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ABSTRACT

Structure-based design was utilized to optimize 6,6-diaryl substituted dihydropyrone and
hydroxylactam to obtain inhibitors of lactate dehydrogenase (LDH) with low nanomolar
biochemical and single-digit micromolar cellular potencies. Surprisingly the replacement of a
phenyl with a pyridyl moiety in the chemical structure revealed a new binding mode for the

inhibitors with subtle conformational change of the LDHA active site. This led to the identification
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of a potent, cell-active hydroxylactam inhibitor exhibiting an in vivo pharmacokinetic profile
suitable for mouse tumor xenograft study.
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structure-based design

A hallmark of cancer cells’ dysregulated metabolism is the dependence on the conversion
of glucose to lactate to generate energy under normal oxygen conditions, a process termed aerobic
glycolysis (i.e. Warburg effect). This is in stark contrast to the mitochondrial tricarboxylic acid
cycle utilized by normal cells. Lactate dehydrogenase A (LDHA) is a key enzyme that catalyze
the final step in the glycolytic pathway, reducing pyruvate to lactate and regenerating NAD+
equivalents necessary for continued glycolysis. Overexpression of LDHA is found in many types
of cancer cells and has been correlated with poor clinical outcome.! Inhibition of the enzyme
activity by knockdown or silencing of the LDHA gene has been shown to reduce cancer cell growth
in vitro under hypoxic conditions and to suppress tumor growth in xenograft models.> Together
these data underscore the therapeutic potential of LDHA inhibition for the treatment of cancer.
Recently, the lactate dehydrogenase B isoform (LDHB) has been found to control lysosomal
activity and autophagy in cancer cells? and to be an essential gene for triple-negative breast cancer.*
These findings led us to pursue a pan-LDH inhibitor in order to maximize potential efficacy across
the broadest set of tumors.

Significant progress has been made in the discovery of LDH inhibitors displaying
remarkable enzymatic potency.> However, cellular activity has proved very challenging to obtain.
To our knowledge only a few series of cell-active LDH inhibitors have been published to date.5~

Two of those were shown to reduce lactate level in vivo!®!! but anti-tumor efficacy remains



elusive. The high abundance of cellular LDH protein as well as the highly hydrophilic nature of
its catalytic site presents significant obstacles to the development of inhibitors suitable for in vivo
testing. From high-throughput screen of corporate chemical library, we discovered a family of
1,3-dicarbonyl and related dihydropyrone, hydroxylactam compounds that bind LDHA in an

NADH uncompetitive manner.'?-!4

Structure and property-based optimization led to the
identification of our first cell-active hydroxylactam molecule.” Upon oral dosing in a mice
xenograft tumor model, the compound failed to show efficacy, which we hypothesized to result
from a relative short half-life and thus insufficient target coverage.'? Here we report the structure-
guided optimization of 6,6-diaryl substituted dihydropyrone and hydroxylactam inhibitors.
Unexpectedly, a new binding pose of the chemical series was observed where the diaryl moieties
occupying different pockets compared to our previous discovery’, This led to the identification of
new LDH inhibitors with low nanomolar biochemical and single-digit micromolar cellular
potencies, and the resulting impact on in vivo pharmacokinetics and efficacy are reported.

First we searched for optimal diaryl substitutions at the 6-position of the pyrone scaffold,
which in terms of enzymatic potency was found to exhibit parallel SAR trends as the
hydroxylactam series’ but is synthetically more accessible (Table 1). When the two aryl
substituents are different, unless specified otherwise, we separated the enantiomers and assayed
them individually. ICso values of the less potent stereoisomers are shown in parentheses. For
select molecules, absolute stereochemistry was determined using small molecule crystallography.
When the substituents were both 6-membered aryl or heteroaryl cycles, there was no significant
difference in their potencies (compounds 1, 2, and 4). In contrast, when a 5-membered heteroaryl
was combined with a 6-membered ring, the potency improved by 5 to 11-fold for LDHA (5, 7, 9,

and 11 vs. 1). A similar trend was observed for LDHB albeit LDHB ICso values were typically 2



to 6-fold higher than those for LDHA. A combination of two 5-membered heteroaryl cycles did
not improve the activity further (13 vs. §5). These data suggest that either the axial or the equatorial
position prefers a smaller, 5-membered ring when the molecule is bound to LDHA.
Conformational analysis of § using quantum mechanics showed that in water the thiophen-3-yl
moiety slightly prefers axial over equatorial presumably due to lower steric strain (conformational
energy difference = 0.2 kcal/mol, Supplemental Materials, Figure S1). However, it is possible that
this weak preference may be altered in the protein-bound state.

Next, we tried to improve the affinity by exploring substitutions on the 6-membered aryl
ring presumably at the equatorial position. Interestingly, the replacement of a phenyl with a 2-
hydroxyphenyl improved the potency by 40-fold (14 vs. 1). To understand what may have
contributed to the potency gain, we solved a cocrystal structure of 14 bound to LDHA at 2.0A
resolution. As shown in Figure 1A, the dihydropyrone core maintained the same NADH
uncompetitive binding model as previously observed for this series.!> The observed planar
geometry of the 3-position carbon was consistent with the expected enol tautomer state. We
previously showed that the enol was acidic (pKa = 2.4!3) so it was ionized in the structure at a
neutral condition. Based on the proximity of hydrogen bonding residues nearby, we inferred that
the ester carbonyl bound with the catalytic residue Argl68 while the enolate oxygen bound with
both His192 and Asn137 through hydrogen bonds. Although the stereochemistry of 14 was not
determined, the chirality of a subsequent analog (26) was assigned by small molecule
crystallography which supported our assumption (vide infra). The phenyl substituent at the 6-
position was found axial, occupying a hydrophobic pocket capped by Tyr238 sidechain and
forming an edge-to-face interaction with the 2-chlorothiophenyl moiety of the inhibitor, while the

bulkier 2-hydroxyphenyl substituent was equatorial. Replacement of the axial phenyl group with



thiophen-3-yl led to a 12-fold gain (16 vs. 14), consistent with the trend observed from simple
diaryl compounds (cf. 10-fold gain from 1 to §). A water molecule was seen 2.9A away from the
oxygen atom of 2-hydroxyphenyl. Water molecules were observed at almost the same position in
two previously published inhibitor-bound structures (PDB entries 4R68 and S5IXS). At this
conserved hydration site, water appeared to bind with Thr247 and NADH (Figure 1a) through
hydrogen bonds. We hypothesized that the affinity gain of 14 vs. 1 could be attributed to the
hydroxyl group serving as a hydrogen bond donor to this conserved water. Substituting a fluorine
atom for the hydroxyl reduced the affinity of 16 by 100-fold, to a level close to that of 5, which
supported our hypothesis. Instead of engaging the water, we wondered if further improvement
from 16 can be obtained by replacing this water. Computational assessment using WaterMap™
(Schrodinger, version 2015) predicted that this water would be energetically unfavorable to
remove due to its multiple hydrogen bond interactions (Supplemental Materials, Figure S2). To
test that, the 2-hydroxyphenyl was replaced with 3-aminophenyl (20 and 22) and a cocrystal
structure of 20 bound to LDHA was determined by X-ray crystallography at 2.1A resolution. As
predicted by modeling, the amino group was observed at the same location where the water used
to be and apparently served as a hydrogen bond donor to both Thr247 and NADH (Figure 1B).
Compounds 20 and 22 showed a 5 to 6-fold reduction in potency compared to 16 and 14,
respectively, confirming the computational prediction.

Table 1. Structure-Activity Relationship for 6,6-Diaryl Substituted Dihydropyrones.

OH Cl
3_S
N
Ry
Ry6 O° ~O
1
Ex Ry R LDHA ICsy' (uM) LDHB ICsp' (uM)
1 phenyl phenyl 1.0+0.3 3.1+0.1
2 (3) pyridin-2-yl phenyl 0.92+0.28 (2.4+0.7) 4.740.2 (19+3)




4 pyridin-2-yl pyridin-2-yl 1.2+0.2 2.9+0.2
5(6) thiophen-3-yl henyl 0.09£0.02 0.240.07 (0.75+0.2)
P Y pheny (0.430.21) RO,
. 0.1240.01
7(8) thiophen-2-yl phenyl (0.22+0.02) 1.3£0.1 (1.5+0.2)
9 (10) thiazol-4-yl phenyl 0.18+£0.01 (1.1+0.1) 0.5540.01 (2.8+0.1)
. - 0.13£0.04
11 (12) thiophen-3-yl pyridin-2-yl (0.970.14) 0.5440.07 (3.2+0.5)
13 thiophen-2-yl thiophen-2-yl 0.09+0.01 0.81+0.09
0.026+0.004 0.075+0.009
14 (15) phenyl 2-hydroxyphenyl (0.43£0.17) (0.95£0.18)
. 0.0022+0.0001 0.015+0.004
16 (17) thiophen-3-yl 2-hydroxyphenyl (0.022+0.004) (0.09+0.02)
18 (19) thiophen-3-yl 2-f1 henyl 0.22:+0.02 0.6+0.1 (0.60.1)
iophen-3-y -fluoropheny (0.45+0.03) .6£0.1 (0.6£0.
. . 0.013+0.004 0.0089+0.004
20 (21) thiophen-3-yl 3-aminophenyl (0.19£0.02) (0.31£0.03)
. 0.13£0.07
22 (23) phenyl 3-aminophenyl (0.4520.23) 0.25+0.16 (3.8+0.44)
N
242 thiophen-3-yl N \n/ 0.043+0.007 0.29+0.03
(0]
H CF
252 thiophen-3-yl ‘©/ Nl 0.066+0.013 0.420.1
H
26-R (27- thiophen-3-vl S N 0.004+0.001 0.047+0.011
S) p y (0.036+0.018) (0.075+0.007)
F
N
28 . S NS 0.0029+0.0001 0.065+0.004
(29 thiophen-3-yl ©/ \|O\ (0.063+0.023) (0.33+0.19)
N 2
F
H
30 tiosrenanl | YN 0.002920.0007 0.0170.004
F

'"LDHA and LDHB enzymatic assay values are the geometric mean of at least two separate

experiments as previously described.!? ?Racemic mixture was used in the assay.




Figure 1. Cocrystal structures of LDHA in complex with compound 14 (A, PDB code 6MV8) or
20 (B, PDB code 6MVA). Hydrogen bonds are shown as dashed lines.



After exploring the polar, confined cavity near the cofactor NADH, we turned our focus to
the more solvent-exposed space between Ile241 sidechain and the loop spanning from GIn99 to
Argl05 where we previously observed opportunities for hydrophobic interactions.!*!* Based on
modeling, we made a set of substitutions with increasing size and hydrophobicity off the 3-
aminophenyl group of 20 (Table 1). While the smaller, acetyl or 2,2,2-trifluoroethyl moieties
showed no improvement, a 4-fluorophenyl or 5-fluoropyridin-2-yl group increased the affinity by
3 to 4-fold (26 and 28 vs. 20). A cocrystal structure of 26 bound to LDHA was determined by X-
ray crystallography at 2. 1A resolution (Figure 2A). The binding pose of 26 was similar to that of
20 with the thiophene ring in the axial position. The dihydropyrone core moved slightly away
from the cofactor nicotinamide moiety and closer to Tyr238 sidechain, while the 3-(4-
fluorophenyl)amino phenyl moiety was “sandwiched” between Ile241 and GIn99 sidechains.
Instead of engaging or replacing the conserved water, which remained present, the aniline nitrogen
atom was within hydrogen-bond distance from the backbone carbonyl oxygen of GIn99. We
determined the stereochemistry of 26 to be R by small molecule X-ray crystallography (Figure
S1), which supported the assumed orientation of the dihydropyrone core in the structures of 14
and 20 (Figure 1A and B). Notably, for most of the enantiomeric pairs (Tables 1), one enantiomer
was markedly more potent against LDHA than the other enantiomer. This trend appeared even
more prominent as the binding affinity was improved (cf. 14-21, 26-29). Surprisingly, when the
equatorial phenyl of 26 was replaced with a pyridin-2-yl, both enantiomers were equipotent (30
vs. 31). This seemed to suggest that the previously weaker enantiomer may bind differently in the
case of a thiophen-3-yl and pyridin-2-yl combination. The cocrystal structure of 30 in complex

with LDHA (Figure 2B, 2.4 A resolution) indeed confirmed that the ligand adopted a new pose



compared to 20 and 26: the thiophen-3-yl moiety became equatorial while the pyridin-2-yl axial.
The 4-fluorophenyl substituent on the 6-amino-pyridin-2-yl moiety occupied a hydrophobic
pocket surrounded by Prol38 and LeulO8 sidechains, which adopted similar conformations as
seen in a previous report (PDB entry 4R68).!4

Having optimized biochemical potency in the synthetically more accessible dihydropyrone
series, we next switched to the hydroxylactam core, which was shown to have better
physicochemical and pharmacokinetic properties than dihydropyrones: lower in acidity (pKa =

4.1'%) and plasma protein binding and higher in membrane permeability.”:!3

The pair of
enantiomers 32 and 33 (Table 2) were similar in both absolute and relative LDHA activities
compared to their dihydropyrone counterparts 30 and 31. The stereochemistry of 33 was
determined as S by small molecule X-ray crystallography (Figure S2). The cocrystal structure of
32 (Figure 2C, 2.4A resolution, R enantiomer), bound to LDHA showed that the hydroxylactam
core adopted the same pose as previously observed (PDB entry 4ZVV’): the amide oxygen atom
made H-bond interactions with the Argl68 residue while the enolate oxygen atom with His192
and Asnl137. Like its dihydropyrone analog 30, 32 bound to LDAH with the thiophen-3-yl group
equatorial while the 6-((4-fluorophenyl)amino)-pyridin-2-yl moiety axial and filling a
hydrophobic pocket surrounded by Pro138 and Leul08. Addition of a second fluorine atom on
the phenyl ring did not significantly change the absolute or relative potencies of the enantiomers
(34 and 35). In contrast, replacement of the 4-fluorophenyl with a cyclohexyl or tetrahydropyranyl
reduced the potency of the less active enantiomer by over 10 fold, restoring a marked enantiomeric
difference in activity (36 — 39) seen among many dihydropyrones (e.g. 26 and 27). Smaller alkyl

(40 and 41) and homologated 4-fluorobenzyl (42 and 43) substitutions also showed a similar

enantiomeric difference. The structures of the dihydropyrone molecule 30 and its hydroxylactam



counterpart 32 together revealed that, on both cores, a new binding pose existed for certain
compounds with a thiophen-3-yl and a pyridin-2-yl substitutions at 6-position: the thiophen-3-yl
became equatorial in the bound state instead of axial as observed previously (Figure 2A, and PDB
entries 4R68 and 4ZVV). We hypothesized that, when two enantiomers were able to adopt
different poses in terms of axial-equatorial configuration (Figure 2A and 2B), their core scaffold
could always maintain the preferred orientation (i.e. the carbonyl oxygen bound to Argl68 while
the enolate oxygen bound to His192 and Asnl37 through hydrogen bonds), resulting in the
phenotype of equivalent potencies between the stereoisomers. The pyridin-2-yl moiety appeared
required for equipotency of enantiomers since the phenyl version behaved differently (30 and 31
vs. 26 and 27). Yet the pyridin-2-yl moiety alone was not sufficient as the non-substituted ones
showed marked enantiomeric difference (30 and 31 vs. 11 and 12). Appropriate aryl substitutions
seemed also required, presumably to fulfill the hydrophobic pocket near Prol138 sidechain.
Consistent with our hypothesis, replacement of the (4-fluorophenyl)amino moiety with a phenoxy
group such as in 44-45 maintained the enantiomeric equipotency while the bulkier quinolin5-yloxy
substitution did not (46-47). In a previous report on the hydroxylactam series we identified a 4-
morpholinophenyl moiety to be a potent equatorial substitution at the 6-position.” So we wondered
if substituting it for the equatorial thiophen-3-yl could further improve the potencies. As shown

in Table 2, that was not the case (48 vs 32, and 50 vs. 44).

Table 2. Structure-Activity Relationship for 6,6-Diaryl Substituted Hydroxylactams.

OH Cl
3_S
R, N
RZGH o

1



E R1 R2 LDHA ICs LDHB ICs Measured MiaPaca2 Cell
X (M) (M) LogD* Lactate ICsy (uM)*
H
32-R SN N 0.0016£0.0009 | 0.0098+0.0013 - 2080
(33-S) | P (0.0037+0.0012) | (0.04620.012) : 0£0.
F
H
34 s NN F 0.0009+0.0003 | 0.00280.0006 )6 2220
(35) | (0.0044+0.0022) | (0.03120.009) : 2#0.
F
N _N
36 ~ N 0.0027+0.003 | 0.0082+0.0007 )4 2403
(37) | _ (0.055+0.004) | (0.33£0.01)
N__N
\\ . L . . i .
SS) | > (0().5)71539(?012) 0«334918.?5; 11 9.1£17
> o .
v N 0
40 ~ g 0.013+0.006 0.1720.03 . .
(41) I ; \/V (0.19+0.03) (1.820.05) ND ND
F
H
2 | N N\/©/ 0.0086+0.0016 | 0.057+0.016 )5 DS
(43) | N (0.16+0.02) (0.81£0.21)
Z
~« _N__O
44 S 0.0025+0.0004 | 0.0095+0.0024 b S 34000
(45) | — (0.0032+0.0004) | (0.09+0.01) ) e
~ _N__O
I N
46 0.0038+0.0016 | 0.025+0.009
2
47) I (0.068+0.035) |  (0.65£0.2) 22 3.60.14
~N
H
48 NN 0.0025£0.0016 | 0.00170.0012 - D>
(49) | (0.01120.004) | (0.038+0.027) :
~
Ny © K/O
50 S 0.0018+0.0011 | 0.00220.0012 Lo L7l
(5D ~ (0.037+0.007) | (0.085+0.024) ) =
F

¥The more potent enantiomers were measured. ® Not determined. MiaPaca2 cell assay values are

the geometric mean of at least 2 separate runs as described previously.'*




Argl68

!Thr247

P o\ ~
Figure 2. Cocrystal structures of LDHA in complex with compound 26 (A, PDB code 6BAD),
30 (B, PDB code 6BB3), or 32 (C, PDB code 6BAG). Hydrogen bonds are shown as dashed

lines.

Encouraged by their enzymatic potency, we tested the more active hydroxylactam
inhibitors in a MiaPaca2 cell line for the inhibition of lactate production (Table 2, 32, 34, 36, 38,
44, 46, 50). All had measurable inhibition, with ICso ranging from 1.7-9.1 uM. The two most
potent compounds, 32 and 50, had comparable enzymatic and cellular potencies as well as logD
values (Table 2). They were also comparable in terms of predicted metabolic stability based on

liver microsome and mouse plasma protein binding (Table 3). Being smaller in size, 32 had a



higher ligand efficiency than 50 (0.35 vs. 0.29). Also 32 was twice as permeable as 50 in MDCK

assay (Table 3). Given its potency against LDHA, in vitro PK profile as well as a binding mode

distinct from our previous lead compounds,’ 32 was selected for in vivo PK evaluation in mice.

This molecule presented a low hepatic clearance (Clp), which we attributed at least partly to high

protein-binding. It had a half-life of 2.81h, almost triple of that for our previous hydroxylactam

lead,” and good oral bioavailability when dosed at 5 mg/kg (Table 4, Figure S2A). At higher oral

doses ranging from 50 to 200 mg/kg, 32 displayed increasing exposure (Table 4, Figure S2B)

confirming its potential as a tool compound for in vivo efficacy studies in mice.

Table 3. Permeability, Metabolic Stability and Mouse Protein Binding of 32 and 50

Ex MDCK? Payp Liver Microsome Clhep Mouse Plasma
A:B Ratio (B:A/A:B) Human Rat Mouse Protein Binding
(10 cm/s) (%)
32 4.6 2.6 14 23 54 99.9
50 2.2 3.1 13 20 66 99.9

aThe MDCK assay'> was used as an indicator of cell permeability.

Table 4. Pharmacokinetic Parameters Following IV and PO Administrations of 32 to Mice

Route Dose AUC (uMIh) Cnax (UM) F (%) T2 (h) Vs (L/kg) Cl, (mL/min/kg)
(mg/kg)
v 1 6.5 7.36 2.81 0.671 4.89
po 5 19.4 5.95 59.5
po 50 71.2 23.3
po 100 235 66.9
po 200 411 117

We next set out to test the in vivo efficacy of 32. MIA PaCa-2-tumor-bearing mice were

dosed b.i.d at 200 and 400 mg/kg with 32 for 28 days. Although 32 was well tolerated as measured

by body weight change, unfortunately no significant tumor growth inhibition was observed at

either dose (SI, fig S5A). This suggested to us that the exposure of 32 was insufficient to sustain

the LDH inhibition required for efficacy in the duration of the study.




The LDH inhibitors discussed above were synthesized as shown in Scheme 1a — 1g (see SI
for experimental details).

Scheme 1.
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Reagents and conditions for Scheme 1a - 1g :(i) NaH, BuLi, THF, 0 °C, 2h; (ii) potassium
carbonate, MeOH, heat 2 h; (iii) potassium carbonate, ACN, 80 °C, 1-2 h; (iv) MOMCI, DIPEA,
THEF, 25 °C, 18h; (v) HCI, MeOH, 25 oC,, 2h; (vi) BocNH2, Brettphos-Admix, NaOt-Bu,1,4-
dioxane, 110 °C, 0.5 h, microwave; (vii))TFA, DCM; (viii) ArOH or ArNH>, Brettphos-Admix,
NaOt-Bu, 1,4-dioxane, 110 °C, 0.5 h, microwave; (ix) Fe powder, NH4Cl, EtOH; (x) Pd2(dba)s,
XantPhos, Cs2COs, 1,4-dioxane, 110 °C, 0.5 h, microwave; (xi) (Boc).O, THF; (xii) BuLi, THF,

-78 °C; (xiii) compounds were synthesized following the scheme previously described.”

In summary, using structure-based design we optimized a set of 6,6-diaryl substituted
dihydropyrone and hydroxylactam LDH inhibitors. Surprisingly, a small change from phenyl to
pyridyl led to a new inhibitor binding mode accompanied by subtle adjustment of the active site.
The optimization culminated in 32, a cell-active hydroxylactam with low in vivo clearance and
60% bioavailability in mice. In a MiaPaca-2 tumor xenograft model, 32 did not show significant
tumor growth inhibition, which led us to conclude that in vivo efficacy for an orally dosed LDH
inhibitor will likely require a molecule with still higher cellular potency and/or longer half-life, or
an alternative modality of inhibition. Overall 32 represents a novel, potent LDH inhibitor with an
improved in vivo half-life compared to previous reports ® and may inspire future drug designs

against this important therapeutic target.

Accession Codes: The X-ray crystallographic structures of compound 14, 20, 26, 30, or 32
bound to human LDHA were deposited in the PDB and their accession codes are 6MVSE, 6MVA,

6BAD, 6BB3, and 6BAG, respectively.
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