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Resistance to the isocitrate dehydrogenase 1
mutant inhibitor ivosidenib canbeovercome
by alternative dimer-interface binding
inhibitors
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Ryan A. Herold 2, Alina Finch 3, James Wood 3,6, Melissa Morgan 3,6,
Maximillian Staudt 4, Ian J. Clifton 1, Fraser A. Armstrong 2,
James S. O. McCullagh 1, Jo Redmond5, Chiara Bardella 3,
Martine I. Abboud1,7 & Christopher J. Schofield 1

Ivosidenib, an inhibitor of isocitrate dehydrogenase 1 (IDH1) R132C and R132H
variants, is approved for the treatment of acute myeloid leukaemia (AML).
Resistance to ivosidenib due to a second site mutation of IDH1 R132C, leading
to IDH1 R132C/S280F, has emerged. We describe biochemical, crystal-
lographic, and cellular studies on the IDH1 R132C/S280F and R132H/S280F
variants that inform on the mechanism of second-site resistance, which
involves both modulation of inhibitor binding at the IDH1 dimer-interface and
alteration of kinetic properties, which enable more efficient 2-HG production
relative to IDH1 R132C and IDH1 R132H. Importantly, the biochemical and
cellular results demonstrate that it should be possible to overcome S280F
mediated resistance in AML patients by using alternative inhibitors, including
some presently in phase 2 clinical trials.

It has long been known that cancer cells have the potential for altered
metabolism1, but it is only recently that this knowledge has been
exploited for therapeutic benefit1–3. In humans, there are three iso-
citrate dehydrogenase isoforms (IDH1-3), which catalyse conversion of
isocitrate to give 2-oxoglutarate (2-OG); IDH1/2 employ NADP+ as a
cofactor, whereas IDH3, which is part of the tricarboxylic acid (TCA)
cycle, uses NAD+4,5. Various somatic mutations to the genes encoding
for isocitrate dehydrogenase 1 (IDH1) and 2 (IDH2) lead to variantswith
substantially increased capacity to catalyse reduction of 2-OG to
2-hydroxyglutarate (2-HG)6–9. Consequently, elevated 2-HG levels are
proposed to promote tumorigenesis, potentially via chromatin

destabilisation10. The most common IDH1 variants in cancer cells are
R132H and R132C11.

Multiple IDH1 and IDH2 inhibitors are reported, though only one
IDH1 inhibitor (ivosidenib) and one IDH2 inhibitor (enasidenib) have
been approved for clinical use, i.e. for acute myeloid leukaemia (AML)
treatment where the cancer cells make an IDH variant12,13. However,
ivosidenib resistance has emerged as a consequence of a second-site
mutation that produces IDH1 R132C/S280F, with 5 cases having been
reported to date14–16.

The precise mechanistic basis by which the second site IDH1
S280F substitution enables resistance to ivosidenib and its
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consequences for IDH1 variant inhibition beyond that for ivosidenib
have been unclear14–16. We report biochemical, structural, and cellular
studies on IDH1 R132C/S280F and IDH1 R132H/S280F that address
these questions. The results with isolated enzymes inform on the
mechanism of S280F mediated resistance, which involves reduced
inhibitor binding at the dimer-interface and alteration of kinetic
properties, enabling enhanced 2-HGproduction relative to IDH1 R132C
or R132H. Importantly, the results reveal that the S280F substitution
causes resistance to ivosidenib, but this is not the case with several
other IDH1 R132H and R132C inhibitors, some of which are in phase 2
clinical trials.

Results
The S280F substitution influences the biochemical properties of
IDH1 R132C and R132H
To investigate the mechanism of IDH1 S280F mediated inhibitor
resistance, we used established protocols17,18 to produce highly pur-
ified forms of recombinant IDH1 R132C/S280F and R132H/S280F and,
for comparison, IDH1 R132C, IDH1 R132H, IDH1 wildtype (wt), IDH1
S280F (without IDH1 R132C or R132H) and IDH1 R132H/Q277E (Sup-
plementary Fig. 1a). The IDH1 R132H/Q277E variant was made because
acquired drug resistance against the IDH2mutant inhibitor enasidenib
has been linked to (i) IDH2 R140Q/I319M and (ii) IDH2 R140Q/Q316E;
IDH2 I319 is homologous to IDH1 S280 and IDH2 Q316 is homologous
to IDH1Q277 (Supplementary Fig. 1b/c)14. Consistent with prior studies

on IDH1 R132H and R132C, all the recombinant proteins were pre-
dominantly dimeric in solution (Supplementary Fig. 1d–f) and likely
copurify with two NADPH molecules (as reported for IDH1 wt and
R132H18, and shown for IDH1 R132C, Supplementary Fig. 1g/h). Whilst
biophysical studies show that the S280F substitution does not affect
the secondary structure (Supplementary Fig. 1i), this substitution
substantially enhances the thermodynamic stability of the IDH1 R132C
and R132H variants, as well as IDH1 wt (Fig. 1b; Supplementary Fig. 1j).
Note that in the subsequent text, all IDH variants referred to are IDH1-
based, except where stated otherwise.

We analysed the catalytic activities of the R132C/S280F and
R132H/S280F variants, employing 1HNMR tomeasure the reduction of
2-OG to 2-HG and the two-stage turnover of isocitrate to 2-HG (Fig. 1a/
c/d; Supplementary Fig. 2a/b). Due to the overall redox-neutral nat-
ure of the two reactions involved in converting isocitrate to 2-HG,
this conversion cannot be readily monitored by NADP+/NADPH
measurements18. As anticipated, the NMR results show D-isocitrate to
be a substrate for R132C/S280F and R132H/S280F (Supplementary
Fig. 2c). Notably, they reveal that both R132C/S280F and R132H/S280F
catalyse conversion of isocitrate to 2-HG and of 2-OG to 2-HG more
efficiently than R132C or R132H, respectively. (Fig. 1c/d)

Kinetic analyses with R132C/S280F and R132H/S280F monitoring
NADPH consumption by UV spectroscopy (Fig. 1b) demonstrated that
the S280F substitution increases the catalytic efficiency (as measured
by kcat/KM) for the2-OG to2-HGconversion, compared to theanalogous

Fig. 1 | The IDH1 S280F substitution increases the efficiency of active site var-
iants. a IDH1 variant catalysed oxidation of isocitrate and reduction of 2-OG to
2-HG. b Kinetic parameters for IDH1 variants (400nM) from non-linear regression
curve fits (standard error of the mean, n = 3). Conditions: 100mM Tris, 10mM
MgCl2, 0.2mM DTT, 0.005%v/v Tween 20, and 0.1mg/mL BSA (pH 8.0). Shaded:
Melting temperatures (Tms) of IDH1 variants measured by differential scanning
fluorimetry (DSF, 3 µM enzyme) or circular dichroism (CD, 0.2mg/mL enzyme);
λ: 215 nm. Conditions: DSF (20mM Tris, 100mMNaCl, pH 7.4); CD (10mM sodium
phosphate, pH 8.0). See Supplementary Information for details. c 2-HG formation

from2-OG catalysed by IDH1 variants asmeasured by 1HNMR (700MHz; error bars:
standard errors of the mean, n = 3 independent replicates of 1H time course
experiments). Conditions: 500 nM enzyme, 10mM MgCl2, 1.5mM 2-OG, 1.5mM
NADPH; incubation time: 12min. Source data are provided as a Source Data file.
d 2-HG formation from isocitrate catalysed by IDH1 variants as measured by NMR
(700MHz; standard error of the mean, n = 3 independent replicates of 1H time
course experiments). Conditions: 750 nM enzyme, 10mM MgCl2, 3mM DL-iso-
citrate, 1.5mMNADP+; incubation time: 9min. Buffer: 50mMTris-d11, 100mMNaCl,
10mMMgCl2, and 10% D2O, pH 7.5. Source data are provided as a Source Data file.
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R132C and R132H variants, with decreased KM values for both 2-OG and
Mg2+. By contrast with these variants, the R132H/Q277E variant, which is
predominantly dimeric, and which has a similar secondary structure
compared to the other IDH variants studied (Supplementary Fig. 1d–f,
i), was inactive by 1H NMR assays (Supplementary Fig. 2d/e) and is less
stable than R132H (Supplementary Fig. 1j; Fig. 1b). Differential scanning
fluorimetry (DSF) studies using N-oxalylglycine (NOG) as a catalytically
inactive 2-OG analogue19,20, and isocitrate (with 10mM Mg2+), indicate
that R132H/Q277E does not, at least efficiently, bind NOG or isocitrate,
likely reflecting its inactivity (Supplementary Fig. 2f).

Kinetic analyses measuring NADP+ consumption for the S280F
variant (without the R132C or R132H substitutions) for conversion of
isocitrate to 2-OG (Supplementary Table 1a) show increased efficiency
(kcat/KM) compared to IDH1 wt as a result of a decreased KM for iso-
citrate; there was no change in the apparent KM for Mg2+. However,
with the IDH1 S280F variant, the KM values for 2-OG and Mg2+ (100-
fold) were both decreased for conversion of 2-OG to 2-HG (Supple-
mentary Table 1b), while the kcat was decreased 10-fold compared to
IDH1 wt. The kinetic results for the conversions of isocitrate and 2-OG
measured through NADP+ or NADPH turnover are broadly consistent
with the 1HNMRturnover assays (Supplementary Fig. 3a–f). The results
showing that the S280F substitution decreases the KM values for both
substrates andMg2+ (apart from the conversion of isocitrate to 2-OG as
catalysed by IDH1 S280F) are notable because recent work has shown
that allosteric dimer-interface binding of IDH1 variant inhibitors hin-
ders both Mg2+ and substrate binding18.

To further investigate the mechanistic consequences of the S280F
substitution, we studied the IDH1 variants using cyclic voltammetry
(Supplementary Fig. 3g–l), which can measure rates in each NADP(H)
cycling direction and which can distinguish the conversion of isocitrate
to 2-OG from the reduction of 2-OG to 2-HG17. The results imply that
R132C and R132C/S280F catalyse the conversion of isocitrate to 2-OG
with similar efficiency (Supplementary Fig. 3g/h). However, the effi-
ciency of the overall conversion of isocitrate to 2-HG is enhanced for
R132C/S280F compared to R132C (Fig. 1d), with the conversion rate of
2-OG to 2-HG being approximately doubled compared to IDH1 R132C
(Supplementary Fig. 3g/h). The cyclic voltammetry results show that
compared to R132H, R132H/S280F displays increased efficiency
(approximately twofold), both for the conversion of isocitrate to 2-OG
and of 2-OG to 2-HG (Supplementary Fig. 3i/j). IDH1 S280F (without
R132CorR132H) displays a twofold increased reaction rate compared to
IDH1 wt for conversion of isocitrate to 2-OG (Supplementary Fig. 3k/l).

Overall, although the three turnover assays measuring NADPH
absorbance, 1H NMR resonances, or cyclic voltammetry para-
meters employed different conditions, they all show that the S280F
substitution improves the efficiencyof theR132C andR132Hvariants in
converting isocitrate to 2-HG, principally by increasing the rate of
reduction of 2-OG to 2-HG.

Previous studies have shown that most IDH variant inhibitors,
likely including ivosidenib (there is no reported crystal structure for
ivosidenib complexed to an IDH1 variant), bind at the IDH1/IDH2
dimer-interface21–26. We have recently shown that inhibitor-mediated
disruption of Mg2+ binding occurs in a manner that disproportionally
affects the conversion of 2-OG to 2-HG, compared to the wildtype
reactionof isocitrate to 2-OG18. Consistentwithprior results usingNOG
and isocitrate, DSF analyses imply that Mg2+ is required for efficient
binding of isocitrate and 2-OG to R132C, R132C/S280F, R132H, and
R132H/S280F (Supplementary Fig. 3m/n). It is possible that the S280F
substitution increases the affinity of Mg2+ binding, at least for R132C/
R132H catalysed conversion of 2-OG to 2-HG.

Ivosidenib does not inhibit isolated IDH1 double variants, but
several other inhibitors retain activity
We then investigated inhibition of isolated R132C, R132C/S280F,
R132H, R132H/S280F by ivosidenib (Fig. 2a; Supplementary Fig. 4a).

NMR and MS analyses both demonstrate that the S280F substitution
reduces the binding efficiency of ivosidenib (Fig. 2b) and that the
stoichiometry of ivosidenib binding is one inhibitor molecule per
dimer (Fig. 2c); these observations are consistent with prior work on
IDH1 wt and R132H inhibition by ivosidenib18. It has been proposed,
based on modelling studies15,16, that resistance to ivosidenib is medi-
ated by hindrance to inhibitor binding due to substitution of S280with
a more sterically demanding phenylalanine (S280F), and that ivoside-
nib binding is additionally hindered by the loss of a hydrogen bond to
the alcohol side chain of S28016. To investigate whether resistance is
solely mediated by steric hindrance or other factors are involved,
including those related to a potential loss of a hydrogen bond to S280,
we produced R132C/S280A. Ivosidenib does not (at least, efficiently)
inhibit R132C/S280F or R132H/S280F (Fig. 2a), but inhibits R132C/
S280A with an IC50 992 nM, compared to IC50 2.5 nM for R132C (Sup-
plementary Fig. 4b). This observation suggests that steric hindrance by
the phenylalanine side chain and the loss of a hydrogen bond to S280
may both contribute to ivosidenib resistance (R132C/S280A is less
potently inhibited than R132C while there is no inhibition of R132C/
S280F) (Fig. 2a; Supplementary Fig. 4b). This proposal is consistent
with inhibitor binding studies employing non-denaturing MS and
CPMG NMR (Fig. 2b), which show a decrease in the affinity of R132C/
S280A for ivosidenib compared to R132C, but that the decrease is
more substantial for R132C/S280F (Fig. 2b).

The combined results show that the S280F substitution both
weakens binding of ivosidenib and promotes conversion of 2-OG to
2-HG. Notably, the second site S280F substitution also promotes, at
least when compared with the single R132C or R132H substitutions,
conversion of isocitrate to 2-HG in the absence of inhibitor (Fig. 1d).
Interestingly, IDH1 S280F (without R132C or R132H) has increased
catalytic efficiency for turnover of isocitrate to 2-OG, but not for the
reduction of 2-OG to 2-HG compared to IDH1 wt (Supplementary
Table 1a/b; Supplementary Fig. 3k/l), suggesting potential co-
operativity between the two substitution sites with respect to
increasing the efficacy of the overall conversion of isocitrate to
2-HG. For both isocitrate and 2-OG, substrate binding (as judged by
KM) is increased in IDH1 S280F (Supplementary Table 1a/b). For the
reduction of 2-OG to 2-HG, the KM of Mg2+ for IDH1 S280F is
decreased 100-fold compared to IDH1 wt, whereas it does not
change for conversion of isocitrate to 2-OG. These combined
observations imply that the S280F substitution promotes substrate
(isocitrate or 2-OG) binding, but the effects onMg2+ binding depend
on the reaction catalysed, i.e. isocitrate to 2-OG, or 2-OG to 2-HG.
This conclusion is consistent with recent work showing that binding
of substrates and Mg2+ to IDH1 variants involves conformational
changes, including movements of the α-helices (α9 and α10) that
are involved in forming the dimer-interface18; note there is evidence
that IDH1 manifests half-site reactivity27. Notably, ivosidenib and, at
least, some other IDH variant inhibitors can also bind to IDH1 wt
(and likely IDH2 wt), but do not efficiently inhibit them18. These
observations illustrate the complexity of the conformational
dynamics at the IDH1 dimer-interface and how they are linked
to the active site chemistry. These subtle mechanistic issues,
including potential modulation ofMg2+ and substrate binding,make
it difficult to predict precisely how allosteric ligand binding at the
dimer-interface site will manifest in terms of inhibition. We thus
screened a set of 14 reported IDH variant inhibitors against R132C/
S280F and R132H/S280F with isolated enzymes (Supplementary
Fig. 4a/c).

Importantly, although seven of the inhibitors did not manifest
inhibition of R132C/S280F or R132H/S280F (including one, SYC-435,
reported to bind at the active site28), the screening results (Supple-
mentary Fig. 4c) revealed that seven of the inhibitors retained activity
against the double variants, i.e. GSK321, GSK864, IDH224, IDH305,
IDH556, FT-2102, andDS-1001B. Someof these inhibitorsmanifesthigh
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potency (IC50s < 100nM), i.e. IDH224, FT-2102 (only against R132H/
S280F), and DS-1001B (Fig. 3a). Potent representative inhibitors from
each inhibitor series were selected for further studies (i.e. GSK864,
IDH224, FT-2102, DS-1001B). Strikingly, non-denaturing MS studies
showed that all these inhibitors can bind with a stoichiometry of 2
molecules to each IDH1 dimer (Fig. 3b; Supplementary Fig. 4d). Note
that this observation contrasts with that for ivosidenib, where only one
inhibitor molecule was observed to bind to the IDH1 dimer (Fig. 2c).
The inhibitor binding affinity (determined by non-denaturing MS) was
generally lower for R132C/S280F and R132H/S280F than R132C and
R132H, respectively although it is not altered for FT-2102 (Fig. 3c). The
most potent R132C/S280F inhibitor, DS-1001B, was also analysed in a
solution assay (employing CPMG NMR) and was found to manifest
tight binding to all the tested variants, with the lowest affinity for
R132H/S280F (KD = 4.19 µM) compared to the other tested IDH1 var-
iants (Fig. 3c).

Turnover assays employing the NADPH absorbance assay imply
that R132C, R132C/S280F, R132H, and R132H/S280F inhibition is
apparently competitive with respect to Mg2+ and 2-OG levels; inhibitor
potency was not substantially influenced by variations in NADPH
concentrations, except potentially with FT-2102 (Supplementary
Fig. 5a–c).

Crystallographic analyses suggest underlying mechanisms for
properties of IDH1 double variants and their inhibition
To further investigate the effects of the S280F substitutionon inhibitor
binding, we worked to acquire crystallographic information and
obtained a structure of R132C/S280F complexed with calcium, 2-OG
and NADPH (2.1 Å resolution, space group: C2221, three molecules
(A–C) in the asymmetric unit (Supplementary Fig. 6a), PDB: 7PJM; the
structure was solved using a reported structure of R132H, as a search
model19; Fig. 4a–d).

Comparison with reported IDH1 structures19,29 implies that the
R132C/S280F structure likely reflects a closed active site conformation
(the widths of the two active site clefts in the apparent homodimer
formed by chains A and B measured by the distances between I76 and
L250, which are residues at the entrance of the active site29, are 12.6 Å
and 13.0 Å, indicating a closed conformation29; Supplementary Fig. 6b/
c). The structure reveals that the phenyl rings of the two S280F resi-
dues, located on α10, are adjacent to each other at the dimer-interface
(Fig. 4a/b); togetherwith the side chains ofW124 andW267, the phenyl
group of S280F creates an increased hydrophobic region at the dimer-
interface (Fig. 4c) possibly reflecting the increased thermal stabilities
of the S280F variants (Fig. 1b; Supplementary Fig. 1j).

In the R132C/S280F structure, it is notable that the L1 loop, which
partially covers the inhibitor binding pocket30 (Fig. 4b; Supplementary
Fig. 7a/b), adopts a different conformation compared to that observed
in an R132H crystal structure complexed with calcium, 2-OG and
NADPH19. Although the difference in the L1 loop conformation might
(in part) reflect different crystallisation conditions, this observation
supports the importance of conformational motions during IDH1 cat-
alysis and inhibition. Further, there are differences in the conformation
of the metal-binding residue Asp-252 (Fig. 4d; Supplementary Fig. 7c/
d) in the R132C/S280F structure compared to those observed in other
structures, including R132H19. However, the overall nature of 2-OG
binding, which includes chelation by the calcium ion, is unchanged in
the different structures (Supplementary Fig. 7d).

We obtained a crystal structure of R132C/S280F complexed with
NADPH and its potent inhibitor DS-1001B (2.45 Å resolution, space
group: P21212, four molecules (A–D) in the asymmetric unit (Supple-
mentary Fig. 8a), PDB: 7PJN; the structure was solved using a reported
inhibitor-bound structure of R132H as a search model31; Fig. 4e/f).
Consistentwith results fromnon-denaturingMS (Fig. 3b), the structure
reveals twoDS-1001Bmolecules bound at the dimer-interface (Fig. 4e).

Fig. 2 | The S280F substitution reduces ivosidenib inhibition and binding.
a Inhibition (%) of IDH1 variants (400nM) by ivosidenib (10 µM) as determined by
the NADPH absorbance assay. Errors: standard errors of the mean (n = 3 indepen-
dent replicates measured on the same 96-well plate). Source data are provided as a
SourceData file.bKDs determinedby non-denaturingMS (20 µMenzyme, technical
errors: n = 3 for the z = 19, 20, 21 charge states) and using the CPMG Project pulse
NMR sequence (10 µM enzyme, n = 2). Non-denaturing MS: ammonium citrate

buffer (200mM, pH 7.5); CPMGNMR: 50mMTris-d11, 100mMNaCl, 10mMMgCl2,
and 10 % D2O, pH 7.5. c Non-denaturing MS analysis measuring binding of ivosi-
denib to IDH1 variants. At 20 µM IDH1 variants are predominantly dimeric with 2
NADP(H) molecules bound - dashed line. Green background corresponds to
binding of one ivosidenib molecule. Final concentrations of ivosidenib: 5 µM (4:1),
20 µM (1:1), and 160 µM (1:8). Cone-voltage: 100V.
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Interestingly, the two DS-1001B molecules bind in a manner such that
their trichlorophenyl rings are adjacent, anobservation of interestwith
respect to future medicinal chemistry efforts aimed at improving
inhibitor binding (Fig. 4f). The DS-1001B complex structure likely
reflects an open or semi-open (inactive) conformation: the widths of
the two active site clefts in the apparent homodimer formedby chain B
and chain C asmeasured by distances between I76 and L250, are 17.7 Å
(semi-open) and 20.2 Å (open; Supplementary Fig. 8b/c). As previously
reported for the inactive conformation23, α10 in both monomers is
partly disordered and assumes a partial loop conformation (Supple-
mentary Fig. 9), which potentially helps to accommodate inhibitor
binding. Notably, by contrast with the structure of R132C/S280F
without inhibitor, in the DS-1001B complexed structure, the S280F
residues of the two monomers are not adjacent but 14.9 Å apart (clo-
sest C-atom, Supplementary Fig. 10).

Although care should be taken not to overinterpret differences
in crystal structures obtained under different conditions, consistent
with the solution studies, our crystallographic results show, that the
S280F substitution both affects the chemistry at the dimer-interface
where ivosidenib likely binds and that it has potential to affect the
active site chemistry including with respect to metal ion binding,
and as a consequence, substrate binding. When combined
with other structures and recent kinetic and other biophysical
studies18,27, these biophysical results further highlight the role of
conformational dynamics and complexity in IDH (variant) catalysis.
Defining the precise nature of these and their inhibition effects is
challenging and requires structural studies on individual turnovers
coupled with modelling. Hence, we propose that IDH variant inhi-
bition, including with respect to combatting resistances, should be
principally pursued by an empirically guided approach employing

Fig. 3 | The S280F substitution causes changes in inhibitor potency varying
with the active site substitution and type of inhibitor. a IC50 values (standard
error of themean, n = 3)with IDH1 variants (at 30 nM); n.i. = no inhibition observed.
Conditions: 100mM Tris, 10mM MgCl2, 0.2mM DTT, 0.005%v/v Tween 20, and
0.1mg/mL BSA (pH 8.0). b Non-denaturing MS analyses. Dashed line: IDH1 dimer
(z = 20, with 2 NADP(H) molecules bound), green shading corresponds to binding
of one inhibitor molecule, mint shading corresponds to binding of 2 inhibitor

molecules. Conditions: 20 µM IDH1 variant, 20 µM inhibitor, cone-voltage: 100V.
cKD determinations (standard errors of themean)measured by by non-denaturing
MS (20 µM enzyme, technical errors: n = 3 for the z = 19, 20, 21 charge states) and
CPMG NMR (values in brackets, 10 µM enzyme, n = 2). Non-denaturing MS:
ammonium citrate buffer (200mM, pH 7.5); CPMG NMR: 50mM Tris-d11, 100mM
NaCl, 10mM MgCl2, and 10% D2O, pH 7.5.
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different types of turnover and binding assays linked to cellular
studies at an early stage.

Cellular studies on IDH1 R132C/S280F and R132H/S280F
demonstrate potent inhibition in a cellular environment
Support for this approach comes from the results of cellular studies on
five selected (potential) R132C/S280F inhibitors, i.e. ivosidenib,
GSK864, IDH224, FT-2102, and DS-1001B (Fig. 5). An LN-18 glio-
blastoma cell line (ATTC CRL-2610) was used to produce recombinant
IDH1 variants (R132C, R132C/S280F, R132H, R132H/S280F) as reported
in Supplementary Fig. 11.

As anticipated, with control cells, which do not express any IDH1
variants, the inhibitors had no detectable effect, within error, on the
low levels of the endogenous 2-HG present (Fig. 5). Consistent with the
reported results24,26,32, all the inhibitors efficiently suppressed

production of 2-HG in cells over-producing R132C and R132H. By
contrast, the effects of the five inhibitors on cells over-producing
R132C/S280F or R132H/S280F varied. Consistent with the biochemical
data showing that the S280F substitution causes resistance to ivosi-
denib and prior clinical results14–16, ivosidenib was ineffective in sup-
pressing 2-HG production in the R132C/S280F and R132H/S280F
overproducing cells (Fig. 5). In the R132C/S280F overproducing cells,
GSK864 was only moderately potent in reducing 2-HG levels, whereas
IDH224, DS-1001B, and FT-2102 were more potent in lowering 2-HG
levels. Interestingly, FT-2102 was relatively less potent than IDH224
and DS-1001B against isolated R132C/S280F (Fig. 3a; IC50 1.3 µM). The
relatively high potency of FT-2102 in cells may reflect enhanced cell
permeability compared to IDH224 and DS-1001B.

In the case of R132H/S280F (Fig. 5), the results for ivosidenib,
GSK864, IDH224, and FT-2102 treatment were analogous to those for

Fig. 4 | Crystallographic analyses reveal that the S280F substitution affects the
dimer-interface and active site of IDH1 variants. a Ribbon view from a crystal
structure of R132C/S280F (PDB: 7PJM, 2.1 Å resolution). As observed in the asym-
metric unit, an apparent dimer is formed by chain A (wheat) and chain B (green).
Orange circles: active sites with 2-OG, NADPH, and calcium. L1 loop: violet. bClose-
up view with a Polder omit map (blue mesh, contour 3.0 σ) showing 2-OG, NADPH,
and calcium. The L1 loop covering the dimer-interface is in violet. Black circle:
dimer-interface with a Polder omit map (blue mesh, contour: 3.0 σ) showing F280
(cyan). c View of the dimer-interface highlighting hydrophobic interactions
between W124 (L1), F280 (cyan, α10), and W267 in both monomers. d View of the

metal-binding site. The calcium-binding residues D252 (monomer 1, wheat, α9),
D275 and D279 (monomer 2, green, α10) are shown. e Ribbon view from a crystal
structure of R132C/S280F (PDB: 7PJN), 2.45Å resolution) complexed with 2 NADPH
and 2 DS-1001B (orange) molecules; the enzyme is likely in an open inactive con-
formation. An apparent dimer is formed by chain B (wheat) and chain C (green), as
observed in the asymmetric unit. DS-1001B binds at the dimer-interface (black
circle). f Polder omit map (blue mesh, contour: 3.0 σ) showing DS-1001B and
residue F280 (cyan) in the dimer-interface. Note that the L1 loop (violet) covers the
dimer-interface.
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R132C/S280F bearing cells. Strikingly, however, DS-1001B was a rela-
tively poor inhibitor of R132H/S280F in this cellular context. This dif-
ference likely reflects, at least in part, the higher IC50 for DS-1001B
versus isolated R132H/S280F compared to values for the other tested
IDH1 variants (Fig. 3a).

Although there are differences in the relative efficiencies of the
inhibitors, as described above, the cellular results correlate well with
the results for isolated IDH1 variants. Most importantly, they reveal
that specific inhibitors, including FT-2102 and DS-1001B, which are in
clinical phase2 trials33–35, are effective in reducing 2-HG levels in R132C/
S280F bearing cells.

Discussion
The development of IDH variant inhibitors is a breakthrough in cancer
treatment as it is a pioneering example of how metabolism can be
successfully targeted by small-molecule drugs. However, as antici-
pated, resistance has emerged to the pioneer drug ivosidenib, in par-
ticular, via the S280F substitution at the dimer-interface14–16. Inhibitor
screening results with isolated IDH1 variants reveal that neither the
R132C/S280F, nor R132H/S280F variants, are (efficiently) inhibited by
ivosidenib. Importantly, however, this result is also the case for some,
but not all, of the reported IDH variant inhibitors currently in devel-
opment. Thus, it should be possible to overcome IDH variant inhibitor
resistance caused by dimer-interface mutants by appropriate medic-
inal chemistry programmes.

The combined biochemical and structural results show that the
S280F substitution enables resistance to ivosidenib in cancer cells
producing R132C/S280F or R132H/S280F in part by hindering its
binding to the IDH1 dimer-interface and in part by increasing the effi-
ciency of R132C and R132H variants in catalysing conversion of iso-
citrate and/or 2-OG to 2-HG. The studies reported here and elsewhere18

imply that allosteric binding of IDH variant inhibitors at the dimer-
interface affects active siteMg2+ (orMg2+-substrate complex in the case
of isocitrate) binding in a manner that disproportionally inhibits 2-OG
to 2-HG conversion compared to isocitrate to 2-OG conversion. The
precise molecular reasons for these observations, along with the
details of IDH1 wt catalysis, should be the subject of future time-
resolved biophysical studies.

Although the in vivo cancer relevance of the observed increased
catalytic efficiency of R132C S280F in vitro is unknown, it may help to
maintain elevated 2-HG levels in the presence of an IDH variant inhi-
bitor. If so, it supports a functional role for 2-HG inmature cancer cells

and consequently inhibitor based treatment resulting in a reduction in
2-HG levels; note that the role of 2-HG in mature cancer cells may be
different or in addition to the proposed role of elevated 2-HG levels in
tumorigenesis36,37.

Despite the mechanistic complexity of the IDH1 variant inhibition
by allosteric binding, our results clearly show that R132C/S280F
mediated resistance to ivosidenib can be overcome by using other
inhibitors, e.g. IDH224, FT-2102, DS-1001B, and likely improved var-
iants of these. Like ivosidenib, these inhibitors also bind at the dimer-
interface; however, unlike ivosidenib, which binds with a stoichio-
metry of one inhibitor molecule per IDH1 variant dimer, the potent
R132C/S280F inhibitors (as shown by biochemical and cellular studies)
bind with a stoichiometry of two inhibitor molecules per dimer as
shown by non-denaturing MS studies and crystallographic analyses of
R132C/S280F with and without an inhibitor. Importantly, two inhibi-
tors of R132C/S280F and R132H/S280F, FT-2102 and DS-1001B are
already in phase 2 clinical trials33–35. There is thus the possibility of
developing efficient treatment regimens involving the substitution of
one IDH variant inhibitor for another as resistance emerges. There is
also the possibility of using combinations of inhibitors, in particular
when the types of resistance that will likely arise can be predicted prior
to initial treatment.

Recent studies on themechanismsof IDH1 and its variants and the
mode of action of reported IDH variant inhibitors18 have led to the
suggestion that allosteric inhibitors were preferentially identified in
part as a consequence of the screening conditions used, i.e. the screens
were not carried out with varied Mg2+ concentrations. The nature of
S280F enabled ivosidenib resistance to R132C/S280F suggests that the
developmentof new types of IDH inhibitors, includingones that donot
work by allosteric binding to the dimer-interface, is of interest. It is
possible that the binding of inhibitors at the IDH dimer-interface,
which is involved in subtle conformational changes during catalysis,
might be particularly prone to resistance compared to thosebinding at
the active site and/or competing with NADPH. It should, however, be
noted that the S280F substitution confers resistance to an inhibitor,
SYC-435, which is reported to bind at the IDH1 active site28.

Due to the limited available clinical data at this stage, it is difficult
to predict how resistance will emerge to IDH variant inhibitors. We
thus suggest that along with optimisation of the currently effective
inhibitors, which bind at the dimer-interface, the development of IDH
variant inhibitors working via mechanisms not involving allosteric
binding is worthwhile. Our results also imply that future medicinal

Fig. 5 | Influence of inhibitors on 2-HG levels in cells bearing recombinant
R132C, R132C/S280F, R132H and R132H/S280F. LN18 cells were treated with the
inhibitors ivosidenib, GSK864, FT-2102, IDH224, and DS-1001B in DMSO (final
concentration: 5 µM). 2-HG levels were determined by anion-exchange chromato-
graphy coupled to MS51 (errors: standard errors of the mean, n = 4 independent
replicates). Note that, whilst ivosidenib is not/poorly active in reducing 2-HG levels

in R132C/S280F and R132H/S280F bearing cells, the other inhibitors are active in
reducing 2-HG levels. Control cells were generated by transduction with lentiviral
vectors containing no IDH1. Box-and-whisker plots: The centre line is the median
and the bounds are 25th and 75th percentile values. The whiskers are theminimum
andmaximummeasured 2-HG levels for each experimental group. Source data are
provided as a Source Data file.
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chemistry efforts should optimally employ multiple IDH1/2 variants,
including resistance-enabling mutations in isolated form (under dif-
ferent assay conditions) as well as empirically guided cell and in vivo
analyses.

Methods
Site-directed mutagenesis
Forward and reverse primers to introduce different mutations were
designed according to reported procedures38. A pET22b plasmid
(Sigma-Aldrich) was used as a template. IDH1 R132H/S280F and R132C
were made from an IDH1 R132H DNA template (obtained as
described18). IDH1 R132C/S280F and R132C/S280A weremade from an
R132C DNA template. IDH1 S280F was made from an IDH1 wt DNA
template. Reactions were conducted (2-step method) using the Q5®

High-Fidelity DNA Polymerase (New England Biolabs), deoxynucleo-
tide solution mix (New England Biolabs) and a GeneAmp PCR System
9700 (Applied Biosystems). The mixture was purified using the Gen-
eJET PCR Purification Kit (Thermo Scientific) according to the manu-
facturer’s protocol. The template DNA was digested using Dpn1 (New
England Biolabs; 3 h incubation, 37 °C). The product was transformed
into XL10-gold cells (Agilent). Colonies were grown overnight in 10mL
2TY medium, and the plasmid was extracted using the GeneJET Plas-
mid Miniprep Kit (Thermo Scientific). The plasmids were eluted with
MilliQ purified water. Sequences were confirmed by Sanger sequen-
cing conducted by Eurofins Scientific.

Protein production
Recombinant protein production was conducted as described17,18. In
brief, the recombinant proteins were produced in BL21(DE3)plysS
E.coli cells with 1mM Isopropyl β- d-1-thiogalactopyranoside (IPTG)
with a post-induction temperature of 20 °C. The cells were harvested
by centrifugation and lysed by sonication. The cell lysates were
loaded onto a 5mL HisTrap HP column (Cytiva) and eluted with an
imidazole step gradient (up to 500mM). Fractions containing the
desired protein were further purified using a Superdex S200 column
(GE Healthcare, 300mL) by isocratic elution. The purity of fractions
was assessed using SDS PAGE gel electrophoresis (Supplementary
Fig. 1a). Protein concentrations were determined using a Nanodrop
One machine (Thermo Scientific) and correspond to the IDH1 mono-
mer concentration.

For crystallographic studies, IDH1 R132C/S280F was additionally
purified by anion-exchange chromatography. After initial purification
using a 5mL HisTrap HP column (Cytiva), fractions containing the
desired protein were subjected to buffer exchange using a PD-10 col-
umn (Merck) and loaded onto a Cytiva Q Sepharose Fast Flow column.
The protein was eluted with a NaCl gradient (up to 1M) then subjected
to gel filtration purification (Superdex S200 column (GE Healthcare,
300mL), with isocratic elution using buffer containing 20mMTris and
100mM NaCl (pH 7.4).

For electrochemical experiments, Ferredoxin-NADP+ reductase
(FNR) from Chlamydomonas reinhardtii was produced as described39.
In brief, recombinant FNR was produced in BL21(DE3)plysS E. coli cells
by adding 1mM IPTG, and the cultures were grown for a further 4 h
(37 °C). The cells were harvested by centrifugation; the pellets were
resuspended in a small volume of cold buffer (50mMHEPES, 150mM
NaCl, 1mMDTT; pH 7.4) and storedovernight at −80 °C. The cells were
thawed and lysed using a french press at 20 psi, and the lysate was
centrifuged at 4 °C using an ultracentrifuge (Beckman L8-70M Ultra-
centrifuge). FNR was isolated from the supernatant using a Ni2+

HisTrap HP affinity column (GE Healthcare Life Sciences) and eluted
from the column using an imidazole gradient (final concentration of
250mM imidazole). Fractions containing FNR were selected based on
the absorbance at 280nm and 460 nm. The fractions containing FNR
were combined and concentratedusingAmiconUltra-4mLCentrifugal

filters (10 kDa) to a final volumeof around 2mL. The concentrated FNR
solutionwas then applied to a desalting column (PD-10; GEHealthcare)
to remove the imidazole. The enzyme was separated into single-use
aliquots, flash-frozen in liquid nitrogen, then stored at −80 °C.

Spectrophotometric assays
Enzyme kinetics were determined spectrophotometrically based on
changes in the concentration of NADPH asmeasured by its absorption
at 340nm (ε = 6220M–1 cm–1). Analyses were conducted in 96-well half
area clear microtiter plates (Greiner Bio-One 675001) using a PHER-
Astar FSMicroplate Reader at 25 °C in a reaction volumeof 100 µL. This
assay was used to study steady-state kinetics and inhibition of reac-
tions catalysed by IDH1 variants. The assay buffer was 100mM Tris,
10mMMgCl2, 0.2mM dithiothreitol (DTT), 0.005%(v/v) Tween 20, and
0.1mgmL−1 bovine serum albumin (BSA) (pH 8.0). For inhibition
assays, IDH1 variants were incubated with an inhibitor for 12min
before the reaction was initiated by substrate addition. The standard
error was derived from curve fitting using GraphPad Prism v9. See
figure legends for details on specific kinetic assays (Figs. 1–3; Supple-
mentary Fig. 5; Supplementary Table 1).

2-Oxoglutarate (2-OG) disodium salt, NADPH tetrasodium salt
(~98%), NADP+ disodium salt, D-isocitrate potassium salt, and
MgCl2 × 6 H2O were from Sigma-Aldrich. DL-isocitric acid trisodium
salt was from ChemCruz. Inhibitors were from MedChemExpress,
BioVision, DC Chemicals, Sigma-Aldrich, Enzo Life Sciences, Cam-
bridge Bioscience Ltd. GSK321 and GSK864 were kindly provided by
GSK. Stock solutions were prepared in DMSO (10mM).

1H NMR studies
IDH1 variants were buffer exchanged into NMR buffer (50mMTris-d11,
100mM NaCl, 10% D2O, pH 7.5) using Micro Bio-Spin 6 columns (Bio-
Rad) according to the manufacturer’s protocol. Nuclear Magnetic
Resonance (NMR) spectrawereobtained using a Bruker AVIII 700MHz
NMR spectrometer equipped with an inverse 5mm TCI 1H/13C/15N
cryoprobe. MgCl2 (10mM), isocitrate/2-OG and NADP+/NADPH were
added for turnover assays, and the turnover was monitored using 1H
NMR (NS: 16, Relaxationdelay: 2 s). Thewater signalwas suppressedby
excitation sculpting. The data were analysed using Mestrenova.

Carr-Purcell-Meiboom-Gill (CPMG) NMR
IDH1 variants were buffer exchanged into NMR buffer (50mMTris-d11,
100mM NaCl, 10% D2O, pH 7.5) and concentrated using Amicon Ultra
Centrifugal Filters (0.5mL, cut off: 50 kDa) according to the manu-
facturer’s protocol. Experiments were conducted with 10 µM inhibitor
(from a 10mMd6-DMSO stock). The IDH1 variant was titrated into this
solution, and the PROJECT-CPMG sequence was applied40. Experi-
mental parameters were as follows: total echo time, 40ms; relaxation
delay, 2 s. Water suppression was achieved by pre-saturation. The
percentage of protein-inhibitor complex ([PL]/([P] + [PL]) was plotted
against inhibitor concentration. The data were analysed using Mes-
trenova and the dissociation constant was calculated using non-linear
regression by GraphPad Prism (version 9).

Circular dichroism studies
IDH1 variants were buffer exchanged into sodium phosphate buffer
(10mM, pH 8.0) using Micro Bio-Spin 6 Columns (Bio-Rad) according
to the manufacturer’s protocol. CD measurements used a Chirascan
CD spectrometer (Applied Photophysics) equipped with a Peltier
temperature-controlled cell holder. The spectra were recorded in a
range from 260 to 185 nm (0.5 nm intervals). Measurements were
conducted in triplicates at 23 °C, and the background was subtracted
from that of the sample. The spectra were averaged and smoothed
using the Savitzky–Golay filter (Window size 4). Data were normalised
to the protein concentration (measured using a NanoDrop One
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machine), and themean residue ellipticity was calculated according to
the formula [Eq. 1]:

MRE= θ
10*l*N*C ½deg:cm2:dmol�1�

θ:Degree of ellipticity

N:Numberof amino acids

C:Concentration ðmol:L�1Þ
l:Path length ð0:1 cmÞ:

ð1Þ

To analyse the thermal stability of the IDH1 variants, the wave-
length was fixed at 215 nm, and the temperature gradually increased
from 10 to 80 °C. The heating ratewas 1 °Cmin−1, and theCD signalwas
measured every 2 °C (±0.4 °C). Spectra were smoothed using the
Savitzky–Golay filter (4th order polynomial, 12 neighbours) of Graph-
Pad Prism (version 9). Themelting temperature was calculated using a
Boltzmann sigmoidal model with Graph Pad Prism (version 9); the
standard error was derived from curve fitting using the Boltzmann
sigmoidal model.

Differential scanning fluorimetry (DSF)
Measurements were conducted in Tris buffer (50mM, pH 7.4) with
3 µMprotein and 3× SyproOrange on aBio-RadThermal Cycler CFX96.
The heat ratewas +0.2 °C s−1 in a range of 20–95 °C. Datawere analysed
using Bio-Rad CFX Manager 3.1. The standard error was derived from
three independent replicates.

Non-denaturing gel analysis
Novex™ WedgeWell™ 4–12% Tris-glycine gels were used. The gel
chamber (Invitrogen) was cooled in an ice bath, and the gel electro-
phoresis was conducted in a cold room (4 °C) using NativePAGE run-
ning buffer (Invitrogen). The gel electrophoresis was carried out for
1.5 h at 160 V, and the gel was stained using InstantBlue Coomassie
(Expedeon).

Size exclusion chromatography—Multi-angle laser scattering
(SEC-MALS)
SEC-MALS measurements were conducted using a Wyatt Dawn
HELEOS-II 8-angle light scattering detector and Wyatt Optilab rEX
refractive index monitor linked to a Shimadzu HPLC system compris-
ing LC-20AD pump, SIL-20A Autosampler and SPD20A UV/Vis detec-
tor. Samples were analysedwith a Superdex 200HR10/30 columnwith
a flow rate of 0.5mlmin−1. The sample concentrationwas 1mgmL−1 in a
buffer containing Tris (20mM, pH 7.4) and NaCl (100mM).

Electrochemical experiments
Electrochemical experiments were performed in an anaerobic glove-
box (Glove Box Technology) containing a nitrogen atmosphere
(O2 < 1 ppm). The electrochemical apparatus (a glass electrochemical
cell and rotating pyrolytic graphite edge (PGE) electrodes) were as
previously reported17. An Autolab PGSTAT 10 potentiostat using Nova
software was used to conduct electrochemical experiments. Electrode
potentials (E) were measured against a saturated calomel electrode
(SCE) and converted to the standard hydrogen electrode (SHE) using a
temperature-dependent potential conversion equation (at 25 °C the
conversion is: ESHE = ESCE + 0.241 V)17. The counter electrode was a
platinum wire. Nanoporous indium tin oxide (ITO) electrodes were
made by electrophoretically depositing ITO nanoparticles (<50 nm,
Sigma-Aldrich) onto pyrolytic graphite edge electrodes (ITO/PGE)17.
Enzymes were loaded onto the electrode by drop-casting a 4–6 µL
mixed enzyme solution onto the ITO electrode and allowing it to
incubate at room temperature for at least 30min while ensuring that
the solution did not evaporate. In all cases, 0.85 nmol (homodimer
basis) of IDH1 (wildtype and all variants) was used; the amount of FNR
that was co-loaded was adjusted to achieve the desired final enzyme

ratio. All tested neomorphic IDH1 variants (R132C, R132C/S280F,
R132H, R132H/S280F)were loaded at a 2.5 to 1molar ratiowith FNR (i.e.
2.5-fold more (homodimer molar equivalent) of each IDH1 variant was
loaded relative to FNR for each experiment). By contrast, IDH1 wt and
IDH1 S280F were loaded at a 1 to 8 molar ratio with FNR to ensure the
system was not FNR-limited due to these IDH1 enzymes oxidising DL-
isocitrate at a much faster rate than the neomorphic IDH1 variants.
IDH1 concentrations were calculated based on their homodimers.
Electrodes loaded with enzyme were thoroughly rinsed using buffer
solution before submerging them in the reaction buffer for each
experiment to ensure there was no free enzyme in solution.

Non-denaturing mass spectrometry
IDH1 variants were buffer exchanged into non-denaturing MS buffer
(ammonium acetate, 200mM,pH 7.5) usingMicro Bio-Spin 6 Columns
(Bio-Rad) according to the manufacturer’s protocol. Non-denaturing
MS experiments were carried out using a quadrupole-TOF (Waters
Synapt G2Si) instrument and an Advion Triversa Nanomate chip-based
ESI autosampler. Inhibitors were dissolved in MeOH and added to the
protein solution (final protein concentration: 20 µM). A spray voltage
of 1.7–1.8 kV (spray backing gas pressure 0.6 psi, inlet pressure 3.7
mbar) was applied. The sample cone voltages were 100 V and 5.2 V.
Spectra were analysed using Mass Lynx (version 4.1), including cen-
tring and smoothing. The percentage of protein-inhibitor complex
([PL]/([P] + [PL]) was plotted against inhibitor concentration. A base-
line correction was applied, and the dissociation constant was calcu-
lated using non-linear regression by GraphPad Prism (version 9).

Crystallisation and X-ray structure determinations
Closed active conformation. IDH1 R132C/S280F (25.62mgmL−1 in
20mM Tris, 100mM NaCl, pH 7.4) was used for crystallisation using
the sitting drop vapor diffusion method. For the sitting drop setup, a
24 well Cryschem Plate (Hampton Research, USA) with a reservoir
solution of 250 µL was used19. A screen varying the PEG concentration
(PEG3350 15–20%, horizontal axis in steps of 1%) and the salt con-
centration (calcium acetate 200 or 225mM, vertical axis; seeded or
unseeded, respectively) and Bis-Tris (0.1M) at pH 7 was carried out.
The enzyme (25 µL) was incubated for 1 h on icewith 10mMNADPH (in
H2O, 10 µL), 20mM CaCl2 (in H2O, 5 µL) and 200mM 2-OG (in H2O,
10 µL) to yield a final protein concentration of 12.81mgmL−1. Crystal-
lisation was achieved by the addition of 2 µL of the protein containing
solution to a 2 µL precipitant solution. The plates were sealed with
StarSeal Advanced Polyolefin Film (Starlab, Germany); crystals (100 µM
average size) were manifest within 14 days. To obtain crystals repro-
ducibly, seeding was employed with crushing of crystals using the
SeadBeat kit (Hampton Research, USA) according to the manu-
facturer’s protocol. Crystal containing droplets were cryo-protected
by mixing them in a ratio of 1:1 with reservoir solution containing
glycerol (25%(v/v)), harvested with a nylon loop, and cryo-cooled in
liquid N2. The crystals were stored in liquid N2 until required for data
collection.

Data were collected at 100K using the Diamond Light Source
(DLS) beamline I24. Data were indexed, integrated, and scaled using
the Xia241 strategy of the beamline auto-processing pipeline (Supple-
mentary Table 4). The IDH1 R132C/S280F crystal structure was deter-
mined by molecular replacement (MR) using the AutoMR (PHASER42)
subroutine in PHENIX43. The search model used for MR was based on
IDH1 R132H (PDB: 4KZO19). The structural model was optimised by
iterative cycles of manual rebuilding in COOT44 and crystallographic
refinement in Phenix.refine45 (refinement details are summarised in
Supplementary Table 4).

Open inactive conformation with inhibitor DS-1001B
IDH1 R132C/S280F (25.62mgmL−1 in 20mM Tris, 100mM NaCl, 1mM
tris(2-carboxyethyl)phosphine (TCEP), pH 7.4) was used for
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crystallisation. For the sitting drop setup, a 24 well Cryschem Plate
(Hampton Research, USA) with a reservoir solution of 250 µL was used
as reported25. A screen varying the ammonium citrate concentration
(pH 7.0, 0.75–2M, horizontal axis in steps of 0.25M) and the DTT
concentration (1.5–3mM, vertical axis in steps of 0.5mM) was carried
out. The protein (12.5 µL) was incubated on ice for 1 h with NADPH
(10mM; in buffer containing 20mM Tris, 100mM NaCl, 1mM TCEP,
pH 7.4; 5 µL), buffer (6.8 µL), and a 10-fold excess of DS-1001B (in
DMSO, 0.7 µL) to a final protein concentration of 12.81mgmL−1. 2 µL of
this solution was then added to 2 µL precipitant solution. The
sitting drop plate was sealed with StarSeal Advanced Polyolefin Film
(Starlab, Germany), and the crystals appeared after one day. Crystal
harvesting was performed with glycerol as a cryoprotectant as
described above.

Data were collected at 100K using synchrotron radiation at DLS
beamline I03. Data were indexed, integrated, and scaled using the
Xia241 strategy of the beamline auto-processing pipeline (Supplemen-
tary Table 4). An initial MR solution was obtained using an inhibitor-
bound structure of IDH1 R132H (PDB: 5TQH31). A startingmodel was re‐
built from thisMR solution using PHENIXAutoBuild45–49. The structural
model was optimised by iterative cycles of manual rebuilding in
COOT44 and refinement using Phenix.refine45 (details are summarised
in Supplementary Table 4). Due to the limited resolution (2.45 Å), NCS
restraints were used throughout and TLS refinement of B-factors (16
TLS groups for the four chains).

Lentiviral expression of IDH1 variants in LN18 cell lines
Molecular cloning and cell transduction with lentiviral vectors.
Human glioblastoma LN18 cells were obtained from the ATCC and
cultured according to the supplier’s instructions. LN18 cells were
genetically modified to overexpress transgenes encoding for IDH1
R132H, IDH1 R132C, IDH1 R132H/S280F or IDH1 R132C/S280F using
lentiviral vector transduction. First, the IDH1 S280Fmutant sequence of
IDH1 was generated by a recombinant PCR-based approach, using the
lentiviral transfer vectors pCC.sin.36.IDH1R132H.PPTWpre.CMV.tTA-
S2tet and the pCC.sin.36.IDH1R132C.PPTWpre.CMV.tTA-S2tet50, con-
taining the R132H and R132C sequences of IDH1, as templates. In this
reaction, Primer1_forward andPrimer1_reverse (Supplementary Table 2)
were used. The IDH1 S280F mutant amplicon was subsequently sub-
cloned into the same transfer vectors using BamH1-HF and Nhe1-HF.
Subsequently, the IDH1 R132H, R132C, IDH1 R132H/S280F or IDH1
R132C/S280F sequences were amplified in PCR reactions using Pri-
mer2_forward andPrimer2_reverse (Supplementary Table 2) and cloned
into to the pUltra-Chili vector (AddGene), using Xma1 and NheI-HF.
Restriction enzymes were from New England Biolabs. All bacterial
transformations were performed using XL10-Gold ultracompetent cells
according to the manufacturer’s instructions. All constructs were ver-
ified by Sanger sequencing using Primer3_forward and Primer3_reverse
(Supplementary Table 2).

Generation of lentiviral vectors and cell transduction
All the IDH1 mutant pUltra-Chili transfer plasmids were packaged into
lentiviral vectors (LVs) by transient transfectionofHEK293T cells along
with the 3 packaging plasmids: pVSVg, pREV and pMDL. HEK293T cells
were cultured in IMDM (Sigma, I3390) supplemented with 10% FBS
(Fisher Scientific, 11550356) and 5% pen-strep antibiotic (Sigma,
P4458). 48 h after transfection, HEK293T conditioned medium was
harvested, centrifuged and filtered using 0.22 µm filters. The viral p24
antigen concentration was measured using an HIV-1 p24 core profile
enzyme-linked immunosorbent assay ELISA assay Lenti-X p24 Rapid
Titer kit according to the manufacturer’s instructions. Serial dilutions
of freshly harvested conditioned medium were used to infect 1.2 × 105

LN18 cells in a six-well plate in the presence of polybrene (8 μgml−1). As
a control, cells were transduced with pUltra-Chili lentiviral vector,
containing TdTomato, but no IDH1 sequences.

RNA extraction and RT-PCR, and qPCR
RNA was extracted using the RNeasy Micro Kit (Qiagen) according to
the manufacturer’s instructions. When required, complementary DNA
was reverse transcribed using the High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems). qPCR was used to measure IDH1
expression in control and LV-transduced cells using an IDH1 TaqMan
probe (Life Technologies) and the TaqMan Fast Universal PCRMaster-
Mix (Applied Biosystems). The reaction was performed using the
QuantStudio™ 5 Dx Real-Time PCR System (Applied Biosystems) with
GAPDH serving as an endogenous control (Life Technologies). Each
target gene’s expression was evaluated using a relative quantification
approach (2 −ΔΔCT method).

Tissue culture and inhibitor treatment using genetically mod-
ified LN18 cell lines
Liquid and sterile filtered Dulbecco’s phosphate-buffered saline (PBS),
foetal bovine serum (FBS) of non-US origin, and Dulbecco’s Modified
Eagle’s Medium (DMEM) with 4500mgL−1 glucose and sodium bicar-
bonate, without L-glutamine, were from Merck Life Sciences. The
GlutaMAXTM supplement was from Thermo Fisher Scientific. Dimethyl
sulfoxide (DMSO) for molecular biology was from Merck. Sterile syr-
inge filters (15mm diameter, 0.2 µM pore, RC membrane) were from
Corning. Inhibitors were dissolved in DMSO to 5mM concentration
and filtered before use with Corning® syringe filters (regenerated cel-
lulose, 18mm diameter, 0.2 µm pores).

LN18 cells containing an empty vector or producing recombinant
IDH1 R132C, IDH1 R132C/S280F, IDH1 R132H, or IDH1 R132H/S280F
were incubated at 37 °C and 5% CO2 and grown in DMEM (4500mgL−1

glucose) supplemented with 10% (v/v) FBS and 1% (v/v) GlutaMAXTM.
Cells were seeded into 12-well plates, with 0.7mL per well at 200,000
cellsmL−1. After 24 h of incubation, the original medium was replaced
with fresh 0.7mLmedium (DMEM (4500mgL−1 glucose), 10% FBS and
1% GlutaMAXTM) with either 5 µM inhibitor (ivosidenib, GSK864,
IDH224, FT-2102, DS-1001B) or 0.1% DMSO (control samples). Cells
were incubated for a further 24 h prior to harvesting. Themediumwas
removed by aspiration during harvest before the wells were gently
washed twice with 0.7mL PBS per well. 75 µL of 80%(v/v) aqueous
methanol was added to each well, and the plate was placed on dry ice.
The cells were scraped, and the content of eachwell was transferred to
separate microtubes.

Sample preparation and MS studies
Cell extracts were centrifuged at 14,000 g for 25min. The DNA con-
centration (ng µL−1) of the supernatants were measured using a
ClarioStar Plus with an LVis plate (260 nm). 2.5 µL of the supernatant
was added to each well. The plate was blanked with 2.5 µL 80%(v/v)

aqueous methanol per well prior to measurement of DNA con-
centration. The remaining cell sample supernatant was transferred to
Total Recovery vials (Waters) and diluted relative to DNA con-
centration. Anion-exchange chromatography-MS analysis was car-
ried out as reported51 using a Dionex ICS-5000+ high-pressure ion
chromatography system equipped with a continuously regenerated
trap column, Dionex ERS 500e suppressor and AS11-HC (2 × 250mm,
4 μm) column, all from Dionex (Sunnyvale, CA, USA). This was cou-
pled directly to a Q-Exactive HF hybrid quadrupole-OrbitrapMS via a
HESI II probe, both from Thermo Fisher. The column temperature
was 30 °C, and all samples were injected with a 5 µL partial loop
injection. The mobile phase was aqueous hydroxide ions (flow rate:
0.250mLmin−1) with the following gradient: 0min, 0mM; 1min,
0mM; 15min, 60mM; 25min, 100mM; 30.1min, 0mM; 37min,
0mM.The suppressor had aflow rate of 0.500mLmin−1 andwas used
in the external water mode. The MS was operated in negative ion
mode with the following source parameters: sheath gas flow rate, 60;
auxiliary gas flow rate, 20; sweep gas flow rate, 0; spray voltage
3.6 kV; capillary temperature, 300 °C; S-lens RF level, 70; heater
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temperature, 350 °C. MS and MS/MS scan parameters were: micro-
scans, 2; resolution, 7 × 104; AGC target, 1 × 106 ions; maximum IT,
250ms; loop count, 10; MSX count, 1; isolation window, 2.0m/z;
collision energy, 35; minimum AGC target, 5 × 103 ions; apex trigger
1–15 s; charge exclusion 3–8, >8; dynamic exclusion, 20.0 s. The
retention time of 2-HG was determined by analysis of 1 µgmL−1

standard in 80% (v/v) aqueous methanol (HPLC grade, from Sigma-
Aldrich).

Data availability
The crystallographic data generated in this study have been deposited
in the PDBdatabaseunder accession codes 7PJMand 7PJN. Sourcedata
are provided with this paper. Any additional information required to
reanalyse the data reported in this paper is available from the corre-
sponding authors upon request. Source data are provided with
this paper.

References
1. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next gen-

eration. Cell 144, 646–674 (2011).
2. Teicher, B. A., Linehan, W. M. & Helman, L. J. Targeting Cancer

Metabolism. Clin. Cancer Res. 18, 5537–5545 (2012).
3. Li, J. et al. Targeting Metabolism in Cancer Cells and the Tumour

Microenvironment forCancer Therapy.Molecules 25, E4831 (2020).
4. Hvinden, I. C., Cadoux-Hudson, T., Schofield, C. J. & McCullagh, J.

S. O. Metabolic adaptations in cancers expressing isocitrate dehy-
drogenase mutations. Cell Rep. Med. 2, 100469 (2021).

5. Cadoux-Hudson, T., Schofield, C. J. & McCullagh, J. S. O. Isocitrate
dehydrogenase gene variants in cancer and their clinical sig-
nificance. Biochem. Soc. Trans. 49, 2561–2572 (2021).

6. Dang, L. et al. Cancer-associated IDH1 mutations produce
2-hydroxyglutarate. Nature 462, 739–744 (2009).

7. Yan, H. et al. IDH1 and IDH2 Mutations in Gliomas. N. Engl. J. Med.
360, 765–773 (2009).

8. Cardaci, S. & Ciriolo, M. R. TCA Cycle Defects and Cancer: When
Metabolism Tunes Redox State. Int. J. Cell Biol. 2012,
e161837 (2012).

9. Pietrak, B. et al. A Tale of TwoSubunits: How theNeomorphic R132H
IDH1 Mutation Enhances Production of αHG. Biochemistry 50,
4804–4812 (2011).

10. Raineri, S. & Mellor, J. IDH1: Linking Metabolism and Epigenetics.
Front. Genet. 9, 493 (2018).

11. Liu, Y., Lang, F., Chou, F.-J., Zaghloul, K. A. & Yang, C. Isocitrate
Dehydrogenase Mutations in Glioma: Genetics, Biochemistry, and
Clinical Indications. Biomedicines 8, 294 (2020).

12. Roboz, G. J. et al. Ivosidenib induces deep durable remissions in
patients with newly diagnosed IDH1-mutant acute myeloid leuke-
mia. Blood 135, 463–471 (2020).

13. Zhu, A. X. et al. Final Overall Survival Efficacy Results of Ivosidenib
for Patients With Advanced Cholangiocarcinoma With IDH1 Muta-
tion: The Phase 3 Randomized Clinical ClarIDHy Trial. JAMA Oncol.
7, 1669–1677 (2021).

14. Intlekofer, A. M. et al. Acquired resistance to IDH inhibition through
trans or cis dimer-interface mutations. Nature 559, 125–129 (2018).

15. Choe, S. et al. Molecular mechanisms mediating relapse following
ivosidenibmonotherapy in IDH1-mutant relapsed or refractoryAML.
Blood Adv. 4, 1894–1905 (2020).

16. Oltvai, Z. N. et al. Assessing acquired resistance to IDH1 inhibitor
therapy by full-exon IDH1 sequencing and structural modeling.
Cold Spring Harb. Mol. Case Stud. 7, a006007 (2021).

17. Herold, R. A. et al. Exploiting Electrode Nanoconfinement to
Investigate the Catalytic Properties of Isocitrate Dehydrogenase
(IDH1) and a Cancer-Associated Variant. J. Phys. Chem. Lett. 12,
6095–6101 (2021).

18. Liu, S. et al. Roles of metal ions in the selective inhibition of onco-
genic variants of isocitrate dehydrogenase 1. Commun. Biol. 4,
1243 (2021).

19. Rendina, A. R. et al. Mutant IDH1 enhances the production of
2-hydroxyglutarate due to its kinetic mechanism. Biochemistry 52,
4563–4577 (2013).

20. Rose, N. R., McDonough, M. A., King, O. N. F., Kawamura, A. &
Schofield, C. J. Inhibition of 2-oxoglutarate dependent oxygenases.
Chem. Soc. Rev. 40, 4364–4397 (2011).

21. Xie, X. et al. AllostericMutant IDH1 Inhibitors RevealMechanisms for
IDH1 Mutant and Isoform Selectivity. Structure 25, 506–513 (2017).

22. Merk, A. et al. Breaking Cryo-EM Resolution Barriers to Facilitate
Drug Discovery. Cell 165, 1698–1707 (2016).

23. Okoye-Okafor, U. C. et al. New IDH1 mutant inhibitors for treatment
of acute myeloid leukemia. Nat. Chem. Biol. 11, 878–886 (2015).

24. Urban, D. J. et al. Assessing inhibitors of mutant isocitrate dehy-
drogenase using a suite of pre-clinical discovery assays.Sci. Rep. 7,
12758 (2017).

25. Machida, Y. et al. A Potent Blood-Brain Barrier-Permeable Mutant
IDH1 Inhibitor Suppresses the Growth of Glioblastoma with IDH1
Mutation in a Patient-Derived Orthotopic Xenograft Model. Mol.
Cancer Ther. 19, 375–383 (2020).

26. Caravella, J. A. et al. Structure-Based Design and Identification of
FT-2102 (Olutasidenib), a Potent Mutant-Selective IDH1 Inhibitor. J.
Med. Chem. 63, 1612–1623 (2020).

27. Roman, J. V., Melkonian, T. R., Silvaggi, N. R. & Moran, G. R.
Transient-State Analysis of Human Isocitrate Dehydrogenase I:
Accounting for the Interconversion of Active and Non-Active Con-
formational States. Biochemistry 58, 5366–5380 (2019).

28. Zheng, B. et al. Crystallographic Investigation and Selective Inhi-
bition ofMutant Isocitrate Dehydrogenase.ACSMed. Chem. Lett.4,
542–546 (2013).

29. Xu, X. et al. Structures of Human Cytosolic NADP-dependent Iso-
citrate Dehydrogenase Reveal a Novel Self-regulatory Mechanism
of Activity. J. Biol. Chem. 279, 33946–33957 (2004).

30. Ma, R. & Yun, C.-H. Crystal structures of pan-IDH inhibitor AG-881 in
complexwithmutant human IDH1 and IDH2.Biochem. Biophys. Res.
Commun. 503, 2912–2917 (2018).

31. Levell, J. R. et al. Optimization of 3-Pyrimidin-4-yl-oxazolidin-2-ones
as Allosteric and Mutant Specific Inhibitors of IDH1. ACS Med.
Chem. Lett. 8, 151–156 (2017).

32. Nakagawa, M. et al. Selective inhibition ofmutant IDH1 by DS-1001b
ameliorates aberrant histone modifications and impairs tumor
activity in chondrosarcoma. Oncogene 38, 6835–6849 (2019).

33. Forma Therapeutics, Inc.A Phase 1/2, Multicenter, Open-label Study
of FT-2102 as a Single Agent and in Combination With Azacitidine or
Cytarabine in Patients With Acute Myeloid Leukemia or Myelodys-
plastic Syndrome With an IDH1 Mutation. https://clinicaltrials.gov/
ct2/show/NCT02719574 (2019).

34. Forma Therapeutics, Inc. A Phase 1b/2 Study of FT 2102 in Partici-
pants With Advanced Solid Tumors and Gliomas With an IDH1
Mutation. https://clinicaltrials.gov/ct2/show/NCT03684811 (2020).

35. Daiichi Sankyo Co., Ltd. A Phase II Study of DS-1001b in Patients
With Chemotherapy- and Radiotherapy-naive IDH1 Mutated
WHO Grade II Glioma. https://clinicaltrials.gov/ct2/show/
NCT04458272 (2020).

36. Ježek, P. 2-Hydroxyglutarate in Cancer Cells. Antioxid. Redox Sig-
nal. 33, 903–926 (2020).

37. Reiter-Brennan, C., Semmler, L. & Klein, A. The effects of
2-hydroxyglutarate on the tumorigenesis of gliomas. Contemp.
Oncol. 22, 215–222 (2018).

38. Zheng, L., Baumann, U. & Reymond, J.-L. An efficient one-step site-
directed and site-saturation mutagenesis protocol. Nucleic Acids
Res. 32, e115 (2004).

Article https://doi.org/10.1038/s41467-022-32436-4

Nature Communications |         (2022) 13:4785 11

https://doi.org/10.2210/pdb7PJM/pdb
https://doi.org/10.2210/pdb7PJN/pdb
https://clinicaltrials.gov/ct2/show/NCT02719574
https://clinicaltrials.gov/ct2/show/NCT02719574
https://clinicaltrials.gov/ct2/show/NCT03684811
https://clinicaltrials.gov/ct2/show/NCT04458272
https://clinicaltrials.gov/ct2/show/NCT04458272


39. Megarity, C. F. et al. Electrocatalytic Volleyball: Rapid Nano-
confined Nicotinamide Cycling for Organic Synthesis in Electrode
Pores. Angew. Chem. Int. Ed. 58, 4948–4952 (2019).

40. Aguilar, J. A., Nilsson,M., Bodenhausen,G.&Morris, G.A. Spin echo
NMR spectra without J modulation. Chem. Commun. 48,
811–813 (2011).

41. Winter, G., Lobley, C. M. C. & Prince, S. M. Decision making in xia2.
Acta Crystallogr. D. Biol. Crystallogr. 69, 1260–1273 (2013).

42. McCoy, A. J. et al. Phaser crystallographic software. J. Appl. Crys-
tallogr. 40, 658–674 (2007).

43. Adams, P. D. et al. PHENIX: building new software for automated
crystallographic structure determination. Acta Crystallogr. D. Biol.
Crystallogr. 58, 1948–1954 (2002).

44. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Crystallogr. D. Biol. Crystallogr. 66,
486–501 (2010).

45. Liebschner, D. et al. Macromolecular structure determination using
X-rays, neutrons and electrons: recent developments in Phenix.
Acta Crystallogr. D. Struct. Biol. 75, 861–877 (2019).

46. Afonine, P. V. et al. Towards automated crystallographic structure
refinement with phenix.refine. Acta Crystallogr. D. Biol. Crystallogr.
68, 352–367 (2012).

47. Terwilliger, T. SOLVE and RESOLVE: automated structure solution,
density modification and model building. J. Synchrotron Radiat. 11,
49–52 (2004).

48. Terwilliger, T. C. et al. Iterativemodel building, structure refinement
and density modification with the PHENIX AutoBuild wizard. Acta
Crystallogr. D. Biol. Crystallogr. 64, 61–69 (2008).

49. Zwart, P. H., Grosse-Kunstleve, R. W. & Adams, P. D. Xtriage and
Fest: automatic assessment of X-ray data and substructure struc-
ture factor estimation. CCP4 Newsl. 9, 27–35 (2005).

50. Bardella, C. et al. Expression of Idh1R132H in the Murine Sub-
ventricular Zone Stem Cell Niche Recapitulates Features of Early
Gliomagenesis. Cancer Cell 30, 578–594 (2016).

51. Walsby-Tickle, J. et al. Anion-exchange chromatography mass
spectrometry provides extensive coverage of primary metabolic
pathways revealing altered metabolism in IDH1 mutant cells.
Commun. Biol. 3, 1–12 (2020).

Acknowledgements
We thank the Wellcome Trust (091857/7/10/7), the Biotechnology and
Biological Sciences Research Council (BB/L000121/1, sLoLa Grant BB/
J001694/2 and BB/R013829/1), the Medical Research Council, the
Engineering and Physical Sciences Research Council, and Cancer
Research UK (C8717/A18245) for funding this work. R.R. was supported
by the Oxford-GSK-Crick Doctoral Programme in Chemical Biology via
the Interdisciplinary Bioscience DTP, BBSRC (BB/R506655/1) and Glax-
oSmithKline. I.C.H. thanks the Anne Grete Eidsvig and Kjell Inge Røkke’s
Foundation for Education for an Aker Scholarship. P.R. thanks the
Deutsche Akademie für Naturforscher Leopoldina, Germany, for a
postdoctoral fellowship. R.A.H. is grateful for funding from the Clar-
endon Fund and a Trinity College Birkett Scholarship. We thank Dr.
Victor Mikhailov for help with non-denaturing MS studies and Dr. David
Staunton for carrying out the SEC-MALS experiments. The
HEK293T cells and the pMDL, pVSVg and pREV lentiviral packaging

vectors were kindly given to us by E.Vigna from Candiolo Cancer Insti-
tute (IRCCS), University of Turin, Italy. We thank the staff at Diamond
Light Source UK for beam time and support at beamlines I03 and I24
(proposal MX-23459).

Author contributions
C.J.S. and M.I.A. designed the study. R.R., M.I.A. and M.S. produced
the proteins. R.R. conducted UV absorbance assays, 1H NMR stu-
dies, CD, DSF studies, and non-denaturing gel analyses. R.R. and
P.R. conducted crystallographic studies. I.J.C. supported crystal-
lographic data analysis. R.R. conducted non-denaturing MS stu-
dies. R.A.H. and F.A.A. conducted electrochemical experiments.
A.F., J.W. and M.M. produced and cloned the IDH mutant vectors.
C.B. and A.F. generated the LVs, the IDH mutant cells and per-
formed validations. I.C.H. and J.S.O.M. completed inhibitor treat-
ment of cell lines and metabolomic analysis. J.R. supported
inhibition experiments. R.R. and C.J.S. co-wrote the paper.
All authors reviewed the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-022-32436-4.

Correspondence and requests for materials should be addressed to
Martine I. Abboud or Christopher J. Schofield.

Peer review information Nature Communications thanks Christal Sohl
and the anonymous reviewer(s) for their contribution to the peer review
of this work.

Reprints and permission information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

Article https://doi.org/10.1038/s41467-022-32436-4

Nature Communications |         (2022) 13:4785 12

https://doi.org/10.1038/s41467-022-32436-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Resistance to the isocitrate dehydrogenase 1 mutant inhibitor ivosidenib can be overcome by alternative dimer-interface binding inhibitors
	Results
	The S280F substitution influences the biochemical properties of IDH1 R132C and R132H
	Ivosidenib does not inhibit isolated IDH1 double variants, but several other inhibitors retain activity
	Crystallographic analyses suggest underlying mechanisms for properties of IDH1 double variants and their inhibition
	Cellular studies on IDH1 R132C/S280F and R132H/S280F demonstrate potent inhibition in a cellular environment

	Discussion
	Methods
	Site-directed mutagenesis
	Protein production
	Spectrophotometric assays
	1H NMR studies
	Carr-Purcell-Meiboom-Gill (CPMG) NMR
	Circular dichroism studies
	Differential scanning fluorimetry (DSF)
	Non-denaturing gel analysis
	Size exclusion chromatography—Multi-angle laser scattering (SEC-MALS)
	Electrochemical experiments
	Non-denaturing mass spectrometry
	Crystallisation and X-nobreakray structure determinations
	Closed active conformation
	Open inactive conformation with inhibitor DS-1001B
	Lentiviral expression of IDH1 variants in LN18 cell lines
	Molecular cloning and cell transduction with lentiviral vectors
	Generation of lentiviral vectors and cell transduction
	RNA extraction and RT-PCR, and qPCR
	Tissue culture and inhibitor treatment using genetically modified LN18 cell lines
	Sample preparation and MS studies

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




