore the chemical space around the N(b)/N(c) areas of the triazole ring and, at the same 

time, eliminate a potential metabolic liability - the N-methyl group, susceptible to oxidative 

N-demethylation metabolism.[27] While in the N(b) substituted analogue 8 a slight decrease 

in the activity was observed (if compared to its corresponding N-methyl substituted 6), the 

N(c) substituted compound 9 maintained a good activity, although lower than its 

corresponding N-methyl substituted compound 7.  This indicates how the N(c) is better 

tolerated than the N(b) substitution. 

 

2.4 Binding mode analysis hDHODH co-crystallized in complex with compounds 4 – 6. 

To evaluate experimentally the compounds binding modes and support SAR, we determined 

the crystal structures of hDHODH in complexes with the most significant inhibitors. In this 

sense, compounds 4, 5 and 6, one for each hydroxylated azole systems, were selected. The 

structures were determined by molecular replacement and have been refined to 1.85Å (4, 

PDB id: 5MVC), 1.95Å (5, PDB id: 5MVD) and 1.75Å (6, PDB id: 5MUT). X-ray data 

collection and refinement statistics are summarised in Table S3. The inhibitors could be 

clearly identified in the electron density maps in the ubiquinone binding site (Supp. Figure 

S3). Superposition of hDHODH co-crystallized with compounds 4 - 6 shows identical 

binding modes for all the three inhibitors (Figure 4). While 4 and 6 were almost 

superimposable, the hydroxypyrazole characterising compound 5 is posed slightly toward 

subsite 3, directing the 3-methyl group toward subsite 3 (Figure 4). 
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Figure 4. Superposition of the ubiquinone binding sites from hDHODH co-crystallized with 
compounds 4 (PDB id: 5MVC, carbon atoms in green), 5 (PDB id: 5MVD, carbon atoms in 
light blue) and 6 (PDB id: 5MUT, carbon atoms in orange). Nitrogen, fluorine, oxygen and 
sulphur atoms are depicted in blue, green, red and yellow, respectively. The figure was made 
using PyMOL (http://www.pymol.org).[21]  

In order to compare the binding mode of the three compounds with brequinar, we superposed 

(Figure 5) the coordinates of co-crystallized hDHODH - compound 6 and co-crystallized 

hDHODH - brequinar analogue (PDB id: 1D3G),[19], previously used for the docking 

calculations, obtaining only few structural differences of the amino acid residues lining the 

ubiquinone binding site.  
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Figure 5. Superposition of the ubiquinone binding sites from hDHODH co-crystallized with 
compound 6 (carbon atoms in orange) and a brequinar analogue (PDB id: 1D3G, carbon 
atoms in grey). Nitrogen, fluorine, oxygen and sulphur atoms are depicted in blue, green, red 
and yellow, respectively. The figure was made using PyMOL (http://www.pymol.org).[21]  

 

It can be observed how compound 6 adopts a brequinar-like[2] binding mode, placing the 

hydroxyl group of the heterocyclic moiety oriented toward the polar subsite 2 of the binding 

site (Figure 5). The hydroxyl group was found close to the guanidine of Arg136 so that a 

strong interaction can be established. In addition, the hydroxy group interact through a 

hydrogen bond with side chain of Gln47. Notably, in brequinar the interaction with subsite 2 

is guaranteed by a carboxylic group, fully deprotonated at physiological pH. However, for 

our active compounds, the activity seems not to be strictly associated to an high acidity of the 

hydroxyazole moiety; in fact comparing the pKa of the hydroxyazoles used in design of 

compounds 3 - 9, a wide range of values (3 - 7)[18] can be observed. In the brequinar 

analogue, the interaction with subsite 4 is reached by a fluorine atom present in the quinoline 

scaffold, positioned at distances of only 3.5 Å and 3.0 Å, respectively.[19] In compound 6, 

this role is played by a methyl group substituting the triazole ring. Being in 6 the methyl 

group able to reach the optimal interaction distance of 3.7, and 4.0 respectively, its 

substitution with a bulky group as is 8 could explain the observed reduced activity of this 

latter. In the thiadiazole 4 (Figure 4), the sulphur atom occupies this area giving effective 

lipophilic interactions, as described in the literature for some thiadiazole derivatives.[28, 29] 
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In particular, the sulphur atom of compound 4 is positioned at approximately 5.0 Å and 5.5 Å 

from the side chains of Val134 and Val143, respectively. The hydroxypyrazole 5 directs the 

5-methyl group toward subsite 3 and the N(1)-methyl toward subsite 4 (Figure 4), justifying 

its high potency (IC50 41 nM). Moving to subsite 1, it can be observed how the 

tetrafluorinated biphenyl moiety of the three analogues (Figure 5) occupies most of the 

hydrophobic pocket, in a similar manner to that of the brequinar analogue.[19]  

When the binding mode of 4 - 6 proposed during the docking studies (Figure 3a,b,c) is 

compared with the crystallography poses (Figure 5), only a single mayor difference can be 

observed. In fact, while similar interactions with subsites 1, 2, 4 are present, the carbonyl 

group of carboxamide function was found directed toward subsite 3 differently from docking 

simulation. This behaviour, similar of that observed for the brequinar-like binding pose of 

vidofludimus and derivatives,[16] must be taken in consideration during future hit-to-lead 

optimization of the series.  

 

2.5 Cell based assays 

After evaluating compounds 1 – 9 for their ability to inhibit recombinant hDHODH in vitro 

we tested their effects on cell proliferation using Jurkat T cells (Table 1). Compounds 1 and 2 

showed poor activity, acting as inhibitors of cell proliferation at 68.3 and 59.7 µM, 

respectively. On the other hand, compound 4 was as active as brequinar (1.04 versus 0.93 

µM, respectively), while pyrazole 5 and some triazoles showed slightly lower activity (IC50 

of 5 = 2.22 µM; IC50 of 6 = 1.88 µM). Compounds 3 – 9, on the other hand, outperformed 

teriflunomide, showing 5- to 30- fold more potent antiproliferative effects (with exception of 

6a and 6b). To evaluate whether the antiproliferative effect resulted from cell death, 

cytotoxicity was evaluated on Jurkat T cells using CellTox green assay, detecting the 

concentration of compounds able to cause 30% of cell death. Notably, compound 6 had no 

negative effect on cell viability even when tested at a 100 µM concentration (an induction of 
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cell death <1% was observed); for compounds 4 and 5 cytotoxic effects were detected, 

although at higher concentration than for brequinar (Table 1). Compounds 7 and 9, which had 

good activity in enzyme assay, showed cytotoxic behaviour already at low concentration; for 

this reason, they were not included in further evaluations. The same is valid for compounds 3 

and 8. Compounds 6a and 6b were excluded from further evaluations due to high values of 

IC50 in earlier tests.  

The DHODH-dependence of antiproliferative effect of compounds 4, 5 and 6 was tested, 

assaying their activity also in the presence of 100 µM uridine.[30] As shown in Figure 6, the 

antiproliferative effect was reverted by the addition of exogenous uridine, strongly indicating 

that the compounds acted as pyrimidine biosynthesis inhibitors thereby inhibiting Jurkat cell 

proliferation. 

 

Figure 6. The antiproliferative effect of hDHODH inhibitors is reverted by exogenous uridine: the 
antiproliferative effect of brequinar (a), teriflunomide (b), compounds 4 (c), 5 (d) and 6e (e) in the 
absence (black circle) or presence (empty circle) of 100 μM uridine was evaluated by quantitation 
of DNA content using the fluorescent dye Hoechst 33258 as described in the experimental 
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section. Values are means of three independent experiments and are expressed as percent of DMSO-
treated cells (control). 
 

Finally, to investigate the immunosuppressive activity of compounds 4, 5 and 6, their effect 

on the proliferation of phytohaemagglutinin (PHA)-activated peripheral blood mononuclear 

cells (PBMCs) was evaluated and compared with brequinar and teriflunomide’s ones. As 

shown in Table 1, the antiproliferative effect of brequinar is 10 fold greater than the one 

showed by teriflunomide (4.3 and 54.3 µM, respectively), confirming earlier research.[31-34] 

All tested compounds (4, 5 and 6) were found to act similarly to brequinar, inhibiting 

activated PBMC proliferation in the same IC50 range. 

Order of magnitude differences were observed for activity of compounds in hDHODH 

assays and in cell based assays. This could be a consequence of different factors; poor 

solubility or instability of compounds during the biological tests, low membrane permeability 

or high unspecific protein binding. In order to exclude the first hypothesis, solubility in 

phosphate buffer (pH 7.4) and stability in experimental condition used for cell based assays 

were measured for compounds 7 – 10, brequinar and teriflunomide (see Supporting 

Information). All the compounds were soluble in hDHODH inhibition assays as well as in 

cell test conditions. In this latter condition, they were also found stable (see Table S2). 

Therefore, other factors could reduce the cellular activity of these compounds, such as low 

membrane permeability or high unspecific protein binding (as in the case of brequinar[35] 

and teriflunomide[8]). However, investigation of these factors is beyond the intention of this 

work and will be a subject of following studies.  

 

3. Conclusions 

In this paper we introduced a new generation of hDHODH inhibitors designed by scaffold 

hopping replacement of the acidic moiety of brequinar with different hydroxylated azoles. 

All the designed compounds can potently inhibit hDHODH in vitro, reaching an IC50 value of 
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16 nM in the best example, the thiadiazole 4. Moreover, when tested for antiproliferative 

activity, compounds 3 – 9 (but not 6a and 6b) were found to be effective in the same range of 

concentration as brequinar. In addition, compounds 4, 5 and 6 have lower cellular 

cytotoxicity than the leads, showing cytotoxic effects at 70-fold higher concentrations than 

those required to inhibit cell proliferation. These three promising hDHODH inhibitors, for 

which evidence suggests that antiproliferative activity depends on blocking the de novo 

pyrimidine biosynthesis, were tested for their immunosuppression activity showing 

promising effects on PBMC, similarly to brequinar. Compounds 4, 5 and 6 therefore 

represent original chemical scaffolds explored in the field of hDHODH inhibition and might 

lead to the discovery of new immunosuppressant and antiproliferative agents targeting 

hDHODH. The crystal structures of the most interesting hDHODH inhibitors from series 4, 5 

and 6 will facilitate subsequent optimization both in terms of drug-like properties and 

pharmacokinetic characteristics. In addition, optimized analogues could undergo in vivo tests 

(e.g. collagen-induced arthritis, CIA) to evaluate their anti-arthritic activity. These studies are 

under development and will be the subjects of forthcoming publications.  

 

4. Experimental section 

 

4.1. Chemistry 

General methods. All chemical reagents were obtained from commercial sources (Sigma 

Aldrich, Alfa Aesar) and used without further purification. Thin-layer chromatography (TLC) 

was carried out to monitor the process of reactions. Analytical grade solvents (acetonitrile, 

diisopropyl ether, diethyl ether, dichloromethane [DCM], dimethylformamide [DMF], 

ethanol 99.8 % v/v, ethyl acetate, methanol [MeOH], petroleum ether b.p. 40 - 60°C 

[petroleum ether]) were used without further purification. When needed, solvents were dried 

on 4 Å molecular sieves. Tetrahydrofuran (THF) was distilled immediately prior to use from 
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Na and benzophenone under N2. Thin layer chromatography (TLC) on silica gel was carried 

out on 5 x 20 cm plates with 0.25 mm layer thickness. Anhydrous MgSO4 was used as a 

drying agent for the organic phases. Purification of compounds was achieved with flash 

column chromatography on silica gel (Merck Kieselgel 60, 230-400 mesh ASTM) using the 

eluents indicated or by CombiFlash Rf 200 (Teledyne Isco) with 5–200 mL/min, 200 psi 

(with automatic injection valve) using RediSep Rf Silica columns (Teledyne Isco) with the 

eluents indicated. Compounds synthesized in our laboratory generally varied between 90 % 

and 99 % purity. The biological experiments were employed on compounds with a purity of 

at least 95%. Purity was checked using two analytical methods. HPLC analyses were 

performed on an UHPLC chromatographic system (Perkin Elmer, Flexar). The analytical 

column was an UHPLC Acquity CSH Fluoro-Phenyl (2.1x100 mm, 1.7 µm particle size) 

(Waters). Compounds were dissolved in acetonitrile and injected through a 20 µl loop. The 

mobile phase consisted of acetonitrile / water with 0.1 % trifluoroacetic acid (ratio between 

60 / 40 and 40 / 60, depending on the compound’s retention factor). UHPLC retention times 

were obtained at flow rates of 0.5 mL/min, and the column effluent was monitored at 215 and 

254 nm, referenced against a 360 nm wavelength. Melting points (m.p.) were measured on a 

capillary apparatus (Büchi 540). The final m.p. determination was achieved by placing the 

sample at a temperature 10° C below the m.p. and applying a heating rate of 1° C min-1. All 

compounds were routinely checked by 1H- and 13C-NMR and mass spectrometry. IR spectra 

of final compounds (3 - 9) and their protected precursors (15, 16, 21, 31 - 36) were recorded 

on FT-IR (PerkinElmer SPECTRUM BXII, KBr dispersions) using a diffuse reflectance 

apparatus DRIFT ACCY. MS spectra were performed on Finnigan-Mat TSQ-700 (70 eV, 

direct inlet for chemical ionization [CI]) or Waters Micromass ZQ equipped with ESCi 

source for electrospray ionization mass spectra. 1H- and 13C-NMR spectra were performed on 

a Bruker Avance 300 instrument. For coupling patterns, the following abbreviations are used: 

br = broad, s = singlet, d = doublet, dd = doublet of doublets, t = triplet, q = quartet, m = 
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multiplet. Chemical shifts (δ) are given in parts per million (ppm). The detailed 13C spectrum 

of tetrafluorinated biphenyl compounds (final compounds 3 – 9 and intermediates 15, 16, 21, 

31 – 36) have not been entirely reported due to their especially complicated patterns 

(attributable to the multiple couplings between fluorine and carbon atoms). For these spectra, 

only the 13C signals due to heterocyclic substructure and non-aromatic carbons are indicated. 

Compound 18 was also checked by HSQC and HMBC 2D-NMR experiments (see 

Supporting Material, Figures S1 and S2). For final compounds 3 – 9, HRMS spectra were 

recorded on an LTQ Orbitrap mass spectrometer (Thermo Scientific, Bremen, Germany) 

equipped with an atmospheric pressure interface and an ESI ion source instrument. 

Compounds 1,[5] 2,[5] 10[22], 13,[5] 14,[5] 23 and 24[18] were prepared following already 

described procedures. 

 

4.1.1 4-Benzyloxy-1,2,5-thiadiazole-3-carbonitrile (11). To a solution of compound 10 

(5.00 g; 39.3 mmol) in dry DMF (60 mL) were added K2CO3 (6.52 g, 47.2 mmol) and benzyl 

bromide (4.67 mL; 39.3 mmol). The suspension was stirred for 4 hours, then was quenched 

with water (150 ml) and extracted with diethyl ether (3 x 50 mL). The combined organic 

layer was washed with water and brine, dried and the solvent was evaporated under reduced 

pressure to afford an oily crude. This latter was then purified by flash chromatography 

(eluent: petroleum ether/ethyl acetate 95:5 v/v) to afford the title compound 11 as a white 

solid (m.p. 43.0 – 44.4°C). Yield 59%. 1H-NMR (300 MHz, CDCl3): δ 5.53 (s, 2H, CH2), 

7.40 - 7.53 (m, 5H, aromatic protons); 13C-NMR (75 MHz, CDCl3) δ 73.5 (CH2), 110.9 (CN), 

122.2 (C-3), 128.5 (Co or Cm), 128.7 (Co or Cm), 129.0 (Cp), 134.2 (Cipso), 166.3 (C-4); 

MS (CI) 218 (M+1). 

4.1.2 4-Benzyloxy-1,2,5-thiadiazole-3-carboxylic acid (12). 2M NaOH (17 mL) was added 

to a solution of 11 (2.0 g; 9.21 mmol) in MeOH (60 mL). The mixture was heated at reflux 

for 48 hours then cooled and neutralized to pH 7 with 2M HCl. The solution was 
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concentrated under reduced pressure and acidified to pH 2 with 2M HCl: the title compound 

12 precipitated as a white solid (m.p. 154.6 - 155.5°C; from diisopropyl ether). Yield 97 %; 

1H-NMR (300 MHz, DMSO-d6): δ 5.49 (s, 2H, CH2), 7.36 - 7.52 (m, 9H, aromatic protons), 

13.74 (br s, 1H, OH); 13C-NMR (75 MHz, DMSO-d6) δ 72.0 (CH2), 127.9 (Co or Cm), 128.2 

(Cp), 128.4 (Co or Cm), 135.6 (Cipso), 140.0 (C-3), 159.9 (COOH), 164.3 (C-4); MS (CI) 

237 (M+1). 

4.1.3 4-Benzyloxy-N-[2,3,5,6-tetrafluoro-3'-(trifluoromethoxy)[1,1'-biphenyl]-4-yl]-1,2,5-

thiadiazole-3-carboxamide (16). 2M Oxalyl chloride in dry DCM (1.59 mL, 3.18 mmol) and 

dry DMF (1 drop) were added to an iced solution of compound 12 (300 mg, 1.27 mmol) in 

dry THF (15 mL) under nitrogen atmosphere. The resulting solution was stirred at r.t. for 2 

hours under nitrogen atmosphere, then concentrated under reduced pressure and the residue 

dissolved in dry THF (10 mL, this step was repeated three times). The resulting 4-benzyloxy-

1,2,5-thiadiazole-3-carbonyl chloride was dissolved in dry toluene (10 ml) under nitrogen 

atmosphere and added with a solution of aniline 13 (1.27 mmol, 413 mg) and dry pyridine 

(307 µl, 3.81 mmol) in dry toluene (5 mL). The mixture was stirred overnight at room 

temperature. The reaction was quenched with 0.5 M HCl (30 mL) and the layers resolved. 

The aqueous phase was further extracted with ethyl acetate, the combined organic layer was 

washed with water and brine, dried and the solvent was evaporated under reduced pressure. 

The crude material was purified by flash chromatography (eluent: petroleum ether/ethyl 

acetate 9/1 v/v) to obtain a white solid (m.p. 140.3 - 140.9 °C; from trituration with 

diisopropyl ether). Yield: 79 %. 1H-NMR (300 MHz, CDCl3): δ 5.61 (s, 2H, -OCH2Ph), 7.35 

- 7.57 (m, 9H, aromatic protons), 8.60 (s, 1H, -NH); 13C-NMR (75 MHz CDCl3): δ 73.4 (-

OCH2Ph), 139.8 (C-3 of thiadiazole), 155.6 (CO), 163.9 (C-4 of thiadiazole); IR (KBr) ν (cm-

1): 3387, 1714, 1492, 1446, 1362, 1278, 1158, 992; MS (CI) 544 (M+1). 

4.1.4 4-Benzyloxy-N-(2,3,5,6-tetrafluoro[1,1'-biphenyl]-4-yl)-1,2,5-thiadiazole-3-

carboxamide (16). Obtained as 15, aniline 14 was used instead of aniline 13. White solid 
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(m.p. 156.0 - 157.2 °C; from trituration with hexane). Flash chromatography eluent: 

petroleum ether/ethyl acetate 95:5 v/v). Yield 60%. 1H-NMR (300 MHz, CDCl3): δ 5.60 (s, 

2H, -OCH2Ph), 7.33 - 7.56 (m, 10H, aromatic protons), 8.57 (s, 1H, -NH); 13C-NMR (75 

MHz CDCl3): δ 73.3 (-OCH2Ph), 140.0 (C-3 of thiadiazole), 155.6 (CO), 163.9 (C-4 of 

thiadiazole); IR (KBr) ν (cm-1): 3232, 1692, 1483, 1364, 1286, 1142, 991; MS (ESI) 460 

(M+1). 

4.1.5 4-Hydroxy-N-[2,3,5,6-tetrafluoro-3'-(trifluoromethoxy)[1,1'-biphenyl]-4-yl]-1,2,5-

thiadiazole-3-carboxamide (3). A solution of 15 (150 mg; 0.28 mmol) in trifluoroacetic acid 

(20 mL) was stirred for 4 hours at 70 °C. The mixture was concentrated under reduced 

pressure, diluted with water and extracted with ethyl acetate. The organic layer was washed 

with brine, dried and concentrated under reduced pressure. The crude material was purified 

by sequential flash chromatography (eluent: petroleum ether/ethyl acetate 8:2 v/v and 

DCM/MeOH/HCOOH 95:5:0.1 v/v/v) to obtain the title compound as white solid (m.p. 171.0 

- 172.1°C; from diisopropyl ether). Yield 50%; 1H-NMR (300 MHz, CDCl3): δ 7.37 - 7.56 

(m, 4H, aromatic protons), 8.53 (s, 1H, -NH), 13.09 (br s, 1H, -OH); 13C-NMR (75 MHz 

CDCl3): δ 136.2 (C-3 of thiadiazole), 160.2 (CO), 165.4 (thiadiazole C-4); IR (KBr) ν (cm-1): 

2962, 1682, 1522, 1491, 1436, 1260, 1216, 993; ESI-HRMS (m/z) [M-H]-. calcd. for 

C16H5F7N3O3S 451.9934, obsd 451.9941. 

4.1.6 4-Hydroxy-N-(2,3,5,6-tetrafluoro[1,1'-biphenyl]-4-yl)-1,2,5-thiadiazole-3-

carboxamide (4). Obtained as 3, starting from 16. Pale yellow solid (m.p. 178.7 - 179.9 °C; 

from trituration with diisopropyl ether). Yield 54 %. 1H-NMR (300 MHz, DMSO-d6): δ 7.31 

- 7.82 (m, 5H, aromatic protons), 10.85 (s, 1H, -NH), 13.20 (br s, 1H, -OH); 13C-NMR (75 

MHz, DMSO-d6): δ 141.0 (C-3 of thiadiazole), 158.3 (CO), 164.7 (C-4 of thiadiazole); IR 

(KBr) ν (cm-1): 3350, 1668, 1649, 1540, 1488, 1140, 990; ESI-HRMS (m/z) [M + H]+ calcd. 

for C15H8F4N3O2S 370.0268, obsd. 370.0275. 
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4.1.7 Ethyl 3-hydroxy-1,5-dimethyl-1H-pyrazole-4-carboxylate (18). Methylhydrazine 

(2.40 g, 52.1 mmol) was added dropwise to a cooled (0°C) ethanol solution (45 ml) of 

sodium ethoxide (sodium: 2.39 g, 104 mmol) and diethyl 2-(1-

ethoxyethylidene)propanedioate 17 (12.0 g, 52.1 mmol). The reaction mixture was stirred for 

1 hour at 0°C and for 24 hours at room temperature. 6M HCl was added until pH 4 was 

reached and the resulting precipitate was isolated by filtration, washed with water and 

hexane, and then dried to give 18 as a white solid (m.p. 154.2 - 155.5 °C, after trituration 

with hexane; Lit[36]: 151.5 – 152 °C). Yield: 71 %. 1H NMR (300 MHz, DMSO-d6): δ 1.23 

(t, 3H, J = 7.14 Hz, -OCH2CH3), 2.38 (s, 3H, -CH3), 3.54 (s, 3H, -NCH3), 4.15 (q, 2H, J = 

7.14 Hz, -OCH2CH3), 9.82 (br s, 1H, -OH). 13C NMR (75 MHz, DMSO-d6): δ 10.8 (-CH3), 

14.3 (-OCH2CH3), 35.4 (-NCH3), 58.7 (-OCH2CH3), 95.3 (C-4), 143.1 (C-5), 160.0 (C-3), 

163.2 (CO); MS (CI) 185 (M+1). 

4.1.8 Ethyl 3-(benzyloxy)-1,5-dimethyl-1H-pyrazole-4-carboxylate (19). Benzyl bromide 

(1.80 g, 10.6 mmol) was added dropwise to a mixture of 18 (1.77 g, 9.59 mmol) and 

potassium carbonate (2.65 g, 19.2 mmol) in dry DMF (20 ml). The reaction mixture was 

stirred for 18 hours at room temperature then water (100 mL) was added. The mixture was 

extracted with diethyl ether (3 x 100 mL), the combined organic layer was washed with 

brine, dried and evaporated under reduced pressure. The residue was purified by flash 

chromatography (petroleum ether/ethyl acetate 8:2 v/v) to afford compound 19 as a white 

solid (m.p. 39.0 - 41.9°C; from trituration with diisopropyl ether). Yield 75 %. 1H NMR (300 

MHz, CDCl3): δ 1.35 (t, 3H, J = 7.1 Hz, -OCH2CH3), 2.48 (s, 3H, -CH3), 3.65 (s, 3H, -

NCH3), 4.29 (q, 2H, J = 7.1 Hz, -OCH2CH3), 5.30 (2H, s, -OCH2Ph), 7.28 - 7.51 (m, 5H, 

aromatic protons); 13C NMR (75 MHz, CDCl3): δ 11.3 (-CH3), 14.4 (-OCH2CH3), 35.8 (-

NCH3), 59.6 (-OCH2CH3), 70.0 (-OCH2Ph), 97.3 (C-4), 127.0 (Co or Cm), 127.5 (Cp), 128.3 

(Co or Cm),137.2 (Cipso), 144.8 (C-5), 161.3, 163.7 (C-3 and CO); MS (CI) 275 (M+1). 
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4.1.9 3-Benzyloxy-1,5-dimethyl-1H-pyrazole-4-carboxylic acid (20). 6M NaOH (2.40 mL, 

14.2 mmol) was added to a solution of 19 (1.56 g, 5.68 mmol) in ethanol (25 mL). The 

mixture was stirred for 18 hours at 40 °C, then neutralized with 6M HCl. The mixture was 

concentrated under reduced pressure to half volume and 2M HCl was added until a white 

solid precipitated (pH ~ 2). The precipitate was isolated by filtration to afford the title 

compound 20 as a white solid (m.p. 175.1 - 176.2 °C; from trituration with diisopropyl 

ether). Yield 90 %. 1H NMR (300 MHz, DMSO-d6): δ 2.41 (s, 3H, -CH3), 3.61 (s, 3H, -

NCH3), 5.20 (s, 2H, -OCH2Ph), 7.31 - 7.46 (m, 5H, aromatic protons), 11.90 (s, 1H, -

COOH); 13C NMR (75 MHz, DMSO-d6): δ 10.8 (-CH3), 35.6 (-NCH3), 69.2 (-OCH2Ph), 96.4 

(C-4), 127.4 (Co or Cm), 127.6 (Cp), 128.2 (Co or Cm), 137.1 (Cipso), 144.6 (C-5), 160.4, 

163.9 (C-3 and CO); MS (CI) 247 (M+1). 

4.1.10 3-Benzyloxy-1,5-dimethyl-N-(2,3,5,6-tetrafluoro[1,1'-biphenyl]-4-yl)-1H-pyrazole-

4-carboxamide (21). 2M Oxalyl chloride in dry DCM (1.59 mL, 3.18 mmol) and dry DMF (1 

drop) were added to a cooled (0°C) solution of compound 20 (312 mg, 1.27 mmol) in dry 

THF (15 mL) under nitrogen atmosphere. The obtained solution was stirred at room 

temperature for 2 hours. The solution was then concentrated under reduced pressure and the 

residue dissolved in dry THF (10 mL, this step was repeated three times). The resulting 3-

(benzyloxy)-1,5-dimethyl-1H-pyrazole-4-carbonyl chloride was immediately used without 

any further purification. Trimethylaluminium (2.0 M in hexane, 0.95 mL, 1.91 mmol) was 

added to a solution of aniline 14 (368 mg, 1.52 mmol) in dry toluene (8 mL) under nitrogen 

atmosphere. The resulting mixture was stirred for 2 hours at room temperature obtaining a 

brown suspension. This latter was quantitatively portionwise transferred to the solution of 3-

(benzyloxy)-1,5-dimethyl-1H-pyrazole-4-carbonyl chloride in dry toluene (15 mL). The 

mixture was heated for 18 hours at 80 °C, cooled to room temperature, and the reaction was 

quenched with 1M HCl. The layers were resolved and the aqueous phase was exhaustively 

extracted with ethyl acetate. The combined organic layer was washed with 1M NaOH and 



27 
 

brine, dried, and the solvent was evaporated under reduced pressure. The crude product was 

purified by column chromatography (petroleum ether/ethyl acetate from 9:1 to 8:2) to afford 

the title compound 21 as a white solid (m.p. 129.3 - 130.4 °C; from trituration with 

diisopropyl ether). Yield 72%. 1H NMR (300 MHz, CDCl3): δ 2.59 (s, 3H, -CH3), 3.71 (s, 

3H, -NCH3), 5.40 (s, 2H, -OCH2Ph), 7.34 - 7.50 (m, 10H, aromatic protons), 8.38 (s, 1H, -

NH); 13C NMR (75 MHz, CDCl3): δ 11.1 (-CH3), 35.7 (-NCH3), 71.5 (-OCH2Ph), 98.2 (C-4 

of the pyrazole), 145.5 (C-5 of the pyrazole), 159.3, 160.9 (C-3 of the pyrazole and CO); IR 

(KBr) ν (cm-1): 3303, 1667, 1561, 1493, 1130, 980; MS (CI) 470 (M+1). 

4.1.11 Ethyl 4-benzyloxy-1-(cyclopropylmethyl)-1H-1,2,3-triazole-5-carboxylate (26) and 

4.1.12 ethyl 5-benzyloxy-2-(cyclopropylmethyl)-2H-1,2,3-triazole-4-carboxylate (25). To a 

solution of 22 (0.700 g, 2.83 mmol) in CH3CN, K2CO3 (0.391 g, 2.83 mmol) and 

(bromomethyl)cyclopropane (0.420 g, 3.11 mmol) were added. The resulting mixture was 

stirred at 50°C overnight. When the reaction was complete, the mixture was concentrated 

under reduced pressure; the crude product was partitioned with EtOAc (50 mL) and 1M HCl 

(30 mL). The organic layer was washed with 1M NaOH (30 mL) and brine, dried and 

concentrated under vacuum to afford a colorless oil. This latter showed two spots on TLC 

(eluent: petroleum ether /EtOAc 90/10 v/v) relative to the two triazole isomers. The mixture 

was separated using flash chromatography (petroleum ether / EtOAc 90/10 v/v).  

(26) First eluted isomer, colorless oil. Yield 38%, 1H-NMR (300 MHz, CDCl3): δ 0.43 - 0.48 

(2H, m, -CH2CH(CH2)2), 0.51 - 0.59 (2H, m, -CH2CH(CH2)2), 1.35 - 1.45 (4H, t and m 

overlapped, -OCH2CH3 and -CH2CH(CH2)2), 4.38 (2H, q, J = 7.1 Hz, -OCH2CH3), 4.48 (2H, 

d, J = 7.3 Hz, -CH2CH(CH2)2), 5.54 (2H, s, -OCH2Ph), 7.30 - 7.54 (5H, m, aromatic protons); 

13C-NMR (75 MHz CDCl3): δ 4.0 (-CH2CH(CH2)2), 11.3 (-CH2CH(CH2)2), 14.2 (-OCH2CH3), 

56.2 (-NCH2), 61.2 (-OCH2CH3), 71.5 (-OCH2Ph), 110.6 (C-5), 127.6 (Co or Cm), 128.0 

(Cp), 128.4 (Co or Cm), 136.5 (Cipso), 158.9 (C-4), 161.1 (CO); MS (CI) 302 (M+1).  
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(25) Second eluted isomer, colorless oil. Yield 58%. 1H-NMR (300 MHz, CDCl3): δ 0.37 - 

0.47 (2H, m, -CH2CH(CH2)2), 0.55 - 0.65 (2H, m, -CH2CH(CH2)2), 1.31 - 1.46 (4H, t and m 

overlapped, -OCH2CH3 and -CH2CH(CH2)2), 4.15 (2H, d, J = 7.3 Hz, -CH2CH(CH2)2), 4.41 

(2H, q, J = 7.1 Hz, -OCH2CH3), 5.37 (2H, s, -OCH2Ph), 7.32 - 7.51 (5H, m, aromatic 

protons); 13C-NMR (75 MHz CDCl3): δ 3.9 (-CH2CH(CH2)2), 10.8 (-CH2CH(CH2)2), 14.4 (-

OCH2CH3), 60.6 (-NCH2), 61.0 (-OCH2CH3), 72.2 (-OCH2Ph), 123.5 (C-5), 127.7 (Co or 

Cm), 128.1 (Cp), 128.4 (Co or Cm), 136.1(Cipso), 160.6 (CO or C-4), 160.7 (CO or C-4); 

MS (CI) 302 (M+1). 

General procedure for base-catalysed ester hydrolysis. 5M NaOH (3 eq.) was added to 

a solution of the appropriate ester in ethanol. The solution was stirred for 2-5 hours at room 

temperature, then neutralized with 6M HCl and concentrated under reduced pressure. 2M 

HCl was added at 0°C until pH 2 is reached and the resulting suspension was filtered to 

afford the corresponding acid. 

4.1.13 5-Benzyloxy-2-methyl-2H-1,2,3-triazole-4-carboxylic acid (27). Obtained from 23, 

white solid (m.p. 184.5 - 185.8°C; from trituration with diisopropyl ether). Yield 95%. 1H-

NMR (300 MHz, DMSO-d6): δ 4.07 (s, 3H, -NCH3), 5.29 (s, 2H, -OCH2Ph), 7.35 - 7.47 (m, 

5H, aromatic protons), 12.92 (s, 1H, -COOH); 13C-NMR (75 MHz DMSO-d6): δ 43.4 (-

NCH3), 71.7 (-OCH2Ph), 123.4 (C-4), 127.9 (Co or Cm), 128.0 (Cp), 128.2 (Co or Cm), 135.9 

(Cipso), 159.9, 160.7 (C-5 and CO); MS (ESI) 234 (M+1). 

4.1.14 4-Benzyloxy-1-methyl-1H-1,2,3-triazole-5-carboxylic acid (28). Obtained from 24, 

white solid (m.p. 186.5 - 187.7°C, from trituration with diisopropyl ether). Yield 95%. 1H-

NMR (300 MHz, DMSO-d6): δ 4.15 (s, 3H, -NCH3), 5.43 (s, 2H, -OCH2Ph), 7.33 - 7.48 (m, 

5H, aromatic protons), 13.58 (br s, 1H, -COOH); 13C NMR (75 MHz, DMSO-d6): δ 39.5 (-

NCH3), 71.8 (-OCH2Ph), 112.8 (C-5), 128.7 (Co or Cm), 129.0 (Cp), 129.2 (Co or Cm), 137.4 

(Cipso), 160.1, 161.2 (C-4 and CO); MS (ESI) 234 (M+1). 
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4.1.15 5-Benzyloxy-2-(cyclopropylmethyl)-2H-1,2,3-triazole-4-carboxylic acid (29). 

Obtained from 25, white solid (m.p. 157.8 - 159.3; from trituration with diisopropyl ether). 

Yield 85%. 1H-NMR (300 MHz, DMSO-d6): δ 0.37 - 0.42 (m, 2H, -CH2CH(CH2)2), 0.52 - 

0.58 (m, 2H, -CH2CH(CH2)2), 1.22 - 1.36 (m, 1H, -CH2CH(CH2)2), 4.19 (d, 2H, J= 7.3 Hz, -

CH2CH(CH2)2), 5.30 (s, 2H, -OCH2Ph), 7.32 - 7.52 (m, 5H, aromatic protons), 12.95 (br s, 

1H, -COOH); 13C NMR (75 MHz, DMSO-d6): δ 3.5 (-CH2CH(CH2)2), 10.5 (-CH2CH(CH2)2), 

59.5 (-NCH2), 71.6 (-OCH2Ph), 123.2 (C-4), 128.0 (Co or Cm), 128.1 (Cp), 128.3 (Co or 

Cm), 136.0 (Cipso), 159.9, 161.0 (C-5 and CO); MS (CI) 274 (M+1). 

4.1.16 4-Benzyloxy-1-(cyclopropylmethyl)-1H-1,2,3-triazole-5-carboxylic acid (30). 

Obtained from 26, white solid (m.p. 167.4 - 168.2, from trituration with diisopropyl ether). 

Yield 93%. 1H-NMR (300 MHz, DMSO-d6): δ 0.31 - 0.59 (m, 4H, -CH2CH(CH2)2), 1.23 - 

1.38 (m, 1H, -CH2CH(CH2)2), 4.43 (d, 2H, J = 7.3 Hz, -CH2CH(CH2)2), 5.44 (s, 2H, -

OCH2Ph), 7.32 - 7.50 (m, 5H, aromatic protons), 13.64 (br s, 1H, -COOH); 13C NMR (75 

MHz, DMSO-d6): δ 3.5 (-CH2CH(CH2)2), 11.2 (-CH2CH(CH2)2), 55.1 (-NCH2), 70.8 

(OCH2Ph), 110.8 (C-5), 127.8 (Co or Cm), 128.0 (Cp), 128.3 (Co or Cm), 136.4 (Cipso), 

159.2, 160.2 (C-4 and CO); MS (CI) 274 (M+1). 

General procedure for synthesis of triazole related amides 31 – 36: 2M oxalyl chloride 

in dry DCM (1.75 mL, 3.50 mmol) and dry DMF (1 drop) were added to a cooled (0° C) 

solution of the specific carboxylic acid (1.00 mmol) in dry THF (15 mL) under nitrogen 

atmosphere. The reaction mixture was stirred for 2 hours at room temperature under nitrogen 

atmosphere. The solution was concentrated under reduced pressure and the residue was 

dissolved in dry THF (10 mL, this step was repeated three times). The resulting acyl chloride 

was dissolved in dry toluene (15 mL). A solution of the appropriate aniline (1.00 mmol) and 

dry pyridine (3.00 mmol) in dry toluene (5 mL) was added dropwise to the solution of acyl 

chloride under nitrogen atmosphere. The resulting mixture was stirred at reflux overnight, 

then cooled to room temperature and quenched with 0.5M HCl (25 ml). The layers were 
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resolved, the aqueous phase was further extracted with ethyl acetate, the combined organic 

layer was washed with brine, dried and evaporated under reduced pressure. The crude 

material was purified by flash chromatography. 

4.1.17 5-Benzyloxy-2-methyl-N-(2,3,5,6-tetrafluoro[1,1'-biphenyl]-4-yl)-2H-1,2,3-triazole-

4-carboxamide (31). Obtained from 27, using aniline 15. Flash chromatography eluent: 

petroleum ether/ethyl acetate from 9:1 to 8:2 v/v). White solid (m.p. 147.6 - 148.2°C; from 

trituration with hexane). Yield 60%. 1H-NMR (300 MHz, CDCl3): δ 4.15 (s, 3H, -NCH3), 

5.43 (s, 2H, -OCH2Ph), 7.32 - 7.56 (m, 10H, aromatic protons), 8.08 (s, 1H, -NH); 13C-NMR 

(75 MHz CDCl3): δ 42.7 (-NCH3), 73.3 (-OCH2Ph), 125.2 (C-4 of the triazole), 157.1, 159.2 

(C-5 of the triazole and CO); IR (KBr) ν (cm-1): 3228, 1678, 1527, 1492, 1167, 988; MS 

(ESI) 457 (M+1).  

4.1.18 5-(Benzyloxy)-N-(3,5-difluoro[1,1'-biphenyl]-4-yl)-2-methyl-2H-1,2,3-triazole-4-

carboxamide  (32). Obtained from 27, using 3,5-difluoro[1,1'-biphenyl]-4-amine. Flash 

chromatography eluent: petroleum ether/ethyl acetate 80:20 v/v. White solid (m.p. 148.8 – 

149.8 °C). Yield 94%. 1H-NMR (300 MHz, CDCl3): δ 4.14 (s, 3H, -NCH3), 5.43 (s, 2H, -

OCH2Ph), 7.17 -7.23 (m, 2H, aromatic protons), 7.34 - 7.54 (m, 10H, aromatic protons), 

8.01 (s, 1H, -NH); 13C-NMR (75 MHz CDCl3): δ 42.6 (-NCH3), 73.1 (OCH2Ph), 110.4 (dd, J 

= 22.3, 2.1 Hz), 112.1 (t, J = 16.8 Hz), 125.6 (C-4 of the triazole), 126.9, 128.0, 128.5, 128.6, 

128.7, 129.1, 135.4, 138.6 (aromatic carbons), 141.4 (t, J = 9.3 Hz), 157.3 (C-5 of the 

triazole or CO), 157.9 (dd, J = 250.6, 5.7 Hz), 159.1 (C-5 of the triazole or CO); IR (KBr) ν 

(cm-1): 3366, 3054, 1682, 1551, 1531, 1450, 1120, 1038; MS (ESI) 421 (M+1). 

4.1.19 5-(Benzyloxy)-N-(3-fluoro[1,1'-biphenyl]-4-yl)-2-methyl-2H-1,2,3-triazole-4-

carboxamide  (33). Obtained from 27, using 3-fluoro[1,1'-biphenyl]-4-amine. Flash 

chromatography eluent: petroleum ether/ethyl acetate 80:20 v/v. White solid (m.p. 170.4 – 

172.1 °C). Yield 70%. 1H-NMR (300 MHz, CDCl3): δ 4.13 (s, 3H, -NCH3), 5.43 (s, 2H, -
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OCH2Ph), 7.30 – 7.45 (m, 8H, aromatic protons), 7.50 – 7.57 (m, 4H, aromatic protons), 

8.59 (t, J = 8.4 Hz, 1H, aromatic proton), 8.81 (s, 1H, -NH); 13C-NMR (75 MHz CDCl3): δ 

42.6 (-NCH3), 73.2 (-OCH2Ph), 113.2 (d, J = 19.9 Hz), 121.7 (d, J = 1.4 Hz), 123.1 (d, J = 

3.1 Hz), 125.5 (d, J = 10.2 Hz) (aromatic carbons), 126.2 (C-4 of the triazole), 126.8, 127.6, 

128.2, 128.2, 128.7, 128.9, 135.2, 137.4 (d, J = 7.2 Hz), 139.5 (d, J = 2.1 Hz), 152.4 (d, J = 

242.1 Hz), 157.3 (aromatic carbons), 158.6 (C-5 of the triazole and CO); IR (KBr) ν (cm-1): 

3368, 1690, 1598, 1532, 1309, 1148, 956;MS (ESI) 403 (M+1). 

4.1.20 4-Benzyloxy-1-methyl-N-(2,3,5,6-tetrafluoro[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazole-

5-carboxamide (34). Obtained from 28, using aniline 15. Flash chromatography eluent: 

petroleum ether/ethyl acetate 9:1 v/v). White solid (m.p. 145.0 - 145.9°C; from trituration 

with hexane). Yield 56%. 1H-NMR (300 MHz, CDCl3): δ 4.34 (s, 3H, -NCH3), 5.65 (s, 2H, -

OCH2Ph), 7.32 - 7.60 (m, 10H, aromatic protons), 8.27 (s, 1H, -NH); 13C-NMR (75 MHz 

CDCl3): δ 38.9 (-NCH3), 73.1 (-OCH2Ph), 112.6 (C-5 of the triazole), 155.4, 159.1 (C-4 of 

the triazole and CO); IR (KBr) ν (cm-1): 3348, 1704, 1532, 1493, 1439, 1141, 991; MS (ESI) 

457 (M+1). 

4.1.21 5-Benzyloxy-2-(cyclopropylmethyl)-N-(2,3,5,6-tetrafluoro[1,1'-biphenyl]-4-yl)-2H-

1,2,3-triazole-4-carboxamide (35). Obtained from 29, using aniline 15. Flash 

chromatography eluent: petroleum ether/ethyl acetate 9:1 v/v. White solid (m.p. 123.8 - 

125.1°C; from trituration with hexane). Yield 53%. 1H-NMR (300 MHz, CDCl3): δ 0.45 - 

0.50 (m, 2H, -CH2CH(CH2)2), 0.63 - 0.69 (m, 2H, -CH2CH(CH2)2), 1.37 - 1.47 (m, 1H, -

CH2CH(CH2)2), 4.20 (d, 2H, J = 7.3 Hz, -CH2CH(CH2)2), 5.45 (s, 2H, -OCH2Ph), 7.36 - 7.52 

(m, 10H aromatic protons), 8.11 (s, 1H, -NH); 13C-NMR (75 MHz CDCl3): δ 4.0 (-

CH2CH(CH2)2), 10.8 (-CH2CH(CH2)2), 60.8 (-NCH2), 73.2 (-OCH2Ph), 124.9 (C-4 of the 

triazole), 157.3, 159.1 (C-5 of the triazole and CO); IR (KBr) ν (cm-1): 3242, 1682, 1536, 

1491, 1464, 1162, 988; MS (CI) 497 (M+1). 
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4.1.22 4-Benzyloxy-1-(cyclopropylmethyl)-N-(2,3,5,6-tetrafluoro[1,1'-biphenyl]-4-yl)-1H-

1,2,3-triazole-4-carboxamide (36). Obtained from 30, using aniline 15. Flash 

chromatography eluent: petroleum ether/ethyl acetate 95:5 v/v. White solid (m.p. 124.5 - 

125.7 °C; from trituration with hexane). Yield 70%. 1H-NMR (300 MHz, CDCl3): δ 0.42 - 

0.65 (m, 4H, -CH2CH(CH2)2), 1.39 - 1.58 (m, 1H -CH2CH(CH2)2), 4.61 (d, 2H, J = 7.3 Hz, -

CH2CH(CH2)2), 5.66 (s, 2H, -OCH2Ph), 7.34 - 7.60 (m, 10H, aromatic protons), 8.34 (s, 1H, -

NH); 13C-NMR (75 MHz CDCl3): δ 4.0 (-CH2CH(CH2)2), 11.4 (-CH2CH(CH2)2), 56.4 (-

NCH2), 73.1 (-OCH2Ph), 111.7 (C-5 of the triazole), 155.3, 159.2 (C-4 of the triazole and 

CO); IR (KBr) ν (cm-1): 3270, 1676, 1628, 1522, 1463, 1151, 990; MS (ESI) 497 (M+1). 

 

General hydrogenation procedure to obtain target compounds 5 – 9: Palladium on 

carbon (Pd/C, 45 mg) was added to a solution of the appropriate amide (compounds 21, 31 – 

36, 0.300 mmol) in dry THF (15 mL). The resulting mixture was vigorously stirred under 

hydrogen atmosphere for 1 hour. The suspension was filtered through Celite, washing the 

cake with methanol. The filtrate was concentrated under reduced pressure. When necessary, 

the obtained solid was further purified by flash chromatography.  

4.1.23 3-Hydroxy-1,5-dimethyl-N-(2,3,5,6-tetrafluoro[1,1'-biphenyl]-4-yl)-1H-pyrazole-4-

carboxamide (5). White solid (m.p. 273.0 - 275.1°C; from trituration with diisopropyl ether). 

Yield 93%. 1H-NMR (300 MHz, DMSO-d6): δ 2.47 (s, 3H, -CH3), 3.59 (s, 3H, -NCH3), 7.66 

– 7.47 (m, 5H, aromatic protons), 9.17 (br s, 1H, -NH); 13C-NMR (75 MHz DMSO-d6): δ 

10.5 (-CH3), 34.9 (-NCH3), 96.7 (C-4 of pyrazole), 144.4 (C-5 of pyrazole), 159.1, 160.8 (C-3 

of pyrazole and CO); IR (KBr) ν (cm-1): 3344, 1682, 1523, 1438, 1134, 984; ESI-HRMS 

(m/z) [M + H]+ calcd. for C18H14F4N3O2 380.1017, obsd. 380.1024. 

4.1.24 5-Hydroxy-2-methyl-N-(2,3,5,6-tetrafluoro[1,1'-biphenyl]-4-yl)-2H-1,2,3-triazole-4-

carboxamide (6). Flash chromatography eluent: DCM/methanol from 99:1 to 9:1 v/v). White 

solid (m.p. 230.2 - 231.1°C; from trituration with diisopropyl ether). Yield 98%. 1H-NMR 
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(300 MHz, DMSO-d6): δ 4.08 (s, 3H, -NCH3), 7.55 – 7.57 (m, 5H, aromatic protons), 10.23 

(br s, 1H, -NH), 11.36 (br s, 1H, -OH); 13C-NMR (DMSO-d6): δ 43.0 (-NCH3), 124.71 (C-4 

of the triazole), 159.3, 160.2 (C-5 of the triazole and (CO); IR (KBr) ν (cm-1): 3390, 3356, 

1672, 1559, 1527, 1490, 1147, 988; ESI-HRMS (m/z) [M + H]+ calcd. for C16H11F4N4O2 

367.0813, obsd. 367.0815. 

4.1.25 N-(3,5-Difluoro[1,1'-biphenyl]-4-yl)-5-hydroxy-2-methyl-2H-1,2,3-triazole-4-

carboxamide (6a). Flash chromatography eluent: DCM/methanol 90:10 v/v. White solid 

(m.p. 224.0 – 224.7 °C. Yield 95 %. 1H-NMR (300 MHz, DMSO-d6): δ 4.05 (s, 3H, -NCH3), 

7.40 – 7.56 (m, 5H, aromatic protons), 7.76 (d, J = 7.1 Hz, 2H), 9.67 (s, 1H, -NH), 11.37 (br 

s, 1H, -OH); 13C-NMR (DMSO-d6): δ 42.2 (-NCH3), 109.9 (dd, J = 23.5, 1.3 Hz), 113.2 (t, J 

= 17.2 Hz) (aromatic carbons), 124.3 (C-4 of the triazole), 126.8, 128.6, 129.1, 137.5 (t, J = 

2.2 Hz), 140.5 (t, J = 9.7 Hz), 158.6 (dd, J = 248.2, 6.1 Hz), 158.7 (aromatic carbons), 158.8 

(C-5 of the triazole and CO); IR (KBr) ν (cm-1): 3409, 3338, 1659, 1556, 1416, 1132, 1038; 

MS (ESI) 331 (M+1). ESI-HRMS (m/z) [M + H]+ calcd. for C16H13F2N4O2 331.1001, obsd. 

331.1000. 

4.1.26 N-(3-Fluoro[1,1'-biphenyl]-4-yl)-5-hydroxy-2-methyl-2H-1,2,3-triazole-4-

carboxamide (6b). Flash chromatography eluent: DCM/methanol 90:10 v/v. White solid 

(m.p. 214.9 – 215.8 °C. Yield 97 %. 1H-NMR (300 MHz, DMSO-d6): δ 4.05 (s, 3H, -NCH3), 

7.36 (m, 1H,), 7.46 (t, J = 7.4 Hz, 2H), 7.55 (d, J = 8.4 Hz, 1H), 7.76 – 7.60 (m, 3H), 8.18 (t, 

J = 8.4 Hz, 1H) (aromatic protons), 9.45 (s, 1H, -NH), 12.22 (br s, 1H, -OH); 13C-NMR 

(DMSO-d6): δ 43.1 (-NCH3), 113.4 (d, J = 20.4 Hz), 122.6 (d, J = 3.0 Hz), 123.4 (d, J = 1.9 

Hz), 124.9 (C-4 of the triazole), 125.2 (d, J = 11.3 Hz), 126.5, 127.8, 129.0, 137.1 (d, J = 7.4 

Hz), 138.4 (d, J = 2.0 Hz), 153.5 (d, J = 243.7 Hz), 157.8, 158.1 (C-5 of the triazole and CO); 

IR (KBr) ν (cm-1): 3409, 3373, 1666, 1560, 1558, 1538, 1145; MS (ESI) 313 (M+1). ESI-

HRMS (m/z) [M + H]+ calcd. for C16H14F1N4O2 313.10953, obsd. 313.1094. 
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4.1.27 4-Hydroxy-1-methyl-N-(2,3,5,6-tetrafluoro[1,1'-biphenyl]-4-yl)-1H-1,2,3-triazole-5-

carboxamide (7). Flash chromatography eluent: petroleum ether/ethyl acetate 7:3 v/v, then 

DCM/methanol 95:5 v/v). White solid (m.p. 247.9 - 248.5°C with decomposition; from 

trituration with diisopropyl ether). Yield 99%. 1H-NMR (300 MHz, DMSO-d6): δ 4.16 (s, 3H, 

-NCH3), 7.53 - 7.60 (m, 5H, aromatic protons), 9.86 (br s, 1H, -NH); 13C-NMR (DMSO-d6): 

δ 39.4 (-NCH3), 110.4 (C-5 of the triazole), 156.5, 160.5 (C-4 of the triazole and CO); IR 

(KBr) ν (cm-1): 3000, 1699, 1640, 1537, 1488, 1439, 1153, 988; ESI-HRMS (m/z) [M + H]+ 

calcd. for C16H11F4N4O2 367.0813, obsd. 367.0812. 

4.1.28 2-(Cyclopropylmethyl)-5-hydroxy-N-(2,3,5,6-tetrafluoro[1,1'-biphenyl]-4-yl)-2H-

1,2,3-triazole-4-carboxamide (8). Pale yellow solid (m.p. 158.3 - 159.1°C; from trituration 

with diisopropyl ether). Yield 88%. 1H-NMR (300 MHz, DMSO-d6): δ 0.38 - 0.48 (m, 2H, -

CH2CH(CH2)2), 0.53 - 0.65 (m, 2H, -CH2CH(CH2)2), 1.26 - 1.42 (m, 1H -CH2CH(CH2)2), 

4.20 (d, 2H, J = 7.3 Hz, -CH2CH(CH2)2), 7.45 - 7.66 (m, 5H, aromatic protons), 10.04 (br s, 

1H, -NH), 11.59 (br s, 1H, -OH); 13C-NMR (DMSO-d6): δ 3.7 (-CH2CH(CH2)2), 10.7 (-

CH2CH(CH2)2), 59.5 (-NCH2), 123.9 (C-4 of the triazole), 158.4, 158.8 (C-5 of the triazole 

and CO); IR (KBr) ν (cm-1): 3393, 1671, 1551, 1494, 1144, 987; ESI-HRMS (m/z) [M + H]+ 

calcd. for C19H15F4N4O2 407.1126, obsd. 407.1134. 

4.1.29 1-(Cyclopropylmethyl)-4-hydroxy-N-(2,3,5,6-tetrafluoro[1,1'-biphenyl]-4-yl)-1H-

1,2,3-triazole-5-carboxamide (9). Flash chromatography eluent: petroleum ether/ethyl acetate 

8:2 v/v, then DCM/methanol 95:5 v/v). White solid (m.p. 200.1 - 200.9°C with 

decomposition; from hexane). Yield 92 %. 1H-NMR (300 MHz, DMSO-d6): δ 0.33 - 0.45 (m, 

2H, -CH2CH(CH2)2), 0.46 - 0.57 (m, 2H, -CH2CH(CH2)2), 1.27 - 1.40 (m, 1H -

CH2CH(CH2)2), 4.46 (d, 2H, J = 7.3 Hz, -CH2CH(CH2)2), 7.54 - 7.59 (m, 5H, aromatic 

protons), 9.73 (br s, 1H, -NH), 13.15 (br s, 1H, -OH); 13C-NMR (DMSO-d6): δ 3.4 (-
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CH2CH(CH2)2), 11.2 (-CH2CH(CH2)2), 54.8 (-NCH2), 109.9 (C-5 of the triazole), 156.1, 

159.1 (C-4 of the triazole and CO); IR (KBr) ν (cm-1): 2924, 1693, 1643, 1513, 1490, 1096, 

989; ESI-HRMS (m/z) [M + H]+ calcd. for C19H15F4N4O2 407.1126, obsd. 407.1129. 

 

4.2 Molecular modelling  

The structures of compounds 1 – 9, as well as the structures of the lead compounds 

teriflunomide and brequinar, were built in their dissociated forms using the 2D Sketcher tool 

implemented in Maestro GUI. For each compound, a Monte-Carlo Multiple Minimum 

(MCMM) conformational search was performed using MacroModel. Quantum 

mechanics/molecular mechanics (QM/MM) docking was performed using Schrödinger QM-

Polarized Ligand Docking protocol (QPLD).[37] For this purpose, the crystal structure with 

PDB id:1D3G[19] and the generated conformers were docked. Before docking, the crystal 

structure of the protein underwent an optimization process using the Protein Preparation 

Wizard tool, implemented in Maestro™ GUI. Missing hydrogen atoms were added and bond 

orders were assigned while missing loops and residues not belonging to the binding site were 

capped by adding ACE (N-acetyl) and NMA (N-methylamide) groups. Then, ORO, non-

structural water molecules and impurities (such as solvent molecules) were removed. Only 

the cofactor FMN and the co-crystalized ligand brequinar analogue were maintained. 

Reorienting automatically optimized the hydrogen bond network: hydroxyl and thiol groups, 

amide groups of Asn and Gln, and the imidazole ring in His. Moreover, the protonation states 

prediction of His—Asp, Glu, and tautomeric states of His—were accomplished using 

PROPKA.™ Finally, a restrained minimization of the protein structure was accomplished by 

converging heavy atoms to a 0.30 Å RMSD. A grid of 10 Å x 10 Å x 10 Å (x, y, and z) was 

created and centered on the co-crystalized ligand brequinar analogue. The ligand was 

extracted from the structure and used for docking validation. The QPLD protocol was carried 

out using Glide Extra Precision (XP) mode, setting QM Level to Accurate (B3LYP 
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functional, 6-31G*/LACVP* basis set, ultrafine SCF accuracy level). In the QPLD 

procedure, after the first XP docking run, QM-derived charge is calculated for the top five 

poses of each compound in the field of the receptor. Then, a new XP docking is performed 

with new QM charges calculated. Finally, re-docking and re-scoring were performed, 

keeping the 10 highest ranked poses.  

 

4.3. Protein expression and purification for enzyme assay.  

The cDNA of the N-terminal truncated form of hDHODH (aa31 - 395) was amplified from 

full length hDHODH I.M.A.G.E. clone (ID 6064723) and inserted into a pFN2A vector 

(Promega). The vector produces hDHODH as an N-terminal GST-fusion protein. The 

plasmid pFN2A–hDHODH was transformed into BL21 (DE3) pyrD Escherichia coli cells for 

protein production. Cells were grown at 37°C in LB medium supplemented with 0.1 mM 

flavin mononucleotide. After 20 h of growth, cells were induced with 0.4 mM isopropyl-D-

thiogalactopyranoside at an OD600 of 0.6 - 0.8 at 28 °C for an additional 3 h. A cell pellet 

from 300 mL of culture was lysed in 20 ml of PBS (50 mM Na2HPO4, 50 mM NaH2PO4, 500 

mM NaCl) supplemented with 24 mg lysozyme and 0.2 % v/v protease inhibitor cocktail 

(Sigma-Aldrich), incubated 30 min on ice, and disrupted by sonication. Triton X-100 was 

added to a final concentration of 1% into the lysate before centrifugation at 14000 × g for 40 

min at 4°C. The clarified supernatant was incubated with DNase I (Sigma Aldrich) for 30 

min at room temperature, supplemented with 2 mM DTT, and filtered through a 0.45 µm 

syringe filter. The GST-fused enzyme was purified from bacterial lysate by affinity 

chromatography on immobilized glutathione-sepharose columns using fast protein liquid 

chromatography (FPLC). The GST tag was not removed for further studies. 

 

4.4 hDHODH inhibition assay. Inhibitory activity was assessed by monitoring the reduction 

of 2,6-dichloroindophenol (DCIP), which is associated with oxidation of dihydroorotate 



37 
 

catalyzed by the DHODH enzyme. The enzyme was pre-incubated for five minutes at 37°C 

in Tris-buffer solution (pH 8.0) with coenzyme Q10 (100 µM), tested compounds at different 

concentrations (final DMSO concentration 0.1% v/v), and DCIP (50 µM). The reaction was 

initiated by addition of DHO (500 µM) and the reduction was monitored at λ = 650 nm. The 

initial rate was measured in the first five minutes (ε = 10400 M-1cm-1) and an IC50 value was 

calculated[38] using GraphPad Prism software. Values are means ± SE of three independent 

experiments.  

 

4.5. Cell culture and drug treatments. Jurkat cells were cultured in X-VIVO 15 (BE02-060F, 

Lonza) supplemented with 10% (v/v) fetal bovine serum (F-7524, Sigma Aldrich) and 1% 

(v/v) antibiotic-antimycotic solution (A-5955, Sigma Aldrich) (complete medium). Cells 

were maintained at 37 °C in a 5% CO2 humidified atmosphere.  

Cells were passaged every 2–3 days and discarded after 15 passages. Jurkat cells were 

routinely tested to confirm the absence of Mycoplasma using MycoAlert Plus detection kit 

(Lonza) and were used between passages 5 and 10 for all experiments. Jurkat cell line was 

authenticated by short tandem repeat profiling (Microsynth, Balgach, Switzerland) and found 

to match repository samples in 100% of tested alleles. ATCC (www.atcc.org), DSMZ 

(www.dsmz.de) STR databases were used to check the authenticity of the cell line.  

Each compound tested was solubilized in DMSO (drug vehicle, 41639, Fluka) at a final 

concentration of 10 mM, which was used as the stock solution for all experiments. Final 

dilutions were made in culture medium. 

 

4.6. Proliferation assay. Growth of Jurkat T-cells was evaluated by quantitation of DNA 

content using the fluorescent dye Hoechst 33258.[39] Cells (5x103 in 100 µL medium) were 

seeded in a white 96-well plate and exposed to increasing concentrations (0.001 - 200 µM) of 

each compound or vehicle (DMSO) for 72 h. At the end of incubation, medium was aspirated 



38 
 

and the wells washed twice with 100 µL phosphate buffer saline (137 mM NaCl, 2.7 mM 

KCl, 8.1 mM Na2HPO4, 1.76 mM KH2PO4, PH 7.4). Cells were exposed to 100 µL 0.02 % 

SDS solution in SSC buffer (154 mM NaCl, 15 mM sodium citrate, pH 7) for 1 h at 37 °C 

with occasional swirling. At the end, an equal volume of 1 µg/mL Hoechst 33258 solution in 

SSC buffer was added to each well and fluorescence measured at 355 nm (excitation) and 

460 nm (emission) using a Fluoroskan Ascent-Thermo microplate fluorometer (Thermo 

Fisher Scientific, MA). IC50 values were determined using nonlinear regression plots with 

GraphPad Prism6. Values are means ± SE of three independent experiments. Where 

indicated, the antiproliferative effect was evaluated in the presence of 100 μM uridine.[30] 

 

4.7. Immunosuppression assay. PBMCs were isolated by Ficoll/Isopaque (Lymphoprep) 

density gradient centrifugation of buffy coat leukopheresis residues from fresh blood samples 

from healthy donors. Purified cells were grown and maintained in culture medium at 37 °C in 

5 % CO2 humidified atmosphere. Cell proliferation was assessed as BrdU incorporation in 

newly synthesized DNA using a chemiluminescent ELISA assay (Roche). Cells (5 x 103 

/well) were seeded in a white-opaque 96-well plate and exposed to increasing concentrations 

(0.001 – 200 µM) of each compound or vehicle (DMSO) for 2 h and then stimulated with 

1.25 mg/ml phytohaemagglutinin (PHA) for 72 h. BrdU label was added at a final 

concentration of 10 μM for the last 16 h. IC50 values were determined using nonlinear 

regression plots with GraphPad Prism6. Values are means ± SE of three independent 

experiments. 

4.8. Cytotoxicity assay. The cytotoxic effects of the compounds on Jurkat T cells were 

evaluated using CellTox green assay (Promega). Cells (5 x 103 /well) were seeded in a white-

opaque 96-well plate and exposed to increasing concentrations (0.001 - 100 µM) of each 

compound or vehicle (DMSO) for 72 h. Values are means ± SE of three independent 

experiments and represent the concentrations causing significant (≥30 %) cytotoxic effects. 
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4.9. Protein expression, purification and crystallization  

A N-terminally truncated hDHODH (Met30-Arg396) (N10XHis-hDHODH30-396)[40] construct 

was expressed in E. coli BL21 (DE3) (Novagen) using a pET-19b (Novagen) expression 

vector containing an IPTG inducible T7-promotor. 1L of E. coli cultures were grown at 37° C 

in terrific broth (TB) media (12 g/L tryptone, 24 g/L yeast extract, 4 g/L glycerol, 2.31 g/L 

KH2PO4, 12.54 g/L K2HPO4), expression was induced at OD600 0.7 with the addition of 0.2 

mM IPTG and the cultures were further incubated at 16° C for 21h. Cells were harvested by 

centrifugation at 6000g at 4° C for 20 min. 10 g of wet cells were resuspended in 40 ml of 

buffer A (50 mM HEPES pH 7.8, 300 mM NaCl, 10 % (v/v) glycerol, 0.25% (w/v) UDAO) 

supplemented with 100 μL lysozyme (10 mg/mL), 10 μL DNAse (10 mg/mL) and one 

cOmplete EDTA free protease inhibitor tablet (Roche). All the following steps were 

performed at 4° C. Pellets were homogenized with a tissue homogenizer and the cells were 

disrupted by two passes through an Avestin EmulsiFlex-C3 at 15000 psi. The disrupted cells 

were centrifuged for 1h in 4° C at 48500g (Beckman Avanti J-20 centrifuge) and supernatant 

were collected. An ÄKTA explorer system (GE Healthcare) was used to load the cleared cell 

lysate at a rate of 1mL/min onto a 5ml HiTrap TALON crude column (GE Healthcare) pre-

equilibrated with buffer A. The column was washed with buffer W (50 mM HEPES pH 7.8, 

300 mM NaCl, 80 mM imidazole, 10 % (v/v) glycerol and 0.25% (w/v) UDAO) until no 

unbound protein was eluted. A linear gradient of imidazole from 80-400 mM was used to 

elute rest of the bound protein. The fractions were checked using denaturing polyacrylamide 

gel electrophoresis and all hDHODH containing fractions were pooled and concentrated 

using vivaspin 20 centrifugal concentrator (Sartorius AG) with a molecular weight cut off at 

30 kDa. The concentrated protein was loaded onto a Hiload Superdex 200 16/600 (GE 

Healthcare) column, pre-equilibrated with size exclusion buffer (100 mM HEPES pH 7.0, 

400 mM NaCl, 10 % (v/v) glycerol, 1 mM EDTA, 0.25% (w/v) UDAO) and eluted with a 
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flow rate of 0.5 ml/min. The fractions corresponding to the protein peak at 442 nm were 

concentrated using vivaspin 20 centrifugal concentrator to a final concentration of 78 mg/mL 

(45 kDa, ɛ: 15.93 cm-1·mM-1) measured with a NanoDrop ND-1000 spectrophotometer 

(Saveen Werner). For crystallization, the purified protein was mixed with ORO (final 

concentration 2 mM) and inhibitor (final concentration 2mM) from 50 mM stocks dissolved 

in DMSO and subsequently incubated at room temperature for one hour. The crystallization 

trials were performed using MRC 2 well sitting drop plates (Molecular Dimensions Limited) 

with a Mosquito robot (TTP Labtech). 300 nL protein pre-incubated with inhibitor and ORO 

was mixed 300 nL reservoir solution for these trials. A total of 480 sparse conditions from 5 

commercially available sparse matrix screens were tested. Initial crystals appeared in several 

drops which were further optimized for better diffraction. Final optimized condition consisted 

of 0.2M KBr, 0.2M KSCN, 0.1M NaAc pH 5.0, 25-35% (v/v) PEG 400, 2-5% (v/v) PGA-

LM (Molecular Dimension Limited) with a 90h preincubation at 4° C of the protein together 

with 2 mM inhibitor and 2 mM ORO. As the formation of the desired cubic crystal form 

varied from time to time with crowding agent concentrations, a grid with concentrations 

varying between 25-35% v/v PEG 400 and 2-5% (v/v) PGA-LM was set up for each inhibitor 

during the crystallization. Trays were incubated at 20° C for 7 days after which crystals were 

flash-cooled in liquid nitrogen. 

4.10 X-ray data collection, structure determination and refinement  

X-ray diffraction data were collected at 100 K on beamline ID23-2 at European Synchrotron 

Radiation Facility (ESRF), France using a Pilatus detector. hDHODH co-crystallized with 

compounds 4 - 6 diffracted better than 2Å and belong to the trigonal space group P3221 (table 

S3). The data were indexed, integrated and scaled using the iMosflm and Scala utilities of the 

CCP4 program suit.[41] The crystals have one protein molecule in the asymmetric unit, 

corresponding to a solvent content of 68%. 
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The structures were determined by molecular replacement using the program Phaser[42] and 

the hDHODH (PDB id: 4YLW) as a search model. Refinement was carried out using the 

program Phenix.[43] Manual building was done in Coot.[44] Final structures were refined of 

compounds 4-6 refined to 1.85Å, 1.95Å and 1.75Å, respectively. X-ray data collection and 

refinement statistics are summarized in table S3. 
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1) New hDHODH inhibitors were designed and synthetized using hydroxyazoles scaffolds. 

2) Modeling was used for speculate the interaction with the hDHODH binding site. 

3) Eleven compounds were assayed for hDHODH inhibition and immunosuppression 
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4) Three compounds in complex hDHODH were co-crystallized to identify their binding 
mode.  
 


