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Abstract

Mutations in isocitrate dehydrogenase 1 (IDH1) drive most low-grade gliomas and secondary 

glioblastomas and many chondrosarcomas and acute myeloid leukemia cases. Most tumor-relevant 

IDH1 mutations are deficient in the normal oxidization of isocitrate to α-ketoglutarate (αKG), but 

gain the neomorphic activity of reducing αKG to D-2-hydroxyglutarate (D2HG), which drives 

tumorigenesis. We found previously that IDH1 mutants exhibit one of two reactivities: deficient 

αKG and moderate D2HG production (including commonly observed R132H and R132C) or 

moderate αKG and high D2HG production (R132Q). Here, we identify a third type of reactivity, 

deficient αKG and high D2HG production (R132L). We show that R132Q IDH1 has unique 

structural features and distinct reactivities towards mutant IDH1 inhibitors. Biochemical and cell-

based assays demonstrate that while most tumor-relevant mutations were effectively inhibited by 

mutant IDH1 inhibitors, R132Q IDH1 had up to a 16 300-fold increase in IC50 versus R132H 

IDH1. Only compounds that inhibited wild-type (WT) IDH1 were effective against R132Q. This 

suggests that patients with a R132Q mutation may have a poor response to mutant IDH1 therapies. 

Molecular dynamics simulations revealed that near the NADP+/NADPH-binding site in R132Q 

IDH1, a pair of α-helices switches between conformations that are more wild-type-like or more 

mutant-like, highlighting mechanisms for preserved WT activity. Dihedral angle changes in the 

dimer interface and buried surface area charges highlight possible mechanisms for loss of inhibitor 

affinity against R132Q. This work provides a platform for predicting a patient’s therapeutic 

response and identifies a potential resistance mutation that may arise upon treatment with mutant 

IDH inhibitors.
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Introduction

Although alterations in tumor metabolism have been first described nearly a century ago 

[1,2], it is only relatively recently that dysfunction in metabolic enzymes have been shown to 

drive tumor formation and growth [3]. Mutations in isocitrate dehydrogenase 1 (IDH1) or 

isocitrate dehydrogenase 2 (IDH2) are commonly implicated in cancers including gliomas, 

chondrosarcomas, and acute myeloid leukemia [4–8]. Typically, these mutants have two 

catalytic features. First, their ability to catalyze the normal reaction, the reversible β-

nicotinamide adenine dinucleotide phosphate (NADP+)-dependent conversion of isocitrate 

(ICT) to α-ketoglutarate (αKG), is ablated [5,9]. Second, most mutants acquire a 

neomorphic activity, the β-nicotinamide adenine dinucleotide phosphate reduced (NADPH)-

dependent synthesis of D-2-hydroxyglutarate (D2HG) from αKG (Figure 1) [10]. D2HG 

serves as an oncometabolite [10], competitively inhibiting αKG-dependent enzymes such as 

ten-eleven translocation (TET) methylcytosine dioxygenases and JmjC lysine demethylases, 

leading to genome hypermethylation [11,12].

Though most IDH1 mutations affect residue 132, which is involved in substrate 

coordination, there is wide structural and chemical diversity among the tumor-relevant 

mutations found at this residue [13]. By far, the most common mutation in gliomas is R132H 

(90% of cases), but R132C, R132G, R132Q, R132L, R132S and R132V IDH1 have been 

observed at ≤5% frequencies [14]. All but the R132V IDH1 mutation can occur through a 

single base mutation. Mutation frequencies are different in chondrosarcomas; in a small 

study on 43 chondrosarcoma tumor samples, 20 had IDH1 mutations, including 5% 

mutation frequencies each for R132L, R132Q, and R132H, with the remaining tumors 

having R132C (60%) or R132G (25%) IDH1 mutations [15]. Based in part on this, a mouse 

model containing the R132Q IDH1 mutation knocked-in was generated and shown to lead to 

tumor formation [15,16]. We have recently reported that several tumor-relevant IDH1 

mutations have wide variation in catalytic efficiency for both the normal and neomorphic 

reactions [17]. While some trends in van der Waals volume and hydrophobicity were 

observed [17], the mechanistic details of these variations are still under investigation.

IDH1 and IDH2 mutants have emerged as successful therapeutic targets in the treatment of 

mutant IDH-driven cancers (reviewed recently in ref. [18]), with many groups developing 

small molecule inhibitors that have proved to be extremely selective for R132H and R132C 

versus wild-type (WT) IDH1. Agios Pharmaceuticals has recently received FDA approval 

for mutant IDH1 [19,20] and IDH2 inhibitors [21,22]. Crystal structures of inhibitors bound 

to R132H IDH1 show that the inhibitor-binding site is located between the α9 and α10 

helices in both monomers, or at the dimer interface (Supplementary Figure S1). Recent work 

has suggested that the local conformation of the α10 regulatory domain may help drive 

selectivity over WT IDH1 [23], as this domain is a loop in a structure of WT IDH1 bound to 

NADP+ [23,24], and is disordered with electron density unresolved in R132H IDH1 in 

complex with NADP+ [23,25] (Supplementary Figure S1). To date, structural 

characterization of tumor-relevant mutations is limited to R132H, R132C, and WT IDH1, 

and inhibitors are typically designed for and assessed in primarily the R132H and R132C 

IDH1 backgrounds. While such inhibitors should benefit most patients with IDH1-driven 

tumors, the wide variation in catalytic behavior among IDH1 mutants suggests that there 
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may be differences in inhibitor affinity and efficacy. Thus, it is possible that some patients 

with less common IDH mutations may not respond well to targeted IDH therapies. 

Furthermore, studying less common IDH1 mutations that are still capable of D2HG 

production may highlight possible resistance mutations that may arise following targeted 

treatment, an issue that has been recently highlighted with the FDA-approved mutant IDH2 

inhibitor AG-221 (enasidenib) [26]. Thus, a detailed mechanistic study of a broad series of 

IDH1 mutants is needed to elucidate fundamental catalytic features, predict patient response 

to therapy, and identify possible therapeutic resistance mutations.

In this work, we have characterized the widely varying kinetic, inhibitory, and structural 

features of tumor-relevant IDH1 mutations affecting residue 132 and show that R132Q 

IDH1 shows unique properties in all three of these features. We report for the first time how 

a large panel of IDH1 mutants interacts with a series of mutant IDH1 inhibitors and show 

that D2HG production by R132Q IDH1 is robust despite treatment with these inhibitors. 

Using explicit-solvent molecular dynamics (MD) simulations, we provide atomic-level 

models for the local breaking and quaking protein motions around the NADP+ and inhibitor-

binding sites that may drive the activity and inhibitor selectivity characteristics of R132Q 

IDH1 relative to other IDH1 mutants. These kinetic and atomic analyses are important for 

predicting which mutations are likely to be responsive to mutant IDH1 therapeutic 

inhibitors, for informing future drug design, and for identifying possible resistance 

mutations that may develop over the course of treatment.

Experimental procedures

Chemicals and reagents

Tris–hydrochloride, sodium chloride, magnesium chloride hexahydrate, αKG (sodium salt), 

and resazurin were purchased from Fisher (Hampton, NH). The pH of αKG stocks was 

adjusted to 7.0 before use. DL-isocitric acid trisodium salt hydrate was purchased from MP 

Biomedicals (Santa Ana, CA). NADPH (tetrasodium salt) and NADP+ (disodium salt) were 

purchased from Calbiochem (San Diego, CA). Diaphorase from Clostridium kluyveri and 

dimethyl sulfoxide (DMSO) were purchased from Sigma–Aldrich (St. Louis, MO). Bovine 

serum albumin (BSA) was purchased from SeraCare Lifescience (Milford, MA). ML309 

was purchased from Sigma, but the manufacturer unable to confirm if the compound is 

stereospecific or racemic (Sigma–Aldrich, St. Louis, MO). AGI-5198 was purchased from 

Selleckchem (Houston, TX). GSK864 was purchased from Cayman Chemical Company 

(Ann Arbor, MI).

Protein expression and purification

WT and mutant homodimers were expressed and purified as described recently [17]. Briefly, 

after BL21 gold (DE3) Escherichia coli cells transformed with the IDH1 construct reached 

an A600 of 1.8–2.0 following incubation at 37°C, the culture was induced with 1 mM IPTG 

(isopropyl β-D-1-thiogalactopyranoside; final concentration) and incubated for an additional 

18–20 h. IDH1 protein was purified using nickel–nitrilotriacetic acid column 

chromatography (Qiagen, Valencia, CA), concentrated, and flash frozen in liquid nitrogen 
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for storage at −80°C for ≤2 months. All enzymes were assessed using small-angle X-ray 

scattering (SAXS) analysis as described in Supplementary Figure S2 and Table S1.

Steady-state parameter measurements

The activity of IDH1 homodimers was assessed at 37°C using steady-state methods 

described recently [17]. To quantify the amount of product formed, the molar extinction 

coefficient for NADPH (6.22 cm−1 mM−1) (absorbance measurements) or a standard curve 

of known NADPH concentrations (fluorescence measurements) was used. A plot of product 

versus time yielded an initial linear range that was fit to obtain kobs values (nM NADPH/nM 

enzyme s−1). These kobs values were then plotted against substrate concentration using 

Graphpad Prism (RRID:SCR_002798) and fit to a hyperbolic Michaelis–Menten function in 

order to obtain kcat and KM parameters, which were reported as ±SE. At least two different 

protein preparations were used in these assays.

MD simulations

We used Schrödinger PrepWizard [27–30] (RRID:SCR_014879) to prepare IDH1 apo 

structures (PDB: 1T09; [24]) for MD simulation and CHARMMGUI (RRID:SCR_014892) 

to prepare IDH1 holo NADP+-bound and NADP+/Ca2+-bound structures (PDB: 4KZO; 

[31]) (Supplementary Tables S2 and S3). Within Bioluminate [32], to prepare these 

structures for simulations, the crystallographic waters from the PDB structure were 

maintained. The systems were protonated at pH ~7.4, with the pKa of titratable residues 

determined with the Maestro integrated program PROPKA [33]. Convergence of protein 

dynamics was verified through root-mean-squared deviation (RMSD) analysis 

(Supplementary Figure S3). We solvated each system in a TIP3P model [33]. Five Na+ ions 

were added to balance the charge of IDH1, and the ion concentration was set at 0.15 M NaCl 

to mimic the salt concentration in cells. For MD system parameterization performed with the 

AMBER16 package (NADP+-bound system), system co-ordinates from the preparation 

(above) were parameterized in CHARMMGUI using the charmm36m force field parameters 

[34], and periodic boundary conditions were implemented. The Ca2+ bound to the IDH1 

protein was parameterized as has been previously discussed [35]. NADP+ was parameterized 

using the in-house parameters in CHARMM.

GPU-enabled MD simulations were performed with NVIDIA GK110 (GeForce GTX Titan) 

GPUs using the CUDA version of PMEMD in AMBER16 [36] for the NADP+-bound 

systems. The simulation systems above were minimized with the CPU version of 

AMBER16 and equilibrated using the GPU version of AMBER16 [36,37]. We minimized in 

one step with 2500 steps of steepest-descent algorithm and the remaining 2500 steps with 

conjugate-gradient algorithm. In the following minimization, five steps of equilibration were 

performed, including a stage of heating: (1) 25 ps of hydrogen only minimization with a 

restraint weight of 250 kcal/mol on the protein and solvent, (2) 4 ps of water minimization 

with a restraint weight of 20 kcal/mol on the protein and salt atoms, (3) 20 ps of water 

heating with a restraint weight of 20 kcal/mol on the protein and salt atoms, and (4) 40 ps of 

full equilibration. We equilibrated the system using harmonic equilibration at 298.15 K over 

four sequential 500-ps runs, decreasing the restraint potential on the backbone on each step, 

starting at 4.0 kcal/mol and ending at 1.0 kcal/mol.
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GPU-enabled AMBER16 production runs were carried out as an NPT ensemble at 298.15 K 

and 1 bar with a 2-fs time step and particle mesh Ewald [38] electrostatic approximation and 

non-bonding cutoff of 12.0 Å. For each of the systems simulated, five copies of the 

simulation were performed for 110 ns each. For simulation analysis, MD trajectories were 

processed within an ipython jupyter notebook environment [39] using PYTRAJ [40], 

MDTRAJ [41], and numpy, as well as with cpptraj for principal component analysis (PCA) 

and visual molecular dynamics (VMD) [42] for visualization. All frames were aligned using 

backbone atoms. Pytraj was used to perform dihedral, distance, buried surface area, root-

mean-squared fluctuation (RMSF), and hydrogen bond-based measurements. Images were 

taken with VMD [42] and Maestro [43]. RMSD analysis was performed to ensure 

convergence over the simulations (Supplementary Figure S3).

VolMap Tool, a VMD plugin [42], was used to generate the images of the average buried 

cavity within each of the mutant and WT IDH1 simulations. The volume was made using the 

selection of ‘protein and within 10 of residues 277 and 702’, which is residue Q277 that is 

buried in the dimer interface. The volume around the S124 pocket opening was made using 

the selection of ‘protein and within 10 of residues 277 and 124’, which are residues W124 

and Q277. SiteMap [44] was used to map the volume and size of the binding pockets 

between the dimers. Site 1 and Site 2 were identified in PDB: 4KZO and 3INM and the 

volumes from Sites 1 and 2 are outlined in Supplementary Table S4 and Figure S4. Canvas 

[44] was used to perform hierarchical clustering on binary fingerprints on the IDH1-bound 

ligands and inhibitors used in this study (Supplementary Figure S5).

Biochemical IDH1 inhibition assays

Methods for inhibition assays were performed as previously described [19]. Briefly, 

concentrations of AGI-5198 and ML309 ranged from 5 nM to 50 μM for all mutants, except 

WT and R132Q IDH1, where 5 nM to 500 μM was used. For GSK864, concentrations for 

WT, R132Q, and R132H IDH1 ranged from 5 nM to 50 μM. For mutant IDH1 studies, 

inhibitors were preincubated with IDH1 for 30 min on ice, and then 20 mM Tri–HCl (pH 7.5 

at ambient temperature), 10 mM MgCl2, 150 mM NaCl, 0.05% (w/v) BSA, 4 μM NADPH, 

and 4 nM mutant IDH1 were added to a flat-bottom black 96-well plate (Corning 

Incorporated, Kennebunck, ME). Reactions were initiated by the addition of αKG, with 

concentrations selected based on the measured KM [17]. Each well had a final volume of 

100 ml, and each series was run in triplicate. DMSO concentration was held constant at 1% 

(final, v/v). After incubation at ambient temperature for 1 h, 50 μl of diaphorase–resazurin 

solution (final concentrations of 12 μg/ml and 33 μM, respectively) was added to each well 

for 10 min to consume any remaining NADPH during the production of resofurin. Resofurin 

was measured at 544 nm excitation and 590 nm emission using an InfiniteM200 Tecan plate 

reader (Männedorf, Switzerland). For WT IDH1 studies, concentrations of ICT and NADP+ 

were used at the KM previously measured [17]. Due to high concentrations of NADPH 

produced during WT IDH1 catalysis, the resazurin–diaphorase solution was not used. 

Instead, data were collected directly with an InfiniteM200 Tecan instrument using an 

excitation at 340 nm and emission at 450 nm. Two different enzyme preparations were used 

for these inhibition studies, except for AGI-5198 and GSK864 activity against R132Q IDH1, 

where three different enzyme preparations were used. The data were plotted as % activity 
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versus log inhibitor concentration. Biochemical IC50 measurements were calculated by 

fitting the data to the following equation using GraphPad software (RRID:SCR_002798): Y 
= 100/(1 + 10^((X − log(IC50)). Deviation of the data from the fit were indicated using 95% 

confidence intervals.

Transient cell line generation

To construct plasmids for mammalian cell expression, pcDNA3-Flag-IDH1-R132H [9] was 

purchased (Addgene, Cambridge, MA, plasmid #62907). The R132Q IDH1 construct was 

generated via a single point mutation with standard site-directed mutagenesis techniques 

(Kapa Biosystems, Wilmington, MA) using the following primers: R132Q-F: 

AAAACCTATCATCATAGGTCAGCATGCTTATGGGGATCAATAC; R132Q-R: 

GTATTGATCCCCATAAGCATGCTGACCTATGATGATAGGTTTT. The WT (R132) IDH1 

construct was generated via the same method using the following primers: R132-F: 

GTAAAACCTATCATCATAGGTCGTCATGCTTATGGGGATCAATAC. R132-R: 

GTATTGATCCCCATAAGCATGACGACCTATGATGATAGGTTTTAC. Sequences for all 

plasmids were confirmed (Retrogen, San Diego, CA).

To generate cell lines transiently expressing IDH1, HEK293T cells (ATCC Cat# CRL-3016, 

RRID: CVCL_0063) and HeLa cells (ATCC Cat# CCL-2) were first maintained in 

Dulbecco’s Modified Eagle Medium (DMEM) (Thermo Fisher, Waltham, MA) augmented 

with 10% fetal bovine serum (FBS) at 5% CO2 and 37°C. Cells were purchased from ATCC 

just prior to use and were tested for mycoplasma by ATCC before use. Cells were passaged 

1–2 times between thaw and use. Cell transfection when cells were at 60% confluency was 

achieved with polyethylenimine (PEI) according to manufacturer’s instructions. WT, 

R132H, and R132Q IDH1 constructs were used for HEK2937T cells, and the R132Q IDH1 

construct was used for HeLa cells. Briefly, 3 × 106 cells were seeded in a 10 cm plate. After 

24 h, 20 μg of plasmid DNA was incubated for 10 min at room temperature with 30 μg of 

PEI in DMEM. This solution was added dropwise to the cell media. After 24 h of 

incubation, the transfection solution was replaced with fresh media. Protein expression was 

confirmed via Western immunoblot analysis using anti-Flag (Thermo Fisher Scientific; Cat# 

PA1–984B, RRID:AB_347227) or anti-Actin primary antibodies (Santa Cruz 

Biotechnology; CAT# sc-47778) and ECL Plex goat-α-rabbit IgG-Cy5 secondary antibodies 

(GE Healthcare; Cat# PA45011, RRID:AB_772205) (Supplementary Figure S6).

Cell inhibition assays

Cellular inhibition assays were performed using HEK293T cells transiently expressing 

R132Q, R132H, or WT IDH1 or HeLa cells transiently expressing R132Q IDH1 that were 

seeded at 3 × 105 cells/well in six-well plates. Based on Western immunoblot analysis of 

optimal IDH1 expression, mutant IDH1 inhibition was initiated 72 h post-transfection with 

the addition of 0, 20, 40, 90, 180, 500, or 3000 nM AGI-5198 (0.2% DMSO final). An 

abbreviated set of concentrations was used for the HeLa cells. Non-transfected HEK293T 

and HeLa cells were used as controls. Cells were incubated with inhibitor for 48 h before 

metabolites were extracted with 50% methanol containing L-norvaline to serve as an internal 

standard. Derivatization and quantitation via gas chromatography–mass spectrometry (GC–

MS) were performed as previously described [17,45].
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Results

IDH1 mutations identified in tumors show different catalytic properties that can be broadly 
grouped into three types

Previously, we reported on the steady-state catalytic rates of several IDH1 mutants observed 

in patients [17]. We built upon this work by establishing kinetic, inhibitory, and structural 

features of these mutations. Here, we report catalytic efficiencies of additional IDH1 tumor-

relevant mutations affecting residue 132 (Table 1) for the normal and neomorphic reactions, 

namely R132V, R132L, and R132S IDH1. We show that these mutants show very low 

catalytic efficiency when converting ICT to αKG, consistent with most mutants we have 

studied to date [17]. Thus, these mutations were unable to preserve normal activity, unlike 

R132Q IDH1. Interestingly, R132L IDH1 is nearly as catalytically efficient at D2HG 

production as R132Q IDH1, though this is driven through a low KM value as the measured 

kcat is the lowest among the mutants (Table 1). All mutants are more catalytically efficient at 

D2HG production than the most common IDH1 mutant, R132H IDH1. Thus, these kinetic 

analyses highlight the unique properties of R132Q IDH1 and allowed us to identify three 

distinct mutation types. While most tumor-relevant mutations explored to date are deficient 

in normal catalysis but have moderate rates of D2HG production (R132G, R132V, R132S, 

R132H, and R132C IDH1), or are deficient in normal catalysis but are highly efficient at 

D2HG production (R132L IDH1), only R132Q IDH1 is uniquely capable of highly efficient 

αKG and D2HG production.

Molecular dynamics simulations show residue 132 helps dictate features of the NADP+-
binding pocket

Kinetic experiments show that R132Q IDH1 maintains WT-like and mutant-like catalytic 

activities. To gain insights into the short-timescale atomic-level changes associated with WT-

like reactivity among R132Q IDH1 versus other mutants, we performed four replicates each 

of MD simulations on the R132H, R132Q, R132L, and WT IDH1 homodimers with NADP+ 

and Ca2+ bound and then with only NADP+ bound. With these simulations, we aimed to 

uncover local loop rearrangements and pocket breathing motions that are associated with the 

WT-like and mutant-like reactivities, specifically by investigating the MD starting from a 

crystal state that would be most similar to the transition states of both the IDH1 neomorphic 

and normal reactions.

As an array of crystal structures are available for IDH1, we performed preliminary 

assessments on these crystal structures to determine which would be ideal for MD analyses 

(Supplementary Tables S2 and S3). Crystal structures were categorized based on substrates 

bound, surface area of buried ligands (including NADP+, αKG, and ICT), the distances 

between the center of mass of the α4 and α11 helices, and the center of mass of the α10 

helix (a measure of the open and closed state), residue 132-D275 distances, the presence or 

absence of α10 helix density, the volume of buried cavity from SiteMap [46,47], resolution, 

and number of missing side chains. All crystal structures with missing loops were excluded 

as possibilities for simulation. We chose to model the structures of IDH1 bound to NADP+, 

Ca2+, and αKG with the rationale that a complex with both ligands and metal would most 

closely reflect a transition state-like or catalytically active complex of the IDH1 neomorphic 
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and normal reactions. Of the crystal structures with these ligands and ion bound, 4KZO [31] 

was in the most closed state and had well-resolved α10 helix density (Figure 2).

Simulations were performed in the absence of αKG and in both the presence and absence of 

Ca2+. Here, the aim was to measure the impact of Ca2+ binding on mutant IDH1 stability 

and to observe breathing and quaking motions around the NADP+-binding site (sites are 

highlighted in Figure 2). The RMSF of the NADP+ atoms in the binding site of both 

monomers in each enzyme was measured after aligning the simulations to the backbone of 

the entire IDH1 dimer. RMSF analysis is a proxy for understanding how stably NADP+ is 

bound to the active site; we assume that NADP+ will be more stably bound to the active site 

of proteins that maintain WT activity, which is dependent upon binding NADP+. Conversely, 

NADP+ should bind less stably (higher RMSF) to the active site of mutants for which WT 

activity is abrogated (R132L and R132H IDH1), especially for the nicotinamide moiety. 

While KM values do not accurately reflect the thermodynamic affinity of an enzyme for its 

substrate, we do show that far less ICT is required to yield saturating rates of ICT to αKG 

conversion for WT and R132Q IDH1 versus the high concentrations of ICT needed for 

R132L and R132H IDH1 (Table 1).

MD simulations reveal that in the B monomers, the atomic-level RMSF of NADP+ bound to 

R132L and R132H IDH1 is greater than the atomic-level RMSF of NADP+ bound to R132Q 

and WT IDH1 (Figure 3 and Supplementary Table S5). The atomic-level RMSF of R132Q 

IDH1 is also slightly greater than the RMSF of WT IDH1 for monomer B, but much less 

than that for monomer A. Especially when averaged over the atoms in the nicotinamide 

moiety, the average RMSF for R132L IDH1 per monomer (4.2 ± 0.4 Å and 4.7 ± 0.4 Å) and 

R132H IDH1 per monomer (5.0 ± 0.4 Å and 5.4 ± 0.3 Å) trend greater than WT IDH1 per 

monomer (4.3 ±0.6 Å and 4.2 ± 0.7 Å) and R132Q IDH1 (3.6 ± 0.2 Å and 4.3 ± 0.4 Å). The 

fluctuations seen in WT, R132L, and R132H IDH1 are within a single standard deviation 

between the monomers of the IDH1 dimer. Yet, simulations of R132Q IDH1 with NADP
+/Ca2+ reveal large atomic-level RMSF for NADP+ for monomer B compared with NADP+ 

bound to monomer A. This suggests a deviation in the dynamics communicated across the 

dimer interface for mutants relative to WT and other IDH1 mutants. Measurements of IDH1 

homodimer crystal structures also demonstrate monomer-to-monomer structural variability 

in NADP+ and NADP+/Ca2+/αKG-bound states (PDB: 1T09 [24] and 4KZO [31]) 

(Supplementary Table S2).

Variable hydrogen bonding patterns are also seen for NADP+ in each of the mutants, 

especially for atoms within the nicotinamide moiety that are involved in hydrogen bonding 

(Supplementary Figures S7 and S8). Hydrogen bonding formation was monitored in two 

regions of the NADP+ moiety: first, the ester oxygen of the nicotinamide riboside and T311 

(Supplementary Figure S7), and second, the amide oxygen of the nicotinamide and residues 

T75, N96, and K72 (Supplementary Figure S8). When comparing crystal structures of 

R132H IDH1 bound to NADP+ versus NADPH, the only difference in the binding pose is 

within the hydrogen bonding of the amide oxygen of the nicotinamide (atom name O7N; 

Supplementary Table S5). Thus, we predict that this region may be a better differentiator 

between features associated with NADP+ binding, which is required for the WT forward 

reaction, versus NADPH binding, which is required for the neomorphic reaction. In a 
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structure of NADP+-bound R132H IDH1 [31], there are three hydrogen bonds between the 

amide oxygen of the nicotinamide and IDH1, while in its NADPH-bound form there are 

none [23]. From all-atom MD, WT IDH1 makes the largest number of hydrogen bond 

interactions with the nicotinamide ribose in the NADP+/Ca2+-bound simulations, while all 

mutants show fewer interactions at this site (Supplementary Figure S7). However, WT and 

R132Q IDH1 are more likely to form stable hydrogen bonds with the amide oxygen of the 

nicotinamide of NADP+ than R132H and R132L IDH1 (Supplementary Figure S8). This 

may be an indication that R132Q IDH1 is simulated to bind NADP+ with a more WT-like 

affinity, suggesting some qualitative agreement between these simulations and our 

experimental findings.

Results from all-atom MD also reveal that the R132 residue is critical for positioning the 

orientation of the β-sheets in both monomers of IDH1. The distance between the center of 

mass of the β carbons of residues 132 and the center of mass of the carboxyl carbon of D275 

for the WT, R132H, R132Q, and R132L IDH1 simulations were measured in the Ca2+-

bound and the Ca2+-unbound simulations (Figure 4). R132 from one monomer co-ordinates 

to D275 in the α10 helix of the other monomer. The trend in the distances between these 

two residues in the mutant and WT IDH1 simulations for Ca2+-bound simulations is as 

follows: R132L > R132H > R132Q >> WT IDH1. In Ca2+-unbound simulations, the trend in 

distances between these two residues in the mutant and WT IDH1 simulations is: WT > 

R132L > R132Q > R132H IDH1. This modeled difference in interaction distance between 

R132 and D275 in turn appears to cause a change in the positioning of the β-sheet relative to 

the dimer interface (Figure 4C). This tilt in the β-sheet is also seen in the crystal structure of 

R132H IDH1 bound to inhibitors [23] (Supplementary Figure S1C,E). In turn, this tilt of the 

β-sheet shifts the positions of the α4 and α11 helices. Helices α4 and α11 neighbor the 

NADP+-binding site and are connected in sequence through loops to the β3 and β14 sheets, 

respectively (Figure 4). This rearrangement in the β-sheets and α-helices opens the active 

site of IDH1. This opening suggests a possible explanation for the RMSF and hydrogen 

bond distances seen, which could be measured by the change in the angle between the center 

of mass of β3, β11, and α10 (Figure 4C). This measurement also reveals that one of the WT 

IDH1 monomers opens greater over the simulation than the other (Figure 4F). This same 

difference in openness over the simulation occurs with the following trend: WT > R132Q > 

R132H > R132L IDH1, the same trend that would be expected given the trend in the 

distance between R132 and D275 and the anchoring role of this residue interaction in the 

closed state. Interestingly, in the Ca2+-unbound simulations, the residue 132 to D275 

distances are longer for WT IDH1 compared with the Ca2+-bound simulations, suggesting a 

role for divalent cations in the structures of the WT active site compared with the mutants. In 

all mutants, the α4/11 to α10 distances remain more stable over the MD trajectory in the 

Ca2+-unbound simulations than in the Ca2+-bound simulations.

In the Ca2+-bound R132Q IDH1 simulations, the openness of the monomers and the R132Q-

D275 distances demonstrate both WT-like characteristics in two out of four replicate 

simulations, as well as more R132H/R132L IDH1-like characteristics in the other two 

remaining simulations for one of the monomers (Figure 4). These dynamics motions, which 

stem from R132 coordination with D275, may allow R132Q IDH1 to adopt either WT or 

R132H-like conformations and thus promote αKG or D2HG production activity. This trend 
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is not seen in the simulations where Ca2+ is absent, suggesting that the structural change in 

the β-sheets and α4/11 led by coordination between residue 132 and D275 is also dependent 

upon the coordination of D275 with Ca2+.

R132Q IDH1 is refractory to inhibition in biochemical assays

Since the kinetic features of IDH1 mutants varied widely, we sought to compare how these 

mutants interacted with three commercially available mutant IDH1 inhibitors, ML309 [48], 

AGI-5198 [19], and GSK864 [49] (Figure 5A). These compounds have been tested 

previously against both R132H and R132C IDH1, with nM IC50 values in both cellular 

[19,48–50] and biochemical [48–51] assays, but have not been tested against a wider range 

of IDH1 mutants. Additionally, these inhibitors are found within a similar cluster when 

compared among other crystalized inhibitors in a hierarchical clustering based on binary 

linear fingerprints (Supplementary Figure S5). Figure 5 and Table 2 show results of 

biochemical IC50 measurements of the selective mutant IDH1 inhibitors (ML309 and 

AGI-5198) against mutant IDH1 homodimers in an assay using an established resazurin/

diaphorase system to quantify NADPH levels [19]. We show that all IDH1 mutants yield low 

to mid-nM range biochemical IC50 values for both ML309 and AGI-5198 except for WT 

IDH1 as expected, and except for R132Q IDH1. For ML309, the IC50 is 125-fold higher for 

R132Q IDH1 relative to R132H IDH1, and only 16-fold lower than WT IDH1. The IC50 

value for AGI-5198 is >16 000-fold higher for R132Q IDH1 compared with R132H IDH1, 

and only 1.5-fold lower than WT IDH1. Importantly, since R132L IDH1 was effectively 

inhibited by both compounds, this suggests that it is the preservation of the normal activity 

by R132Q IDH1 that drives this loss of affinity, rather than highly efficient D2HG 

production.

R132H, R132Q, and WT IDH1 were further evaluated with GSK864, which has been 

described as a pan-inhibitor [52], with high nM biochemical IC50 values reported for WT 

IDH1 (~470 nM) versus 9–17 nM IC50 values for R132H, R132C, and R132G IDH1 [49]. 

Thus, we sought to test if GSK864 also showed nM-level inhibition against R132Q IDH1. 

GSK864 was fairly effective against R132Q IDH1, with an IC50 value only 1.4-fold lower 

than that measured for WT IDH1, yet 34-fold higher than that measured for R132H IDH1 

(Figure 5 and Table 3). Thus, R132Q IDH1 also behaves like WT IDH1 in terms of 

inhibition by this pan-inhibitor. Overall, this suggests that retaining at least moderate WT 

activity (ICT to αKG conversion) is associated with a loss of inhibition by mutant IDH1 

inhibitors unless the compound is also able to inhibit WT IDH1.

The selective inhibitor AGI-5198 does not effectively inhibit D2HG production in cells 
expressing R132Q IDH1

To test if R132Q IDH1 was also poorly inhibited in the cellular context, HEK293T cells 

were transiently transfected with WT, R132H, or R132Q IDH1, and HeLa cells were 

transiently transfected with R132Q IDH1 (Supplementary Figure S6). Following 48 h 

treatment with varying concentrations of AGI-5198, GC–MS was used to measure cellular 

levels of D2HG. While D2HG production was significantly inhibited at inhibitor 

concentrations as low as 20 nM in cells expressing R132H IDH1, no inhibition was observed 

in HEK293T cells expressing R132Q IDH1 even at the highest concentration of AGI-5198 
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tested (3 μM) (Figure 5 and Supplementary Figure S9). Only very modest inhibition was 

observed in HeLa cells expressing R132Q IDH1, further supporting our biochemical 

findings (Figure 5 and Supplementary Figure S9). Inhibitor treatment appeared to increase 

D2HG production in resistant cell lines (i.e. R132Q IDH1), but this increase did not prove to 

be statistically significant. Of note, basal cellular levels of D2HG were higher in cells 

expressing R132Q IDH1 compared with R132H IDH1, which has been reported previously 

[16]. This supports our finding of increased catalytic efficiency of D2HG production by 

R132Q IDH1 compared with R132H IDH1 (Table 1).

Using MD simulations to probe buried cavity dynamics at the dimer interface

In crystal structures of WT IDH1 complexed with NADP+, Ca2+, and αKG, there are two 

small pockets between the α9/α10 helices at the inhibitor-binding site that are not solvent 

accessible in the crystal structures (Supplementary Figure S4; Site 1 and Site 2). The 

positions of α9 and α10 control the size of this pocket; the latter α helix in the inhibitor-

bound R132H IDH1 crystal structures is partially unwound to yield a larger pocket 

(Supplementary Figure S1D and Tables S2 and S3). The NADP+-bound R132H IDH1 

crystal structures are very dynamic, with electron density unresolved (Supplementary Figure 

S1F). Of interest, Ca2+ is measured to bind competitively with inhibitors, likely due to the 

coordination of Ca2+ with α10, and Ca2+ is absent from crystal structures of R132H bound 

only to NADPH or inhibitors (for example, [23,25,53,54]). Additionally, a crystal structure 

of WT IDH1 without Ca2+ bound has an unraveled α10 [24].

The impact of R132 mutants on the average inhibitor-binding cavity volumes and buried 

surface area of the dimer interface was calculated in the IDH1 homodimer MD simulations 

(Figure 6). For all three mutants, the size of the buried cavity was much larger than that 

calculated in the WT IDH1 simulations in the presence of NADP+ and Ca2+. In simulations 

of IDH1 in the presence of only NADP+, the inhibitor-binding site was maintained at a small 

volume in all mutants similar to WT IDH1 (data not shown). This suggests that inhibitor-

binding site opening occurs once IDH1 is already in the dynamic open state, since IDH1 

simulations in the presence of Ca2+ demonstrate little structural variability between the 

open/closed states compared with simulations in the absence of Ca2+ (Figure 4B,C).

In the Ca2+-bound simulations, the buried surface area of all three mutants was greater than 

the buried surface area of the WT IDH1 cavity. This increase in buried surface area coupled 

with increased cavity volume seems counter-intuitive. However, this can be explained by the 

fact that as the cavity expands, there is a corresponding increase in the interfacial surfaces 

along the perimeter of the buried cavity. Interestingly, all three mutants showed similar sizes 

in the cavity, although in these models, the α10 helix is intact. In the absence of αKG and 

Ca2+, R132H IDH1 crystal structures are disordered in this region, resulting in a potentially 

enlarged inhibitor-binding pocket [23]. Together, these findings suggest that structural 

changes primarily in the dimer interface in the absence of Ca2+ and in the NADP+/NADPH-

binding site may help drive some of the kinetic and inhibitor-binding properties observed in 

R132Q IDH1 versus R132H and R132L IDH1.
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Discussion

Here, we report that the catalytic, structural, and inhibitory properties of R132Q IDH1 vary 

significantly from all other tumor-relevant mutations described to date. Most mutants show 

very low and moderate catalytic efficiency for αKG and D2HG production, respectively, 

while R132L IDH1 has very low and high catalytic efficiency for αKG and D2HG 

production, respectively. Unusually, R132Q IDH1 maintains moderate activity for αKG 

production, and has high catalytic efficiency for D2HG production. Previously, cellular 

models of IDH1-driven tumors have indicated that D2HG levels are higher in HEK293T 

cells expressing R132Q IDH1 relative to those expressing R132H IDH1 [16], but it is not yet 

known if these mutations drive differences in tumor phenotypes or patient outcomes. Pusch 

et al. [55] previously hypothesized in their work on cellular models and patient tissue that 

lower levels of D2HG production seems most favorable for tumorigenesis based on the 

frequency of the R132H IDH1 mutation. Our work supports this since we show that the most 

common IDH1 mutations have only moderate catalytic efficiency for D2HG production, 

with the lowest catalytic efficiency seen for the most common mutant, R132H IDH1. Since 

R132Q and R132L IDH1 rapidly consume NADPH and αKG to support high D2HG levels, 

this catalytic feature is predicted to have an impact on the cellular tumorigenic phenotypes. 

However, this is likely complicated as IDH mutations are found heterozygously in patients, 

so WT IDH1 activity is always maintained to some degree, even in non-R132Q IDH1 

mutations.

Previously, we reported that, in general, more hydrophobic and smaller amino acid 

substitutions at residue 132 supported the neomorphic reaction [17], though R132Q IDH1 

was shown to be a relative outlier. The robust catalytic efficiency shown by R132L IDH1 

supports our previous observations [17]. Interestingly, Pusch et al. [55] show that HEK293T 

cells stably expressing a series of IDH1 mutants have varying D2HG concentration, with the 

trend of D2HG levels highest in R132G, followed by R132L, R132C, R132S, and R132H 

IDH1. Combined with our previously reported findings [17], our kinetic data follow this 

trend reasonably well except for R132G IDH1, which we show has only moderate efficiency 

for D2HG production. However, KM in addition to kcat drives catalytic efficiency, and thus, 

it is not fair to only compare the values of pmol D2HG produced/μg total protein that Pusch 

et al. report [55] with our kcat/KM values. Indeed, we and Pusch et al. report that KM, ɑKG 

values for R132G IDH1 are higher than most other mutants except R132H and R132C IDH1 

([55], Table 1), indicating lower efficiency for R132G IDH1. However, this also means that 

R132L IDH1 does not follow this trend in tumors as well as it appears, since its efficiency is 

driven by a low KM. The complexities of metabolism in in vivo and in vitro environments 

clearly blur correlation with the kinetic trends that we can measure in biochemical assays to 

some degree. However, our assays are able to provide rationale for several major observed 

trends, such as high D2HG levels in cellular and animal models of R132Q and R132L 

IDH1-driven tumors.

MD simulations were used to identify the features among the three different mutant types 

(R132H, R132Q, and R132L IDH1) relative to WT IDH1 to probe differences in catalytic 

efficiency and inhibitor binding. We noted that both monomers in WT and R132Q IDH1 had 

lower atomic RMSF values for NADP+ compared with both monomers in R132L and 
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R132H IDH1. There is also variability between monomers of each of the IDH1 mutants. 

This variability between monomers suggests that there may be an allosteric pathway 

between the IDH1 active sites in each monomer, and that the mutations not only disrupt WT 

activity by changing the NADP+-binding site structure, but also negatively impact key 

allosteric communication between the active sites required for WT activity. Indeed, elegant 

work by Pietrak et al. [56] showed that ICT to D2HG conversion is coupled between 

mutant/WT heterodimers. This study describes a mechanism where residue R132 co-

ordinates the C3-carboxylate of ICT, the distinguishing feature in ICT versus αKG, to favor 

binding of ICT over αKG, while mutation of residue 132 allows αKG to more effectively 

compete with ICT for binding to favor D2HG production over αKG [56]. Residue 132 is 

also held in place by interactions with D275 which in turn is co-ordinated with Ca2+. 

Additionally, when this network of inter-residue coordination is displaced, it leads to 

differences in the openness of the monomers from the closed state on the nanosecond 

timescale. Due to the differences in NADP+ binding in the WT versus mutant forms of the 

enzyme, it is possible that residue R132 also plays a role in gating NADP+ versus NADPH 

to help favor the normal reaction. Such gating may also be affected by inter-subunit 

allostery. In the future, we will explore catalytic and inhibitory features of WT/mutant 

heterodimers to explore allostery between the monomers.

Monitoring hydrogen bonding at the ester oxygen of the nicotinamide riboside did not 

clarify NADP+-binding preference for WT and R132Q IDH1 versus R132L and R132H 

IDH1. However, when monitoring hydrogen bond formation in the amide oxygen of the 

nicotinamide, which has the greatest differences in hydrogen bonding patterns when 

comparing crystal structures of NADP+-bound and NADPH-bound IDH1, we show that 

R132Q IDH1 can form the largest number of stable hydrogen bonds among the IDH1 

mutants. Thus, the finding that R132H and R132L IDH1 have a worse propensity for 

forming hydrogen bonds at this location compared with R132Q and WT IDH1 may 

highlight a region for exploring why R132L and R132H IDH1 only catalyze an NADPH-

dependent reaction, and not an NADP+-dependent reaction. It will also be interesting to 

explore the ability of these enzymes to catalyze the reverse normal reaction (αKG to ICT). 

In general, R132Q IDH1 shows more structural fluctuations between WT-like and mutant-

like structures. This is seen in the large fluctuations in distances between several α-helices 

near the active site (Figure 4B) and in the variability in hydrogen bond formation between 

the ester oxygen of the nicotinamide riboside (Supplementary Figure S7).

To better understand how the dimer interface cavity accommodates inhibitors, we overlaid 

results from MD simulations with a crystal structure of R132H IDH1 complexed with an 

analog of the mutant IDH1 inhibitor BAY1436032 [53]. Both the analog and BAY1436032 

are structurally similar to the inhibitors studied here. This was used as a model because 

IDH1 structures complexed with inhibitors studied here have not yet been solved, as 

deposited structures [57] do not show density for ML309. The average dimer interface cavity 

for the holoenzyme mutations and WT IDH1 is overlaid with the BAY1436032 analog in 

Supplementary Figure S10 [53]. In simulations of apo WT IDH1 (Figure 6) using crystal 

structures of IDH1 bound only to NADP+ [24], the cavity in the dimeric interface does not 

overlap with the BAY1436032 analog. Instead, residues from the α10 overlap with this 

inhibitor. In the mutant NADP+- and Ca2+-bound simulations, the average buried cavity 
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surrounds the BAY1436032 analog except for the phenyl ring of the carboxy-indole. 

However, this region is likely well accommodated in R132L and R132H IDH1 upon 

unraveling of α10 helix [23]. This phenyl ring is adjacent to the N-terminus of the α10 helix 

(shown in gray in the background of Figure 6A–D), the helix for which electron density 

could not be resolved in the crystal structure of R132H IDH1 [23]. This region also contains 

D275 that co-ordinates to residue R132 in WT IDH1 structures. Interestingly, the isopropyl 

group on the phenyl ring of the inhibitor is not well accommodated for either WT or R132Q 

IDH1, while this region is better accommodated in R132H and R132L IDH1 (Figure 6A–D). 

Thus, partial unraveling of the α10 N-terminal helix may be possible for the R132Q IDH1 

mutant. This may drive some of the differences in affinity of the inhibitors for the various 

IDH1 mutants observed experimentally. In the future, it will be interesting to expand this 

work using the recent crystal structure of the pan-inhibitor AG-881, which was reported just 

prior to publication of this work [58].

The indole moiety in BAY1436032 and the BAY1436032 analog is not novel among IDH1 

mutant inhibitors. ML309 similarly contains an indole moiety, whereas AGI-5198 instead 

contains the smaller imidazole ring. Additionally, the IC50 values for ML309 for IDH1 

mutants are generally lower than the IC50 values for AGI-5198, suggesting that this indole 

moiety contributes to stronger ligand binding in spite of N-terminal helix unfolding. As the 

IC50 for AGI-5198 is 130-fold higher than that for ML309 for R132Q IDH1, this 

demonstrates that R132Q IDH1 is better inhibited by the indole moiety-containing inhibitor. 

Thus, we propose here that accommodation of inhibitors with bulkier indole moieties 

between the dimeric interface may be dependent upon the unraveling of the N-terminus of 

the α10 helix. This could enable the binding of the bulkier GSK864 inhibitor and other 

inhibitors in the dimeric interface as has been observed in many crystal structures (Figure 5 

and Supplementary Table S3). Additionally, the BAY1436032 analog binds in a 1-to-2 ratio 

of analog to IDH1 monomer.

The question remains how the buried cavity becomes solvent accessible to allow ligand 

binding. From simulations of the R132L and R132V IDH1 bound to NADP+ and Ca2+, 

torsion angle changes in residue W124 enable opening of the buried inhibitor-binding cavity 

to solvent (Supplementary Figure S11). These same torsion angle changes were not 

observed in the R132Q, R132H, or WT IDH1 holo simulations. Concerted phi and psi angle 

changes in W124 result in a conformational state with a path to the buried cavity. Sliding of 

α9 and α10 helices provides enough room in simulations for the flipping of this tryptophan. 

Tryptophan residues have previously been observed to act as gating residues near buried 

pockets, enabling the transformation from buried to solvent accessible protein cavities on the 

microsecond timescale [59–62]. This flipping of W124 could be one in a series of concerted 

changes that enables full access of inhibitors to the buried cavity, as is common in 

conformational changes that result in solvent exposure of buried cavities [62]. Opening of 

this buried cavity is one of many steps required for binding, as certainly R132H IDH1 shows 

excellent affinity for all inhibitors studied here, but cavity opening is not captured within the 

timeframe of our simulations. These concerted changes will be investigated in future work.

While all-atom explicit-solvent MD simulations revealed interesting differences between the 

holo mutants and WT IDH1, and apo R132Q IDH1 and WT IDH1, the ~100 ns simulated 
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here for each system is a relatively short timescale and thus cannot reveal the full breadth of 

conformational changes that are likely within each of these protein systems. Despite these 

short timescales, significant differences were observed for average distances, NADP+, 

atomic-level RMSF, torsion changes, and buried cavity volumes across each of the IDH1 

protein systems under investigation. Future work will seek to illuminate the microsecond 

timescale dynamics of these IDH1 protein systems.

Here, we used a combination of kinetic experiments and MD simulations to probe the 

catalytic, structural, and inhibitor-binding features of a series of IDH1 mutants identified in 

tumors. We have expanded the established variation [17] in catalytic features seen in IDH1 

mutants and show that the ability to catalyze the WT reaction predicts a significant loss of 

affinity for mutant IDH1 inhibitors. Changes in α-helical regions that shape both substrate 

and inhibitor-binding pockets, and the open/closed transition of the IDH1 monomer could 

contribute in tandem to some of these catalytic characteristics. MD simulations suggest that 

R132Q IDH1 can be viewed as a stochastic structural hybrid of WT and mutant IDH1, 

consistent with its ability to catalyze both the normal and neomorphic reactions, and suggest 

that indole, rather than imidazole-containing inhibitors, may be more effective against this 

mutation type. This work will help inform future drug design strategies and aid in assessing 

which patients are likely to respond to mutant IDH1 inhibitors based on mutation type.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BSA bovine serum albumin

D2HG D-2-hydroxyglutarate

DMEM Dulbecco’s Modified Eagle Medium

DMSO dimethyl sulfoxide
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GC–MS gas chromatography–mass spectrometry

ICT isocitrate

IDH1 isocitrate dehydrogenase 1

IDH2 isocitrate dehydrogenase 2

MD molecular dynamics

NADP+ β-nicotinamide adenine dinucleotide phosphate

NADPH β-nicotinamide adenine dinucleotide phosphate reduced

PEI polyethylenimine

RMSD root-mean-squared deviation

RMSF root-mean-squared fluctuation

SAXS small-angle X-ray scattering

VMD visual molecular dynamics

WT wild type

αKG α-ketoglutarate
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Figure 1. Reactions catalyzed by WT and mutant IDH1.
(A) WT IDH1 catalyzes the reversible, NADP+-dependent oxidation of ICT to αKG (OS, 

oxalosuccinate). (B) Mutant IDH1 is typically deficient in the normal reaction shown in (A) 

and instead acquires a neomorphic reaction, the NADPH-dependent reduction in αKG to 

generate the oncometabolite, D2HG [10]. For both reactions, the predicted catalytic cycle is 

also shown.
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Figure 2. IDH1 dimeric structure (PDB: 4KZO [31]).
α-Helices 4, 8, 10, and 11 are labeled for reference and colored in yellow (monomer A, 

helices 4, 10, and 11) and orange (monomer B and helix 8). The NADP+- and Ca2+-binding 

sites are expanded in the labeled sub-panels. Calcium is shown as a pink sphere. NADP+ is 

colored based on atoms, with nitrogen (blue), oxygen (red), phosphorus (orange), and 

carbon (gray) shown. Image was generated with PyMol [63].
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Figure 3. NADP+ RMSF in WT, R132Q, R132H, and R132L IDH1 simulations with Ca2+ bound.
The RMSF per atom is colored onto each atom for (A) WT IDH1 (gray), (B) R132H IDH1 

(green), (C) R132Q IDH1 (orange), and (D) R132L IDH1 (blue). The NADP+ atoms that 

fluctuate more than 7 Å are in red, while the atoms which fluctuation less than 4 Å are in 

blue. Gradations between the two are modulated with white. The orientation of NADP+ in 

the crystal structures is shown.
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Figure 4. NADP+-binding site conformational changes in R132Q, R132H, and R132L IDH1 
simulations.
(A) The relative positions of the α-helices 4 and 11 (α4/11) and α10 near the NADP+-

binding site (Figure 2). (B) Zoomed-in view of H132, D275 on α10, and Ca2+ (pink sphere). 

(C) The positions of β3, β11, and α10 are highlighted to give context for the center of mass 

angles measured in F/I. (D and G) The average distances between the α4/11 residues and the 

α10 residues on the other side of the NADP+-binding site are shown for Ca2+-bound 

simulations (D) and Ca2+-unbound simulations (G). The distances for each of the four 

replicate simulations for the R132L (blue), R132Q (orange), and R132H (green) IDH1 

simulations are displayed while the average of the WT simulations is shown in gray for 

clarity. The standard deviation in the WT IDH1 simulations for monomer B (Mon B) is 2.23 

Å, whereas the standard deviation for the WT IDH1 simulations for monomer A (Mon A) is 

1.91 Å. (E and H) The average distances between the residue 132 center of mass and D275 

center of mass over all four replicates of each mutant/WT trajectory for Ca2+-bound 

simulations (E) and Ca2+-unbound simulations (H). (F and I) The angles between the center 

of mass for β3, β11, and α10 are averaged over all four replicates of each mutant/WT 

trajectory for Ca2+-bound simulations (F) and Ca2+-unbound simulations (H).
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Figure 5. Biochemical and cellular inhibition by ML309, AGI-5198, and GSK864.
(A) Selective mutant IDH1 inhibitors (ML309 and AGI-5198) designed to target R132H and 

R132C IDH1, and the pan-inhibitor GSK864 are commercially available. The loss of 

catalytic conversion of αKG to D2HG in the case of mutant IDH1, or conversion of ICT to 

αKG in WT IDH1, was measured upon inhibition by (B) ML309, (C) AGI-5198, and (D) 

GSK864 to obtain biochemical (protein-based) IC50 values. (E) The ability of AGI-5198 to 

inhibit mutant IDH1 in HEK293T cells transiently expressing R132H IDH1 or R132Q IDH1 

and HeLa cells transiently expressing R132Q IDH1 was determined by quantifying cellular 

D2HG levels using GC–MS. An IC50 value of 0.013 μM with a confidence interval of 

[0.011–0.014] for AGI-5198 was calculated for R132H IDH1 in HEK293T cells based upon 

a fit of the plot shown. An IC50 value could not be determined for R132Q IDH1 as 

concentrations of AGI-5198 required are beyond solubility limits of the compound. 

Expression of R132Q IDH1 in both HEK2973 and HeLa cells support this finding. 

Additional information is shown in Supplementary Figure S9.
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Figure 6. Inhibitor-binding site differences in R132Q, R132H, and R132L IDH1 simulations.
A BAY1436032 analog, for which a crystal structure in complex with R132H IDH1 has been 

solved previously (PDB: 5LGE; [53]), was overlaid with our IDH1 models, which are the 

average structures from each set of MD simulations. The surface of the buried inhibitor-

binding pockets averaged across all four simulations are shown in the interface between the 

monomers where known inhibitors (including the BAY 1 436 032 analog) bind for the (A) 

R132Q IDH1, (B) WT IDH1, (C) R132H IDH1, and (D) R132L IDH1 simulations. The 

relative locations of the buried cavity Site 1 and Site 2, as determined from crystal structures 

(Supplementary Figure S4) are labeled in A–D. (E) The sizes of the average cavity can be 

compared with the differences in the total buried surface area averaged over all four 

replicates of simulations. (F) The position of this buried cavity is shown both in zoomed-out 

and zoomed-in views, along with the positions of residue W124, a possible lid residue for 

exposing the inhibitor-binding sites. The color scheme for the inhibitor atoms is the same 

used in Supplementary Figure S1. Note that in A–D, the mesh represents empty space 

available for inhibitor binding.
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Table 1
Steady-state kinetic parameters for the normal reaction catalyzed by IDH1, conversion of 
ICT to αKG, and for the neomorphic reaction catalyzed by IDH1, conversion of αKG to 
D2HG

At least two enzyme preparations were used to obtain kobs rates (at 37°C), which were plotted against 

substrate concentration and fit to a hyperbolic function. The SE shown is determined from the deviation 

resulting from hyperbolic fits of plots of kobs versus substrate concentration in order to calculate catalytic 

efficiency (kcat/KM, mM−1 s−1). In some cases, maximal rates were still achieved at concentrations of NADPH 

that approached the limit of detection, and thus, KM values are listed as ≤ or < than the lowest concentration 

tested.

IDH1

kcat (s−1), 
ICT → 
αKG

KM, ICT 
(mM) ICT 
→ αKG

KM, NADP+ 
(mM) ICT 
→ αKG

kcat/KM 

(mM−1 s−1) 
ICT → 
αKG

kcat (s−1) 
αKG → 
D2HG

KM, αKG 
(mM) αKG 
→ D2HG

KM, NADPH 
(mM) αKG 
→ D2HG

kcat/KM 

(mM−1 s−1) 
αKG → 
D2HG

WT [17] 85 ± 4 0.22 ± 0.02 0.08 ± 0.03
3.9 × 102 

± 0.4 × 102 0.019 ± 0.001 0.5 ± 0.3 <0.010 0.04 ± 0.02

R132H [17] 2.4 ± 0.1 4.2 ± 0.6 1.6 ± 0.5 0.57 ± 0.08 1.44 ± 0.05
1

1.5 ± 0.2
1

<0.025 1.0 ± 0.1
1

R132C [17] 4.4 ± 0.1 8.2 ± 0.8 0.75 ± 0.07 0.54 ± 0.05 1.60 ± 0.07 0.36 ± 0.05 0.010 ± 0.009 4.4 ± 0.6

R132G [17] 9.3 ±0.6 7 ± 1 0.067 ± 0.007 1.3 ± 0.2 1.59 ± 0.09 0.34 ± 0.08 <0.025 5 ± 1

R132Q [17] 9.2 ±0.3 0.8 ± 0.2 0.22 ± 0.05
2

12 ± 3 4.7 ± 0.2 0.26 ± 0.04 <0.005
2

18 ± 3

R132L 4.0 ± 0.1 2.2 ± 0.2 0.055 ± 0.009 1.8 ± 0.2 0.79 ± 0.05 0.05 ± 0.01 <0.005 16 ± 3

R132S 5.6 ± 0.2 3.9 ± 0.7 0.059 ± 0.009 1.4 ± 0.3 1.32 ± 0.07 0.20 ± 0.04 <0.005 7 ± 1

R132V 1.38 ± 0.09 1.6 ± 0.4 0.073 ± 0.008 0.9 ± 0.2 1.10 ± 0.01 0.134 ± 0.006 <0.005 8.2 ± 0.4

1
Additional measurements have led to slight adjustment in previously reported values.

2
Not reported previously.
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Table 2
Biochemical IC50 measurements for selective inhibitors of IDH1 mutants

Percent activity of an incubation of IDH1, NADPH, and αKG with increasing concentrations of inhibitor were 

determined and plotted against log[inhibitor] and fit to a sigmoidal function. The 95% confidence intervals are 

shown as determined from the deviation from these fits.

IDH1 ML309 IC50 (μ-M) [confidence interval] AGI-5198 IC50 (μM) [confidence interval]

WT 80 [60–100] 1000 [480–2100]

R132H 0.04 [0.03–0.05] 0.04 [0.03–0.06]

R132Q 5 [4–7] 650 [330–1300]

R132C 0.04 [0.02–0.07] 0.2 [0.07–0.4]

R132G 0.09 [0.07–0.1] 0.23 [0.20–0.27]

R132L 0.01 [0.009–0.14] 0.009 [0.008–0.011]

R132S 0.1 [0.096–0.15] 0.3 [0.2–0.5]

R132V 0.0035 [0.0027–0.0044] 0.02 [0.02–0.03]
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Table 3
Biochemical IC50 measurements for the pan-inhibitor GSK864

Percent activity of an incubation of IDH1, NADPH, and αKG with increasing concentrations of inhibitor were 

determined and plotted against log[inhibitor] and fit to a sigmoidal function. The 95% confidence intervals are 

shown as determined from the deviation from these fits.

IDH1 GSK864 IC50 (μM) [confidence interval]

WT 0.24 [0.15–0.40]

R132H 0.005 [0.004–0.008]

R132Q 0.17 [0.11–0.25]
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