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Abstract

Mutations in isocitrate dehydrogenase 1 (IDH1) are found in 6% of AML patients. Mutant IDH produces
R-2-hydroxyglutarate (R-2HG), which induces histone- and DNA-hypermethylation through the inhibition of epigenetic
regulators, thus linking metabolism to tumorigenesis. Here we report the biochemical characterization, in vivo antileukemic
effects, structural binding, and molecular mechanism of the inhibitor HMS-101, which inhibits the enzymatic activity of
mutant IDHI1 (IDH1mut). Treatment of IDH1mut primary AML cells reduced 2-hydroxyglutarate levels (2HG) and induced
myeloid differentiation in vitro. Co-crystallization of HMS-101 and mutant IDH1 revealed that HMS-101 binds to the active
site of IDHImut in close proximity to the regulatory segment of the enzyme in contrast to other IDH1 inhibitors. HMS-101
also suppressed 2HG production, induced cellular differentiation and prolonged survival in a syngeneic mutant IDH1 mouse
model and a patient-derived human AML xenograft model in vivo. Cells treated with HMS-101 showed a marked
upregulation of the differentiation-associated transcription factors CEBPA and PU.1, and a decrease in cell cycle regulator
cyclin A2. In addition, the compound attenuated histone hypermethylation. Together, HMS-101 is a unique inhibitor that
binds to the active site of IDHImut directly and is active in IDH1mut preclinical models.

Introduction

Mutations in the active site arginine residue (R132) of
isocitrate dehydrogenase 1 (IDHI) have been found in
about 6-10% of acute myeloid leukemia (AML) patients
[1, 2], which confer a neomorphic function to the mutant
enzyme and result in elevated levels of R-2-
hydroxyglutarate (R-2HG) [3, 4]. IDHI mutations lead to
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mutant IDHI represents an opportunity for therapeutic
intervention. The crystal structures reported from X-ray
crystallographic studies are currently being used as protein
models of choice to screen inhibitors which specifically
target mutant IDHI1, while sparing wild-type IDHI1 [3].
Human cytosolic IDH1 consists of asymmetric subunits
forming a dimer. The crystal structure of wild-type IDH1
consists of a large domain, a small domain and a clasp
domain [8]. A deep cleft is formed by the large domain, the
small domain and a second small domain from a different
subunit, which together form the active site of the enzyme
[8]. The hydrophilic active site has pockets for isocitrate, a
metal ion, and NADP binding sites [8]. An amino acid
change at arginine 132 in the active site to histidine or
cysteine induces a conformational change leading to
increased affinity to a-ketoglutarate, which is then catalyzed
to R-2HG [9]. Thus, altered substrate-binding affinity con-
fers a neomorphic function to the mutant IDH1 enzyme.

Several IDH1 inhibitors have been designed that can
target the conformational change induced by a single-
mutated amino acid, and some of the IDH]1 inhibitors like
AG-120, IDH-305, FT-2102, and BAY1436032 have
entered clinical trials or even have been approved (AG120/
ivosidenib) [10-16]. Crystal structures of several IDHI1
inhibitors (chemically related BAY1436032, AG-881,
IDH1-305, IDHI1-125, and IDH1-146) in complex with
mutant IDHI have shown that they bind to allosteric
pockets, inducing a conformational change and conse-
quently inhibit the catalytic activity [12, 17-19]. Until now
there is no approved or clinically active inhibitor, which
binds to the active site of mutant IDH1. By computational
screening of ~500,000 compounds, we have previously
identified the IDH1 mutant-specific inhibitor HMS-101,
which has shown efficacy towards IDHI1 mutant cells
in vitro [20].

In this study, we evaluated the antileukemic effect of
HMS-101 in a syngeneic mutant IDH1 mouse model and
patient-derived human AML xenograft models as well as
performed biochemical and structural studies to evaluate the
molecular mechanism of this compound. From this study,
we conclude that HMS-101 binds to the active site of
mutant IDH1, which is different from other IDH1 inhibitors,
inhibits cellular proliferation and induces differentiation in
IDHI mutant leukemia cells.

Materials and methods
IDH activity assay
The enzymatic activity of pure IDH proteins was assessed

by measuring the rate of consumption or the production of
NADPH spectrophotometrically at 340 nm wavelength. A
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reaction mixture was prepared with 100 mM Tris, pH 7.4,
1% BSA, and 5 mM of MnCl, along with 250 uM NADPH
as the co-factor for IDH1 and IDH2 mutants and 50 mM
HEPES, pH 7.5, 150mM NaCl, and 20 mM of MgCI2
along with 1 mM NADP for IDH1 and IDH2 wt enzyme
catalysis. Reactions containing 500 nM of mutant IDHI or
mutant IDH2 proteins were initiated by adding 250 uM
a-ketoglutarate as a substrate, whereas reactions containing
3nM of wt IDH1 or wt IDH2 proteins were initiated upon
addition of 4 mM isocitrate. All chemicals for the activity
assays were purchased from Sigma-Aldrich (Munich,
Germany). Efficacy of the drug was tested by incubating
IDHI1 proteins with increasing concentrations of HMS-101
or PBS (control) for 30 min prior to the experiment. Assays
were performed with Multiskan FC (Life Technologies, CA,
USA), and the specific activity was calculated from the
slope value obtained from kinetic reactions.

Crystallization, data collection, and structure
determination

Crystals of the IDHImut-HMS-101 complex were obtained
by co-crystallization of the purified IDH1mut protein with a
concentration of 10 mg/ml in the presence of 2 mM HMS-
101 by the sitting drop vapor diffusion method at 4 °C. The
mixture was incubated for 30 min on ice and subsequently
mixed with an equal volume of the reservoir solution (0.2 M
di-ammonium citrate, 20% (w/v) PEG 3350) without the
addition of NADP or o-ketoglutarate. The crystals were
transferred to a cryoprotection solution containing reservoir
solution mixed with 2 mM HMS-101 and additional 25%
ethylene glycol, and subsequently flash-cooled in liquid
nitrogen. Diffraction data were collected at beamline
PROXIMA-1, Synchrotron SOLEIL, Gif-sur-Yvette,
France. The dataset was processed using XDS [21], and the
structure was solved by molecular replacement using Phaser
[22] of Phenix [23] and the structure of IDHI1 wt (pdb:
1T09) [8] as the search model. Structure refinement was
carried out with Phenix and a random 5% of the data was
excluded for cross-validation. Model building and valida-
tion was done using Coot [24]. The final coordinates were
stored in the protein database [25] with the identification
code 6Q6F.

In silico screening of IDHImut inhibitors, compound
preparation, retroviral vectors, and infection of primary
bone marrow cells, cloning, expression, and purification of
recombinant IDH1 mutant proteins, microscale thermo-
phoresis, 2-hydroxyglutarate quantification, patient sam-
ples, clonogenic progenitor assay, antibodies for
immunophenotyping and morphologic analysis, cell culture
and treatment, cell viability and cell counts, pharmacoki-
netic and toxicity analysis of HMS-101, bone marrow
transplantation, treatment and monitoring of mice,
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Fig. 1 Validation of candidate
inhibitors of mutant IDH1.
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quantitative RT-PCR, immunoblotting and statistical
methods are described in detail in Supplementary Materials.

Results
Validation of candidate inhibitors of mutant IDH1

A parallelized, high-throughput computational screening
approach of ~0.5 million compounds from the Zinc data-
base [26] against mutant IDH1, allowed us to identify four
promising candidates for the specific inhibition of IDHI1mut
(Supplementary Table S1). These compounds showed high-
binding energies against the high-resolution IDHImut
crystal structure (pdb: 3INM) [3] and a marked preference
towards mutant IDHI over wild type, when re-docked
against an IDH1 wt crystal structure (pdb: 1TOL) [8]. We
used a subset of the lead-like library of the Zinc database to
ensure preferable pharmacokinetic properties of the com-
pounds. Both, limiting the search area during computational
docking to the isocitrate binding site, as well as covering
both the isocitrate and NADP binding sites, suggested
favorable binding of these ligands to the isocitrate binding
pocket on IDHImut with predicted binding energies in the
range of —12 kcal/mol, giving computed ligand efficiencies
(LE) of 0.5-0.8. In contrast, a second population was found
for the larger search area with smaller parts of the ligands
overlapping with the NADPH binding site, featuring
slightly lower predicted overall binding energies. For both
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identified binding sites and all four compounds, the com-
puted affinities towards IDHImut were markedly higher
than those obtained with IDHI wt. The on-target efficacy of
these candidate inhibitors was evaluated by their effect on
R-2HG levels, which is specifically produced by mutant
IDH1. Murine hematopoietic bone marrow cells were
transformed with HoxA9 and the IDHIR132C mutant as
described previously [20], and were treated with the four
candidate IDH1 inhibitors for 72 h. The concentration of R-
2HG was significantly reduced by HMS-101 and only
slightly decreased by HMS-102, HMS-103, and HMS-104
(Fig. la and Supplementary Fig. SIA). We further eval-
uated their effect on cell viability in murine HoxA9 +
IDHImut cells expressing either the IDHIR132C or the
IDHIR132H mutation. HMS-101 reduced the ICs for both
mutation types compared with IDHI wild type-
overexpressing cells, suggesting broad activity against dif-
ferent types of IDH1 mutations (Fig. 1b). However, HMS-
101 did not inhibit R-2HG production in HoxA9 immor-
talized mouse bone marrow cells expressing IDH2 R140Q
and R172K mutants (Fig. 1c and Supplementary Fig. S1B)
and the cellular IC5y of HMS-101 was 300-1000-fold
higher in IDH2 R140Q (300 uM), IDH2 R172K (1000 uM),
and IDH2 wt (400 uM) cells compared with IDH1mut cells,
indicating the specificity of HMS-101 towards mutant IDH1
(Fig. 1d). In order to determine the binding affinity of HMS-
101 to IDHImut, we used microscale thermophoresis
measurements (Supplementary Fig. S1A). The binding
affinity of HMS-101 toward IDHImut in the absence of

Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

In vivo efficacy of mutant IDH1 inhibitor HMS-101 and structural resolution of distinct binding site 419
A ) B . C i
IDH1 wt and mut proteins IDH1/2 mut proteins w £ AML patients
= IDH1R132C 4uM 0 — IDH2R140Q g 2 — IDH2R140Q
.é' 100— ::B:}?\J&H g;:\fM ‘:\:‘ 100-&;\ = IDH2R172K g gA»Ioo — IDH2R172K
25 ¥ _ S 8=
TS 75 &3 75 S €85 75
® £ 05 225
00 cc — IDH1R132C 6uM o« S
= O 501 6 9 501 — IDH1R132H 7uM %52 50 — IDHIR132C 0.7yM
g"a g 2 8 o O ——IDH1R132H 0.8uM
A 251 £ 9 25 2ER 25
f N gE 59
0 T T T g c 0 T T T y N 0+ T T T U
0 1 10 100 1000 8 0 1 10 100 1000 ¢ 0 1 10 100 1000

HMS-101 (uM)

Fig. 2 HMS-101 inhibits the enzymatic activity of mutant IDHI.
a Inhibition of IDHImut R132C or IDHImut R132H enzymatic
activity measured by the rate of consumption of NADPH and IDH1 wt

activity by the rate of production of NADPH in the presence of

increasing concentrations of HMS-101 compared with the PBS treated
control (mean + SEM, n = 3). b Inhibition of R-2HG production by
IDHImut R132C, IDHImut R132H, IDH2mut-R140Q, and IDH2mut-

substrate and co-factor is in the low micromolar range (Kd:
IDHIRI132H 14.1 uM). In the presence of NADPH and
aKG, the Kd of HMS-101 is shifted to higher values (Kd:
IDHIR132H 445.9 uM and IDHIR132C 191.9 uM), indi-
cating that HMS-101 competes with either NADPH or a-
KG for binding to mutant IDHI. The other candidate
inhibitors showed no differential cytotoxic effect in IDHI1-
mut compared with IDHI wt cells (Supplementary fig.
S2A-C). We, therefore, selected HMS-101 for further
characterization.

HMS-101 inhibits the enzymatic activity of mutant
IDH1

We purified His-tagged wild type and mutant IDH1 proteins
(IDHImut R132C and IDHImut R132H) from the
BL21DE3 bacterial strain (Supplementary Fig. S3). The
preferential reactivity of the wild-type IDHI protein with
isocitrate and of the mutant IDH1 protein with aKG was
confirmed in activity assays in vitro (Supplementary
Fig. S4). While IDHI wt and IDH2 wt enzymatic activities
were only affected at higher compound concentrations
(ICs5p: IDH1 wt 95 uM, Fig. 2a, and IDH2 wt 110 pM,
Supplementary Fig. S5), HMS-101 selectively inhibited the
enzymatic activity of both IDH1 mutation types in a dose-
dependent manner with an ICs of 4 uM (IDHI1mut R132C)
and 5 uM (IDH1mut R132H), accounting for a 19- and 24-
fold selectivity over IDH1 wt, respectively. The conversion
from aKG to R-2HG by the IDHImut pure protein in a cell
free solution was also efficiently inhibited by HMS-101
(ICsp: IDHImut R132C 6 uM, IDHImut R132H 7 uM),
however, the ICsy of HMS-101 was not reached until a
concentration of 1mM for the IDH2 mutant protein
(Fig. 2b). We validated the specificity towards mutant IDH1
by treating primary AML cells from IDH1 and IDH2
mutated patients. R-2HG was reduced in a dose-dependent
manner in IDH1 mutant but not in IDH2 mutant AML
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R172K proteins in the presence of increasing concentrations of HMS-
101 compared with PBS-treated control (mean=+SEM, n=3).
¢ Concentration of R-2HG/mg protein in primary human AML cells
harboring different IDH1 and IDH2 mutations 24 h after HMS-101
treatment, calculated as percentage of PBS control-treated cells.
1C5q values for mutant IDHI are provided in the graph (mean + SEM,
n=23)

patients (ICsy: IDHImut R132C 0.7 uM, IDHImut R132H
0.8 uM, Fig. 2c¢). While R-2HG production was efficiently
inhibited within 24 h, viability and cell counts of primary
AML cells were hardly affected within this short time frame
(Supplementary Fig. S6A, B). Thus, HMS-101 pre-
ferentially interferes with the enzymatic activity of mutant
IDH1.

X-ray diffraction revealed the binding of HMS-101 in
the active site of mutant IDH1

To verify the predicted binding of HMS-101 to the active
site and to determine the detailed binding mode of the
inhibitor, we co-crystallized IDHImut R132H with HMS-
101 in the absence of substrate or co-factor, and solved the
structure by molecular replacement to a resolution of 3.3 A
(Fig. 3a). Statistics for diffraction data and structure
refinement are shown in Supplementary Table S2. The
overall fold of the IDHImut-HMS-101 complex resembles
the reported IDH Imut crystal structures, featuring a mutated
homodimeric structure with an open/quasi-open active site
conformation in the subunits and a width of the active site
entrance of 19.7 and 17.0 A (measured between residues 76
and 250 of the second subunit), respectively. Accordingly,
the back clefts are closed with widths of 11.1 and 11.3 A
(measured between residues 199 and 342). The large
domains of the subunits show the typical Rossmann fold,
while the small domains fold in an o/p sandwich, and the
clasp domains of the two subunits form together two four-
stranded f-sheets. As has been seen before in crystal
structures of IDHImut in the open/quasi-open conformation
(pdb: 3MAP and 3MAR) [9], the regulatory segment (seg-2,
residues 271 to 286) in the active site is disordered and was
not observable in the obtained HMS-101 complex crystal
structure. This important structural segment, together with
the hinge segment (seg-1, residues 134-141) undergoes
substantial conformational rearrangements during the
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Fig. 3 Crystal structure of HMS-101 bound to the active site of mutant
IDH1. a Overview of the co-crystallized structure of mutated IDH1 in
complex with HMS-101 in a cartoon representation. The subunits of
mutated IDH1 are depicted in cyan and red, and the inhibitor was
found in both subunits. b Close-up view of segment-1 (seg-1, purple),
featuring a slightly different conformation with rearrangements of the
catalytically important residue Tyr139, as compared with the IDHI1 wt
crystal structure (pdb: 1T09, transparent gray structure). ¢ Close-up
view on the active site showing rearrangements of the active site
residues that are involved in the enzymatic activity. Note the slightly
more open active site due to the conformational changes of the large
domain (cyan). The subdomains are colored cyan and red, seg-1, and

transition from the open conformation to the catalytically
competent closed conformation [8]. Seg-1 could be resolved
in our structure and adopts a slightly different conformation
as compared with IDH1 wt in the open or closed state, with
changes in the Tyr139 conformation (pdb: 1T09 and 1TOL,
Fig. 3b) [8].

Compared with the known IDH1mut crystal structure in
the presence of a-KG and NADPH (pdb: 3MAP), the large
domains in the HMS-101-bound structure of both subunits
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seg-2 (of IDHI wt crystal structure, pdb: 1T09) are shown in purple
and yellow, respectively. For comparison, the IDH1 wt crystal struc-
ture is depicted as transparent gray structure. d The 2F,-F, density map
of HMS-101 and surrounding residues of the binding site. The map
was contoured at 1.0 o. e Interaction diagram, showing the HMS-101
binding site and contact residues. Green dashed lines indicate hydro-
gen bonds and purple dashed lines show halogen bonds. Color code:
green: unpolar residues, red: negatively charged residues, purple:
positively charged residues, cyan: polar residues, beige: glycine resi-
dues. f Close-up view of the HMS-101 binding site with contact
residues shown as sticks. Dashed lines indicate favorable interactions
with the protein

are moved slightly outwards with root mean square devia-
tions of 1.94 and 2.19 A to adopt a slightly more open
active site. Several rearrangements of active site residues
were observed upon ligand binding, including residues
Ser94, Argl00, Argl09, and Lys212 (Fig. 3c). The ligand
HMS-101 binds to both subunits in a compact, bent con-
formation, and is nestled to a site that partially overlaps with
the NADPH binding site in other known IDHI crystal
structures (Fig. 3a, d). Favorable interactions with protein
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