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Abstract

Two new tricyclic f-aminoacrylate derivative2¢ and3e) have been found to be inhibitors of
Plasmodium falciparum dihydroorotate dehydrogenBfeHHODH) with Ki 0.037 and 0.15

uM respectively. H and*C NMR spectroscopic data show that these compounds undergo
ready cis-trans isomerisation at room temperature in polar solvents. In silico docking studies
indicate that for both molecules there is neither conformation nor double bond configuration
which bind preferentially ta>fDHODH. This flexibility is favourable for inhibitors of this

channel that require extensive positioning to reach their binding site.
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Introduction

Malaria is one of the main infectious diseases in the world with an estimated 212 million
cases in 2015, centred to a great extent on the countries in central Africa and south éast Asia.
The numbers are even starker when one considers it is estimated these cases led to an estimated
429,000 deaths and that approximately 70% of these deaths were of children under five years
old. Malaria is considered a ‘preventable’ disease, largely because of the use of
chemotherapeutic agerftyowever widespread drug resistahoas rendered these agents
ineffective in many regions of the world. This problem has led to much effort being expended
into validating novel drug targets, as well as discovering small molecule enzyme inhibitors to
act as leads for development of new antimalarial dtu@se such target which has attracted
recent attention is P. falciparum dihydroorotate dehydrogeR43eIQDH),’a key enzyme in
the obligate de novo pyrimidine pathway for uridine monophosphate (UMP) biosynthesis.
Early work aimed towards the discoveryRIDHODH inhibitors focussed on modification of
the human DHODH (hDHODH) inhibitors known at the time, such as breduiftss work
was naturally followed by high throughput screeniad de novo design approacB&uring
the progress of this work, co-crystallisafi@md in silico dockin®'® experiments revealed that
the inhibitors discovered targeted the ubiquinone binding channel, and also revealed important
features for the design of selective and potent inhibitors. Firstly amino acid residues H185 and
/ or R265, at the head of the ubiquinone-binding channel, were found to be essential for
hydrogen bonding interactions with the inhibitors. The ubiquinone channel also contained a
hydrophobic region which contributes to the binding of the more potent inhibitors reported
Indeed many of the inhibitorgported to dat&!? reveal broadly this amphiphilic nature, and
possess a polahead groupand hydrophobictail’. Triazolopyrimidine DSM265 is currently
the most advanced PfalDHODH inhibitor, and Phase 1 clinical trials for this candidate have

recently been reported.



We have reported previously thataminoacrylate derivatives of the general structure
(Figure 1) are inhibitors ?#fDHODH.° In particular, tricyclic derivative®a and3b displayed
sub-micromolar 16 values againsPfDHODH, and in the case &a there was a 1000-fold
greater potency compared to the human enzyd&l@DH). Compounds such & may in
principle exist as a pair of geometric isomers and we considered that different H-bonding
groups on either side of the double bond, and their position relative to the aromatic portion of
the structure through rotation about the-8 bond, would be key in determining their binding
to the enzyme. It is perhaps noteworthy to mention that alternative binding modes have been
reported with certain hDHODH inhibitofé and also differential binding modes for A77 1726,
the active metabolite of leflunomide, when bindind?®HODH is comparedo its principal
target hDHODH2 We therefore sought to examine whether alterative phaad groups’ to
those investigated could lead to improwaadvity of members in this class of compound, and

the results obtained are reported herein.
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Figure 1. B-Aminoacrylate lead compounds.

Results and discussion
Ten new derivatives 2p-f, 3a,c-f) based on the 3-aminocarbazold) @nd 3-
aminodibenzothiophené) core unit were synthesised using the using the method reported

previously (Scheme 12 Derivatives2b and3a were prepared by simply heating the aromatic



amine with the appropriate commercially availalfleethoxy«,p-unsaturated carbonyl
compound6b and6a respectively. FoBc-f and3c-f the relevant active methylene compounds
7c-f were first heated with an excess of triethylorthoformate (or acetate) in toluene, forming
the B-ethoxyw,B-unsaturated carbonyl compourtsf in situ, followed by addition of either

the aromatic amind or 5 and heating for a further short period. After cooling, the products
precipitated upon standing, were collected by filtration and then recrystafiBaole 1 shows
thelCso values obtained for tldmpounds discussed in this work. These values were obtained

using the screening methodology reported previotiély.
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Scheme 1. Synthesis ofi-aminoacrylate derivatives of 9-ethyl-3-aminocarbazole and 3-
aminodibenzothiophene in this study.



Entry PfaDHODH hDHODH
ICs0 (UM) ICs0 (LM)
24 0.28 £0.05
0.44 +0.06'%2 491 + 4202
3a 1.2 n.d.
2b 4.4 n.d.
b 0.16 £0.05
0.16 + 0.0502 30 + 5.9%02
2C >100 n.d.
3c >100 n.d.
2d >100 n.d.
3d >100 n.d.
2e 0.094 +0.031 >100
3e 0.38 + 0.06 >100
2f >100 n.d.
3f >100 n.d.

Table 1. ICsp values of selected compounds against P. falciparum and human DHODH. The
ICso values were determined according to methodology reported previGusiyl. = not
determined; Ki vs PfaIDHODH) for2e was 0.037+0.012 uM; i Ki (PfalDHODH) for 3e was
0.150+£0.001 uM (cf. Ki = 0.05 and 0.02 uM for 2a and D respectivel}d

The 1Go values of derivative&c,d,f and3c,d,f were above the arbitrary cut-off value of
0.1 mM and thus not further examined. DerivativAels and 3d, structures based upon
Meldrums’ acid, are conformationally restricted analogues. We assigimeir low activity to
the restricted freedom imposed by the six-membered ring to position the polar head group for
maximal hydrogen bonding to H-bond donors on either side the co-factor channel. The activity
of the cyanoacetat@d, 3a) and malonate derivative8l, 3b) are not too dissimilar, and the
IC50 values are probably subtly altered depending on the influence of the second ethyl ester
and/or N-ethyl group. The lowest activity is seen ithwhere both ethyl groups are present,
may mean that the molecule is slightly too large to fit well into the ubiquinone binding site.
Similarly, derivative2f and3f, which only differ from2a and3a by a single methyl group,
showed that substitution at this position cannot be tolerated sterically. The lack of activity in

2c and3c was somewhat surprising, given the similar electron withdrawing effect of the methyl

ketone compared to the ethyl ester and cannot so easily be explained.



We were pleased, however, to find that the nitroacrylate deriv2evand3e wereas
active, if not more so, than cyanoacrylate and malonate derivasjeand3a,b. As discussed
above, we deduced that the conformational preferences in the‘ipe¢ group would be
important in determining the binding mode of these inhibitors to DHODH, and so it was
interesting in particular to compare the isomerism in carbazole derivady2e and2f, and
the corresponding analogues of the dibenzothiophene 8ayigsand3f. In the case d?a and
3a, evidence of only one isomer is seen in1H&NMR. The heavily deshielded NH (5 10.96
ppm for2a and 11.26 ppm foBa) and large coupling to th&€H= (J 13.7 Hz) indicated the
presence of intramolecular hydrogen bonding to the ester carbonyl group, and the anti-
displacement of the hydrogen atoms in aveNH-CH= unit showed that the (2)-isomer was
preferred. In the case @f and3f analysis of the productmilarly revealed single isomers
[nn 11.56 (s) for2f, anddnn 11.65 (s) for3f] in spite of the extra methyl group YR The
nitroacrylate derivative@e and3e have the possibility intramolecular hydrogen bonding in
either isomeric form, and the balance between these isomeric forms was expectedato have
important effect on the overall isomeric prefieres and therefore binding to the cofactor
channel of DHODH. ThéH NMR of both2e and3e showed a 1:1 mixture (in CD§lhowever
many times it was recrystallised under a range conditions (solvent, rate of cooling etc),
indicating no clear preference in solution for one isomer over the 6tfibe*C NMR of 2e
in CDClk showed doubling of almost all signals. However3ein the more polaredDMSO
only one set of the aromatic carbon signals and ethyl group were observed, andsidgatbe
for the acrylate unit were completely absent. This was accompanied by changébliNkh@
where in ¢-DMSO the NH-CH= signals were almost as flat as the baseline, and the ethyl CH
guartet was greatly broadened. This indicates clearly that the geometric f@esm®feadily

interconvertible in a polar solvent on the NMR timescale.



Carbazole2e could be recrystallised from ethyl acetate to provide bright red crystals
suitable for single crystal X-ray diffraction (see Supplementary Informaltiofe first crop
showed2e had crystallised preferentially as the (2)-isomer (Figure 2A). Examining the single
crystal X-ray data o2e it was interesting to find that the N2-C15 bond was much shorter than
the C15-C16 bond and C9-N2 bonds [1.3201(17) vs. 1.3914(18) A vs. 1.4242(17)
respectively]. These data are consistent with extensive delocalisation of the nitrogen lone pair
into the enamine unit in the (Z)-isomer (Figure 2B), and could explain its deep red colour. After
evaporation of the mother liquors and another recrystallization, the quality of the red crystals
diminished and an orange powder was obtained upon evaporation of the mother liquors. Optical
microscopy of this material showed two microcrystalline forms one red and one orange, with
the latter in large exces#/e surmised the orange material may be the more soluble (E)-isomer.
A portion of the orange powder was examined by X-ray powder diffraction using a
PANAlytical Empyrean diffractometer operating with Cu Koz radiation. It was shown to be
highly crystalline, but the diffraction pattern of the orange powder did not match that calculated
from the structure of the red crystals obtained (see Supplementary Information Figure S1). It
was possible to index the powder diffraction pattern of the orange powder using a large triclinic
cell with parameters shown below. The volume of this cell (25Y)dsfapproximately three
times that of the cell found for the red crystals. It seems likely that the orange sample contains
the (B isomer of2e, and the tripling of the volume suggests that there are three molecules in
the asymmetric unit, perhaps two of one isomeric form and one of the other. Impottantly,
NMR of either the red or orange crystalline forms showed, in @Bd@ition, a 1:1 mixture of

the two geometric isomers.



Figure 2A: Crystal structure oRe with atoms drawn as 50% thermal ellipsoids The more
crystalline form of2e reveals a shortened N2-C15 bond, lengthened C15-C16 bond and an
intermolecular hydrogen bond between the nitro group and theFNjdre 2B: The bond
lengths from the crystal structure of the deep red coldeeziconsistent with large degree of
delocalisation of the nitrogen lone pair.

In order to probe the details of the interaction of these inhibitors RAitHHODH,
docking (with both eHITS and Autodock) of the E- and Z-form2exdind3e into the putative
ubiquinione binding channel dPDHODH was performed using thefDHODH crystal
structure (PDB code; 1TV5). The data produced suggest several possibilities for the binding of
eachisomer of2e and3e into PIDHODH. However all of the suggested poses are predicted to
bind in the same general space of the enzyme, with the aromagti@roup of each ligand
binding deep within the large hydrophobic pocket of the binding site (Figures 3A and 3B). For
each of the four structures (i.e. both E- and Z- isomers ofde@thd3e) two equally favourable

rotamers were observed with the tail group seen to adopt the orientations shown in Figures 3A

and 3B.



Figure 3. Docking studies reveal that the hydrophobic aromatic tail gro@p (fbrest green)
andz2e (latter not shown) may adopt one of two equally preferred conformaBénand3B,

rotated 180° around the Ar-NH bond) when docked into the ubiquinone co-factor channel of
PDHODH. In both cases hydrogen bonding networks with Tyr528, His185 and Arg265 are
maintained.

. ARG-265

Figure 4. Docking studies reveal that the hydrophilic head groupeaind3e (latter
not shown) may bind in two equally preferred conformatid#sgnd4B, rotated 180° around
the Ar-NH bond) when docked into the ubiquinone co-factor chani&DsODH.

For both molecule2e and3e the polar‘head groupof the molecule is predicted to
bind in the polar region of the binding site. Both isomers of each molecule can adopt two

distinct hydrogen bonding networks (Figures 4A and 4B). This is again due to a rotation of



180° around Ar-NH bond causing the potaead of the molecule to flip. Although this
“flipping’ forces a change in the hydrogen bonds made by the molecule and the enzyme, the
residues involved in binding IRDHODH are preserved, i.e. histidiae(H185), tyrosings

(Y528) and arginings (R265). All suggested binding poses have hydrogen bonds to at least
two of these residue3he results from the docking studies suggest that the ligands may bind
with multiple poses to the ubquinone channel and that there is no clear preference for any one

arrangement.

Conclusions

We have discovered two new derivativ@e §nd3e) that are potent inhibitors GffDHODH.

4 and ¥C NMR spectroscopic data revealed that these compounds undergo ready
isomerisation at room temperature KRRMSO, but the docking studies indicate that there is

no conformation nor configuration which binds preferentiallpfdHODH. This flexibility is
favourable for inhibitors of this channel that require extensive positioning to reach their binding
site. X-ray crystallographic study @& reveals shortened N2-C15 and lengthened C15-C16
bonds. The delocalisation of the charge onto the nitro group must promote the hydrogen
bonding interactions between the nitro group and the N9-H, but also with any H-bond donor
group on the enzyme. This is consistent with the observations made by Phillips and co-workers
where an intrinsic dipole contributifhin their triazolopyrimidine class of compounds is also
believed to add to the hydrogen bonding and thus binding of the inhibitors to the enzyme
Overall, these results further amddhe knowledge of inhibitor binding to the co-factor binding

site of PDHODH and may assist in the design and optimisation of inhibitors of P. falciparum

dihydroorotate dehydrogenase.
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from ethyl acetate!H NMR (CDCk, 400 MHz) for this 1:1 mixture of geometric
isomers, both chemical shifts are given when clearly resobvédl.52 [11.24] (1H, bd,

J ~14.5 [~14.7] Hz, =CH-NH), 9.21 [8.66] (1H, d, J 14.5 [14.7]#CGH-NH), 8.12-8.09

(1H, m, ArH), 7.95 (1H, dd, J 8.8, 2.2 Hz ArH), 7.57-7.52 (1H, m, ArH), 7.47-7.43 (2H,
m, ArH), 7.37-7.28 (2H, m, ArH), 4.45 (2H, g, J 7.1 Hz, QOHNCHp), 4.42-4.36 (2H,

m, NCH or OCH), 1.48-1.43 (3H, m, C#CHs), 1.41 (3H, t, J 7.1 Hz, GIEHa); °C-

NMR (CDCk, 100 MHz)$ 164.99 [161.48], 149.82 [146.00], 140.73 [140.70], 138.60
[138.37], 130.07 [129.88], 126.86 [126.77], 123.74 [123.72], 122.09 [122.06], 120.71,
119.53 [119.45], 118.28 [117.38], 117.00 [116.69], 110.60 [110.06], 109.58 [109.54],
108.99 [108.94], 61.52 [61.35], 37.79 [37.76], 14.37 [14.28], 13.78; MS (ESI) m/z
354.1449, [GH19N30s+H] " requires 354.1448. Also observed were 724.308BI4",

calc. 724.3089) and 1077.44594NH,4", calc. 1077.4465); Anal. (€H1dN304) Found:

C, 64.74 %; H, 6.41 %; N, 11.70 %. Calcd. C, 64.58 %; H, 5.42 %; N, 11.89 %. In a
similar fashion (E/Z)-ethyl 3-(dibenzothiophen-2'-ylaminomethylene)-2-nitroacrylate
(3e) was prepared from ethyl nitroacetate (0.45 g, 7.5 mol) and 3-aminodibenzothiophene
(0.5 g, 2.5 mol) to give the title compouada lemon yellow, crystalline solid (0.61 g,
71%)."H NMR (CDCl, 400 MHz)5 11.37 [11.18] (1H, bd, J ~14.3 [~14.3] Hz, =CH-
NH), 9.22 [8.68] (1H, d, J 14.3 [14.3] HzCH-NH), 8.20-8.16 (1H, m, ArH), 7.99 (1H,

dd, J 8.5, 2.4 Hz ArH), 7.93 (1H, d, J 8.5 Hz, ArH), 7.91-7.86 (2H, m, ArH), 7.56-7.51
(2H, m, ArH), 7.39-7.33 (1H, m, ArH), 4.46 [4.39] (2H, q, J 7.2 Hz, QCH45 [1.41]

(3H, t, J 7.2 Hz, CkCHs); *C-NMR (cb-DMSO, 100 MHz, at 24.1 9C139.5, 136.6,
136.1, 136.0, 134.6, 127.6, 124.9, 123.9, 123.2, 122.4, 119.3, 112.5 (broad), 60.8, 14.2
MS (El) m/z 342 (M), 326, 252, 235, 222, 183, 139; Anal1{€1aN204S) Found: C,

59.48 %; H, 4.25 %; N, 8.20%. Calcd. C, 59.64 %; H, 4.12 %; N, 8.18 %.



16.

17.

Reaction of o-toluidine witBa gave a product containing 10% of thesemer [d 7.45

ppm (E) vs 10.89 ppm §Zor the NH and 6 8.36 ppm (E) vs 7.87 ppm (2) for the CH].
Crystallization of this derivative is induced by cooling a hexane solution, rather than
dissolution in boiling ethanol as used fhrand3f. The heat presumably encourages any
interconversion of isomers in the latter case.

CCDC 857094 contains the supplementary crystallographic data f2e 64)120 K.

These data can be obtained free of charge from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; e-mail:

deposit@ccdc.cam.ac.uk or via http://www.ccdc.cam.ac.uk/conts/retrieving.html.



