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ABSTRACT: A series of trisubstituted hydroxylactams was
identified as potent enzymatic and cellular inhibitors of human
lactate dehydrogenase A. Utilizing structure-based design and
physical property optimization, multiple inhibitors were
discovered with <10 μM lactate IC50 in a MiaPaca2 cell line.
Optimization of the series led to 29, a potent cell active
molecule (MiaPaca2 IC50 = 0.67 μM) that also possessed good
exposure when dosed orally to mice.
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Tumor cells often show signs of metabolic alteration when
compared to normal cells.1 Instead of the mitochondrial

tricarboxylic acid (TCA) cycle utilized by healthy cells, they often
rely on glycolysis for energy generation,2 even in the presence of
normal oxygen levels.3 Lactate dehydrogenase A (LDHA) is
critical to this process by catalyzing the conversion of pyruvate to
lactate in the final step of glycolysis.4 Overexpression of LDHA is
found in many types of cancer cells,5−8 and shRNA mediated
LDHA depletion results in the inhibition of tumor growth in
glycolytically dependent cancer cell lines, xenografts, and
genetically engineered murine models.7,8 Together, these facts
have focused attention on the therapeutic potential of LDHA
inhibition for the treatment of cancer. A recent report from our
laboratories identified the lactate dehydrogenase B isoform
(LDHB) as an essential gene for triple negative breast cancer
tumors.9 Given this linkage, we sought a pan-LDH inhibitor, if
possible, in order to maximize potential efficacy across the
broadest set of tumors.
A number of LDHA inhibitors have recently been disclosed by

several academic and industrial groups;10−16 however, they have
been hampered primarily by a lack of cellular activity. An LDHA
inhibitor with excellent cellular potency was disclosed, but poor
pharmacokinetics prevented its evaluation in vivo.15 Our group
has recently reported LDHA inhibitors containing a variety of
scaffolds.17−21 To date, they have suffered from a lack of cellular

activity, despite relatively potent biochemical inhibition. For
example, 3,6-disubstituted dihydropyrones and diketones,
although possessing low double digit nanomolar IC50s in vitro,
failed to show activity against glycolytic cell lines.18,21 This has
been attributed to poor permeability and high plasma protein
binding, presumably due to the acidic core of the compounds
imparting poor physical properties. Herein we report the
optimization of a series of hydroxylactam inhibitors and the
resulting impact on LDHA biochemical and cellular potency.
In order to further optimize this general class of dicarbonyl

LDHA inhibitors, we sought to modify our medicinal chemistry
approach in two ways. The first was to replace the diketone and
dihydropyrone cores with a hydroxylactam. Previous matched
pair comparison of these three scaffolds demonstrated that the
hydroxylactam, exemplified by 1, was the least acidic of the set
(pKa = 4.1, versus 2.4 and 3.0, respectively, for the dihydropyrone
and diketone), while maintaining biochemical potency.18 We
hypothesized that this pKa modulation could lead to improved
physical properties of the compounds, leading to improved
permeability and reduced plasma protein binding, yielding cell
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active compounds if biochemical potency could be improved as
well.
Second, overlay of the crystal structures of two previously

disclosed diketone compounds19 (Figure 1) suggested that

simultaneous substitution of the axial and equatorial positions of
the core might be possible. The resulting diphenyl substituted
compound (2) indicated that this substitution pattern was
tolerated and led to an 8-fold improvement in biochemical
potency (Table 1). We therefore explored phenyl isosteres (3, 4)
and found that a 3-thiophene (4) further improved potency by 4-
fold. Encouraged by these results, we held the thiophene
constant at R2 while exploring a variety of substituents on the
phenyl ring at R1 (5−14). Compounds were synthesized and

tested as racemic mixtures for synthetic convenience. We held
the 3-position on the hydroxylactam core constant, as this group
had proven ideal in previous optimization of the series.18,19 2-
Pyridyl substitution (5) resulted in the complete loss of activity,
and 2-fluorophenyl (6) reduced potency slightly. 3-Bromophen-
yl (7) improved LDHA potency to 82 nM; however, the
selectivity for LDHA over LDHB increased from ∼4−5-fold to
10-fold. This was not desired as we sought a pan-LDH inhibitor.
Meta amino and hydroxy substitution (8 and 9, respectively)
yielded roughly equipotent analogues, each improving inhibition
slightly. Para substitution resulted inmore variable SAR. Electron
withdrawing groups such as cyano (10) diminished affinity to
700 nM, while electron donating substituents (11−14)
maintained or improved potency. Except for 7, this set of
compounds maintained a ∼4−5 fold selectivity for LDHA over
LDHB relative to that of 1.
An X-ray cocrystal structure of 9 bound to LDHA (Figure 2)

confirmed our hypothesis that simultaneous axial and equatorial

substitution could be accommodated by the protein. The
hydroxylactam core maintains the core interactions previously
observed for this series.18,19 The lactam carbonyl hydrogen
bonds the catalytic Arg168 and the hydroxyl bridges His192 and
Asn137. There is no hydrogen bond between the lactam NH and
the protein, although it points toward Thr247. The inhibitor
stacks on top of the NADH cofactor, occupying only the
pyruvate binding site. We have previously demonstrated that this
class of compounds is noncompetitive with NADH binding in
the LDHA active site.17 The thiophene substituent occupies the
axial position, forming an intramolecular edge-to-face π−π
interaction with the 2-chlorophenyl ring and a second edge-to-
face π−π interaction with Tyr238. The 3-hydroxyphenyl ring
occupies an equatorial position relative to the hydroxylactam
core, stacking against Ile241. The phenol OH is hydrogen
bonded to a water, which is in turn involved in an extensive
hydrogen bonding network with the backbone NH and carbonyl
of Thr247 and a phosphate oxygen of NADH. Intriguingly,
despite this highly coordinated water interaction, 9 is only 3-fold
more potent against LDHA than the parent compound 4.

Figure 1. Overlay of previously disclosed X-ray structures of LDHA/
diketone-containing inhibitor complexes 4QO7 (cyan) and 4QO8
(white).19 Hydrogen bonds from 4QO7 are shown as yellow dashed
lines.

Table 1. Structure−Activity Relationships for Trisubstituted
Hydroxylactamsa

compd R1 R2
LDHA IC50

(μM)
LDHB IC50

(μM)

1 Ph H 4 18
2 Ph Ph 0.49 2.2
3 Ph 4-thiazolyl 0.40 2.3
4 Ph 3-thiophenyl 0.12 0.74
5 2-Pyridyl 3-thiophenyl >10 >10
6 (2-F)Ph 3-thiophenyl 0.36 1.8
7 (3-Br)Ph 3-thiophenyl 0.082 0.8
8 (3-NH2)Ph 3-thiophenyl 0.058 0.20
9 (3-OH)Ph 3-thiophenyl 0.042 0.27
10 (4-CN)Ph 3-thiophenyl 0.70 1.1
11 (4-cyclopropyl)Ph 3-thiophenyl 0.10 0.48
12 (4-OMe)Ph 3-thiophenyl 0.065 0.21
13 (4-NMe2)Ph 3-thiophenyl 0.015 0.055
14 (4-OH)Ph 3-thiophenyl 0.014 0.057

aLDHA and LDHB enzymatic assay values are the geometric mean of
at least 2 separate runs as previously described.19

Figure 2. Compound 9 (cyan) cocrystallized with LDHA (white)
[PDB: 5IXS]. The NADH cofactor is shown in green sticks, the
crystallographic water as a red sphere, and hydrogen bonds are yellow
dashed lines. Crystallization was carried out as previously disclosed.21

Additional details can be found in the Supporting Information.
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Arg98 is just beyond the para-position of the phenyl ring, with
space available in between it and the inhibitor. Given the
excellent potency of analogues with para-polar substituents (13,
14), it was hypothesized that polar groups in this region might be
interacting with this arginine and be responsible for the increased
potency. This arginine is in a structurally variable region of
LDHA, differing among individual subunits of the tetrameric
crystallographic asymmetric unit.
In order to probe this area, we explored further substitution at

the meta- and para-positions of the phenyl ring (Table 2). Direct

linkage of a morpholine (15) or ether (19, 20) at the meta-
position maintained LDHA potency, while amino linkages to
cyclic alkyl or aryl substituents (16−18) improved LDHA
potency to a single digit nanomolar level. Unfortunately,
selectivity against LDHB increased to ∼10−20-fold, in
opposition to our goal of an inhibitor with pan-LDH potency.
Direct substitution of piperidines and piperazines in the para-
position led to LDHA potencies in the low to mid double digit
nanomolar range (21−28). A hydrogen bond donor in the 4-
position of these heteroalkyl rings (22) was slightly inferior to
either carbon (21, 25, 26) or hydrogen bond acceptors at the
same position in the ring (24, 27, 28). This is consistent with the
potential interaction of these groups with Arg98. Of particular
note is morpholine-substituted phenyl 28. In addition to its 9 nM
potency, it has only a 3-fold potency shift between LDHA and
LDHB, one of the smallest ratios observed in this series of
biochemically potent compounds. We separated 28 into its
enantiomers and found that the R enantiomer 29 was 18-fold
more potent than S enantiomer 30.

We were able to solve crystal structures of each enantiomer
bound to LDHA. An overlay of the two structures (Figure 3)

reveals they have the same binding mode in terms of substituent
disposition. Interestingly, the hydroxylactam core is rotated 180°
in these structures (exchanging the positions of the lactam NH
and unsubstituted sp3 carbon). More potent isomer 29 positions
the lactam pointing toward Thr247. Although the distance and
Thr rotomer do not support a direct hydrogen bond, this
conformation has the least potential clashes with the protein. In
contrast, 30 points the lactam NH toward an NADH hydroxyl
and Asn137, but again is not close enough to make direct
hydrogen bonds. The sp3 carbon on the other side of the core is
pointed toward the Thr247 OH, a less favorable interaction,
consistent with the reduced LDHA potency observed for this
compound. This absolute stereochemistry assignment of 29 as R
and 30 as S is also supported by the small molecule crystal
structure of the more potent enantiomer from a related pair of
compounds (see Supporting Information). As expected, the
terminal morpholine ring is pointing toward the guanidinium
group of Arg98; however, the geometry is not appropriate for
hydrogen bond formation. Instead, it interacts via a polar
interaction between the morpholine oxygen and the positive
charge of the arginine residue.
Encouraged by the favorable enzymatic potency of these

inhibitors, we tested selected analogues in aMiaPaca2 cell line for
the inhibition of lactate production (Table 3; 21, 25, 29). All
showed measurable inhibition, with IC50s ranging from 0.67−25
μM. Given the submicromolar cellular potency of 29, additional
close-in analogues around the morpholine ring functionality
were prepared (31−36).
None of these alternatives improved either the enzymatic or

cellular potency relative to 28 or 29. Adding polarity to the
morpholine ring via a carbonyl (32) or sulfone (34) resulted in a
complete loss of cellular potency.
By switching the core from a diketone or dihydropyrone to a

hydroxylactam, we had hoped the reduced acidity would help
improve the physical properties of the compounds, yielding
molecules with improved permeability and plasma protein
binding. We measured the MDCK permeability and mouse
plasma protein binding for a subset of the compounds and found
several trends (Table 4). MDCK permeability was moderate/
high for the smaller, less functionalized compounds 2 and 4.

Table 2. Structure−Activity Relationships for 3- and 4-
Position Phenyl Modifications on Trisubstituted
Hydroxylactamsa

compd R1 R2
LDHA IC50

(μM)
LDHB IC50

(μM)

15 1-morpholino H 0.080 0.25
16 NH-THP H 0.009 0.16
17 NH-cyclohexyl H 0.004 0.077
18 NH-(4-F)Ph H 0.003 0.035
19 O-THP H 0.069 0.66
20 O-(4-F)Ph H 0.037 0.19
21 H cyclohexyl 0.025 0.18
22 H 1-piperazinyl 0.052 0.78
23 H 1-(4-oxetane)

piperazinyl
0.047 0.39

24 H 1-(4-OMe)
piperidinyl

0.016 0.075

25 H 1-piperidinyl 0.009 0.049
26 H 1-pyrrolidinyl 0.007 0.050
27 H 1-(4-acetyl)

piperazinyl
0.005 0.035

28 H 1-morpholino 0.009 0.030
29-R H 1-morpholino 0.003 0.005
30-S H 1-morpholino 0.055 0.14

aCompounds are racemic mixtures, except where indicated.

Figure 3.Overlay of the crystal structures 29 (white) [PDB: 4ZVV] and
30 (cyan) [PDB: 5IXY] bound to LDHA.Hydrogen bonds are shown as
yellow dashed lines.
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Addition of a saturated or substituted aromatic ring onto the
phenyl through an NH linkage (16 and 18) increased the
number of hydrogen bond donors to three, resulting in lower
permeability and hints of greater efflux. The additional
lipophilicity of 18, as measured by LogD7.4, likely led to an
increase of protein binding to >99.9% when compared to 2.
Direct attachment of a heteroalkyl ring (24, 29, 31) reduced the
hydrogen bond donor count and, when combined with the
neutral or decrease of LogD7.4 attributable to the morpholine
(29, 31), restored moderate MDCK permeability. High plasma
protein binding was observed on all compounds containing
either a saturated or aromatic fifth ring, with the exception of 29,
which had mouse plasma protein binding of 99.1%. This lower

protein binding may be one of the contributors to the superior
cellular potency observed for this compound, as the cellular assay
conditions contain 10% FBS. Compound 29 inhibited
proliferation in 37 of 347 cancer cell lines tested at a potency
cut off of 5 μM (Figure S1). Interestingly, two chondrosarcoma
(bone) cancer cell lines that harbored IDH1 mutations were
found to be especially sensitive to 29 (IC50 = 0.8 μM). IDH1
catalyzes the conversion of mitochondrial isocitrate to α-
ketoglutarate, so IDH1 mutant tumors may have decreased
mitochondrial fitness and increased dependency on glycolysis.
Compound 29 proved to possess the optimal combination of

strong enzymatic and MiaPaca2 cellular potency, moderate
permeability, and reduced plasma protein binding compared to
other potent compounds in this series. It was stable in liver
microsomes with predicted hepatic clearances (Clp) of 3.3, 8.1,
and 14 mL/min/kg, based on human, rat, and mouse
microsomes, respectively. We carried out in vivo pharmacoki-
netic experiments in mice with 29 and were gratified to observe
that this compound presented a low Clp, consistent with the
predicted hepatic Cl, and also had high bioavailability when
dosed orally at 5 mg/kg (Table 5; concentration vs time plots in
Figure S2). At higher oral doses, ranging from 50 to 200 mg/kg,
29 displayed greater exposure (Table 5 and Figure S3),
confirming the possibility of 29 serving as a tool compound for
in vivo efficacy studies in mice.
Inhibitors were synthesized as shown in Scheme 1.

Condensation of ketones 37a−i with racemic tert-butylsulfina-

Table 3. Structure−Activity Relationships for 4-Phenyl
Modifications on Trisubstituted Hydroxylactamsa

compd R

LDHA
IC50
(μM)

LDHB
IC50
(μM)

MiaPaca2
Lactate

IC50 (μM) LogD7.4

21 cyclohexyl 0.025 0.18 25 3.5
24 1-(4-OMe)piperidinyl 0.016 0.075 2.9 1.2
29-R 1-morpholino 0.003 0.005 0.67 0.6
31 2,6-dimethylmorpholino 0.027 0.14 3.9 1.3
32 3-oxomorpholino 0.021 0.080 >50 0.4
33 2,2-dimethylmorpholino 0.015 0.070 5.1 1.3
34 1,1-

dioxidothiomorpholino
0.013 0.046 >50 ND

35 1-(4-spiro-oxetanyl)
piperidinyl

0.017 0.14 9.9 0.7

36 1(4-cyano)piperidinyl 0.010 0.060 6.1 0.8
aMiaPaca2 cell assay values are the geometric mean of at least 2
separate runs as previously described.21 LogD7.4 was measured via a
high throughput method.22

Table 4. Physicochemical Property Effects on Permeability
and Protein Binding

compd
TPSA
(Å2) HBD LogD7.4

MDCKa Papp
A:B (10−6 cm/s)/ratio

(A:B/B:A)

mouse
PPB
(%)

2 46 2 1.4 9.4/0.5 99.3
4 46 2 0.8 7.4/1.0 ND
16 67 3 −0.3 0.5/1.8 ND
18 58 3 2.4 1.0/2.8 >99.9
25 49 2 2.1 1.7/0.9 >99.9
29-R 58 2 0.6 3.4/0.9 99.1
31 58 2 1.3 6.0/1.4 >99.9

aThe MDCK assay23 was used as an indicator of cell permeability.

Table 5. Pharmacokinetic Parameters Following IV and PO Administrations of 29 to Mice

route dose (mg/kg) AUC (μM·h) Cmax (μM) F (%) T1/2 (h) Vss (L/kg) Clp (mL/min/kg)

iv 1 1.5 2.5 1.0 1.4 21.1
po 5 5.1 1.7 70
po 50 125 60.7
po 100 250 224
po 200 403 440

Scheme 1. Synthesis of Substituted Hydroxylactam
Compounds

aCompounds 9 and 14 were formed as byproducts in the phenol and
amine coupling reactions.
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mide gave sulfinamides 38a−i. Subsequent addition of methyl 3-
oxobutanoate to 38a−i afforded ketoesters 39a−i, which were
then subjected to acid deprotection, resulting in amine
intermediates 40a−i. Base-mediated cyclization yielded keto-
lactams 41a−i, which were then condensed with bis(2-
chlorophenyl)disulfide to yield final products 3−7, 11, 12, 19,
and 42. In the case where R1 was 3-bromophenyl (7), Buchwald
cross-coupling reactions with substituted amines or phenols
yielded inhibitors 8, 9, 15−18, and 20. Under similar conditions,
42, where R1 was 4-bromophenyl, yielded inhibitors 10, 13, 14,
22−28, and 31−36. Suzuki coupling of 42 with cyclohex-1-en-1-
ylboronic acid and subsequent hydrogenation afforded 21. For
compounds 29 and 30, racemic compound 28 was resolved by
chiral SFC to afford the single stereoisomers. Absolute
stereochemistry was assigned based on the small molecule X-
ray crystal structure of 29 (Figure S4 and CIF).
In summary, structure-based design was utilized to create a

novel series of substituted hydroxylactam LDHA inhibitors.
These compounds combined the occupancy of multiple sites that
had not been filled simultaneously by previous inhibitors, along
with a less acidic hydroxylactam core. This strategy afforded a
dramatic improvement in enzymatic potency as well as inhibitors
displaying LDHA inhibition in MiaPaca2 cells. Compound 29
has submicromolar MiaPaca2 potency and inhibits proliferation
in 11% of cancer cell lines in a broad panel. Moreover, 29
combines potent activity with modest permeability, lower plasma
protein binding, and good in vivo exposure when dosed orally to
mice.
To our knowledge, 29 is the first example of an LDHA

inhibitor possessing both submicromolar cellular potency and
adequate pharmacokinetic properties that make it suitable for use
as an in vivo tool compound. Reports on potency in cells,
mechanism of action, tumor growth inhibition, and efficacy
characteristics of this compound are forthcoming from our
laboratories.24
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