
Published: April 18, 2011

r 2011 American Chemical Society 538 dx.doi.org/10.1021/ml200070g |ACS Med. Chem. Lett. 2011, 2, 538–543

LETTER

pubs.acs.org/acsmedchemlett

Inhibitors of Ketohexokinase: Discovery of Pyrimidinopyrimidines
with Specific Substitution that Complements the ATP-Binding Site
Bruce E. Maryanoff,*,† John C. O'Neill,* David F. McComsey, Stephen C. Yabut, Diane K. Luci,
Alfonzo D. Jordan, Jr., John A.Masucci, William J. Jones, Marta C. Abad, Alan C. Gibbs, and Ioanna Petrounia

Johnson & Johnson Pharmaceutical Research & Development, Spring House, Pennsylvania 19477-0776, United States

bS Supporting Information

Noninsulin-dependent diabetes mellitus (NIDDM), which is
characterized by hyperglycemia and insulin resistance, is

frequently accompanied by obesity and cardiovascular disease.1�3

There is a marked positive correlation between the increased
energy intake in the form of highly refined sugars and the
prevalence of NIDDM and obesity.4 Diets high in fructose
promote various metabolic disturbances in animal models,
including weight gain, hyperlipidemia, hypertension, and insulin
resistance.5�9 Also, in overweight humans, the long-term con-
sumption of fructose is found to increase energy intake, body
weight, fat mass, blood pressure, and plasma triglycerides.10,11

Excessive fructose ingestion stimulates de novo lipogenesis via
upregulation of gene expression,12,13 favors re-esterification of fatty
acids, and increases the production of very low-density lipoprotein
(VLDL) particles.14 Chronic high-fructose diets elevate free fatty
acids and triglycerides, which impair glucose utilization in muscle
tissue and increase the rate of lipolysis in adipose tissue.14 Elevated
triglycerides can impede insulin-signaling pathways,15�17 support
chronic inflammation,18�20 and lead to glucolipid toxicity21 with
possible failure of pancreatic β-cells.22

Fructose is readily absorbed from the diet and rapidly metabo-
lized in the liver by fructokinase, also known as ketohexokinase
(KHK; EC 2.7.1.3).1 The hepatic enzyme KHK phosphorylates
fructose on position C1 with the aid of adenosine 50-triphosphate
(ATP) to yield fructose-1-phosphate (F1P), which enters normal
metabolic pathways.23�25 However, in contrast to the tight regula-
tion of glucose pathways, the fructose metabolism lacks robust
control mechanisms.14 KHK has a high KM, is not inhibited by
product, and is not allosterically regulated.26 As a consequence, high
concentrations of fructose can rapidly flow into glycolytic pathways
to provide the components of triglycerides.26 In this context,
targeting fructose metabolism by inhibition of KHK should reduce

body weight, free fatty acids, and triglycerides, thereby offering a
novel approach for treatingNIDDMandobesity amidst themodern
diets of postindustrial societies.

There is human genetic validation of KHK as a therapeutic
target on the basis of mutations that cause essential fructosuria,
an autosomal recessive disorder.27 Individuals with this benign
condition have inactive isoforms of hepatic KHK, such that
ingestion of fructose, sucrose, or sorbitol results in a persistent
rise in blood fructose levels and increased excretion of fructose
into the urine. Thus, a KHK inhibitor would eliminate excess
carbohydrate without a mechanism-based safety issue.

Herein, we report potent, selective inhibitors of human hepatic
KHK (KHK-C isoform27�31), which function by docking within
the ATP-binding site. By using a combination of high-throughput
screening (HTS) and structure-based drug design, we discovered
and optimized a series of pyrimidinopyrimidines (1). We also
obtained X-ray cocrystal structures of KHK, as a pseudohomodimer
(a and b subunits) with each subunit occupied by an inhibitor ligand,
thereby illustrating the key intermolecular interactions.
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ABSTRACT: Attenuation of fructose metabolism by the inhibition of ketohexo-
kinase (KHK; fructokinase) should reduce body weight, free fatty acids, and
triglycerides, thereby offering a novel approach to treat diabetes and obesity in
response to modern diets. We have identified potent, selective inhibitors of
human hepatic KHK within a series of pyrimidinopyrimidines (1). For example,
8, 38, and 47 exhibited KHK IC50 values of 12, 7, and 8 nM, respectively, and also
showed potent cellular KHK inhibition (IC50 < 500 nM), which relates to their
intrinsic potency vs KHK and their ability to penetrate cells. X-ray cocrystal
structures of KHK complexes of 3, 8, and 47 revealed the important interactions
within the enzyme's adenosine 5'-triphosphate (ATP)-binding pocket.
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The activity of KHK can be assessed in vitro with a pyruvate
oxidase-coupled enzyme assay,23 but this approach to screening
for inhibitors is not readily adaptable to a HTS protocol.
Although we developed a ThermoFluor assay32 to assess direct
ligand binding to KHK, we elected to conduct a HTS campaign
by using a fluorescence polarization (FP) assay to measure the
course of the enzymatic reaction. We employed the transcreener
ADP assay, which is a homogeneous, competitive method that
specifically detects adenosine 50-diphosphate (ADP), a primary
KHK reaction product,33 in conjunction with KHK-C that was
recombinantly expressed and purified to homogeneity.27,30,31,34,35

Our HTS campaign involving ca. 800 000 compounds, with a
wide range of structures, yielded several chemotypes as possible
drug discovery starting points. A promising avenue for explora-
tion was the pyrimidino[5,4-d]pyrimidine series, 1, since several
representative compounds were on hand from an earlier chemi-
cal library enhancement project.36 Confirmed hit 2, with an IC50

value of 400 nM, served as a basis for further study. The initial
group of confirmed hits revealed that NH-cyclopropylmethyl
was one of the better groups for NR2, with analogue 3 having an
IC50 value of 210 nM. The corresponding compound that lacks a
2-methyl group (4) had an IC50 of 3200 nM, and 3-methyl
congener 5 had an IC50 of 2800 nM (Table 1).

To prepare analogues for biological study, including gram
quantities, we used a general synthetic route, which is exemplified

for 3 (Scheme 1).36 Key trichloro intermediate III, from chlor-
ination of II, was reacted with amine substrates to introduce
groups into the R1, R2, and R3 sites sequentially (III f IV f
V f VI). The Boc protecting group in VI was removed with
CF3CO2H to give final product 3.

Thus, we prepared a set of close analogues of 3 (Table 1;
6�21) and obtained particularly impressive potency with

Table 1. Structures and KHK Inhibition Results
for Derivatives of 1 with Variation of R1

compda R1 R2 IC50 (nM)b

2 2-MeC6H4 Me 400

3 2-MeC6H4 CH2-c-Pr 210

4 Ph CH2-c-Pr 3200

5 3-MeC6H4 CH2-c-Pr 2800

6 2-MeOC6H4 CH2-c-Pr 100

7 2-EtOC6H4 CH2-c-Pr 200

8 2-MeSC6H4 CH2-c-Pr 12

9 3-MeSC6H4 CH2-c-Pr 2000

10 4-MeSC6H4 CH2-c-Pr >9000

11 2-MeSO2C6H4 CH2-c-Pr >9000

12 2-EtSC6H4 CH2-c-Pr >9000

13 2-CF3SC6H4 CH2-c-Pr 3000

14 2-EtC6H4 CH2-c-Pr 130

15 2-(i-Pr)C6H4 CH2-c-Pr 5000

16 2-(c-Pr)C6H4 CH2-c-Pr 380

17 2-FC6H4 CH2-c-Pr 1500

18 2-ClC6H4 CH2-c-Pr 540

19 2-BrC6H4 CH2-c-Pr 170

20 c-Pr CH2-c-Pr >9000

21 c-hexyl CH2-c-Pr >9000
aNew compounds were purified by HPLC and characterized by ESI-MS
and 1H NMR (see the Supporting Information). b Inhibition of recom-
binant human hepatic KHK (KHK-C) in terms of IC50 values; >9000
nM relates to <50% inhibition at 9 μM.

Scheme 1. Synthesis of 3

Table 2. Structures and KHK Inhibition Results
for Analogues of 3 with Variation of R2 and R3

compda N-R2 N-R3 IC50 (nM)b

2 NH-Me piperazino 400

22 NH-Pr piperazino 400

23 NH-hexyl piperazino 1600

24 NH-(c-hexyl) piperazino 2300

25 NEt2 piperazino 1700

26 NH�CH2CtCH piperazino 300

27 NH�CH2Ph piperazino 400

28 NH�CH2(2-thienyl) piperazino 300

29 NH�CH2(2-thiazolyl) piperazino 60

30 NH(CH2-c-Pr) homopiperazino 300

31 NH(CH2-c-Pr) N-Me-piperazino 1500

32 NH(CH2-c-Pr) morpholino >7000

33 NH(CH2-c-Pr) 4-(NH2CH2)-piperidino 70

34 NH(CH2-c-Pr) 4-(NH2)-piperidino 200

35 NH(CH2-c-Pr) 4-piperidinyl-NH 710
a See Table 1. b Inhibition of recombinant human KHK-C; >7000 nM
relates to <50% inhibition at 7 μM.
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the 2-methylthio group (8; IC50 = 12 nM). Derivatives with
R1 varied (Table 1) served to define a preliminary structure�
activity relationship (SAR). It is evident from this set of com-
pounds that an appropriate ortho substituent is important for
potent KHK inhibition (cf. 3�8, 8�10, and 17�19) and that the
size of this group is crucial, with steric bulk being a serious
limitation (cf. 8, 12; 3, 14, 16; and 17�19).While 2-SMe (8) was
an ideal substitutent, moderately sized groups, such asMe (3), Br
(19), MeO (6), EtO (7), and Et (14), gave reasonable IC50

values of 100�200 nM. It also appears that groups with a strong
electrostatic field are less favorable (17 and 18 vs 19).

With the 2-methyl group held constant in R1, we probed the
effects of altering R2 and R3 (Table 2). These results indicate that
the R2 group can vary widely in size and type (2, 3, and 22�29);
however, large alkyl (23 and 24) and disubstitution (25) are
disfavored. For R3, groups bearing NH2

þ or NH3
þ are favored

(cf. 3 and 30�35). Analogues of 8 were then examined to fine-
tune KHK inhibitory potency for advancing to further studies
(Table 3). Several compounds had IC50 values of e50 nM
(36�47), and besides 8, compounds 36, 38, 40�43, 45, and 47
had IC50 values of e20 nM. These results support the view, as
noted above, that R2 can vary widely in size and type and that R3

can benefit by having an ammonium group with more than one
proton (NH2

þ or NH3
þ) (cf. 8 and 50; 45 and 49). Also, R3 can

tolerate conformational constraint (cf. 8 and 47).
We investigated KHK�ligand complexes via X-ray crystal-

lography to gain an understanding of the key intermolecular
interactions.37�39 The X-ray cocrystal structures for 3 3KHK
(2.8 Å resolution) and 8 3KHK (2.8 Å) showed that the ligand (3
or 8) was present in each ATP-binding site of the KHK
pseudohomodimer (subunits a and b).40 Considering the a
subunit, there is a notable protein�ligand interaction mediated

by a conserved water molecule, which hydrogen bonds to ring
nitrogen N3 (viz. 1) of the ligand and Phe-245 NR of KHK. The
o-tolyl group occupies a hydrophobic region that is largely
defined by Phe-260, and the piperazine NH2

þ interacts with
a carboxylate group from Asp-27 in KHK-b (“Asp-27B”)
(Figures 1 and 2). For both structures, the distances for the
two key H-bonds, N3/water oxygen and piperazine nitrogen/
Asp-27 Oδ, were 3.1 and 2.8 Å, respectively (Figure 1). We
suggest that the enhanced potency for 8 may relate to the MeS
group being poised to interact in an optimal manner with a
hydrophobic cleft or patch on the enzyme's surface, proximal to
Phe-260. We also obtained a cocrystal structure for 47 3KHK
(2.7 Å). The a and b subunits with 47 in the ATP-binding site are
displayed in Figure 3. In subunit a, the terminal nitrogen of the
spiro-bis-azetidine is hydrogen bonded with Asp-27B (3.1 Å) and
Asn-107 (2.9 Å) (Figure S1 in the Supporting Information),41

whereas that interaction is absent in subunit b because of its
“open” conformation (Figure 3).30

Certain compounds with potent KHK inhibition were studied
in a cellular assay that measured the level of KHK product F1P in

Table 3. Structures and KHK Inhibition Results for
Analogues of 7 with Variation of R2 and R3

compda R2 N-R3 IC50 (nM)b

36 CH2-c-Bu piperazino 18

37 CH2CH2-c-Pr piperazino 50

38 CH2CH2OMe piperazino 7.0

39 CH2(2-thienyl) piperazino 30

40 CH2(2-thiazolyl) piperazino 16

41 CH2(2-pyridyl) piperazino 9.8

42 H piperazino 7.1

43 CH2-c-Pr (R)-3-(NH2)-piperidino 18

44 CH2-c-Pr (S)-3-(NH2)-piperidino 23

45 CH2-c-Pr 4-(NH2CH2)-piperidino 10

46 CH2-c-Pr 3-(NH2CH2)-azetidino 30

47 CH2-c-Pr 2,6-diazaspiro[3.3]hept-2-yl 8.0

48 CH2-c-Pr MeNHCH2CH2NMe- 130

49 CH2-c-Pr 4-(Me2NCH2)-piperidino 140

50 CH2-c-Pr N-Me-piperazino 110
a See Table 1. b Inhibition of recombinant human KHK-C.

Figure 1. Crystal structure of the 8 3KHK complex. View of 8 (stick
model: C, green; N, blue; and S, yellow) and neighboring KHK residues
(labeled) in subunit a (stick models: C, white; N, blue; O, red; and S,
yellow) and Asp-27 in subunit b (“Asp-27B”) (stick model: C, light blue;
N, blue; and O, red). The conserved water molecule is shown as a red
sphere. The H-bonds between N3 and the water oxygen (3.1 Å), Phe-
245 NR and the water oxygen (2.9 Å), and the piperazine nitrogen and
Asp-27B Oδ (2.8 Å) are denoted by dashed lines.

Figure 2. Crystal structure of the 3 3KHK complex. View of 3 (stick
model: C, green; and N, blue) within the KHK ATP-binding pocket of
subunit a (Connelly surface model: gray for subunit a; and light blue for
subunit b). The cyclopropyl group extends beyond the pocket toward
the solvent. The Asp-27 carboxylate of the b subunit (“Asp-27B”)
interacts with the piperazine NH2

þ.
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cell lysates by using LC-MS to quantify F1P (Table 4).42

Compounds 8, 38, 40�42, and 47 exhibited reasonably potent
cellular KHK inhibition (IC50 < 500 nM), which relates to their
intrinsic potency vs KHK and their ability to enter cells.
Compound 42 is noteworthy given its IC50 value below
100 nM. The much weaker cell inhibition result for 3 vs 8 is
consistent with the relative KHK potencies (IC50 values of 210
and 12 nM, respectively).

Lead compound 8 was examined in a diverse panel of 31
protein kinases, representing different families, for off-target
kinase inhibition at a concentration of 10 μM (Invitrogen; with
100 μM ATP).43 None of the 31 kinases was inhibited >40% at
this high concentration of 8 (IC50 . 10 μM for 31 kinases). For
three off-target metabolic kinases, ribokinase, hexokinase, and
adenosine kinase, the selectivity of 8 was found to be at least
50-fold (relative to KHK inhibition).44,45

Compound 8 has useful solubility (e.g., 1.5 mg/mL in 10%
aqueous Solutol), an acceptable clog D5.0 of 2.9, and favorable
CaCO-2 cell permeability data (�10�6 cm/s: AfB, 0.3; BfA,
1.0). It was stable in human and rat liver microsome preparations
(88 and 72% remaining at 10 min) and did not significantly
inhibit cytochrome P450s from human liver microsomes (1A2,
2C19, 2D6, 2C9, and 3A4). Compound 8 exhibited reasonable

oral bioavailability in rats (F = 34%; oral t1/2 = 4 h), but it had a
high volume of distribution (Vdss = 32 L/kg) and a high rate of
clearance (CL = 160 mL/min/kg).46 Thus, at an oral dose of
10 mg/kg, its plasma Cmax was just 0.16 μM.47

In conclusion, we have identified potent, selective inhibitors of
human ketohexokinase (KHK-C isoform) by virtue of a novel
pyrimidinopyrimidine compound series (viz. 1). An in vitro assay
based on the direct detection of ADP was very useful for
developing the SAR. By appropriate substitution of the hetero-
cyclic nucleus, we obtained low-nanomolar inhibitors that oper-
ate by docking within the ATP-binding pocket of KHK.
Compound 8 (IC50 = 12 nM)was effective in a cellular functional
assay (IC50 = 400 nM) and was orally bioavailable in rats (F =
34%). Our X-ray cocrystal structures of 3 3KHK, 8 3KHK, and
47 3KHK display the important intermolecular interactions
between the ligand pharmacophore and the enzyme. The avail-
ability of potent, selective KHK inhibitors should facilitate future
studies concerning the role of fructose on metabolic function in
normal animals and in disease models.
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Figure 3. Crystal structure of the 47 3KHK complex. View of 47 (stick
model: C, green; N, blue; and S, yellow) in the ATP-binding pocket of
subunit a (left panel; Connelly surface model, gray; Asp-27B, light blue)
and subunit b (right panel; Connelly surface model, light blue).

Table 4. Cellular Functional Results

compd R2 N-R3 IC50 (nM)a

8 CH2-c-Pr piperazino 400

38 CH2CH2OMe piperazino 140

40 CH2(2-thiazolyl) piperazino 270

41 CH2(2-pyridyl) piperazino 270

42 H piperazino 78

46 CH2-c-Pr 3-(NH2CH2)-azetidino 590

47 CH2-c-Pr 2,6-diazaspiro[3.3]hept-2-yl 360

3b CH2-c-Pr piperazino 2400
a Inhibition of F1P production in HepG2 cell lysates. Number of
experiments (n) and standard deviations are given in the Supporting
Information. bThe SMe in 8 is replaced by Me.
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