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Molecular mechanisms of isocitrate dehydrogenase
1 (IDH1) mutations identified in tumors: The role of size
and hydrophobicity at residue 132 on catalytic efficiency
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Isocitrate dehydrogenase 1 (IDH1) catalyzes the reversible
NADP*-dependent conversion of isocitrate (ICT) to a-ketogl-
utarate (aKG) in the cytosol and peroxisomes. Mutations in
IDH1 have been implicated in >80% of lower grade gliomas and
secondary glioblastomas and primarily affect residue 132, which
helps coordinate substrate binding. However, other mutations
found in the active site have also been identified in tumors.
IDH1 mutations typically result in a loss of catalytic activity, but
many also can catalyze a new reaction, the NADPH-dependent
reduction of aKG to p-2-hydroxyglutarate (D2HG). D2HG is
a proposed oncometabolite that can competitively inhibit
aKG-dependent enzymes. Some kinetic parameters have been
reported for several IDH1 mutations, and there is evidence that
mutant IDH1 enzymes vary widely in their ability to produce
D2HG. We report that most IDH1 mutations identified in
tumors are severely deficient in catalyzing the normal oxidation
reaction, but that D2HG production efficiency varies among
mutant enzymes up to ~640-fold. Common IDH1 mutations
have moderate catalytic efficiencies for D2HG production,
whereas rarer mutations exhibit either very low or very high
efficiencies. We then designed a series of experimental IDH1
mutants to understand the features that support D2HG produc-
tion. We show that this new catalytic activity observed in tumors
is supported by mutations at residue 132 that have a smaller van
der Waals volume and are more hydrophobic. We report that
one mutation can support both the normal and neomorphic
reactions. These studies illuminate catalytic features of muta-
tions found in the majority of patients with lower grade gliomas.

Metabolic changes in tumors have been described for nearly
a century (1-3), but only relatively recently have enzymes
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involved in metabolic processes been established as tumor sup-
pressors or oncoproteins. One of the more striking examples of
metabolic enzymes playing a role in tumorigenesis includes
isocitrate dehydrogenase 1 and 2 (IDH1 and IDH2).> These
homodimeric enzymes are responsible for the reversible
NADP"- and Mg**-dependent conversion of ICT to aKG
(Fig. 1A) in the cytosol and peroxisomes (IDH1), or mito-
chondria (IDH2). IDH3 is responsible for the same reaction
within the context of the TCA cycle, although the oxidative
decarboxylation catalyzed by this enzyme is non-reversible
and NAD*-dependent.

Mutations in IDH1 and IDH2 were identified in glioblastoma
multiforme in a large sequencing effort (4), and soon >80% of
adult grade II/III gliomas and secondary glioblastomas were
found to have IDH1 mutations, commonly R132H or R132C
IDHI (5, 6) (reviewed in Refs. 7-9). Subsequently ~10-20% of
acute myeloid leukemias were shown to have primarily IDH2
mutations, typically R140Q or R172K IDH2 (10). Early mecha-
nisms of tumorigenesis focused on deficient conversion of ICT
to aKG (11), suggesting that IDH serves as a tumor suppressor,
in part through altering levels of hypoxia-inducible transcrip-
tion factor-la (12). However, IDH1 and IDH2 mutations
appeared heterozygously in tumors, an unusual feature of a
tumor suppressor. In landmark studies (13—15), the most com-
mon IDH1 and IDH2 mutations were shown to catalyze a neo-
morphic reaction: the Mg®*- and NADPH-dependent reduc-
tion of o KG to D2HG (Fig. 1B). This suggested IDH1 and IDH2
likely encode for oncoproteins. D2HG is proposed to be an
oncometabolite; it competitively inhibits aKG-dependent en-
zymes including the TET family of 5-methylcytosine hydroxy-
lases and the JmjC family of histone lysine demethylases,
resulting in cell de-differentiation (16, 17). Indeed, cancer
patients with IDH mutations display hypermethylated pheno-
types (18-20) resulting from D2HG-mediated inhibition of
histone and DNA demethylation. The proposed oncometabo-
lite D2HG alone can recapitulate tumorigenic phenotypes in
cancer models (21, 22), but studies measuring global metabo-
lomics changes between mutant IDH1 expression and D2HG
treatment show some differences (23, 24), indicating loss of the

3 The abbreviations used are: IDH, isocitrate dehydrogenase; ICT, isocitrate;
aKG, a-ketoglutarate; D2HG, p-2-hydroxyglutarate; AML, acute myeloid
leukemia.
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Figure 1. WT and mutant IDH1 catalytic activities. Shown are the: A, nor-
mal oxidative decarboxylation, and B, the neomorphic reduction.

normal reaction and/or altered NADPH levels may also play an
important role. Development of selected targeted therapy
against oncogenic IDH1 and IDH2 mutations is underway and
results are promising (8).

A point mutation conferring a new catalytic activity suggests
important mechanistic features, and many have used kinetics
and structural methods to explore mutant IDH1 and IDH2
activity (13, 25-30). There is evidence that IDH1 mutations
produce varying concentrations of D2HG (30), with somewhat
subtle but interesting alterations in conformational changes as
shown in crystal structures of R132H IDH1 (26, 27, 29). In gen-
eral, reported kinetic parameters of IDH1 mutants explored to
date vary widely, making comparisons difficult. Interestingly,
some mutations identified in tumors do not appear to generate
D2HG (31, 32), suggesting that loss of the normal reaction itself
has important consequences, or perhaps that they are simply
passenger mutations.

Here we report a thorough catalytic study of a wide spectrum
of IDH1 mutations, including many identified in tumors and
several mutants designed to clarify catalytic features. We show
that IDH1 mutants vary widely in catalytic efficiency, with more
polar and larger residues at position 132 supporting the normal
reaction, and more hydrophobic and smaller residues driving
the neomorphic reaction. These findings provide significant
insight into the types of mutations that may be accommodated
at residue 132 for efficient D2HG production. By determining
the catalytic features of IDH1 mutations, we reveal features of
driver mutations present in the majority of patients with lower
grade gliomas and secondary glioblastomas.

Results
Structural modeling and thermal stability of IDH1 mutations

For the mutations explored in this work, only structures of
WT and R132H IDH1 in complex with both substrates (ICT
and NADP™, or «KG and NADP ™) have been reported (13, 27,
29, 33), although a recent high resolution cryo-EM structure
shows R132C IDH1 in complex with NADPH (34). To help
inform the structural consequences of R132C, R132G, R100Q,
A134D, and H133Q IDH], these mutants were modeled in pre-
viously solved structures of R132H IDH1 in complex with aKG,
NADP™, and Ca** (Protein Data Bank (PDB) 4KZO (27)) and
WT IDH1 in complex with ICT, NADP™, and Ca*>* (PDB 1TOL
(33)) using the geometry minimization package in Phenix (35).
These models were then aligned to the original structures using
PyMOL (36) (Fig. 2). In both models, minimal global changes
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Figure 2. Structural modeling of IDH1 mutations identified in tumors. A,
the structure of WT IDH1 complexed with ICT, NADP*, and Ca®>* (PDB 1T0L
(33)) and B, R132H IDH1 complexed with aKG, NADP*, and Ca?* (PDB 4KZO
(27)) were used to model additional mutations. In both panels, WT IDH1 is
shown in green, A134D in cyan, H133Q in black, R100Q in dark blue, R132H in
orange, R132C in yellow, and R132G in gray. Substrates and residues that are
mutated are highlighted in stick format, as well as catalytic residue Tyr-139.
Ca®* is shown as a sphere. Ligand restraint generation and optimization of
provided cif files were generated using eLBOW in the Phenix software suite
(35), and mutations were made using Coot (54). Geometry Minimization (Phe-
nix software suite) (35) was used to regularize geometries of the models, with
500 iterations and 5 macro cycles.

were identified, consistent with previous structural work on
R132H IDH1. The presence of the C3 carboxylate in ICT
requires some adjustment of the catalytic residue Tyr-139,
whereas less movement of this residue is seen in the models
containing aKG.

To explore the mechanistic features of these IDH1 mutations
identified in tumors, cDNA constructs were generated for het-
erologous expression and purification in Escherichia coli. W'T,
R132H, R132C, R132G, R100Q, A134D, and H133Q IDH1
homodimers were expressed and purified to >95% purity
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(supplemental Fig. S1A). Thermal stability was assessed for
each enzyme using circular dichroism to perform thermal shift
assays. The melting temperature (7,,) of each of the IDH1
mutants varied little compared with WT IDH1 (supplemental
Fig. S2A). R132C IDH1 had the lowest T,, (46.8 °C), but this
represents only a 5% change from WT IDH1 (7,, = 49.1 °C).
R100Q IDH1I had the highest T, (51.9 °C), again signifying only
a 5% change from WT IDH1.

Efficiency of reactions catalyzed by IDH1 mutants found in
tumors

The most common IDH1 mutations found in gliomas are
R132H followed by R132C (37). R132G, which has been identi-
fied with higher frequency in chondrosarcomas (38, 39), is less
frequently seen in gliomas and is a known D2HG producer (30).
R100Q IDH]1, a long predicted D2HG producer based on the
R140Q IDH2 mutation affecting the identical residue, is rela-
tively rare (40). A134D and H133Q IDHI1 are rare mutations
found in thyroid cancers and are predicted to only be deficient
in the normal reaction (31, 40). Steady-state kinetic assays were
used to determine the catalytic efficiency of the conversion of
ICT to aKG (normal reaction) by monitoring the production of
NADPH at A, ., or KG to D2HG (neomorphic reaction) by
monitoring the consumption of NADPH, at both 21 and 37 °C.
All mutants were deficient in the normal reaction, ranging from
a relatively minor 3.5-fold loss of catalytic efficiency (k,./K,,,)
for H133Q IDH1, whereas the other mutations exhibited more
severe ~300- to 1,340-fold losses in efficiency (Fig. 3, supple-
mental Fig. S3, Table 1). The observed changes in catalytic effi-
ciency are driven both by decreases in k., and increases in K,,,.

Mutants varied widely in their relative catalytic efficiency of
D2HG production (Fig. 4, supplemental Fig. S4, Table 2). Only
rate-saturating concentrations of substrates generated rates
of D2HG production above the signal-to-noise threshold for
A134D IDH1 and H133Q IDHI. Thus only upper limits of k_,,
values are reported as k. (Fig. 4, B and D) because K,, values
could not be obtained. R132G IDH1 is the most efficient pro-
ducer of D2HG (~125-fold more efficient than WT IDH1),
driven primarily by low K, values but also by a high k__,. R132C
and R132H IDH1 are ranked next in catalytic efficiency, with a
low K, value reported for R132C IDH1 (Table 2). This suggests
that production of D2HG in tumors by R132G and R132C IDH1
may be more significant than R132H IDH1 when cytosolic con-
centration of aKG is considered. This trend is supported by
D2HG measurements in glioma tissue (30). Due to its high K,
R100Q IDH1 was one of the least efficient producers of D2HG
(Table 2).

GC/MS analysis confirms D2HG production by IDH1 tumor
mutants

Although the normal reaction is reversible (Fig. 14), a lower
pH and source of CO, (typically NaHCO,) are required to favor
the reverse reaction in vitro, and work by Leonardi et al. (25)
have shown that the reverse reaction is deficient in IDH1
mutants. Regardless, we desired to confirm that the less well
characterized IDH1 mutants, namely R100Q and R132G, favor
D2HG production over ICT when incubated with oKG and
NADPH. R132H and R132C IDHI are well established to pro-
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duce D2HG (first reported in Ref. 13, but confirmed by many
groups). Gas chromatography/mass spectrometry (GC/MS)
was used to identify and quantify the amount of D2HG as well
as aKG and ICT (not shown) produced in these incubations
(Fig. 5) (20). R132G IDHI1 gave robust production of D2HG
consistent with kinetic data, whereas an incubation with R100Q
IDH1 showed D2HG production levels near the lower limit of
detection, again consistent with kinetic findings (Figs. 4 and 5).
Levels of ICT for both mutants were <0.1 nmol, based on limits
of detection. This indicates that NADPH oxidation in the pres-
ence of aKG is preferably coupled to D2HG production under
these reaction conditions. This also supports previous findings
that both mutants generate D2HG in in vitro assays (30). These
experiments do not necessarily indicate that the reverse of the
normal reaction is ablated, however, as pH < 7 and CO,, are
required for this reaction in vitro (25).

Generation of IDH1 mutants engineered to explore
mechanistic features of D2HG production

In addition to R132H/R132C/R132G IDHI, several rarer
IDH1 mutations in gliomas have been identified, including
R132S/R132L/R132V IDH1 (5, 6, 41, 42). In vitro kinetic assays
have shown that R132S and R132L IDH1 catalyze production of
D2HG at rates similar to the more common R132H and R132C
IDH1 mutations (13, 25). Similarly, ectopic expression of R132S
and R132L IDH1 in HEK293T cells indicate D2HG production
levels are comparable with cell lines expressing R132C and
R132H IDH1 (30). R132H/R132C/R132G/R132S/R132L/
R132V IDH1 all vary in the degree of hydrophobicity at residue
132, and all have a smaller van der Waals volume than the
wild-type arginine. Although these clues illuminate interesting
mechanistic characteristics of R132H IDH]1, the features that
allow IDH1 mutants to generate D2HG with varying catalytic
efficiency are not fully clear.

We designed several IDH1 mutations to serve as tools to
probe the limits of hydrophobicity (43) and van der Waals vol-
ume (44) at residue 132 that support D2HG production. R132A
IDH1 is truly an engineered mutation, as to our knowledge it
has not been identified in tumors. This residue serves as an
example of a more hydrophobic and smaller residue at position
132, similar to R132G IDH1. R132A IDH1 has been shown to be
deficient in the normal reaction (29), but its ability to catalyze
the neomorphic reaction has not yet been explored. R132N
IDHI also has not been identified in tumors to date. Asparagine
has a much smaller van der Waals volume than arginine,
although the ranked polarities of these two amino acids are
similar. R132Q IDH1 plays an important role in driving chon-
drosarcomas and a small number of gliomas, and mouse
mR132Q IDH1 generates D2HG about 20-fold more efficiently
than human R132H IDH1 in vitro (39, 45). This mutation has
the most similar ranking in hydrophobicity as compared with
WT, but a smaller van der Waals volume. R132K IDH1 is ho-
mologous to R172K IDH2, one of the most common D2HG-
producing mutations seen in acute myeloid leukemia (11, 41).
However, R132K IDH1 has not been reported in tumors, and
the activity of this enzyme has not been assessed. R132K IDH1
is most comparable with WT IDH1 when considering both van
der Waals volume and polarity ranking of residue 132. Finally,
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Figure 3. Concentration dependence of the ICT concentration on the observed rate of NADPH production in the normal reaction (37 °C). The deter-
mined k,, values were obtained from two different enzyme preparations to ensure reproducibility. The k,,, values resulting from each of the two enzyme
preparations are distinguished by using either a circle or an X in the plots. The observed rate constants (k,,.) were calculated from the linear range of the slopes
of plots of concentration versus time using GraphPad Prism software (GraphPad, San Diego, CA). These k., values were then fit to a hyperbolic equation to
generate k., and K, values, and the standard error listed in Table 1 results from the deviance from these hyperbolicfits is indicated. The determined k. values
were obtained from two different enzyme preparations to ensure reproducibility. Results from assays at 21 °C are shown in supplemental Fig. S3. A, WT IDH1.
B, H133QIDH1. G, A134D IDH1. D, R100Q IDH1. £, R132H IDH1. F, R132C IDH1. G, R132G IDH1.

R132W IDHL1 is another example of an engineered mutation in
that it has not been identified in tumors. It was selected to
represent the most extreme case of a large van der Waals vol-
ume coupled with high hydrophobicity.

Structural modeling and thermal stability of engineered IDH1
mutations

Because no crystal structures of these mutants are currently
available, each was modeled in a previously solved structure of

7974 ) Biol. Chem. (2017) 292(19) 7971-7983

R132H IDH1 in complex with aKG, NADP*, and Ca>* (PDB
code 4KZO (27)) using the geometry minimization package in
Phenix (35) followed by alignment in PyMOL (36) (Fig. 6). Few
changes are observed globally or within the active site. The size
of the amino acid at position 132 does necessitate some local
adjustments to avoid steric hindrance, but overall, changes in
the models are minimal.

All five IDH1 mutants were successfully heterologously
expressed and purified to >95% purity (supplemental Fig. S1B).

SASBMB


http://www.jbc.org/cgi/content/full/M117.776179/DC1
http://www.jbc.org/cgi/content/full/M117.776179/DC1

SASBMB

—1 -1

mMm
7.3 +1.3 X 10*

35+9
0
0
0
0
0

Efficiency, mm ™' s™!
(keoi/K,,,, 1orr 21 °C)
074 = 0.003
16 = 0.02
020 = 0.003
30 = 0.05
28 +0.05

101 + 0.008

Km,NADP+
(21°C)
03 = 0.01

0
0
0
0
0

mm

K, icr
(21°C)
0.015 = 0.003

0.28 = 0.07

2.7 £0.3
9+1
6+1
53*0.8
3.6 £0.6

Keat
(21°C)
11.0 * 0.4

0
1
1

Efficiency,
(kea/ K, 12 37 °C)

9 + 0.4 X 10?
1+02X10?
29 + 0.08
57 +0.08
54 *+ 0.05
3+02

3
1
0
0
0
1

Km,NADP+
(37°C)

08 = 0.03
16 = 0.02
18 = 0.02
6*05

75 * 0.07
067 = 0.007

0
0
0
1
0
0

mm

Km,ICT
(37°C)
0.22 *+ 0.02
0.40 = 0.08

8*+2
8*+2
4.2 *+0.6
82 *0.8

7*1

Keae
(37°C)

van der Waals volume
of side chain at
residue 132, A3?

Relative
hydrophobicity of

Arg)

Arg)

—14 (Arg)

residue 132“
R)
8 (His)

—14
—14
—14

49 (Cys)
0 (Gly)

IDH1
H133Q
A134D
R100Q
R132H
R132C

R132G
“ From Ref. 43.

? From Ref. 44.

WwWT

Values result from fits of kinetic data using two different enzyme preparations. The standard error is determined from the deviance from these hyperbolic fits (Fig. 3, supplemental Fig. S3).

Kinetic parameters for the normal reaction, conversion of ICT to aKG, catalyzed by IDH1

Table 1

Catalytic efficiency of IDH1 mutants

Thermal stability was assessed using circular dichroism in ther-
mal shift assays. Again, minimal changes were observed in T,
(supplemental Fig. S2B). R132K IDH1 had the highest T,
(49.8 °C), which varied from WT IDH1 by only 2%.

Kinetic analysis of engineered IDHT mutants

The catalytic efficiency of the normal reaction was measured
for all mutants, and efficiencies were plotted against relative
hydrophobicity according to Monera et al. (43) (Fig. 7A), and
against van der Waals volume (44) (Fig. 7B). All mutants were
significantly deficient in converting ICT to aKG, driven both by
a decrease in k_,, as well as an increase in K, (Table 3, supple-
mental Fig. S5). Two IDH1 mutations maintained moderate
oxidative decarboxylation activity; R132Q and R132K IDH1
had 33- and 56-fold losses of «KG production efficiency relative
to WT IDHI, respectively. All other mutations had =220-fold
decreases in catalytic efficiency.

IDH1 mutants were also incubated with «KG and NADPH to
measure presumptive D2HG production efficiency (Fig. 7,
Table 4, supplemental Fig. S6). R132Q IDH1 was the most effi-
cient D2HG producer of the mutants explored in this work,
with 4-fold higher efficiency than the next most efficient
mutant, R132G IDH1. There was a notable decrease in effi-
ciency in all other mutants, with R132A IDH1 having similar
catalytic efficiencies as R132G/R132C/R132H IDH1. R132N/
R132K/R132W and WT IDHI were all very poor at producing
D2HG. The severely deficient catalytic efficiency seen in R132N
IDH1 was primarily driven by a very high K, value (Table 4).
This suggests that like R100Q IDH1, D2HG production by
R132N IDH1 may not be physiologically relevant when the
cytosolic concentration of aKG is considered. Relative efficien-
cies of the other mutants were driven both by changes in k_,,
and K, with a low K, value driving R132A IDH1 production
(Table 4).

GC/MS analysis confirms D2HG production by engineered
IDH1 mutants

To confirm that an incubation of the engineered IDH1
mutants with aKG and NADPH favors D2HG production
rather than the reverse of the normal reaction (i.e. ICT produc-
tion), GC/MS was used to quantify levels of D2HG, ICT, and
aKG of the engineered IDH1 mutants. Measured amounts of
D2HG were as expected under the incubation lengths at exper-
imentally measured kinetic efficiency. R132Q and R132G IDH1
generated the highest levels of D2HG (Fig. 5), followed by
R132A IDHI. Again, levels of ICT were difficult to measure due
to their very low concentrations (<0.1 nmol, based on limits of
detection). This suggests that NADPH oxidation is coupled
primarily to D2HG production, rather than ICT, under these
experimental conditions.

Discussion

Here we report the first in-depth, simultaneous catalytic
characterization of 11 IDH1 mutations and WT IDH]1, includ-
ing mutations identified in tumors (R132H/R132C/R132G/
R132Q, R100Q, A134D, and H133Q IDH1) and additional
mutations (R132A/R132K/R132N/R132W IDH1) designed to
measure the effects of hydrophobicity (43) and van der Waals
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Figure 4. Concentration dependence of aKG concentration on the observed rate of NADPH depletion in the neomorphic reaction (37 °C). The
determined k,,,, values were obtained from two different enzyme preparations to ensure reproducibility. The k., values resulting from each of the two enzyme
preparations are distinguished by using either a circle or an X in the plots. The observed rate constants (k) were calculated from the linear range of the slopes
of plots of concentration versus time using GraphPad Prism software (GraphPad). These k., values were then fit to a hyperbolic equation to generate k_,, and
K, values, and the S.E. results from the deviance from these hyperbolicfits is indicated. K, values and efficiency are in terms of [«KG]. Due to limits of detection,
K., values could not be obtained for low efficiency IDH1 enzymes because only saturating k,,, rates could be detected. In this case, k., rates are reported,
which approximate k,, rates. Results from assays at 21 °Care shown in supplemental Fig. S4.A, WT IDH1.B8,H133QIDH1.D, R100QIDH1.E,R132HIDH1.F, R132C

IDH1. G, R132G IDH1.

volume (44) at residue 132 on catalytic efficiency. To date, a
relatively wide range of catalytic rates have been reported for
WT and mutant IDH1. For WT IDH1, k_,, values for the normal
reaction typically range from ~9 to 12 s~ ' (26, 27, 29) at ambi-
ent temperature. This is in good agreement with our findings
(Table 1), although there are reports of much higher rates (13,
15). K, values for both ICT and NADP ™" typically range from 5

to 65 um at ambient temperature (13, 15, 25-27, 29), again
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consistent with our values (Table 1). Plasma levels of «KG have
been reported to be ~23 uM (46), which is in line with measured
K, values.

H133Q IDH1 displays a relatively minor change in catalytic
efficiency for aKG production compared with WT IDH1, and
D2HG production was extremely slow, indicating that this may
be a passenger mutation (Tables 1 and 2). R100Q IDH1 shows
drastic increases in K, values both for ICT and aKG, resulting
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Values result from fits of kinetic data using two different enzyme preparations. The standard error is determined from the deviance from these hyperbolic fits (Fig. 4, supplemental Fig. S4).

Kinetic parameters for the neomorphic reaction, conversion of aKG to D2HG, catalyzed by IDH1

Table 2

van der Waals
volume of side chain
at residue 132, A%?

Relative
hydrophobicity of

Efficiency
( cat/Km,aKG’ 21 OC)

K, nappn
(31°C)

K, o
(21°C)

Kearr
s71(21°C)

Efficiency
( cat/Km,aI(G’ 37 OC)

Km,ukG Km,NADPH
37°C) (37°C)

koo (37 °C)

residue 132

IDH1

—1 541

mMm

mm

341
=0.017
=0.034
=0.020

—1 S‘I

mm
0.04 = 0.02

ND

mm

0.019 * 0.001
=0.016
=0.019

0.013 = 0.001
0.24 = 0.08
23+ 04
1.5+0.2

ND
ND
ND

= 0.0025
= 0.005
=0.025
=0.025

ND
ND
ND

ND*

ND

ND

101
1.8+ 0.6
0.36 * 0.06
0.30 £ 0.05

0.128 = 0.006
0.43 £ 0.04
0.84 = 0.03
0.45 £ 0.02

0.028 + 0.005
3.8*09

4.4 *+ 0.6
5+1

ND

=0.010
0.005 * 0.003
=0.025
0.010 = 0.009
<0.025

ND
ND

0.5*+0.3
ND

12*+2
1.1+0.3
0.36 £ 0.05
0.34 £ 0.08

ND

0.34 £ 0.02
4.2 *+0.3

1.60 = 0.07
1.59 = 0.09

148 (Arg)
148 (Arg)
148 (Arg)
148 (Arg)
118 (His)
86 (Cys)

48 (Gly)

—14 (Arg)
—14 (Arg)
—14 (Arg)
—14 (Arg)
8 (His)

49 (Cys)

0 (Gly)

H133Q
A134D
R100Q
R132H

R132G
“ From Ref. 43.

R132C
? From Ref. 44.

wWT

¢ND, not determined.
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D2HG, nmol
T

IDH1

Figure 5. Absolute quantitation of D2HG present in an incubation of
IDH1 mutants with «KG and NADPH. Measurements are reported as a cal-
culated mean = S.E. Only trace amounts of ICT (<0.1 nmol, based on limits of
detection) were generated under these experimental conditions, indicating
that NADPH oxidation was coupled to D2HG production, rather than ICT
production.

an

Figure 6. Structural models of experimental IDH1 mutants. The structure
of R132H IDH1 complexed with «KG, NADP™*, and Ca* (PDB 4KZO (27)) was
used to model mutations of the tool IDH1 mutations. R132H IDH1 is shown in
orange, R132Q in magenta, R132N in cyan, R132A in dark blue, R132K in black,
and R132W in purple. Substrates and residues that are mutated are high-
lighted in stick format, as well as catalytic residue Tyr-139. Ca®* is shown as a
sphere. Ligand restraint generation and optimization of provided cif files were
generated using eLBOW in the Phenix software suite (35), and mutations
were made using Coot (54). Geometry Minimization (Phenix software suite)
(35) was used to regularize geometries of the models, with 500 iterations and
5 macro cycles.

in significant decreases in catalytic efficiency for both reactions
studied (Tables 1 and 2). This was surprising because the ho-
mologous mutation in IDH2, R140Q, is the most common IDH
mutation found in AML (47). However, kinetic characteriza-
tions of IDH2 mutants are limited (28, 48). Kinetic and struc-
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Figure 7. Comparisons of catalytic efficiency by IDH1 with mutations at residue 132. The observed rate constants (k) were calculated from the linear
range of the slopes of plots of concentration versus time, and then fit to a hyperbolic equation to generate k.., and K, values. All experiments were performed
at 37 °C. These catalytic parameters result from fits of kinetic data resulting from two different enzyme preparations to ensure reproducibility. A, relative
catalytic efficiencies (k.,/K,,) of the conversion of ICT to aKG using K,,, values for ICT are plotted against relative hydrophobicity (43). B, relative catalytic
efficiencies (k.,/K,,,) of the conversion of ICT to aKG using K,,, values for ICT are plotted against van der Waals volume (44). C, relative catalytic efficiencies
(kat/K.y,) of the conversion of aKG to D2HG using K, values for «KG are plotted against relative hydrophobicity (43). D, relative catalytic efficiencies (k ,/K,,) of

the conversion of aKG to D2HG using K, values for aKG are plotted against van der Waals volume (44).

Table 3

Kinetic parameters for the normal reaction, conversion of ICT to aKG, catalyzed by IDH1
Values result from fits of kinetic data using two different enzyme preparations. The standard error is determined from the deviance from these hyperbolic fits (supplemental

Fig. S5).
Relative hydrophobicity van der Waals volume of side Keae K, cr Efficiency
IDH1 of residue 132* chain at residue 132, A3 ? (37 °C) (37 °C) (Keat/ K, 110 37 °C)
5! mm mm~ g1
R132W 97 (Trp) 163 (Trp) 1.21 £ 0.08 3.6 = 0.6 0.34 * 0.06
R132A 41 (Ala) 67 (Ala) 104 = 0.2 57 *£04 1.8+0.1
R132Q —10 (Gln) 114 (Gln) 92+03 0.8+ 02 12+3
R132K —23 (Lys) 135 (Lys) 72+ 04 1.1*+02 7*1
R132N —28 (Asn) 96 (Asn) 0.047 = 0.001 1.5+0.1 0.031 = 0.008

“From Ref. 43.
 From Ref. 44.

Table 4

Kinetic parameters for the neomorphic reaction, conversion of aKG to D2HG, catalyzed by IDH1
Values result from fits of kinetic data using two different enzyme preparations. The standard error is determined from the deviance from these hyperbolic fits (supplemental

Fig. S6).
Relative hydrophobicity van der Waals volume of side Kae K, .xc Efficiency

IDH1 of residue 132“ chain at residue 132, A®? (37 °C) (37 °C) (Keat! K, e 37 °C)
st mMm mm~ 151

R132W 97 (Trp) 163 (Trp) 0.54 £ 0.01 0.82 £ 0.08 0.659 * 0.007

R132A 41 (Ala) 67 (Ala) 0.37 £ 0.01 0.11 £ 0.02 3.4 %06

R132Q —10 (Gln) 114 (Gln) 4702 0.26 = 0.04 18+3

R132K —23 (Lys) 135 (Lys) 0.57 + 0.02 0.61 £ 0.07 09 *0.1

R132N —28 (Asn) 96 (Asn) 0.79 + 0.06 10 £2 0.08 £ 0.02

“From Ref. 43.
” From Ref. 44.

tural comparisons for R100Q IDH1 and R140Q IDH?2 will be
important for characterizing any mechanistic differences
between these homologous mutations. Currently, crystal struc-
tures of R140Q IDH2 are limited to complexes with inhibitors
(49). R100Q IDH1 has been characterized as a D2HG-producer,
but our data suggests this mutant does so only weakly.
Similarly, R132K IDHI is homologous to R172K IDH2, the
second most common IDH2 mutation identified in AML (50).
Thus the relative catalytic inefficiency of D2HG production by
R132K IDH1 (Table 4) was also surprising. Kinetic and struc-
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tural analysis of R132K IDH1 and R172K IDH2 will also be
critical for understanding any functional differences between
these homologous mutations. Nearly negligible in vitro D2HG
production by R132K and R100Q IDH1 may explain why these
mutations are rare (or not identified) in gliomas, despite being
frequently observed as R172K and R140Q IDH2 in AML.

As noted, K, values for D2HG production for some IDH1
mutants are higher than physiologically relevant «KG concen-
trations. However, IDH1 mutations are found heterozygously
in tumors, and a caveat to this work in that mutant IDH1
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homodimers were studied. For IDH1 mutant/WT hetero-
dimers, local concentration of «KG may be much higher
due to production of this metabolite at the WT IDH1 mono-
mer, particularly if substrate channeling occurs. Furthermore,
K, values may be lower overall due to favorable substrate bind-
ing at the WT monomer of the heterodimer. Ward et al. (28)
have shown that D2HG production by IDH1 mutations in cells
is increased if WT IDHI activity is retained. However, in cases
of very high K, values such as those observed for R100Q IDH]1,
it is possible that the reaction measured is not physiologically
relevant, even in heterodimeric form. Future work includes
exploring these mutants as heterodimers using two unique
tags and sequential affinity chromatography as described by
others (25, 26), although this method does not necessarily
preclude the possibility of interconversion of heterodimers
and homodimers.

Importantly, Pusch and colleagues (30) have quantified
D2HG production in cells and in tumor tissue by R132G/
R132C/R132H IDHI. In both cases, the highest levels of D2HG
in tumors were associated with R132G IDH1 mutations, fol-
lowed by R132C IDH1 and R132H IDH1 (30). R100Q IDH1 had
very low D2HG production in cells (30). These trends are reca-
pitulated well in our in vitro studies (Table 2). The in vitro
enzyme assays by Pusch et al. (30) yielded the highest K|, .«
values for R100Q IDH1, followed by R132H, R132G, and R132C
IDH1. Again, our findings well support these trends, and our
k.o values allow the first comparisons of these mutations in
catalytic efficiency (Table 2). Others have also performed
kinetic assays with R132C, R132H, and/or R132G IDHI,
although k_,, and K, parameters have only been reported for
R132C and R132H IDHI. Catalytic efficiencies of D2HG pro-
duction for R132H IDH1 homodimers range from ~0.47 to 0.7
mM~ ' s~ ! (with one report of >1,000 mm~ ' s~ '), and an effi-
ciency of 8.2mm ™' s ' for R132C IDHI, although a much faster
k... and higher K,, were reported (13, 15, 27, 29). Although
efficiencies were not measured, more D2HG was produced by
R132C and R132G IDHI1 than by R132H IDH1 (13, 27, 29, 51).
Overall, of the kinetic parameters characterizing a limited
number of IDH1 mutations, our findings are generally in agree-
ment with reported values.

Pusch et al. (30) also find that D2HG production levels are
inversely related to glioma mutation frequency. Our findings
support this observation; the relatively rare R132G and R132Q
IDH1 mutants were much more efficient producers of D2HG
than the common R132C and R132H IDH1 mutants. However,
R132C and R132G are more common than R132H IDH1 in
chondrosarcomas and intrahepatic cholangiocarcinomas (38,
39). We also show that nearly negligible producers of D2HG
(H133Q, A134D, and R100Q IDH1) are also rare in tumors.

To date, only structures of human R132H and WT IDHI in
complex with both substrates have been solved (13, 27, 29, 33),
so computational models of the mutations explored in this
work were generated. There are significant limitations in the
information that can be inferred from our structural models,
which in general we find to be somewhat inconclusive. Six pos-
sible hydrogen bonds (defined as interatomic distances ranging
from 2.5 to 3.2 A) are seen between o KG and non-solvent atoms
for WT and R100Q IDH]1, whereas 7 and 8 hydrogen bonds can
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be observed for H133Q and R132C IDH1, and A134D, R132H,
and R132G IDH]1, respectively. Thus to some degree, more
hydrogen bonds are observed for the more efficient D2HG pro-
ducers. However, there are definite exceptions to this rule, such
as R132C and A134D IDHI1. As less obvious patterns were
observed among normal reaction efficiency among the mu-
tants, it is difficult to infer trends. Twelve possible hydrogen
bonds were observed between ICT and non-solvent atoms for
WT IDHI, followed by 11 for H133Q IDHI, 10 for R132G
IDH1, 9 for A134D IDH1, 8 for R100Q IDH1, 7 for R132C
IDHI, and 6 for R132H IDHI. In general, we find these muta-
tions affect K,,, values for ICT and aKG more than K|, values for
NADP" and NADPH. This is not surprising as most of the
mutations explored in this work are associated with coordina-
tion of ICT or aKG rather than NADP™ or NADPH. Crystal
structures of these mutants will help clarify the mechanisms of
this observation.

Models of the mutations designed to test attributes of the
amino acid at position 132 (R132Q/R132N/R132A/R132K/
R132W IDH1) reveal that there is space for a larger residue at
position 132 when oriented away from «KG. This indicates that
amutation like R132W IDHI1 could still support substrate bind-
ing. Indeed, inefficient yet measurable D2HG production was
observed for this mutant. In general, no notable changes were
identified in «KG binding or orientation of the catalytic residue
Tyr-139. In this model, 7 possible hydrogen bonds are observed
between o KG and non-solvent atoms for R132H IDH]1, 5 pos-
sible hydrogen bonds are observed for R132Q, R132K, R132W,
and R132N IDH1, and 4 possible hydrogen bonds are observed
for R132A IDHI. Obtaining crystal structures for the mutants
explored in this work will be required to successfully define
structure/function relationships among the IDH1 mutants.

The Arg-132 IDH1 mutations showed a trend with respect to
hydrophobicity for the normal reaction (Fig. 7A). Amino acid
residues lysine, arginine, and glutamine rank very closely in
relative hydrophobicity (values of —23, —14, and —10 for Lys,
Arg, and Gln, respectively (43)), and mutants containing these
residues at position 132 had the most efficient rates of ICT
oxidative decarboxylation (Tables 1 and 3). This maintained
catalytic efficiency is also likely driven by similar van der Waals
volume and shape of these residues. Inconsistent with these
trends, however, is R132N IDH1. With a hydrophobicity value
of —28 (43) as well as similar albeit smaller van der Waals vol-
ume, this mutant is surprisingly inefficient. This inefficiency is
driven by a very slow k_,,, which is the slowest measurable rate
in this work. In contrast, R132N IDH1 had a K|, similar to the
other designed mutants explored. It is possible this mutation
causes a shift of the catalytic residue Tyr-139, or simply is
unable to orient ICT adequately. A structure of this mutant will
be important to clarify this inefficiency, and moderate K, val-
ues suggest a ternary complex could theoretically be obtained.
Without exception, rates of the normal reaction drop drasti-
cally with residues more hydrophobic than R132Q IDHI1 (Fig.
7A). All of these mutations, except R132H and R132W IDH]1,
also have a smaller van der Waals volume than lysine, arginine,
and glutamine. This implies amino acid size also is important
for supporting ICT oxidative decarboxylation. However, em-
ploying volume as a surrogate parameter for size discounts the
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overall shape of the residue. For example, despite having similar
volumes, the ring structure of the histidine and the long side
chain of lysine are quite different in shape. Overall, polar and
larger (and perhaps particularly longer) side chains, such as
lysine and glutamine support the normal reaction. This is
unsurprising due to similarity in structural features of arginine,
found in WT IDHI1.

Trends with respect to the neomorphic reaction are less
clear, but may be driven more by relative hydrophobicity than
van der Waals volume (Fig. 7, C and D). The more hydrophobic
residues, short of tryptophan, are associated with more efficient
rates of D2HG production, although the abrupt change in effi-
ciency between R132Q and WT IDH1 is surprising. Addition-
ally, more efficient rates of D2HG production are seen with
smaller van der Waals volumes. However, notable exceptions
include R132N, R132Q, and R132H IDH1. R132N IDH1 is dras-
tically inefficient, with the high K, value resulting in poor cat-
alytic efficiency of this mutant. R132Q and R132H IDHI1 are
efficient, but have larger van der Waals volumes than most of
the efficient D2HG producers. Overall, converse to trends seen
for the normal reaction, relatively hydrophobic and small resi-
dues at position 132 favor the neomorphic reaction. Expansion
of this work to include additional mutants will be valuable.

R132Q IDHI is the only mutant studied in this work that was
relatively efficient at both aKG and D2HG production, driven
primarily by fast k_,, rates in both cases (Tables 3 and 4). It will
be interesting to determine whether conversion of oKG to ICT
(reversible normal reaction) is also relatively efficient under
conditions of lower pH and a source of CO,, and how catalytic
rates compare between R132Q IDH1 mutant homodimers and
WT/R132Q IDHI heterodimers. It is not yet clear if R132Q
IDH1 is a driver of tumorigenesis, but mouse models indicate
that expression of this mutation is sufficient to cause enchon-
dromatosis (39).

Overall, our results represent the first large-scale kinetic
analysis of a wide variety of IDH1 mutations. These mutations
include several identified in tumors and others we designed to
clarify catalytic features. We show that most IDH1 mutations
are uniformly deficient in the conversion of ICT to aKG, and
show wide variation in the ability to convert aKG to D2HG,
varying up to 640-fold in catalytic efficiency. This work pro-
vides critical guidance in clarifying driver versus passenger
IDH1 mutations, and mutations with oncogenic versus tumor
suppressive properties.

Experimental procedures
Materials

Dithiothreitol, isopropyl 1-thio-3-p-galactopyranoside, Tri-
ton X-100, a-ketoglutarate acid sodium salt, pL-isocitric acid
trisodium salt hydrate, and MgCl, were purchased from Fisher
Scientific (Hampton, NH). B-Mercaptoethanol was purchased
from MP Biomedicals (Santa Ana, CA). B-Nicotinamide ade-
nine dinucleotide phosphate-reduced tetrasodium salt and
B-nicotinamide adenine dinucleotide phosphate disodium salt
were purchased from EMD Millipore (Darmstadt, Germany).
cOmplete protease inhibitor mixture tablets were purchased
from Roche Applied Science.
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Plasmid mutagenesis

All IDH1 constructs are in a pET-28b vector containing
an N-terminal hexahistidine tag. Site-directed mutagenesis
(Kapa Biosciences, Wilmington, MA) was used to generate
R132C (forward primer, 5'-GGTTAAACCGATCATTATT-
GGTTGCCATGCCTATGGTGATCAGTATC, reverse primer,
5'-GATACTGATCACCATAGGCATGGCAACCAATAAT-
GATCGGTTTAACC); R100Q (forward primer, 5'-GCC-
CGAATGGCACCATTCAGAATATTCTGGG, reverse primer,
5'-CCCAGAATATTCTGAATGGTGCCATTCGGGC); A134D
(forward primer, 5'-GGTCGTCATGATTATGGTGATCAG-
TATCG, reverse primer, 5'-CGATACTGATCACCATAAT-
CATGACGACC); H133Q (forward primer, 5'-AACCG-
ATCATTATTGGTCGTCAGGCCTATGGTGATC, reverse
primer, 5-GATCACCATAGGCCTGACGACCAATAATG-
ATCGGTT); R132G (forward primer, 5'-AACCGATCAT-
TATTGGTGGTCATGCCTATGGTGATC, reverse primer,
5'-GATCACCATAGGCATGACCACCAATAATGATCGGTT);
R132A (forward primer, 5-GGTTAAACCGATCATTA-
TTGGTGCGCATGCCTATGGTGATCAGTATC, reverse
primer, 5-GATACTGATCACCATAGGCATGCGCACCA-
ATAATGATCGGTTTAACC); R132Q (forward primer,
5'-GTTAAACCGATCATTATTGGTCAGCATGCCTATG-
GTGATCAGTATC, reverse primer, 5'-GATACTGATCA-
CCATAGGCATGCTGACCAATAATGATCGGTTTAACQ);
R132K (forward primer, 5'-GGGTTAAACCGATCATT-
ATTGGTAAACATGCCTATGGTGATCAGTATCG, reverse
primer, 5'-CGATACTGATCACCATAGGCATGTTTACCA-
ATAATGATCGGTTTAACCC); R132W (forward primer,
5'-GGTTAAACCGATCATTATTGGTTGGCATGCCTAT-
GGTGATCAGTATC, reverse primer, 5-GATACTGA-
TCACCATAGGCATGCCAACCAATAATGATCGGTTTA-
ACC); and R132N (forward primer, 5'-CGATACTGAT-
CACCATAGGCATGGTTACCAATAATGATCGGTTTAA-
CCC, reverse primer, 5'-GGGTTAAACCGATCATTATTG-
GTAACCATGCCTATGGTGATCAGTATCG). All constructs
were sequenced to confirm accuracy.

Protein purification

The following conditions were used for both WT and mutant
IDH1 homodimer expression and purification. BL21 gold
(DE3) cells transformed with the IDH1 construct were incu-
bated in 0.5-2 liters of terrific broth supplemented with 30
pg/ml of kanamycin at 37 °C, 200 rpm until an A4, of 1.0-1.2
was reached. The temperature was reduced to ambient and
expression was induced with 1 mm isopropyl 1-thio-f-p-galac-
topyranoside (final concentration) followed by ~18-20-h
incubation at ambient temperature at 130 rpm. Cell pellets
were harvested and resuspended in lysis buffer (20 mm Tris, pH
7.5, at 4 °C, 500 mm NaCl, 0.1% Triton X-100, and a protease
inhibitor tablet). Following cell lysis via sonication, lysate was
collected after separation via centrifugation at 12,000 rpm for
1 h. The lysate was loaded on to a pre-equilibrated nickel-nitri-
lotriacetic acid nickel affinity column (Qiagen, Valencia, CA),
washed with Buffer A (50 mm Tris, pH 7.5, at 4 °C, 500 mm
NaCl, and 5 mm B-mercaptoethanol), and eluted in bulk with
Buffer B (50 mm Tris, pH 7.5, at 4 °C, 500 mm NaCl, 500 mm
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imidazole, pH 7.5, and 5 mm B-mercaptoethanol). The elution
was concentrated and dialyzed in storage buffer (50 mm Tris,
pH 7.5, at 4 °C, 100 mm NaCl, 20% glycerol, and 1 mm dithio-
threitol). SDS-PAGE (stain-free 4—12% gels, Bio-Rad Labora-
tories) was used to confirm >95% protein purity. Purified IDH1
was concentrated, the concentration was determined using a
calculated molar extinction coefficient of 64,143 cm ' M ! at
280 nm, flash frozen in liquid nitrogen, and stored at —80 °C.
We noted that enzyme preparations of IDH1 lost activity fol-
lowing =2 month storage at —80 °C, so all protein was dis-
carded within 2 months of freezing or if activity was noted to
decline, whichever occurred first.

Steady-state activity assays

Assays were performed at 21 and/or 37 °C, and two protein
preparations were used to obtain rates in all cases. The reac-
tions were performed at 21 °C to allow comparison of values to
published results, and reactions at 37 °C were to determine
more physiologically relevant rates. Unless otherwise noted, an
8452 diode array spectrophotometer was used (OLIS, Atlanta,
GA) for enzymatic assays. Enzyme concentrations were opti-
mized to ensure signal was sufficient and that enzyme concen-
trations were within the linear range. For conversion of ICT to
aKG, a cuvette containing IDH1 assay buffer (50 mm Tris, pH
7.5, at room temperature or 37 °C, assay depending, 150 mm
NaCl, 10 mm MgCl,, 1 mm dithiothreitol), and IDH1 (100 nm
for H133Q, R100Q, R132C, R132G, R132A, and R132Q IDH]1,
and 500 nMm for A134D, R132H, R132W, R132K, and R132N
IDH1) were preincubated for 3 min at the assay temperature.
Reactions were initiated by adding NADP* and ICT, with
either saturating NADP™" and titrating ICT to determine
K, c1- or saturating ICT and titrating NADP ™" to determine

K, napp+- The change in absorbance due to NADPH forma-
tion was monitored at 340 nm. For the conversion of aKG to
D2HG, a cuvette containing IDH1 assay buffer and IDH1 (500
nM for all mutants, except R132G and R132A IDH1, which were
ata concentration of 200 nm) were preincubated for 3 min at the
assay temperature. Reactions were initiated by adding NADPH
and oKG, with either saturating NADPH and titrating o KG to
determine K, ¢, or saturating «KG and titrating NADPH to
determine K,, \yappy. The pH of aKG was adjusted to 7.0
before use. The change in absorbance due to NADPH con-
sumption was monitored at 340 nm. For both reactions, the
slope of the linear range of the incubations were calculated and
converted to nanomolar NADPH using the molar extinction
coefficient for NADPH of 6.22 cm™ ' mm ™' to obtain &, (i.e.
nM NADPH/nM enzyme s~ ' at each concentration of sub-
strate). Results were fit to hyperbolic plots in GraphPad Prism
(GraphPad Software, La Jolla, CA) to estimate k_,, and K, mean
values = S.E.

For the WT IDH1 normal oxidation reaction, an RSM-1000
stopped-flow spectrophotometer (OLIS) operated in the absor-
bance mode was used to increase the number of points within
the time frame assayed. Here, 30 nm WT IDH1 (final concen-
tration) was used and measurements were performed in repli-
cates of 3-5, and the other parameters were the same. A DM45
spectrofluoromer (OLIS) was used for NADPH titrations for
R100Q, R132H, and R132C IDH1 (50 nM enzyme), and NADP ™"
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titrations for WT IDH1 (3 nMm enzyme) after first generating a
standard curve for [NADP(H)].

GC/MS analysis

A reaction with 19 um IDH1 (R100Q, R132G, R132A, R132K,
R132N, R132Q, or R132W) was incubated with IDH1 assay
buffer, and the reaction was initiated with 240 um NADPH and
240 puM oKG and monitored at 340 nMm. After 100 s, an aliquot of
the reaction was removed, quenched with 0.13 m EDTA (final
concentration), and this was lyophilized to dryness. These
extracts were then redissolved in 50% methanol containing
L-norvaline to serve as an internal standard, and then re-dried
in a MiVac (SP Scientific, Warminster, PA). A standard 1 mm
solution of L-norvaline, aKG, p-2-HG, and pL-ICT was pre-
pared. Standards and incubations were derivatized with
O-isobutylhydroxylamine hydrochloride and N-tert-butyldi-
methylsilyltrifluoroacetamide and analyzed using GC/MS as
described in Ref. 52. Measurements were performed in
duplicate.

Thermal stability using circular dichroism

IDH1 was diluted to ~5 um in a buffer containing 10 mm
potassium phosphate at pH 7.5 and 100 mm NaCl. The thermal
melt experiment was initiated at 5 °C and the temperature was
increased to 70 °Cin 1° increments. The IDH1 secondary struc-
ture, which is rich in « helices, was monitored via the 222 nm
peak, which corresponds to « helicity. Analysis was performed
using the Igor software package (WaveMetrics) and was ana-
lyzed with a Santoro-Bolen fit (53).

Structural modeling of IDH1 mutations

PDB code 4KZO (27) was used as the model for an IDH1
structure containing «KG and NADP™, and code 1TOL (33)
was used for an IDHI1 structure containing ICT and NADP™,
Ligand-restraint generation and optimization of provided cif
files were generated using eLBOW in the Phenix software suite
(35), and mutations were made in the PDB file using Coot (54).
Geometry Minimization in the Phenix software suite (35) was used
to regularize geometries (bond lengths, nonbonded distances,
bond angles, dihedral angles, chirality, planarity, and parallelity) of
the structural models of IDH1 mutants in complex with the
ligands, with 500 maximum iterations and 5 macrocycles.
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