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Active site remodeling in tumor-relevant
IDH1 mutants drives distinct kinetic features
and potential resistance mechanisms
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Mutations in human isocitrate dehydrogenase 1 (IDH1) drive tumor formation
in a variety of cancers by replacing its conventional activity with a neomorphic
activity that generates an oncometabolite. Little is understood of the
mechanistic differences among tumor-driving IDH1 mutants. We previously
reported that the R132Q mutant unusually preserves conventional activity
while catalyzing robust oncometabolite production, allowing an opportunity
to compare these reaction mechanisms within a single active site. Here, we
employ static and dynamic structural methods and observe that, compared to
R132H, the R132Q active site adopts a conformation primed for catalysis with
optimized substrate binding and hydride transfer to drive improved conven-
tional and neomorphic activity over R132H. This active site remodeling reveals
a possible mechanism of resistance to selective mutant IDH1 therapeutic
inhibitors. This work enhances our understanding of fundamental IDH1
mechanisms while pinpointing regions for improving inhibitor selectivity.

IDH1 is a highly conserved, homodimeric enzyme that reversibly con-
verts isocitrate (ICT) to α-ketoglutarate (αKG) through NADP+-depen-
dent oxidative decarboxylation. Tumor-driving IDH1 mutants catalyze
a NADPH-dependent conversion of αKG to the oncometabolite D-2-
hydroxyglutarate (D2HG), while typically ablating the conventional
reaction1–3. D2HG competitively inhibits αKG-dependent enzymes like
TET2 and JmjC lysine demethylases, causing DNA and histone hyper-
methylation and cellular de-differentiation4,5. Mutations at R132 drive
>85% of lower grade and secondary gliomas6 and ~40% of cartilaginous
tumors7, with R132H typically the most common8,9. Mutated IDH1 has
been successfully therapeutically targeted, with several FDA-approved
selective inhibitors in use and more in clinical trials (reviewed in
refs. 10–12).

While early kinetic characterization of IDH focused on bacterial
forms, recent efforts have illuminated details of human IDH1. As wild

type (WT) IDH1 binds its substrates, a conformational change occurs
where the large domain (residues 1–103, 286–414) and small domain
(residues 104–136, 186–285)move towards each other owing to a hinge
(residues 134–141) within the clasp domain (residues 137–185)13. This
movement closes the active site cleft with the concomitant opening of a
back cleft13. In the absence of bound substrates, the α10 helix (residues
271–285) helps stabilize IDH1 in its open, inactive conformation13. This
critical regulatory element undergoes a conformational change to help
properly orient the active site residues upon substrate binding-driven
closure13. These structural features are generally preserved in IDH1
R132H1,3,14, but inherent catalytic deficiencies coupled with improved
NADPH binding result in this mutant catalyzing D2HG production,
albeit inefficiently though at great benefit to the tumor environment.

To better understand how D2HG production occurs, there is tre-
mendous value in studying a variant of IDH1 with more robust
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neomorphic reaction activity. IDH1 R132C/S/L/G/Q mutations have
been reported in patients at lower frequencies15–19 and support distinct
tumor D2HG levels20. We have demonstrated that these mutants dis-
play distinct kinetic profiles for both neomorphic and conventional
reactions21,22, suggesting that their kinetic features may drive some of
the variability of patients’ D2HG levels22. We identified one mutant,
R132Q, that maintained weak conventional catalytic activity, drove
robust D2HGproduction21, andwas resistant tomutant IDH1 inhibitors
via amechanism not yet understood22. Additionally, IDH1 R132Q drove
enchondroma tumor formation in mouse models23. By identifying
distinct features of R132Q and R132H, we can uncover selectivity
handles for improved mutant IDH1 inhibitors, as an H-to-Q mutation
requires only a single base change. Investigating the atomic-level
mechanisms that drive diverse kinetic activity and inhibition among
tumor-relevant IDH1 mutants can also inform chemical features that
guide the field of enzyme design24.

Here, we report the static and dynamic structural features that
drive the distinct kinetic properties among tumor-relevant IDH1
mutants, capitalizing on the unusual active site attributes that allow
R132Q to maintain conventional and enhance neomorphic activities.
We observe by X-ray crystallography that the neomorphic substrate
αKG, but not the conventional substrate ICT, binds via multiple con-
formations to R132Q. Solution-based kinetics and structural experi-
ments demonstrate that ability of R132Q to explore multiple
conformations and substrate bindingmodes depends upon a relatively
immobile, solvent-inaccessible enzyme that is better optimized for
substrate binding, hydride transfer, and mutant IDH1 inhibitor resis-
tance compared to R132H.

Results
R132Q is optimized for substrate binding and catalysis
Wepreviously demonstrated that IDH1 R132Qmaintains weak catalytic
efficiency for the conventional reaction (ICT to αKG), while also dis-
playing higher catalytic efficiency for the neomorphic reaction (αKG to
D2HG) relative to R132H21,22. Steady-state kinetics analysis (Supple-
mentaryFig. 1) revealed a 5.9-fold increase in catalytic efficiency for the

conventional reaction in R132Q versus R132H, driven primarily by an
increase in kcat. R132Q catalyzed the neomorphic reaction 9-fold more
efficiently than R132H via optimization of both kcat and Km. This sug-
gested that R132Q exhibits a more stable transition state and provides
more optimized on/off paths of the reactants and products compared
to R132H.

Pre-steady-state kinetics experiments indicated that hydride
transfer, or a step preceding it, was rate-limiting for the conventional
reaction catalyzed byWT and R132Q, and for the neomorphic reaction
catalyzed by R132Q and R132H (Fig. 1). NADPH consumption by R132H
showed an initial lag that was eliminated when using higher con-
centrations of αKG (Supplementary Fig. 2). A lag has been reported
previously with IDH1 WT, which was eliminated via pre-incubation of
both ICT and metal25–28. Interestingly, we did not observe a lag in the
neomorphic reaction catalyzed by R132Q, despite using a concentra-
tion of αKG that was 10-fold lower than the concentration associated
with a lag in R132H. This suggested that αKG is more proficient at
driving R132Q from an inactive to an active state compared to R132H,
though it was not apparent through these experiments whether this
was achieved by a more catalytically primed ground state or a faster
conformational change.

We were unable to capture rates of conformational change when
monitoring intrinsic protein fluorescence. However, we measured
rates of NADPH binding to IDH1 WT, R132H, and R132Q using enzyme
that was stripped of cofactor14 (Supplementary Fig. 3). We found that
all three IDH1 proteins displayed single-step binding events, with an
NADPHbinding on rate (kon) that was ~2-fold faster forWT thanR132Q,
while kon rates for R132H were profoundly slower. We also used iso-
thermal titration calorimetry (ITC) to measure equilibrium binding
affinity of NADPH for IDH1 (Supplementary Fig. 4). We found that both
mutants exhibited a decrease in Kd compared toWT, suggesting that a
slower koff rate drove the improved affinity for NADPH observed for
R132H despite the slow kon rate. Taken together, these kinetic data
further supported the finding that when compared to R132H, IDH1
R132Q has a lower barrier to adopting the closed, active conformation
that is driven by substrate and metal binding.

Fig. 1 | Pre-steady-state single-turnoverkinetic features of IDH1WT,R132H, and
R132Q catalysis.NADPH formation in the conventional reaction and consumption
in the neomorphic reactionwasmonitored over the course of a single turnover (top
plot) and compared with a control experiment lacking enzyme (bottom plot, in
green). Traces represent an average of four technical replicates. Residuals (middle

plot) were obtained to assess the goodness of a single exponential equation fit in
the top plots. Kinetic parameters were calculated and reported as +/−SEM resulting
from deviation of the mathematical fit. A IDH1 WT, conventional reaction. B IDH1
R132H, neomorphic reaction. C IDH1 R132Q, conventional reaction. D IDH1 R132Q,
neomorphic reaction.
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R132Q has a less solvent-accessible active site
To illuminate possible mechanisms behind the time-resolved changes
exhibited by IDH1 R132Q versus those in WT and R132H, we first used
hydrogen/deuterium exchange-mass spectrometry (HDX-MS) analysis.
Weprobed solvent accessibility as indicated by deuteriumuptake in the
binary IDH1:NADP(H) form, as WT and mutant IDH1 are known to
copurify bound to NADP(H)26,27. We also measured deuterium uptake
upon the addition of substrate (ternary complex, IDH1:NADP(H):ICT/
αKG), or upon the addition of substrate and Ca2+ (quaternary complex,
IDH1:NADP(H):ICT/αKG:Ca2+). By far the most substantial change in
deuteriumuptake forWT,R132H, andR132Qoccurred in thequaternary
form, indicative of closed, catalytically competent conformations
among all enzyme species (Supplementary Fig. 5). This is consistent
with previous findings that both substrate (ICT, but also presumably
αKG in the neomorphic reaction) and divalent metal binding are
required to drive IDH1 into its fully closed, active conformation25–28.
Deuterium uptake generally showed the following trend:
R132H:NADPH:αKG:Ca2+≫WT:NADP+:ICT:Ca2+ > R132Q:NADPH:ICT:C-
Ca2+ > R132Q:NADPH:αKG:Ca2+ (Fig. 2, Supplementary Figs. 5 and 6),
with R132Q overall appearing to have a less structurally dynamic, more
closed conformation compared to R132H.

Since our kinetic studies suggested IDH1 R132Q had a lower
barrier to achieve the closed conformation compared to R132H, we
hypothesized that binary R132Q:NADP(H) would be in a more
quaternary-like state. To test this, we compared deuterium uptake
among the binary states, predicting that the R132Q:NADP(H) com-
plex would experience less deuterium uptake than R132H:NADP(H).
Unsurprisingly, in general the IDH1:NADP(H) form of all three pro-
teins had high deuterium uptake, particularly in the substrate
binding pocket, clasp, and dimer interface (Fig. 2, Supplementary
Figs. 5–7). As predicted, R132Q:NADP(H) and WT:NADP(H) had the
least deuterium uptake overall, while R132H:NADP(H) exhibited, by
far, the most uptake. As this suggested that NADP(H)-bound R132Q
had a more closed/less mobile conformation compared to R132H,
we wondered if the temporal features of our HDX-MS data sug-
gested a faster closing upon substrate binding for R132Q. This
would provide one mechanism of the improved catalytic efficiency
shown by IDH1 R132Q relative to R132H in the conventional and
neomorphic reactions. To address this, we inspected peptides that
included residues within 4 Å of bound NADP(H) and ICT/αKG to
compare deuterium exchange rates, as uptake plots represent
combined exchanged rates for all amides in the peptide, to compare
the composition of exchange rates in R132Q versus R132H. We
expect that fewer amides would be exchanging at slower exchange
rates for R132Q if this enzyme had a primed ground state that
reached a closed conformation more easily29. Indeed, many active-
site peptides had fewer amides with slower/intermediate exchange
rates for IDH1 R132Q and WT compared to R132H (Supplementary
Fig. 7). Specifically, peptides 210–216 (including catalytic residue
K212), 240–253, and 257–267 all showed contributions of amides
exchanging at faster rates for R132Q versus R132H. This favors a
model where the ground state of R132Q is a more closed con-
formation that follows a simpler path to a catalytically competent
state compared to R132H.

Seeking to pair the dynamic, intermediate-resolution HDX-MS
data with static, high-resolution X-ray crystal structures, we report
here six crystallographic models representing the structures of IDH1
R132Q: binary IDH1 R132Q bound to NADP(H) (R132Q:NADP(H), PDB
8VHC, PDB 8VH9; R132Q bound to conventional reaction substrates
(R132Q:NADP(H):ICT:Ca2+, PDB 8VHD); R132Q bound to neomorphic
reaction substrates (R132Q:NADP(H):αKG:Ca2+, PDB 8VHB), PDB 8VHA,
and R132Q bound to a NADP-TCEP adduct (R132Q:NADP-TCEP:Ca2+,
PDB 8VHE). These structures facilitated comparisons with previously
solved IDH1 WT13 and R132H structures14,30, including among binary
and ICT- and αKG-bound models.

Binary structures of IDH1 R132Q (Fig. 3A) were valuable to help us
understand differences among the mutant active sites. While
R132Q:NADP(H) showed no major global structural alterations upon
alignment with previously solved structures of WT:NADP(H)13 and
R132H:NADP(H)30, local shifts were observed (Fig. 3B–D). Unsurpris-
ingly, NADP(H)-bound R132Q had the typical open, inactive con-
formation seen in WT and R132H, with a larger active site cleft and
smaller back cleft relative to the quaternary complexes (Supplemen-
tary Table 1). These distances in the binary R132Q structure more
closely resembled binaryWT than R132H, supportive of amore closed,
catalytically competent ground state for R132Q. However, R132Q
exhibited notable differences compared to WT and R132H binary
complexes. In particular, the clasp domain and helices proximal to the
substrate and cofactor binding site were shifted, with the α1, α2, α4,
α5, and α11 helices adjusted upwards and inwards in R132Q versus WT
and R132H, resulting in a similar shift of the NADP(H)molecule itself in
dimer-based alignments (Fig. 3B). Importantly, this inward shifting of
the α1 helix is a feature of closed, catalytically competent IDH1 con-
formations. R132Q also contained longer, more intact β strands in the
clasp domain, which plays a major role in maintaining the dimer,
compared toWTandR132H (Fig. 3C). The fully intactβ7 andβ8 strands
in R132Q were reminiscent of quaternary, fully substrate-bound forms
of IDH1 WT and R132Q (vide infra). Consistent with such stable sec-
ondary structure, peptides in the β8 strand of R132Q:NADP(H) had
lower deuteriumuptake thanWT:NADP(H) andR132H:NADP(H) (Fig. 2,
Supplementary Fig. 6). IDH1 R132Q also maintained an extensive
hydrogen bonding network enveloping the NADP(H) molecule; this
networkwas far less robust inR132H (Supplementary Fig. 8). Together,
dynamic and static structural data suggested that the IDH1 R132Q
active site pocket and surrounding features have greater rigidity and
more defined structural features typical of fully-substrate-bound
forms of IDH1, suggesting a more catalytically primed state for
R132Q:NADP(H) compared to R132H:NADP(H).

ICT-bound R132Q is in a closed conformation
Here, we also report an ICT-bound quaternary structure of IDH1 R132Q
(R132Q:NADP(H):ICT:Ca2+, Fig. 4A). Upon alignment with
WT:NADP(H):ICT:Ca2+ 13 (Fig. 4B, C, Supplementary Fig. 9B), there was
obvious overlap in both global features and active site details.
ICT-bound IDH1 R132Q also aligned well with R132H bound to its
preferred substrate, αKG (R132H:NADP(H):αKG:Ca2+)14 (Fig. 4B, C,
Supplementary Fig. 9D). Like ICT-bound WT and αKG-bound R132H
structures, ICT-bound R132Q adopted a catalytically competent,
closed conformation, with ICT maintaining many of the same polar
interactions with the protein and divalent ion as observed with WT.
This is supportive of our kinetic data showing R132Q’s preservation of
the conventional activity.

Though alignment of ICT-bound WT and R132Q was strikingly
similar (Supplementary Fig. 9B), the 220-fold decrease in catalytic
efficiency suggested that maintaining hydrogen bonding features
and active site structuring was not sufficient for robust conventional
activity in R132Q. Interestingly, ICT was observed only in one
monomer of the R132Q quaternary complex, resulting in a shift of
the α11 helix and the NADP(H) molecule upward and outward in the
ICT-absent R132Q monomer (Fig. 4C), reminiscent of the
WT:NADP(H) binary structure (Fig. 3). This lack of active site
saturation suggested a lower affinity toward ICT for R132Q versus
WT. Though Km values are not affinity measurements, it is note-
worthy that there was a 32-fold increase in Km when comparing
R132Q to WT (Supplementary Fig. 1). To address differences in
binding affinity, we again turned to ITC experiments. ICT binding
affinity for IDH1 R132H was too poor to be detected, while R132Q
exhibited ~170-fold worse affinity for ICT compared to WT (Sup-
plementary Fig. 4). Structural studies provided a possible mechan-
ism for ICT’s poor binding to R132H versus R132Q; in contrast to the
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closed, catalytically competent conformation of ICT-bound R132Q,
a previously solved ternary R132H:NADP(H):ICT30 structure revealed
quasi-open monomers that had α4 and α11 helices shifted upwards
and outwards from the dimer interface and an unraveled α10 helix
(Fig. 4B, Supplementary Fig. 9C), regions we and others have shown
to be highly flexible13,30–32. Notably, ICT was found in a posited pre-

binding site that was shifted to the left of its catalytically-competent
position (Fig. 4C)30. This resulted in limited polar interactions by ICT
to R132H30 in contrast to ICT’s extensive polar contacts to R132Q,
including hydrogen bonding to catalytic residue Y139 in R132Q that
indicated a catalytically-ready binding conformation (Supplemen-
tary Fig. 8). As further evidence that ICT-bound R132H was

Fig. 2 | IDH1 R132Q has lower deuterium uptake thanR132H in both binary and
quaternary complexes. A Plots of deuterium uptake encompassing residues
86–120, 168–182, and 269–291 (left) are shownwith the structural features of these
residues shown in cartoon (right) for IDH1 R132Q, WT13, and R132H14. B Plots of

deuterium uptake for residues 168–191, 217–227, 257–267, and 305–354 (left) are
shown,with the structural features of IDH1R132Q,WT13, andR132H30 encompassing
these regions indicated in cartoon (right). Each point represents themean of three
technical replicates.
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ill-prepared for catalysis, its catalytic residues were swung away
from the active site (Fig. 4C), akin to the positioning found in binary,
catalytically incompetent IDH1 structures. Though this R132H
structure did not include a divalent metal that may be required for
full closure30, it is nonetheless unsurprising that R132H, in contrast
to R132Q, is essentially unable to convert ICT to αKG.

αKG-bound R132Q has a shifted binding pocket
Since IDH1 R132Q distinctly maintains both conventional and neo-
morphic catalytic abilities, we asked how the binding conformations
for ICT, the conventional reaction substrate, andαKG, the neomorphic
reaction substrate, compared. Here, we report two αKG-containing

R132Q quaternary structures (R132Q:NADP(H):αKG:Ca2+). These co-
crystallization experiments led to a variety of complexes, with mono-
mer asymmetryobserved (Fig. 5). One structure contained adimer that
had αKG and a covalent NADP-αKG adduct bound in its monomers
(Fig. 5A). Cleft measurements in both monomers indicated a slightly
more open conformation when compared to the closed quaternary
R132Q (ICT-bound), WT (ICT-bound) and R132H (αKG-bound) struc-
tures, with the α11 helix shifted out away slightly from the substrate
bindingpocket (Fig. 5, SupplementaryFig. 10). As a result, theNADP(H)
itself shifted outwards compared to the ICT-bound R132Q structure,
resulting in a semi-closed conformation (Fig. 5D, Supplementary
Table 1).

Fig. 3 | Crystal structure of NADP(H)-bound IDH1 R132Q shows a typical open
conformation. A The binary R132Q:NADP(H) complex is shown with each mono-
mer highlighted using a slight color change. B Dimer-based alignments of
R132Q:NADP(H) (red), WT:NADP(H)13 (black), and R132H:NADP(H) (light green)30.

CMonomer-based alignments of the structures in (B). D The view show in (C) was
simplified to highlight catalytic residues Y139 and K212 (though the latter residue
drives catalysis in the monomer not shown as this is a monomer-based alignment),
residue R132(H/Q), and the cofactor.
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A second αKG-bound structure had distinct features among two
dimers in the crystallographic asymmetric unit. One catalytic dimer
contained one NADP-αKG adduct and one αKGmolecule (Fig. 5B), and
again appeared as an intermediate between the R132Q:NADP(H) and
the R132Q:NADP(H):ICT:Ca2+ structures (Supplementary Table 1, Sup-
plementary Fig. 10). A seconddimer contained anNADP-αKGadduct in
onemonomer, andnoαKG-containingmolecule in theothermonomer
(Fig. 5C). This dimer was in a more closed, catalytically competent
conformation, reminiscent of the fully closedWTquaternary structure

(Supplementary Table 1, Supplementary Fig. 10). The Ca2+ ion clearly
led to extensive restructuring, as the R132Q:NADP(H):Ca2+ monomer
aligned relatively poorly with the R132Q:NADP(H) complex despite the
only difference being the metal ion (Supplementary Fig. 10G). Thus,
closingofR132Q to theαKG-bound formmaybedriven just asmuchby
metal binding as by substrate binding. This finding was recapitulated
by the overall decrease seen in deuterium uptake upon treatment of
substrate-bound R132Q with Ca2+ (Supplementary Fig. 5). Overall, we
were able to capture snapshots of stable conformations of αKG

Fig. 5 | Crystal structure of IDH1 R132Qbound toαKGandNADP-adducts are in
closed and semi-closed conformations. In (A–C) and (E), a description of the
ligands present is listed below each monomer. A R132Q:NADP(H):αKG:Ca2+/
R132Q:NADP-αKG:Ca2+ dimer. Each R132Q monomer is highlighted using a slight
change in color. B R132Q:NADP-αKG:Ca2+/ R132Q:NADP(H):αKG:Ca2+ dimer 1

(yellow) aligned with the dimer shown in (A) (magenta). C R132Q:NADP-αKG:Ca2+/
R132Q:NADP(H):Ca2+ dimer 2 (orange) aligned with the dimer shown in (A)
(magenta). D Monomer-based alignment of ICT- and αKG-containing R132Q
monomers. E R132Q:NADP-TCEP:Ca2+/R132Q:NADP-TCEP:Ca2+ dimer. F Monomer-
based alignment of adduct-containing R132Q monomers.

Fig. 4 | IDH1 R132Q bound to ICT, NADP(H) and Ca2+ is in a closed, catalytically
competent conformation. A The R132Q:NADP(H):ICT:Ca2+ complex is shown with
each monomer highlighted using a slight color change. B Monomer-based align-
ments of R132Q:NADP(H):ICT:Ca2+/R132Q:NADP(H):Ca2+ monomers (dark and light

cyan) withWT:NADP(H):ICT:Ca2+13 (dark green); R132H:NADP(H):ICT30 (wheat); and
R132H:NADP(H):αKG:Ca2+14 (dark purple). C For clarity, only the catalytic residues,
residue R132X, cofactor, substrates, Ca2+ and hinge are shown in the same orien-
tation for the structures shown in (B).
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binding ranging from semi-closed (αKG-bound) to essentially fully
closed (NADP-αKG adduct-bound).

Closed conformations are seen for WT13 and R132H14 when bound
with their preferred substrates (ICT and αKG, respectively). As αKG-
bound R132Q was often not as fully closed as the ICT-bound form, we
wondered how αKG-bound R132Q compared to these WT and R132H
closed conformations. In alignments of R132Q:NADP(H):αKG:Ca2+ with
quaternary WT and R132H structures, the catalytic residue Y139 in
R132Q was shifted away from the αKG molecule (Supplementary
Fig. 10), with this molecule making fewer hydrogen bond contacts
within the R132Q active site compared to R132H (Supplementary
Fig. 8). In R132Q, the αKG binding site was shifted upwards towards
NADP(H) and away from the substrate binding sites seen in the ICT-
bound WT and αKG-bound R132H structures. This shift might be
facilitated by one surprising feature of all non-αKG-containing R132Q
monomers -- the nicotinamide ring could not be reliably modeled due
to missing electron density. This suggests that when αKG was absent
(such as in the R132Q:NADPH:Ca2+ monomer in Fig. 5C) or, more
unexpectedly, even when αKG was bound (R132Q:NADPH:αKG:Ca2+

monomers), this portion of NADP(H) was more dynamic. Since the
αKG-containing R132Q structures did not appear in a catalytically-
ready form, it is possible that the enzymatic mechanism may rely on
different amino acids used in the conventional reaction, or, since αKG
serves as a substrate and product for R132Q, wemay have a view into a
product-bound conformation.

ICT-bound and αKG-bound R132Q are structurally distinct
We found that the α10 regulatory segment underwent the expected
notable restructuring upon substrate binding, with this segment
forming a helix in both the ICT- and αKG-bound quaternary forms of
R132Q (Fig. 5D), just like in ICT-bound WT and αKG-bound R132H.
However, our HDX-MS experiments captured more subtle differences
in R132Q that depended on which substrate was bound. The α10 reg-
ulatory segment and nearby α9 helix were more protected from deu-
terium exchange in bothαKG andαKG+Ca2+ conditions in R132Q than

in the ICT and ICT +Ca2+ conditions (Figs. 2 and 6). Beyond its proxi-
mity to the regulatory segment, the α9 helix has an additional role in
active site remodeling in that it helps form a “seatbelt” enveloping the
NADP(H) cofactor (reviewed in ref. 33). This seatbelt was observed in
the WT:NADP(H):ICT:Ca2+ quaternary structure13, with residue R314 in
the α11 helix shifted inward to form polar contacts with D253’ and
Q256’ in α9 of the adjacent monomer and with a water molecule
(Fig. 7). The absence of the seatbelt was not limited to binary R132Q,
R132H, andWT structures; no seatbelt was observed in the ternary ICT-
bound or, more surprisingly, in the closed, quaternary αKG-bound
R132H structures14,30. As noαKG-boundWT structure is available at this
time, we compared a structure of a non-R132 mutant, G97D, which
generates D2HG but exhibits a high degree of structural similarities
with IDH1 WT14. The αKG-bound form of G97D also did not show a
seatbelt conformation, suggesting this is a distinct feature of ICT-
bound, fully closed structures.

IDH1 R132Q behaved like WT (Fig. 7A) when binding the conven-
tional reaction substrate (ICT), with a seatbelt forming over the
cofactor since residue R314 was in position to contact Q256’, D253’,
and, distinct in this protein, E247’ in β11 of the adjacent monomer, as
well as a water molecule (Fig. 7B). However, R132Q behaved more like
R132H (Fig. 7C) when binding the neomorphic substrate, with αKG-
bound monomers showing residue R314 swung away from the α9’
helix, precluding the necessary polar contacts (Fig. 7B). Interestingly,
the closed R132Q:NADP-αKG:Ca2+/R132Q:NADP(H):Ca2+ dimer (Fig. 5C)
had an intact seatbelt over the NADP-αKG adduct (Fig. 7B), suggesting
that a fully closed conformation of αKG-bound R132Q is possible if the
nicotinamide ring of NADP(H) is stabilized in some way, such as via
adduct formation. Interestingly, HDX-MS dynamics showed seatbelt
formation was associated with an increase in deuterium uptake, with
the α11 helix, which contains the seatbelt-forming R314 residue, being
more protected in the αKG-bound R132Q and R132H (seatbelt-lacking)
complexes relative to the ICT-boundWT andR132Q (seatbelt-forming)
complexes (Fig. 6). We note that all of these mutant structures (both
R132H and R132Q) describe mutant:mutant homodimers; as these

Fig. 6 | Deuterium uptake by IDH1 WT, R132Q, and R132H in helices bounding
the substrate binding pocket. Deuterium uptake is shown as a gradient from red
(high uptake) to blue (low uptake). A Deuterium uptake by IDH1 WT, R132Q, and
R132H upon no ligand treatment. These HDX-MS data were overlaid on NADP(H)-
only bound forms of WT13 in all three cases, as the αKG helix was disordered in the
NADP(H)-only bound forms of IDH1 R132Q andR132H30.BDeuteriumuptake byWT
and R132Q upon treatment with NADP+ and ICT, and by IDH1 R132Q and R132H

upon treatment with NADPH and αKG. These HDX-MS data were overlaid on
WT:NADP(H):ICT:Ca2+ 13, R132Q:NADP(H):ICT:Ca2+ and R132Q:NADP(H):αKG:Ca2+, or
R132H:NADP(H): αKG:Ca2+ 14. C Deuterium uptake by IDH1 WT and R132Q upon
treatmentwithNADP+, ICT, andCa2+, andby IDH1R132Q andR132Hupon treatment
with NADPH, αKG, and Ca2+. These HDX-MS data were overlaid on the structures
described in (B).
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mutations are found heterozygously in patients, a possibility exists for
WT:mutant heterodimers, which could result in still different struc-
tural features and conformations. Overall, multiple conformations
were possible with αKG-containing R132Q structures, including those
associated with fully closed forms.

R132Q accommodates multiple NADP-containing adducts
In addition to the NADP-αKG adduct, we encountered an NADP-tris(2-
carboxyethyl)phosphine (NADP-TCEP) adduct when attempting to
crystallize ICT-bound R132Q (Fig. 5E, Supplementary Fig. 11). There
may be catalytic relevance to these adducts since the TCEP and αKG
carboxylates helped coordinate Ca2+ and maintained many hydrogen
bonds in their respective active sites, though themetal ion was slightly
shifted to accommodate these adducts (Supplementary Figs. 10, 12).
All TCEP and αKG adducts appeared as hybrids between the semi-
closed, αKG-bound and fully closed, ICT-bound R132Q complexes
(Supplementary Table 1). In general, oneNADP-αKGadduct-containing

monomer (Fig. 5C) aligned well to the fully closed ICT-bound R132Q
structure in all regions except the clasp domain, where the adducted
monomer was shifted towards the dimer interface and the β9 strand
wasmore intact (Fig. 5, Supplementary Fig. 10). As further evidence of
its fully closed conformation, this NADP-αKG adduct-containing
monomer also had an intact seatbelt (Fig. 7B).

To better understand how these adducts were forming, we per-
formed density functional theory (DFT) calculations for model NADP-
TCEP and NADP-αKG adducts (Supplementary Tables 2 and 3), which
suggested that adduct formation would not occur if not for the con-
straining environment of the crystal structure. We considered an
alternative possibility that the R132Q active site favored adduct for-
mation and binding. If the NADP-TCEP adduct could form in the R132Q
active site, it would act as a competitive inhibitor. Thus, we treated
R132Q with varying concentrations of three reducing agents (TCEP,
dithiothreitol (DTT), and β-mercaptoethanol (BME)) to determine the
effects of conventional reaction catalysis (Supplementary Fig. 13,

Fig. 7 | Hydrogen bond network facilitates a “seatbelt” that overlays NADP(H)
in only somequaternary structuresof IDH1.AUnlike the binary structureof IDH1
WT13 and quaternary structure of G97D:NADP(H):αKG:Ca2+14, the quaternary IDH1
WT complex13 forms a seatbelt over the NADP(H). B Binary R132Q:NADP(H) and
quaternary R132Q:NADP(H):αKG:Ca2+ structures do not form a seatbelt, while

R132Q:NADP(H):ICT:Ca2+ and the most closed conformation of R132Q:NADP-
αKG:Ca2+ form a seatbelt. C No seatbelt is formed in the binary R132H:NADP(H),
ternary R132H:NADP(H):ICT, or quaternary R132H:NADP(H):αKG:Ca2+ structures of
IDH1 R132H14,30.
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Supplementary Table 4). Dose-dependent inhibition of R132Q catalysis
was profound with TCEP, while DTT and BME had minimal effects.
More modest, though notable effects on catalysis were also observed
when challenging WT with the highest concentration of TCEP tested
(10mM, Supplementary Fig. 14). Together, these results support the
hypothesis that adduct formation occurred outside of the non-
physiologically-relevant crystal packing environment, with the
adducts mimicking αKG binding, ICT binding, or transition between
the two.

As these adduct-containing structures showed hybrid binding
features of αKG and ICT, we wondered if transition state features
could be extrapolated. Here, the nicotinamide ring of the adduct lent
an interesting clue. Calculations suggested that the nicotinamide
ring is likely planar in the oxidized form34,35. During NADP+ activation
for hydride transfer, the enzyme is predicted to distort the nicoti-
namide ring to form a puckered transition state as a partial positive
charge on C4N develops34–36 (Supplementary Fig. 15). NAD(P)-
adducts with reducing agents have been reported previously,
including with TCEP37 and DTT38, and were found to have a more
puckered nicotinamide ring, reminiscent of a transition state.

Here, unlike the planar ring observed in our non-adducted forms of
NADP(H) (R132Q:NADP(H):ICT:Ca2+), both the αKG- and TCEP-
containing NADP-adducts showed a more puckered nicotinamide
ring (Supplementary Fig. 12, Supplementary Table 3), suggestive of a
transition-state-like conformation.

In summary, we highlight discrete catalytic and structural features
among two tumor-relevant IDH1 mutants, with the R132Q mutant
serving as an invaluable tool to probe the journey through substrate
turnover of two reactions that typically cannot be performed by the
same enzyme. Together, our kinetics experiments and static and
dynamic structural data suggested that substrate binding and con-
formational changes associated with the conventional and the neo-
morphic reactions have distinct paths through turnover that can be
described in terms of differences in substrate affinity, substrate bind-
ing site location, solvent accessibility, and propensity for conforma-
tional activation and active site remodeling (summarized in Fig. 8).
IDH1 R132Q’s accommodation of catalytically-relevant adducts, per-
haps due to its active site appearing better optimized for catalysis
compared to R132H, illuminate snapshots of substrate and substrate
analogs in varying degrees of catalytic readiness.

Fig. 8 | Conformations and solvent accessibility of IDH1WT, R132Q, and R132H
upon substrate binding. Helices displaying profound differences in alignment of
the three forms of IDH1 are highlighted. The seatbelt feature is indicated on the α11
and α9 helices. A Binary WT:NADP(H)13 collapses to a closed conformation upon
ICT binding, though moderate levels of deuterium exchange are still permitted.
B Binary R132Q:NADP(H) collapses to a closed conformation upon ICT binding,
showing improved catalytic efficiency for the conventional reaction and lower
deuterium uptake compared to R132H. However, catalytic activity is much lower

compared to WT. C Binary R132H:NADP(H)30 collapses to a fully closed con-
formation only upon αKG binding14, but a seatbelt is not formed and deuterium
uptake remains high. D Binary R132Q:NADP(H) forms semi-closed and closed
conformations upon binding αKG and NADP-αKG, respectively, with a seatbelt
successfully formed in the closed state in some of our crystallographic snapshots.
The αKG binding site was shifted away from the α9 helix, though catalytic activity
was much higher than that seen in R132H.
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Discussion
Kinetic, HDX-MS, and crystallography experiments revealed funda-
mental differences in the catalytic mechanisms of WT and tumor-
relevant IDH1 mutants (Fig. 8). We were surprised to identify adducts
binding to and, in the case of the TCEP adduct, inhibiting R132Q.While
wedonot expect this adduct to formunder physiologically conditions,
our experimentsmeasuring reducing agent inhibitionwere supportive
of the possibility of these adducts representing catalytically mean-
ingful conformations. Determining that the NADP-TCEP adduct was
competitive with ICT was unsurprising as the TCEP portion of the
adduct mimicked features of ICT binding to R132Q (Supplementary
Fig. 12). While this experiment itself does not differentiate whether the
adduct formsoutside the protein and thenbinds, orwhether the active
site pocket drives adduct formation, our DTT experiments may sup-
port a model where the enzyme drives adduct formation. NADP-DTT
adducts have been previously reported with yeast xylose reductase38.
While DTT has some similar structural features compared to ICT, it
does not recapitulate the carboxylates that the TCEP and αKG adducts
contain. These adducts preserved many polar contacts that non-
adducted NADP(H) and ICT form with Ca2+ and active site residues.
Further supportive of this adduct being distinct to R132Q, and thus
perhaps formed with the help of this enzyme, TCEP was much less
effective at inhibiting WT (Supplementary Fig. 14). This work also
highlights a liability for using TCEP as a reducing agent in kinetic and
structural studies on dehydrogenases, as adduct formation with
NAD(P)+ may complicate structure/function analysis.

We reported previously that IDH1 R132Q has distinct catalytic
profiles for the conventional and neomorphic reactions compared to
more common tumor-driving IDH1 mutants (R132H, R132C)21,22.
Though both mutations retain a polar amino acid, a mutation to a
glutamine versus a histidine would be expected to be less disruptive
due to a more similar size and shape relative to arginine, though it is
unsurprising that WT is far more efficient at catalyzing the conven-
tional reaction than the mutants since R132 coordinates the C3 car-
boxylate of ICT3,13. As neither mutant can directly participate in this
coordination with ICT, we asked why the conventional reaction was
more efficient in R132Q thanR132H.We found thatR132Qemployed an
active site water that mitigated the loss of hydrogen bonding to ICT
resulting from the R to Qmutation by imperfectlymimicking the polar
interactions with the substrate normally afforded by R132 (Supple-
mentary Fig. 16). Despite the shifting of the αKG binding site, we
noticed a similar compensatory mechanism in our αKG-bound R132Q
structure, with a water molecule again recapitulating these polar
interactions. Here, however, the water molecule did not appear to
hydrogen bond with the substrate. Instead, a second water molecule
was found at the same location as the Ca2+ ion in the quaternary ICT-
boundWT IDH1 structure (Supplementary Fig. 16A), whichpresumably
helped stabilize the αKG substrate in R132Q. We previously reported
the importance of water molecules in facilitating mutant IDH1
inhibition31, and this current work highlights the importance of water
in substrate binding by providing a possible mechanism by which
R132Q is more catalytically efficient compared to R132H.

In addition to affecting catalysis, the α10 regulatory segmentmay
serve as a selectivity filter formutant IDH1 inhibitor binding39. We have
shown previously that selective mutant IDH1 inhibitors bind poorly to
R132Q, with IC50 profiles consistent with WT rather than R132H22. We
predicted that a more stable α10 regulatory segment in
R132Q:NADP(H) drove this resistance. However, here we found that
while this unfolded loop indeed had stronger electron density com-
pared to R132H:NADP(H)30, it still appeared less stable than the par-
tially folded features of WT:NADP(H)13. We now believe that the more
activated, quaternary-like state of the binary R132Q:NADP(H) complex
helped drive inhibitor resistance. In this complex, regions including
the α11 and α4 helices were shifted inwards, with R132Q experiencing
less deuterium uptake (Fig. 8). Using compound 24 as a prototypical

selective mutant IDH1 inhibitor40, the small increase in the stability of
the α10 regulatory segment in R132Q did not appear to have much
effect on inhibitor binding (Fig. 9A). Instead, our alignments showed
residues 111-121 in the inhibitor binding pocket, which form a loop
between the β4 and β5 strands, likely had a larger role in the loss of
affinity towards inhibitors for R132Q.While this region accommodated
the inhibitor in the R132H:NADP(H) complex (Fig. 9D), these residues
interfered with inhibitor binding to R132Q:NADP(H) (Fig. 9C). Inter-
estingly, unlike in R132Q, these residues didn’t appear to preclude
inhibitor binding in WT:NADP(H) (Fig. 9E). Thus, while the α10 reg-
ulatory segment likely precludes inhibitor binding inWT, residues 111-
121 perform this function in R132Q (Fig. 9A). Thus, the essentially
kinetically identical inhibitory characteristics of WT and R132Q22

develop through two very different mechanisms. Importantly, as this
loop would not have been readily apparent as a selectivity gate when
only examining the WT structure, it is only through our
R132Q:NADP(H) structure that we were able to identify a possible
resistance strategy and selectivity handle.

Whilemucheffort has been devoted to understanding the distinct
catalytic and structural features of IDH1 WT versus R132H, our dis-
coveryof the unusual kinetic properties of theR132Qmutant allowed a
valuable opportunity to establish the static and dynamic structural
adjustments required to maintain conventional and neomorphic
activities within the same active site. Compared to R132H, our findings
show that the R132Q binding pocket and surrounding areas are better
primed for substrate binding and hydride transfer steps. Rather than
simply acting as a hybrid of WT and R132H, R132Q employed distinct
strategies to yield improved catalytic parameters for both ICT andαKG
turnover as compared to R132H. These structural and dynamic dis-
coveries not only highlightmechanistic properties of important tumor
drivers, but also identify regions that may serve as selectivity handles
when designingmutant IDH1 inhibitors requiring increasing selectivity
or optimization against resistance mutants.

Methods
Reagent and tools
Dithiothreitol (DTT), isopropyl 1-thio-β-D-galactopyranoside (IPTG),
Triton X-100, α-ketoglutaric acid sodium salt (αKG), DL-isocitric acid
trisodium salt hydrate, and magnesium chloride (MgCl2) were
obtained from Fisher Scientific (Hampton, NH). BME was obtained
from MP Biomedicals (Santa Ana, CA). β-Nicotinamide adenine dinu-
cleotide phosphate reduced trisodium salt (NADPH), β-nicotinamide
adenine dinucleotide phosphate disodium salt (NADP+) and tris(2-
carboxyethyl)phosphine) (TCEP) was purchased fromMillipore Sigma
(Burlington, MA). Nickel-nitrilotriacetic acid (Ni-NTA) resin was
obtained from Qiagen (Valencia, CA). Stain free gels (4–12%) were
obtained from Bio-Rad Laboratories (Hercules, CA). Protease inhibitor
tablets were obtained from Roche Applied Science (Penzberg, Ger-
many). Phenylmethylsulfonyl fluoride (PMSF) salt was purchased from
Thermo Scientific (Waltham, MA).

Purification of IDH1 WT and mutant
The E. coli BL21 Gold DE3 strain was used for all protein expression.
Human IDH1WT, R132H, andR132Qhomodimerswere expressed from
a pET-28b(+) plasmid in E. coli BL21 Gold DE3 cells. The R132Q con-
struct was made in the WT IDH1 background using site-directed
mutagenesis with the following primers: forward primer,
5-GTTAAACCGATCATTATTGGTCAGCATGCCTATGGTGATCAGTATC;
reverse primer, 5-GATACTGATCACCATAGGCATGCTGACCAATAAT
GATCGGTTTAAC. As described previously21, incubation in 0.5-1 L of
terrific broth with 30 µg/mL of kanamycin (37 °C, 200 rpm) occurred
until reaching an A600 of 0.9–1.2. Protein expression was induced with
1mM IPTG after briefly cooling to 25 °C. Following 18 h of incubation
(19 °C, 130 rpm), cell pellets were harvested and resuspended in lysis
buffer (20mMTris pH 7.5 at 4 °C, 500mMNaCl, 0.1%NaCl, 0.1% Triton
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X-100, and a protease inhibitor tablet), and cells were lysed using
sonication. Crude lysateswereclarified via centrifugation (12,000 rpm,
1 h, 4 °C). Lysate was loaded on to a pre-equilibrated Ni-NTA column
and washed with 150mL of wash buffer (20mM Tris pH 7.5 at 4 °C,
500mM NaCl, 15mM imidazole, 5mM BME), and protein was eluted
with elution buffer (50mM Tris pH 7.5 at 4 °C, 500mM NaCl, 500mM
imidazole, 5% glycerol, 10mMBME). Protein was dialyzed overnight in
50mMTris pH 7.5@ 4 °C, 100mMNaCl, 20% glycerol, and 1mMDTT,
and >95% purity was ensured via SDS-PAGE analysis. Finally, IDH1
protein was flash-frozen using liquid nitrogen and stored at −80 °C. All
kinetic analysis was performed <1 month from cell pelleting.

For pre-steady-state kinetics and HDX-MS experiments, protein
was loaded onto a pre-equilibrated (50mM Tris-HCl 7.5 at 4 °C and
100mMsodium chloride) Superdex 16/600 size exclusion column (GE
Life Sciences, Chicago, IL) following Ni-NTA affinity chromatography
to remove any protein aggregates. Proteinwas elutedwith 50mMTris-
HCl pH 7.5 at 4 °C, 100mM NaCl, and 1mM DTT. The fractions were
pooled and concentrated for use in pre-steady-state experiments, or
pooled and dialyzed in Tris-HCl pH 7.5 at 4 °C, 100mM NaCl, 20%
glycerol, and 1mM DTT and used immediately for HDX-MS analysis32.
For R132Q X-ray crystallography experiments, two 1 L cultures of ter-
rific broth supplemented with 50μg/ml of kanamycin were incubated
at 37 °C and 180 rpm until an A600 of 0.4 was reached. Cultures were
removed and placed onto stir plates and allowed to cool to 25 °C.
Expressionwas inducedwhen cultures reached anA600 of 0.8–1.0 with
1mM IPTG and incubated for an additional 16–18 h. Cell pellets were
harvested and resuspended in lysis buffer (20mM Tris pH 7.5 at 4 °C,
500mM NaCl, 0.2% Triton X-100, 5mM imidazole, 1mM PMSF, and
5mM BME). Following cell lysis via sonication, crude lysate was clar-
ified via centrifugation at 14,000× g for one hour. The lysate was

loaded on to a pre-equilibrated Ni-NTA column. The column was
washed with 100mL of wash buffer (20mM Tris pH 7.5 at 4 °C,
500mM NaCl, 15mM imidazole, 5mM BME). Protein was eluted using
elution buffer (50mM Tris pH 7.5 at 4 °C, 500mM NaCl, 500mM
imidazole, 5% glycerol, 10mM BME). For the NADP(H)-stripped
experiments, all required substrates for catalysis for the reverse (WT
required MgCl2, αKG, and bicarbonate) and neomorphic (R132H and
R132Q required MgCl2 and αKG) reactions were added to the Ni-NTA
affinity column-bound IDH1 to convert any tightly binding NADPH to
NADP+, followed by extensive column washing to remove the more
weakly bound NADP+ as described in previous work14. In all cases,
eluted protein was loaded onto a HiPrep 26/10 desalting column (GE
Healthcare) containing 25mM Tris pH 7.5 at 20 °C, 500mM NaCl,
5mM EDTA, 2mM DTT, and placed on ice overnight to remove any
remaining metals from purification. Fractions containing IDH1 were
concentrated (MilliPore Amicon Ultra 15 30 kDa NMWL concentrator)
and loaded onto a Superdex 26/600 (GE Healthcare) pre-equilibrated
with 20mM Tris pH 7.5 at 20 °C, 200mM NaCl, and 2mM DTT. Frac-
tions containing pure IDH1 were pooled and concentrated to a final
concentration of 14–20mg/mL, flash frozen using liquid nitrogen, and
stored at −80 °C. In all cases, the purity of the protein (>95%) was
confirmed using SDS-PAGE analysis.

Molecular graphics images
Structure figures were prepared using PyMOL v. 2.5.541.

Kinetics assays
Tomeasure steady-state activity of homodimerWT, R132H, andR132Q,
onlyminormodifications weremade fromprevious studies21,22. For the
conventional reaction (ICT to αKG), IDH1 buffer (50mM Tris HCl pH

Fig. 9 | Possible mechanisms of IDH1 R132Q selective mutant IDH1 inhi-
bitor resistance. We have reported previously that IDH1 R132Q binds selective
mutant IDH1 inhibitors poorly. A A previously solved structure of a selective IDH1
R132H inhibitor (6O2Y)40 was aligned to WT13, R132H30, and R132Q binary

complexes. In (B–E), residues A111-V121 are shown as a surface. B The structure of
the inhibitor bound to a R132H:NADP(H) complex40. Residues A111-V121 in
R132Q:NADP(H) (C) and in WT:NADP(H) (D) obstruct the inhibitor binding pocket.
E The inhibitor could be accommodated in the structure of R132H:NADP(H)30.
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7.5 at 37 °C, 150mM NaCl, 10mM MgCl2, 1mM DTT) and homodimer
IDH1 (100nM IDH1 WT, or 200 nM IDH1 R132H and R132Q), as well as
various concentrations of ICT and 200 µM NADP+ were preincubated
separately for 3min at 37 °C. Following addition of substrates at 37 °C,
the increaseof absorbanceat 340 nmdue toproductionofNADPHwas
monitored using an Agilent Cary UV/Vis 3500 spectrophotometer
(Santa Clara, CA). For the neomorphic reaction (αKG to D2HG), IDH1
buffer and homodimer mutant IDH1 (200nM) as well as various con-
centrations of αKG at pH 7.5 and 200 µM NADPH were separately
preincubated for 3min at 37 °C. Following addition of substrates at
37 °C, the decrease of absorbance at 340 nm due to consumption of
NADPH was monitored. As described previously21,22, the kinetic para-
meters, which were obtained using two or three individual protein
preparations (biological replicates), were determined by plotting the
slope of the linear range of the change in absorbance over time. The
change in absorbance was converted to nanomolar NADPH using the
molar extinction coefficient for NADPHof 6.22 cm−1 mM−1 to determine
kobs (i.e. nM NADPH/nM enzyme s−1) at each substrate concentration.
Each kobs was fit to the Michaelis-Menten equation using Graphpad
Prism v.10 to calculate kcat and Km, and technical replicate points are
indicated.

For the reducing agent inhibition steady-state studies, the con-
ventional reaction conditions described above were repeated except
one of three reducing agents (DTT, TCEP, or BME) were added at
varying concentrations during the pre-incubation step with the
enzyme before substrates were added. Here, three protein prepara-
tions were used (biological replicates), with each point representing a
single technical replicate. Upon obtaining Michaelis-Menten plots at
various reducing agent concentrations, the inverse of both kobs and
substrate concentration were plotted in Lineweaver-Burk analysis.

Single-turnover, pre-steady-state kinetic assays were performed
for the neomorphic reaction at 37 °C using an RSM stopped-flow
spectrophotometer (OLIS, Atlanta, GA). For the neomorphic reaction,
hydride transfer (NADPH to NADP+ conversion) was monitored as a
change in fluorescence as a function of time via measuring the
depletion of NADPH signal by exciting the sample at 340 nm and
scanning the emission spectrum from 410 to 460 nm. Final con-
centrations after mixing were as follows: 40 µM IDH1 R132Q or R132H,
10 µMNADPH, 10mM αKG (IDH1 R132H) or 0.5mM αKG (IDH1 R132Q),
50mM Tris-HCl (pH 7.5 at 37 °C), 150mM NaCl, 0.1mM DTT, and
10mMMgCl2. The change in fluorescence as a function of time was fit
to a single exponential equation (Y =A0e

-kt) using Graphpad Prism to
obtain kobs. For IDH1 R132H, a higher concentration of αKG (20mM)
was used since 1mM αKG showed an initial lag.

Single turnover pre-steady-state kinetics were also performed for
the conventional reaction at 37 °C to obtain rate constants associated
with steps after NADP+ binding through hydride transfer using an RSM
stopped-flow spectrophotometer. NADPH formation as a function of
time was similarly monitored by exciting at 340nm and scanning the
emission spectrum from 410 to 460nm. Final concentrations after
mixing were as follows: 30 µM IDH1 WT or R132Q, 10 µM NADP+,
0.5mM ICT (IDH1 WT) or 1mM ICT (IDH1 R132Q), 50mM Tris-HCl (pH
7.5 at 37 °C), 150mMNaCl, 0.1mMDTT, and 10mMMgCl2. The change
in fluorescence as a function of time was fit to a single exponential
equation (Y = A0e

−kt) using Graphpad Prism and kobs values were
obtained.

Rates associated with NADPH binding corresponding to the first
step of the catalytic cycle for the neomorphic reactionwereperformed
using an RSM-stopped flow spectrophotometer (OLIS, Atlanta, Geor-
gia). However, due to low sensitivity of our stopped-flow spectro-
photometer, the concentrations of NADPH and IDH1 were increased,
which in the case of IDH1WT led to rates too fast to be detected by our
instrument (≤100 s−1). Therefore, glycerol (40%) and temperature
(10 °C) were used to slow NADPH binding rates to IDH1. NADPH
binding as a function of timewasmonitored by exciting at 340 nm and

scanning the emission spectrum from 410 to 460 nm. Final con-
centrations after mixing were as follows: 4 µM IDH1, varying con-
centration of µM NADP+, 100mM Tris-HCl pH 7.5, 150mM NaCl,
0.1mM DTT, 10mM MgCl2, and 40% glycerol. The change in fluores-
cence as a function of time was fit to a single exponential equation
(Y =A0e

−kt) using Graphpad Prism, and kobs values were obtained and
plotted as a function of NADPH concentration using the equation
kobs = k1[NADPH] + k-1. This yielded a linear graph indicating one-step
binding, with the slope equal to k1 and the Y-intercept equal to k-1,
though the Y-intercept slope was too high to do so reliably. For all pre-
steady-state kinetics experiments except NADPH binding measure-
ments, a single protein preparation was used with each trace repre-
senting an average of 4 technical replicates. For NADPH binding, 10
technical replicates were averaged. This work described here based on
previously described experiments14.

Isothermal titration calorimetry (ITC) experiments were con-
ducted at the Sanford Burnham Prebys Protein Production and Ana-
lysis Facility using a Low Volume Affinity ITC calorimeter (TA
Instruments). For NADPH titrations, experiments were performed at
25 °C in 20mM Tris pH 7.5, 100mM NaCl, 10mM MgCl2, and 2mM
BME, injecting 0.25mM NADPH into the cell containing 0.025mM for
IDH1 WT, 0.025mM or 0.04mM IDH1 R132H; and injecting 0.15mM
NADPH into the cell containing 0.034mM or 0.026mM IDH1 R132Q.
For ICT titrations, experiments were performed at 25 °C in 20mMTris
pH 7.5, 100mM NaCl, 10mM CaCl2, and 2mM BME, injecting 0.6mM
ICT into the cell containing 0.12mM IDH1 R132Q or 0.13mM IDH1
R132H. Baseline control experiments were performed by injecting the
ligand into a cell with buffer only. In all cases, ITC data were analyzed
using the Nanoanalyze software package by TA Instruments.

HDX-MS data collection and analysis
HDX-MS data collection and analysis was performed at the Biomole-
cular and Proteomics Mass Spectrometry Facility (BPMSF) of the Uni-
versity California San Diego using a Waters HDX-1 system which
consists of a Leap PAL HTX-xt dual pipette autosampler controlled by
HDxDirector software (v1.0.4.0) (Leap Technologies Inc, Carrboro,
NC), which manages sample preparation for injection into a Waters
UPLC HDX Manager temperature-controlled (0.1 °C) LC box
(v1.50.1314), with solventmanagement by the combination of aWaters
nanoAcquity UPLC Auxillary Solvent Manager (v1.50.2601) and a
Waters nanoAcquity UPLC Binary Solvent Manager (v1.50.1327) deli-
vering the sample into the Lockspray ESI source of aWaters Synapt G2-
Si (UEA) quadrupole time-of-flight mass spectrometer, all Waters
instruments being controlled by MassLynx 4.1 SCN917 (Waters Cor-
poration, Milford, MA). Experiments were performed as previously
described, using a sample of IDH1 WT without substrates to be ana-
lyzed alongside every experiment to allow direct experiment to
experiment comparisons32,42. Deuterium exchange reactions were
conducted using a Leap HDX PAL autosampler (Leap Technologies,
Carrboro, NC). The D2O buffer was prepared by lyophilizing sample
buffer (50mM Tris buffer at pH 7.5 at 4 °C, 100mM NaCl, and 1mM
DTT) either alone (IDH1:NADP(H) condition) or with the following
ligands: for the conventional reaction experiments, IDH1 WT and
R132Q were treated with 0.01mM NADP+ and 10mM ICT (ternary
complexes), or with 0.1mM NADP+, 10mM ICT, and 10mM CaCl2. For
the neomorphic reaction experiments, IDH1 R132Q and R132H were
treated with 0.1mM NADPH and 10mM αKG (ternary complexes), or
with 0.1mM NADPH, 10mM αKG, and 10mM CaCl2 was also included
(quaternary complexes). The buffer was first prepared in ultrapure
water, lyophilized, and then redissolved in an equivalent volume of
99.96% D2O (Cambridge Isotope Laboratories, Inc., Andover, MA) just
prior to use. Deuterium exchange measurements were performed in
triplicate for every time point (in the order of 0min, 0.5min, 1min,
2min, 5min); each run took ~30min to complete, including a blank run
to ensure no carryover from run to run. Samples were prepared
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~30min prior to experimental setup and stored at 1 °C until dispensing
into reaction vials at the start of the reaction, resulting in samples that
were exposed to their substrates for between 2 h (0.5min timepoint)
and 7.5 h (last replicate of the 5min timepoint) at 1 °C. IDH1 proteins
were diluted to 5 µM in MS vials, to which the appropriate concentra-
tion of substrate(s) was added as indicated above (final volute of
150 µM), and this sample was placed in the 0.1 °C tray of the Leap
autosampler. Sample (4 µL) alone or with substrate(s) were then
removed by the autosampler from the original vial and transferred to a
25 °C tube in the other block of the autosampler, where they were
equilibrated for 5min at the reaction temperature (25 °C) before
mixingwith either H2O (control) or D2Obuffer (56 µL) for the indicated
times. Fifty µL of the H2O- or D2O-incubated sample was then trans-
ferred to a tube at 1 °C into which 50 µL 3M guanidine hydrochloride
had been pre-aliquoted (final pH 2.66). The sample was incubated for
1min at 1 °C to quench deuterium exchange and denature the protein
prior to injection of 90 µL of the sample into a 100 µL sample loop for
in-line digestion at 15 °C using an immobilized pepsin column
(Immobilized Pepsin, Pierce). Peptides were then captured on a BEH
C18 Vanguard precolumn at 200 µL/min and then separated by ana-
lytical chromatography (Acquity UPLC BEH C18, 1.7 µm 1.0 × 50mm,
Waters Corporation) at 40 µL/min over 7.5min using a 7–85% acet-
onitrile gradient containing 0.1% formic acid. The resultant elutionwas
injected by electrospray into theWaters Synapt G2Si quadrupole time-
of-flight mass spectrometer. Data were collected in the Mobility, ESI+
mode using a mass acquisition range of 200–2000m/z, a scan time of
0.4 s, and the following settings: detector 2950V, source temperature
80 °C, desolvation temperature 175 °C, sample cone 30V, sample cone
gas 50 L/h, desolvation gas 600 L/h, nebulizer gas 6.0 L/h. An infusion
of leu-enkephalin (m/z = 556.277) every 30 s was used for continuous
lock mass correction (mass accuracy of 1 ppm for calibration
standard).

To identify peptides, datawas collectedon themass spectrometer
inmobility-enhanced data-independent acquisition (MSE), mobility ESI
+mode. Peptidemasses were determined from triplicate analyses, and
resulting data were analyzed using the ProteinLynx global server
(PLGS) version 3.0 (Waters Corporation).We identifiedpeptidemasses
using a minimum number of 250 ion counts for low energy peptides
and 50 ion counts for their fragment ions, with the requirement that
peptides had to be larger than 1500Da in all cases. Peptide sequence
matches were filtered using the following cutoffs: minimum products
per amino acid of 0.2, minimum score of 7, maximum MH+ error of 5
ppm, and a retention time RSD of less than 5%. To ensure high quality,
we required that all peptides were present in two of the three experi-
ments. After identifying peptides in PLGS, we then used DynamX 3.0.0
data analysis software (Waters Corporation) for peptide analysis. Here,
relative deuterium uptake for every peptide was calculated via com-
parison of the centroids of the mass envelopes of the deuterated
samples with non-deuterated controls per previously reported
methods43, and used to obtain data for coverage maps. Data are
represented as mean values +/− SD of the three technical replicates
due to processing software limitations, but we note that the LEAP
autosampler robot provides highly reproducible data for biological
replicates. Back-exchange was corrected for in the deuterium uptake
values using a global back exchange correction factor (typically ~25%)
determined from the average percent exchange measured in dis-
ordered termini of varied proteins44 and validated through examina-
tion of highly disordered IDH1 peptides, with adjustment for slight
differences in each experiment via comparison of the IDH1WTwithout
substrate control included in each experimental set. Given the very
short run time (7min total, 4minwindowof peptide elutions), wehave
previously determined that a global correction based on fully exposed
peptides suffices for back exchange correction45. Significance among
differences in HDX data points was assessed using ANOVA analyses
and t tests (p value cutoff of 0.05) within DECA (v 116)45 to determine a

minimum significant difference of 0.25Da for all peptides, as reported
in the compliance table (Supplementary Table 5, Supplementary
Fig. 19). Individual peptides of interest were compared via t-test of
bound versus apo IDH1 using DECA45 to validate significance. We
generated deuterium uptake plots in DECA [github.com/komiveslab/
DECA]45, with data plotted as deuterium uptake (back exchange-cor-
rected) versus time. Deuterium uptake plots show the maximum
possibledeuteriumuptake on the y axis, which is preferable to plotting
the percent uptake or percent difference because it accounts for the
size of the peptide. An HDX-MS data summary table is shown in Sup-
plementary Table 5, and additional data are provided in Supplemen-
tary Data 1, 2, and 3.

Crystallization
For the NADP(H)-only bound IDH1 R132Q crystals (PDB 8VHC, PDB
8VH9), enzyme (14–20mg/mL) was incubated on ice with 10mM
NADPH. Crystals of R132Q:NADP(H) were grown via hanging drop
vapor diffusion at 4 °C. 2μL of IDH1 were mixed with 2μL of well
solution containing either 220mMammonium sulfate, 100mMbis-tris
pH 6.5, and 20% (w/v) PEG 3350 (PDB 8VHC), or well solution con-
taining 200mM ammonium citrate tribasic pH 7.0 and 26% (w/v) PEG
3350 (PDB 8VH9). Though both forms aligned very well and appeared
otherwise identical, we feared the citrate buffer could nonetheless
promote more substrate-bound-like features due to its structural
similarity to isocitrate. Thus, the binary structure crystallized in sulfate
was used for all further comparisons and alignments.

IDH1 R132Q crystals containing ICT (PDB 8VHD) were grown by
first incubating the enzyme at 20mg/mL with 10mM NADP+, 10mM
CaCl2, and 200mMDL-isocitric acid at 20 °C for 1 h. Then, 2 µL of IDH1
were mixed with 2μL of well solution containing 100mM bis-tris
propane pH 6.5, 200mM NaI, and 24% (w/v) PEG 3350 and stored at
4 °C. Crystals were harvested using a nylon-loop and cryo-protected
using a solution of 100mM bis-tris propane pH 6.5, 200mM NaI,
26%(w/v) PEG 3350, and 20%(v/v) glycerol. Crystals were flash-frozen
in liquid nitrogen and stored until data collection.

IDH1 R132Q crystals containing αKG and/or αKG-adducts were
generated by incubating enzyme (14–20mg/mL) on ice with 10mM
NADPH, 20mMCaCl2, 75mMαKG Fisher Scientific (Hampton, NH) for
1 h. For the PDB 8VHB structure, crystals were grown at 4 °C via
hanging drop vapor diffusion, where 2μL of IDH1weremixedwith 2μL
of thewell solution containing 200mMNaSCNand 21%(w/v) PEG 3350.
Crystals were cryo-protected using a solution of 20% (v/v) glycerol,
25% (w/v) PEG 3350 and 200mM NaSCN, and flash-frozen in liquid
nitrogen and stored until data collection. For the PDB 8VHA structure,
IDH1 R132Q was incubated at 20 °C with 10mMNADPH, 10mMCaCl2,
10mM αKG, and then crystals were grown at 4 °C by mixing 2μL of
IDH1 R132Q with 2μL of well solution containing 160mM NaNO3 and
20% (w/v) PEG 3350. Crystals were harvested using a nylon-loop and
cryo-protected in a solution containing 22% (v/v) glycerol and 26%
(w/v) PEG 3350.

For IDH1 R132Q crystals containing the NADP-TCEP adduct (PDB
8VHE), enzyme (14–20mg/mL) was incubated on ice with 10mM
NADP+, 20mMCaCl2, and 75mMDL-isocitric acid for 1 h. Crystals were
grown at 4 °C via hanging drop vapor diffusion, with 1.5μL of IDH1
mixed with 1.5μL of well solution containing 200mMKSCN, 24% (w/v)
PEG 6000, and 5mM TCEP pH 7.4.

Data collection, processing, and refinement
Data were collected at 100K using synchrotron radiation at the
Advanced Photon Source, beamline 24-ID-E or at the Stanford Syn-
chrotron Radiation Lightsource, beamline BL12-2. All datasets were
processed with XDS v6/30/2346. Structure solutions were obtained by
molecular replacement using PHASER-MR in Phenix 1.247,48. For αKG
and/or αKG-adducts (PDB 8VHB, PDB 8VHA), isocitrate (PDB 8VHD),
andNADP-TCEP (PDB 8VHE) co-crystals, PDB ensembles of PDB 1T0L13,
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PDB 4KZO14, and PDB 6PAY26 were used for molecular replacement by
generating ensembles using Phenix Ensembler47,48. For IDH1 R132Q apo
structures, PDB 1T0913 and PDB 4UMX49 were used as search models.
The models were optimized via iterative rounds of refinement in
Phenix Refine and manual rebuilding in Coot 1.150,51. Ligand restraints
were generated in Phenix eLBOW47,48. Data collection and refinement
statistics are summarized in Supplementary Table 6, a stereo-image of
the electron density maps for each structure reported here are shown
in Supplementary Fig. 17, and mFo-DFc omit maps contoured at
3 sigma for all ligands are shown in Supplementary Fig. 18.

Calculations
Density functional theory (DFT) calculations52 were carried out to
model the NADP-TCEP binding energetics and geometry using the
Gaussian 16 vC.01 suite of programs53. The NADP+ was modeled as the
nicotinamide ring plus a pendant dihydroxy furan to represent the
sugar. The model NADP+ and NADP-TCEP adduct were each given a +1
charge. To better model the effects of the solvent, three explicit water
molecules were included in calculations on the adducts, distributed at
the likeliest sites for hydrogen bonding. The B3LYP54, ωB97XD55, and
M0656 hybrid functionals were used with the cc-pVDZ57,58 and pc-n59,60

basis sets, with the latter obtained from the online Basis Set
Exchange61. In all of these calculations, implicit solvation was applied
using the COSMO model with water as the solvent62,63 and empirical
dispersion was added using the D3 version of Grimme’s dispersion
along with Becke-Johnson damping64,65. This treatment of solvation
effectively models the species as though they were in solution rather
than crystalline form. Harmonic frequency analysis was carried out to
obtain the vibrational corrections needed to calculate the free ener-
gies. Finally, because basis set superposition error can be substantial
relative to intermolecular bond energies, the counterpoise correction
was applied to our final energies of reaction66,67. The transition state
(TS) for the TCEP +NADP+ binding was identified and confirmed by
analysis of the single imaginary vibrational frequency. The DFT cal-
culations for themodel NADP-TCEP adduct predicted values of 25° for
ΔθC and −11° for ΔθN, where the experimental values in the X-ray
structure were ΔθC = 29.2° and ΔθN = −1.1° (Supplementary Table 2).
For theNADP-αKG adduct, agreementwas similar, withDFT predicting
ΔθC = 29° and ΔθN = −14° as compared to ΔθC = 25° and ΔθN = −25° in
the X-ray structure (Supplementary Table 2). The binding was ener-
getically favored, and appeared to occur without barrier when vibra-
tional effects were included, with a calculated binding energy of
9.4 kcalmol−1 at 298 K. However, the calculated free energies indicated
that in solution, the entropy decrease would preclude spontaneous
binding. Quenching the translational entropy of the species in the
crystal may be what allowed the process to occur. We noted that the
counterpoise corrections to the transition state and adduct energies
were essential, havingmagnitudes of 7–8 kcalmol−1 and comparable to
the uncorrected energy differences.

For the dihedral angles, the deviation from planarity Δθ of the
NADP pyridine ring in the adduct was reported using the average of
two dihedral angles. Numbering the carbon atoms in the ring by con-
ventionas shown in Supplementary Fig. 15, theC-P bond inNADP-TCEP
formed at atom 4. The positions of the N atom 1 and the opposite C
atom 4 are referenced to the plane defined by the roughly coplanar
atoms 2, 3, 5, and 6. The average of the dihedral angles 2-3-5-4 and 6-3-
5-4 (Supplementary Fig. 15) was subtracted from 180° to yield ΔθC as a
metric for the deviation from planarity of C4, while the average of 3-2-
6-1 and 5-2-6-1 subtracted from 180° is used to calculate ΔθN for N1. A
sign convention was applied such that if ΔθC and ΔθN had the same
sign, the two corners of the ring bend away each other in chair fashion,
whereas opposite signs indicate a boat-like conformation. Comparison
of the results from the different functionals and basis sets showed very
little difference in the geometry. Optimized geometries obtained with

the pc-2 basis set on a smaller geometry (omitting sugar and explicit
waters) were not significantly different from those obtained with pc-1,
so we chose to report the B3LYP/pc-1 results here, with the sugar and
explicit waters included (Supplementary Table 2). An additional geo-
metry optimizationwas run on theNADP-αKG adductwith two explicit
waters and a -2 charge, employing the aug-pc-1 basis set59,68 to obtain
the diffuse functions necessary to adequately model anions.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Crystallographic data and protein structure coordinates have been
deposited with the Protein Data Bank (PDB) public repository: PDB
8VHC; PDB 8VH9; PDB 8VHD; PDB 8VHB; PDB 8VHA; and PDB 8VHE.
Previously solved structures are also available: PDB 1T0L13, PDB
4KZO14, and PDB 6PAY26. Output files from the computational work
are available at the ioChem-BD database [https://doi.org/10.19061/
iochem-bd-6-320]. HDX-MS data can be found at the MassIVE
FTP server [https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?task=
d24eb2fc5c0a4a2d9437dc1598212530]. Supplementary Information
is included with Supplementary Figs. and Tables. Supplementary
Data 1–3with additionalHDX-MSdata are also included. Source Data is
also included. Additional information and requests for resources and
reagents should be directed for fulfillment by the corresponding
author Christal D. Sohl (csohl@sdsu.edu). Source data are provided
with this paper.

Code availability
Deuterium uptake plots were generated using DECA, which can be
accessed using the following link: github.com/komiveslab/DECA. For
more details on the development of this code, please see the accom-
panying reference45.
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