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Abstract
Chagas disease, caused by the parasitic protozoan Trypanosoma cruzi, is the leading cause of heart
disease in Latin America. T. cruzi dihydroorotate dehydrogenase (DHODH), which catalyzes the

production of orotate, was demonstrated to be essential for T. cruzi survival, and thus has been
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considered as a potential drug target to combat Chagas disease. Here we report the design and synthesis
of 75 compounds based on the orotate structure. A comprehensive structure-activity relationship (SAR)
study revealed two 5-substituted orotate analogues (Su and 5v) that exhibit K™ values of several ten
nanomolar level and a selectivity of more than 30,000-fold over human DHODH. The information

presented here will be invaluable in the search for next-generation drug leads for Chagas disease.
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Chagas disease (American trypanosomiasis), caused by the parasitic protozoan Trypanosoma cruzi, is
the leading cause of heart disease in Latin America.”” Today, at least 12 million people are infected
with the parasite, resulting in-more than 50,000 deaths each year. Chemotherapy for Chagas disease
using the currently available drugs, nifurtimox and benznidazole, is unsatisfactory due to significant
toxic side effects.’ This toxicity, together with emerging drug resistance, has created an urgent need for
an effective therapy against Chagas disease.

Dihydroorotate dehydrogenase (DHODH) catalyzes the oxidation of (S)-dihydroorotate to orotate in
the de novo biosynthesis of pyrimidine (Figure 1), which is an important component in the synthesis of
DNA, RNA, glycoprotein, and membrane lipids." Oxidization of dihydroorotate, the first half reaction,
is coupled with the reduction of flavin mononucleotide (FMN) cofactor in both 7. cruzi DHODH
(TcDHODH) and human DHODH (HsDHODH). In the second half reaction, the reduced FMN
enzymatically converts ubiquinone to ubiquinol in human, whereas fumarate is used as the electron

acceptor to generate succinate in Trypanosoma cruzi.’ Recently, Nara et al. demonstrated that
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TcDHODH-knockout 7. cruzi could not survive even in the presence of substrates for enzymes of the
pyrimidine salvage pathway.”” Therefore, development of an inhibitor of TcDHODH would lead to the

8.9,10,11
Here

generation of promising chemotherapeutic agents to combat infections with this pathogen.
we report the design and synthesis of 75 compounds based on the orotate structure. Using the results of
a comprehensive structure-activity relationship (SAR) study, we found a number of substrate-based
compounds with potent inhibitory activity against TcDHODH as well as high selectivity for TcDHODH

from HsDHODH. These features make this class of inhibitors a novel starting point for the

development of new drug leads for Chagas disease.

Results and Discussion

A comparison of the X-ray crystal structures of TcDHODH" and HsDHODH"" in complexes with
orotate provided the basis for the rational design of selective substrate-based inhibitors (Figure 2).""
The bound orotate in TcDHODH stacks parallel to FMN and forms multiple hydrogen bonds with the
backbone of M69, G70 and L71 and the side chain of K43, N67, N127, N194 and S195. While the
hydrogen bond network is well-conserved within the active sites of the two enzymes, M69, L71, C130
and S195 in TcDHODH differ from the corresponding residues (Y147, F149, S215 and T285) in
HsDHODH. Importantly, replacement of F149 of HsSDHODH with the L71 of TcDHODH enlarges the
space around position 5 of orotate. Therefore, we exploited this vacant space to design selective
TcDHODH inhibitors. ‘Specifically, substructures which vary in shape, bulkiness, rigidity and polarity

were planned to be synthetically attached at the 5-position of orotate, then the products were to be

screened toidentify TcDHODH selective inhibitors.
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Figure 1. Reactions of human DHODH (HsDHODH) and 7. cruzi DHODH (TcDHODH). Oxidation
of dihydroorotate to orotate is coupled with the reduction of a flavin mononucleotide (FMN) cofactor in
the first half-reaction of both DHODHs. In the second half-reaction, HSDHODH and TcDHODH use
ubiquinone and  fumarate, respectively, as the electron acceptor. R =

CH,CH(OH)CH(OH)CH(OH)CH,OP(OH),

Figure 2. Comparison of the active site in human DHODH (left, PDB: 1D3H)" and T. cruzi DHODH
(right, 2E6A).” DHODHs complexed with orotate (ORO). ORO, flavin mononucleotide (FMN) and
amino acid residues interacting with ORO are shown in ball-and-stick representation. Oxygen, nitrogen,

sulfur and phosphate atoms are colored in red, blue, dark yellow and orange, respectively. Residues
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with salmon and cyan carbon atoms represent conserved and non-conserved residues, respectively,
between the two DHODHs. Non-conserved residues are labeled in bold to emphasize their structural

differences. Carbon atoms from ORO and FMN are colored in white and yellow for both DHODHs.
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Scheme 1. Synthesis of the various S5-substituted orotates. Chemical yield of each compound is

described in Table S1 or S2.
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Scheme 2. Further functional group transformations to the various 5-substituted orotates. Chemical

yield of each compound is described in Table S1 or S2.

To efficiently explore the chemical space and to access the optimized inhibitors, the 5-substituted
orotate structures were diversified by both terminal aromatic and linker moieties (Schemes 1 and 2).
Namely, a variety of phenyl and naphthyl structures were attached to C5 of the orotate ring through
two-carbon (4 and 5), four-carbon (12 and 13), triazole (14) or ethanamine (6) spacer. Sonogashira
coupling was selected as the key reaction for extending the carbon chain from CS.

Phenyl 4 -and naphthyl derivatives § with the two-carbon spacer were first synthesized through route
A (Scheme 1). Methyl orotate 1 was converted into the corresponding iodide 2, followed by
Sonogashira coupling with the acetylene moiety in the presence of catalytic PACL,(PPh,),, Cul and Et.N

™" After chemoselective hydrogenation of the alkyne moiety of 3, the methyl ester was

to provide 3.’
hydrolyzed under basic conditions to generate 4 or 5. Despite its conciseness, route A was often

irreproducible, and gave products in variable yields. The insoluble aggregates, which are presumably



formed due to intermolecular hydrogen bonds between NH and C=O of the orotate core, decreased the
efficiency of the transformation and purification of 3, 4 or 5. Accordingly, route A was abandoned.

In route B, the fully protected 9 was used as the common intermediate (Scheme 1). Iodination of
benzyl orotate 7 resulted in the formation of vinyl iodide 8, which was treated with BOMCI and NaH to
produce bis-BOM protected 9.” Sonogashira reaction of 9 with the various alkyne reagents proceeded
smoothly, leading to 10. Finally, hydrogenation of the alkyne and hydrogenolysis of the Bn and BOM
groups of 10 were simultaneously achieved under a hydrogen atmosphere in the presence of Pd(OH),/C
to afford the requisite 4-6. Route B simplified the handling and purification procedures because of the
minimized hydrogen bond donors of the intermediates, and only required the same number of steps as
route A.

Routes C, D and E stemmed from alkyne 10b, which was prepared from 10a using TBAF and AcOH
(Scheme 1). Coupling of 10b with aryl iodide or triflate and subsequent hydrogenation gave rise to §
(route C). Alternatively, the use of vinyl iodide with 10b in the Sonogashira reaction, followed by
treatment of 11 with H, in the presence of Pd/C or Pd(OH),/C, provided analogue 12 or 13 with the
four-carbon spacer (route D). In route E, triazole analogues 14 were synthesized from alkyne 10b by
coupling of aryl iodide with in situ generated aryl azides.”"”'

Further transformations produced another set of analogues (Scheme 2). Basic hydrolysis of the
methyl ester of 4v,w, S5s,t, 12a and 13a,b resulted in formation of the corresponding carboxylic acid
4x,y, Su,v, 12d and 13c,d, respectively. Ester/amide exchange from 4v,w/Ss,t was realized using the
various amines, leading to 4z,aa-cc/Sw-y,bb. Alternatively, deprotection of 6a gave the primary amine
6b, which was treated with the electrophilic reagents to give 6¢c-f. Overall, the Sonogashira coupling
strategies successfully produced the divergent 5-substituted orotates (4, 5, 6, 12, 13 and 14) in an

efficient and reliable fashion.



Table 1. Activity of phenylethyl-substituted orotates against TCcDHODH and HsDHODH (uM). S.1. =

selectivity index. green: K (TcDHODH) = <0.3 pM.

compound K" (Tc) - compound K (Tc) - compound K" (Tc) -
(R) K (Hs) (R) K (Hs) (R) K (Hs)
D 4 jz'iggo 814 Ll % 6.75 T 12#1: 208
1.10 0.788 1.61
%@K 4d 8.40 704 ' de 0.485 0.615 Q 4t 1285 S
T 4y :275930 51260 1, oo 14 S % >3338
g % 281 L a % 336 Fc/ék a % 043
" m % 29 L™, :’27230 >809 L8 % >3338
SRS % 748 L, %510‘; 3501 AL, % 833
o o

o 2.66 0.297 y 7.78
T,y — 2 412 Q = 1785 &° BB a3
i ds 1255 A 530 { au >500
O. O.

jo)

~ 0.169 i 2.11 o 0.200
S 2260 o - ) S 6000
& av 382 )K©\ aw 1395 5& ax 1200
9 0.130 O 0.818 o M 2.34
J\@\ T é\ 611 442
+ ay >125 4z >500 / 4aa 1035
i 161 N 0.896 558 %o\/f’ 0.180 1080
HoN — > N - U N > N —
)K©\ ab  >500 J\©\ acc <3500 (I aaa 195

The inhibitory activities of the synthesized 5-substituted orotates were evaluated against TcDHODH
and HsDHODH (Tables 1 and 2).  The obtained IC,, numbers were converted to K™ (apparent

" values of both

inhibition constant), then the selectivity indexes were calculated from the K
DHODHs.””  Table 1-shows the activities of the S5-phenethyl-orotate derivatives (4a-z,aa-dd).
Although the inhibition constants of the original orotate (5.51 uM) and 5-phenethyl-orotate 4a (3.07
pM) were comparable, 4a exhibited negligible inhibition against HsDHODH (>2,500 uM). The high
selectivity index of 4a validated our inhibitor design, based on the subtle spatial differences of the
enzyme pockets. Attachment of hydrophobic (4b-e), halogen (4f-1) and polar substituents (4m-z,aa-dd)
to the benzene ring of 4a generally enhanced the inhibitory activities, while retaining the selectivity

indexes. Among the 30 phenethyl derivatives, the bis(methoxy) (4t), methoxycarbonyl (4v) and

carboxy (4x,y) benzene analogues and the indoline structure (4dd) were found to display K™ values



less than 0.3 uM (indicated in green), suggesting that the functional groups, capable of forming

hydrogen bonds, were beneficial for increased potency toward TcDHODH.

Table 2. Activity of 5-substituted orotate analogues against TcDHODH and HsDHODH (uM). S.I. =

selectivity index. red: K™ (T .DHODH) = <0.1 pM, green: K;”* (T.DHODH) = <0.3 pM.
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As shown in Table 2, more than half of the 29 naphthylethyl analogues (5a-z,aa-cc) showed an
inhibitory activity below 0.3 uM. In comparison to 5-phenethyl-orotate 4a (3.3 uM), 1-naphthyl (5a),
2-naphthyl (5b), 9-phenanthrenyl (5¢), 3-quinolyl (5d) and 4-quinolyl (5e) derivatives all possessed

app

decreased K™ values (0.138-0.763 uM). The extended m-systems of these analogues would contribute

to favorable hydrophobic and/or CH-r interactions™* with the hydrophobic portion of the amino acid
residues of TcDHODH. Further substitution of the 1-naphtyl (5f,g) or 2-naphthyl ring (Sh-z,aa-cc)
with the polar functional groups variably influenced potency toward TcDHODH. Most importantly, 8-
methoxy-2-naphthyl (5k), 3-methoxymethoxy-2-naphtyl (5p), 6-carboxy-2-naphtyl (5u) and 5-carboxy-

app

2-naphtyl (5v) substituted analogues exhibited K™ values smaller than 0.05 pM (indicated in red), and
the selectivity indexes of Su and Sv were found to be larger than ' 30,000. These inhibitors would attain
the high inhibitory activities by forming the hydrogen bonds between their polar functionalities and the
proximally positioned residues of TcDHODH. The greater potency of Su and 5v compared to esters
5s,t and amides Sw-z,aa-cc would originate from the intrinsically stronger hydrogen bonds of
carboxylic acids than esters and amides.

Replacement of the two carbon spacer with the four carbon spacer had a negative effect on the
potency of the inhibitors (12a-d, 13a-d, Table 2), even when the molecules contained the naphthalene
rings and polar functional groups. For instance, the carboxylic acid analogous 13¢ and 13d were
approximately 16- and 6-times less potent than Su and 5v with the shorter spacer, respectively.

The optimal nature of the two carbon spacer was further corroborated by evaluating the activities of
6a-f, containing the ethanamine spacer, and 14a,b with the triazole spacer (Table 2). None of these

app

compounds displayed K™ values of the one micromolar level, indicating the importance of the

appropriate length and flexibility of the spacer that connects the orotate and aromatic moieties.

Conclusions
Substrate-based inhibitors of TCDHODH were rationally designed based on the structural differences

between the enzyme pockets of TcDHODH and HsDHODH. Efficient and robust routes using
10



Sonogashira coupling as the key reaction were developed to generate a series of 5-substituted orotate
analogues, varying in shape, bulkiness, rigidity and polarity. A comprehensive SAR study of the 75
synthesized analogues clarified the importance of the naphthyl ring and the two carbon spacer at C5 for
potent inhibitory activity toward TcDHODH. Significantly, the two orotate analogues Su and Sv were
found to exhibit K™ values of 0.024 uM and 0.033 pM, respectively, and 37210-fold and >75760-fold
selectivities, respectively, over HsSDHODH. The information obtained in this study will be invaluable

in the search for next-generation drug leads for Chagas disease.”

Supporting Information.

Experimental procedure, spectral data. This material is available free of charge via the Internet at

http://pubs.acs.org.

Acknowledgement

This work was supported financially by Targeted Proteins Research Program from MEXT.

References

1. Bern, C. N. Engl. J. Med. 2015, 373, 456.

2. Chagas Disease (American Trypanosomiasis); Fact Sheet No. 340; World Health Organization:
Geneva, Switzerland, updated March 2013.

3. de Castro, S. L. Acta Trop. 1993, 53, 83.
4. Jones, M. E. Annu. Rev. Biochem. 1980, 49, 253.

5. Takashima, E.; Inaoka, D. K.; Osanai, A.; Nara, T.; Odaka, M.; Aoki, T.; Inaka, K.; Harada, S.; Kita,
K. Mol. Biochem. Parasitol. 2002, 122, 189.

6. Annoura, T.; Nara, T.; Makiuchi, T.; Hashimoto, T.; Aoki, T. J. Mol. Evol. 2005, 60, 113.

7. Hashimoto, M.; Morales, J.; Fukai, Y.; Suzuki, S.; Takamiya, S.; Tsubouchi, A.; Inoue, S.; Inoue,
M.; Kita, K.; Harada, S.; Tanaka, A.; Aoki, T.; Nara, T. Biochem. Biophys. Res. Commun. 2012, 417,
1002.

11



8. DeFrees, S. A.; Sawick, D. P.; Cunnigham, B.; Heinstein, P. F.; Morré, D. J.; Cassady, J. M.
Biochem. Phamacol. 1988, 37, 3807.

9. Cheleski, J.; Rocha, J. R.; Pinheiro, M. P.; Wiggers, H. J.; da Silva, A. B. F.; Nonato, M. C.;
Montanari, C. A. Eur. J. Med. Chem. 2010, 45, 5899.

10. Buckner, F. S.; Navabi, N. Curr. Opin. Infect. Dis. 2010, 23, 609.
11. Munier-Lehmann, H.; Vidalain, P.-O.; Tangy, F.; Janin, Y. L. J. Med. Chem. 2013, 56, 3148.

12. Inaoka, D. K.; Sakamoto, K.; Shimizu, H.; Shiba, T.; Kurisu, G.; Nara, T.; Aoki, T:; Kita, K.;
Harada, S. Biochemistry 2008, 47, 10881.

13. Liu, S.; Neidhardt, E. A.; Grossman, T. H.; Ocain, T.; Clardy, J. Structure 2000, 8, 25.

14. Walse, B.; Dufe, V. T.; Svensson, B.; Fritzson, I.; Dahlberg, L.; Khairoullina, A.; Wellmar, U.; Al-
Karadaghi, S. Biochemistry 2008, 47, 8929.

15. Yoshino, R.; Yasuo, N.; Inaoka, D. K.; Hagiwara, Y.; Ohno, K.; Orita, M.; Inoue, M.; Shiba, T.;
Harada, S.; Honma, T.; Balogun, E. O.; Rodrigues da Rocha, J.; Montanari, C. A.; Kita, K.; Sekijima,
M. PLoS ONE 2015, 10, ¢0125829.

16. Inaoka, D. K.; Iida, M.; Tabuchi, T.; Honma, T.; Lee, N.; Hashimoto, S.; Matsuoka, S.; Kuranaga,
T.; Sato, K.; Shiba, T.; Sakamoto, K.; Balogun, E. O.; Suzuki, S.; Nara, T.; Rodrigues da Rocha, J.;
Montanari, C. A.; Tanaka, A.; Inoue, M.; Kita, K.; Harada, S. PLoS ONE 2016, 11, ¢0167078.

17. Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett. 1975, 16, 4467.
18. Chinchilla, R.; Najera, C. Chem. Rev. 2007, 107, 874.

19. Link, J. T.; Raghavan, S.; Gallant, M.; Danishefsky, S. J.; Chou, T. C.; Ballas, L. M. J. Am. Chem.
Soc. 1996, 118, 2825.

20. Feldman, A. K.; Colasson, B.; Fokin, V. V. Org. Lett. 2004, 6, 3897.
21. Kolb, H. C.; Sharpless, K. B. Drug Discovery Today 2003, 8, 1128.

22. Davies, M.; Heikkila, T.; McConkey, G. A.; Fishwick, C. W. G.; Parsons, M. R.; Johnson, A. P. J.
Med. Chem. 2009, 52, 2683.

23. Meyer, E. A.; Castellano, R. K.; Diederich, F. Angew. Chem. Int. Ed. 2003, 42, 1210.
24. Takahashi, O.; Kohno, Y.; Nishio, M. Chem. Rev. 2010, 110, 6049.

25. Activities of the synthesized 5-substituted orotate analogues towards T. Cruzi proliferation will be
evaluated, and reported in due course.

12



