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Human cytosolic NADP-IDH (IDH1) has recently been found to be involved in tumorigenesis. Notably, the tumor-
derived IDH1 mutations identified so far mainly occur at Argl32, and mutation R132H is the most prevalent one.
This mutation impairs the oxidative IDH activity of the enzyme, but renders a new reduction function of converting
o-ketoglutarate (¢KG) to 2-hydroxyglutarate. Here, we report the structures of the R132H mutant IDH1 with and
without isocitrate (ICT) bound. The structural data together with mutagenesis and biochemical data reveal a previ-
ously undefined initial ICT-binding state and demonstrate that IDH activity requires a conformational change to a
closed pre-transition state. Arg132 plays multiple functional roles in the catalytic reaction; in particular, the R132H
mutation hinders the conformational changes from the initial ICT-binding state to the pre-transition state, leading to
the impairment of the IDH activity. Our results describe for the first time that there is an intermediate conformation
that corresponds to an initial ICT-binding state and that the R132H mutation can trap the enzyme in this conforma-
tion, therefore shedding light on the molecular mechanism of the “off switch” of the potentially tumor-suppressive
IDH activity. Furthermore, we proved the necessity of Tyr139 for the gained aKG reduction activity and propose that
Tyr139 may play a vital role by compensating the increased negative charge on the C2 atom of aKG during the trans-
fer of a hydride anion from NADPH to aKG, which provides new insights into the mechanism of the “on switch” of
the hypothetically oncogenic reduction activity of IDH1 by this mutation.
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Introduction

Isocitrate dehydrogenases (IDHs) are a family of
enzymes that catalyze the oxidative decarboxylation of
isocitrate (ICT) into a-ketoglutarate (aKG) using ei-
ther NADP or NAD as a cofactor. Human cells express
three distinct IDH enzymes: cytosolic NADP-dependent
IDH1, mitochondrial NADP-dependent IDH2, and
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mitochondrial NAD-dependent IDH3. Recently, muta-
tions in IDH1 have been correlated with certain brain tu-
mors, with the prevalence of 54%-94% in grade II-1II as-
trocytomas, oligodendrogliomas, and oligoastrocytomas
[1-6], 50%-88% in secondary glioblastoma multiforme
(GBM) [1-7], and 33%-50% in adult primitive neuroec-
todermal tumor [1, 7]. GBM is the most aggressive brain
tumor with almost invariably fatal prognosis, and the as-
sociation of IDH1 mutation with the proneural subtype
of GBM has important implications for future diagnosis
and therapies for patients with GBM [8]. Besides brain
tumors, /DHI mutations have also been detected in other
cancers including acute myeloid leukemia [9], B-acute
lymphoblastic leukemia [10], colorectal cancer [11], and
prostate cancer [10], with low frequencies. The closely
related IDH2 has also been documented to be mutated in
several types of tumors albeit with low frequencies (1%-7%)
[3, 6].



It is striking to note that all the IDH mutations identi-
fied so far occur at Argl132 of IDH1 or the equivalent
residue Argl72 of IDH2 heterozygously [1-7]. Among
the identified IDH1 mutations, R132H is the most preva-
lent one in gliomas [1-6] constituting up to 92.7% of the
total mutations, while R132C and R132S were found
with a percentage of 3.6% and 1.8%, respectively [1].
Recently, two mechanisms by which the Argl32 muta-
tions contribute to tumorigenesis have been proposed
[12, 13]. One hypothesis is that IDH1 may function as a
tumor suppressor, and the impairment of the IDH activ-
ity by the Argl32 mutations plays a tumorigenic role
in part through activation of the HIF-1 pathway due to
decreased aKG production [12]. The other is that the
R132H mutant gains a new activity of catalyzing NA-
DPH-dependent reduction of aKG to 2-hydroxyglutarate
(2HG), which plays a role in the development and pro-
gression of malignant brain tumors [13]. The two pos-
sibilities are not mutually exclusive, and hence the R132
mutation might contribute to the tumorigenesis process
by both “off switch” of the ICT dehydrogenase activity
and “on switch” of the aKG reduction activity. The mo-
lecular mechanisms underlying the “off-on switch” of the
activities, however, are still unclear.

Previously, we have determined the crystal structures
of the wild-type dimeric IDHI (IDHI"®) in complexes
with NADP and with NADP, ICT, and Ca®", and showed
that the assembly of the active site is a complicated
process involving concerted inter-domain motion and
conformational changes of two subunits in a cooperative
manner and that the enzyme may employ a self-regulatory
mechanism to regulate its activity [14]. In the IDH1%*-
NADP-ICT-Ca quaternary complex, Argl32, which is
strictly conserved in all NADP-dependent IDHs (NADP-
IDHs) [15], interacts with ICT [14], providing an expla-
nation for the substantially decreased K, (ICT) values of
the tumor-derived mutants [12]. Besides the decreased
K, these mutants also show decreased V. [12]or k_, [13]
for ICT dehydrogenation and more surprisingly acquire a
new function of aKG reduction [13], leading us to specu-
late that Arg132 may play other functional roles in addi-
tion to ICT binding in the catalysis. To further dissect the
functional role(s) of Argl32 in the catalytic reaction and
to explore the mechanistic role of the R132H mutation in
tumorigenesis, we carried out structural and functional
analyses of the R132H mutant IDH1. Given that the ma-
ternally and paternally derived copies of each gene on
autosomes are simultaneously expressed at comparable
levels [16], the heterozygous R132H allele of IDHI may
lead to three forms of IDHI proteins in vivo, namely
IDH1*®, heterodimeric mutant IDH1 (IDH1*"), and ho-
modimeric mutant IDH1 (IDH1"™). We report here the
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crystal structures of IDHI"™ in complexes with NADP
and with NADP and ICT, and IDH1™" in complex with
NADP and ICT, respectively. Furthermore, mutagenesis,
kinetic, and thermodynamic studies were performed to
explore the catalytic mechanisms of the ICT dehydro-
genation reaction and the aKG reduction reaction. The
structural and biochemical data together not only reveal
the molecular basis for the impairment of the IDH activ-
ity by the tumor-associated R132H mutation, but also
provide insights into the molecular mechanism underly-
ing the gained oKG reduction activity of the mutant IDHI.

Results and Discussion

Overall structures of the R132H mutant complexes

The structures of IDHI™ in complexes with NADP
and with NADP and ICT were determined at 3.4 A and
2.8 A resolutions, respectively. The structure of IDH1"
in complex with NADP and ICT was determined at 3.2 A
resolution. All the three structures belong to space group
P4,2,2 with similar cell parameters and contain two
IDH1 subunits forming a dimer in the asymmetric unit
(Table 1). Each IDH1 subunit consists of three domains:
a large domain (residues 1-103 and 286-414), a small
domain (residues 104-136 and 186-285), and a clasp do-
main (residues 137-185; Figure 1A). In the structure of
the IDH1""-NADP complex, there is an NADP bound at
the NADP-binding site of each subunit even though no
NADP was added in the crystallization solution, indicat-
ing that similar to the wild-type IDH1 [14], the mutant
IDH1 was co-purified with a tightly bound NADP from
the expression system. In the structures of both IDH1""-
NADP-ICT and IDH1¥"-NADP-ICT complexes, in each
subunit, there is an NADP bound at the NADP-binding
site and an ICT bound at a site composed of NADP and
residues Thr77, Ser94, and Argl00 of the large domain
(Figure 1A and 1B) which is distinct from the ICT-
binding site in the IDHI"*-NADP-ICT-Ca complex [14]
(see discussion later). In all the mutant IDH1 complexes,
two key structural elements encompassing residues 132-
141 and residues 271-286 (designated as segl and seg2,
respectively) exhibit great flexibility with the majority
of them being disordered (Supplementary information,
Table S1; see discussion later). In the IDH1V"-NADP-
ICT complex, residue 132 cannot be distinguished as Arg
or His, which may be due to the medium resolution of
the structure or reflect a random distribution of the wild-
type and mutant IDHI in both subunits.

The RI132H mutant complexes assume asymmetric open
conformations
Previously, we have shown that in the IDH1"*-NADP
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Table 1 X-ray diffraction data and structure refinement statistics

IDH1"-NADP

IDH1"-NADP-ICT IDH1™-NADP-ICT

Diffraction data statistics

Temperature (°C) 4
Resolution (A) 50.0-3.40 (3.52-3.40)"
Space group P4;2,2
a(A) 83.1

b (A) 83.1
c(A) 306.1
Observed reflections 62,164
Unique reflections 14,215
Redundancy 4.4 (3.9)
Completeness (%) 91.2 (87.6)
I/s(I) 8.9(2.2)
Riperge (%)° 18.3 (56.1)
Refinement statistics

Total reflections 14,202
Working set 13,482
Free R set 720

R factor” 0.245
Free R factor 0.289
Subunits/ASU 2

Total protein atoms 6240
Total ligand atoms 96
Average B factor (A% 89.2
NADP 88.6
ICT —
RMSD bond length (A) 0.011
RMSD bond angles (°) 1.2
Ramachandran plot (%)

Most favored 83.8
Allowed 14.2
Generously allowed 1.9
Disallowed 0.1

20 20
50.0-2.80 (2.90-2.80) * 50.0-3.20 (3.31-3.20) *
P42,2 P42,2
79.8 83.1

79.8 83.1

296.0 308.5
343,922 130,367
24,708 18,264
13.9 (13.0) 7.1(7.8)
100.0 (100.0) 96.8 (99.9)
32.3(3.6) 17.0 (2.3)
9.6 (67.5) 11.4 (59.6)
24,632 18,019
23,449 17,148
1183 871

0.224 0.233
0.269 0.283

2 2

6257 6237

122 122

69.4 85.8

64.0 86.3

115.4 87.0

0.004 0.004

0.9 0.8

84.9 87.4

13.5 11.7

1.6 0.9

0.0 0.0

“The numbers in parentheses refer to the highest resolution shell.

meer‘g@ = Z|LkD ~U kD) /Z Z1 (kL)
‘R factor = X||F,|-|F,||/ = [F,|.

complex, the two subunits of the dimeric IDH1 adopt
different conformations: subunit A assumes an open
conformation, while subunit B adopts a quasi-open
conformation [14]. Further binding of ICT induces
substantial conformational changes of the large domain
towards the small and clasp domains, leading to the
formation of a closed conformation of both subunits in
the IDH1"*-NADP-ICT-Ca complex [14]. Structural
analysis of the three mutant IDH1 complexes shows that
their overall structures are similar (with an RMSD of 0.5-

1.1 A for 776 Ca atoms), and intriguingly, the two subunits
in each complex are asymmetric (with an RMSD of 1.2-1.7
A for 388 Ca atoms). Superposition of the corresponding
subunits among the IDH1 structures shows that in all
the mutant IDH1 complexes, subunit A takes an open
conformation and subunit B a quasi-open conformation
as in the IDHI"*-NADP complex (Figure 1C) rather than
a closed conformation as in the IDHI¥*-NADP-ICT-Ca
complex (Figure 1D). Correspondingly, the width of the
active site entrance (19.6-20.7 A in subunit A and 17.5-
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Figure 1 Structures of the R132H mutant IDH1 complexes. (A) Overall structure of the IDH1""-NADP-ICT complex. For sim-
plicity, only one subunit of the IDH1""-NADP-ICT complex is colored with the large domain in blue, the small domain in red,
and the clasp domain in green, and the other subunit is colored in gray. The substrates are shown as ball-and-stick models
with ICT in yellow and NADP in salmon. (B) Structure of the ICT-binding site in the IDH1""-NADP-ICT complex. The hydro-
gen-bonding interactions of ICT with the surrounding residues and NADP are indicated with dashed lines. The initial differ-
ence Fo-Fc Fourier map (left) and the omit difference 2Fo-Fc Fourier map (right) for ICT are shown at 2.0 o and 4.0 o contour
level, respectively. (C, D) Comparison of the respective subunits of the IDH1""-NADP-ICT complex with that of the (C) IDH1¥
R.NADP and (D) IDH1®R-NADP-ICT-Ca* complexes. Superposition of the structures was based on the small and clasp do-
mains. The IDH1""-NADP-ICT complex (green) assumes an open conformation in subunit A and a quasi-open conformation
in subunit B similar to that of the IDH1¥*-NADP complex (slate blue), rather than a closed conformation of the IDH1¥*-NADP-
ICT-Ca” complex (magenta). In the mutant IDH1 complexes, the majority of seg1 and seg2 are disordered in both subunits;
while in the wild-type IDH1 complexes, both segments have well-defined structures with different conformations (highlighted
in magenta and red, respectively). His132 of the mutant and Arg132 of the wild-type IDH1, and the bound substrates are
shown with ball-and-stick models.
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18.8 A in subunit B, defined as the distance between
residue 76 of one subunit and residue 250 of the adjacent
subunit) in the mutant IDH1 complexes is also comparable
to that in the IDHI"*-NADP complex (21.2 A and 18.7 A,
respectively). For simplicity, in the following discussion,
we will use the structure of the IDH1""-NADP-
ICT complex as a representative of the mutant IDH1
complexes owing to its relatively higher resolution.

The R132H mutation renders an increased flexibility of
two key structural segments

It is intriguing to observe that two regions, segl and
seg2, are largely disordered in all three mutant IDH1
complexes. In the wild-type IDH]1 structures, segl forms
a hinge region that dictates the conformational changes
of the large domain induced by ICT binding, and seg2
forms a “regulatory segment” that undergoes substantial
conformational change during the catalytic reaction and
was proposed to regulate the enzymatic activity [14].
Specifically, segl adopts a coil structure in both subunits
of the IDHI**-NADP complex and a one-turn a-helix in
the IDH1V*-NADP-ICT-Ca complex similar to that ob-

served in the other eukaryotic NADP-IDH structures [17,
18]. Seg2 takes a completely unwound loop structure in
subunit A and a partially unwound one-turn a-helix struc-
ture in subunit B in the IDHI¥*-NADP complex, while
it adopts a long o-helix structure in the IDH1¥*-NADP-
ICT-Ca complex similar to that observed in all other
NADP-IDH structures [17-21].

Detailed analyses of the wild-type IDH1 structures
indicate that these two segments have extensive interac-
tions with each other and Argl32 plays an important
role in the interaction network (Figure 2A and 2B, and
Supplementary information, Table S2). In subunit A of
the IDHIV*-NADP complex, the Nn1 atom of Argl32"*
(residues and structural elements of subunits A and B are
denoted with superscripted letters A and B, respectively)
imposes a salt bridge with the 052 atom of Asp275” (3.0
A), while the O atom of Asp275” forms a hydrogen bond
with the N atom of Tyr135* (2.9 A) and the O atom of
Tyr135" interacts with the N atom of GIn277* (2.7 A;
Figure 2A left panel and Supplementary information,
Table S2). In subunit B, the Nn1 atom of Arg132” forms
a hydrogen bond with the 082 atom of Asn271" (3.3 A)

Subunit 8

Figure 2 Comparison of the active sites between the R132H mutant and wild-type IDH1 complexes. (A) Comparison of the
interactions between seg1 (red) and seg2 (magenta) in subunit A (left panel) and subunit B (right panel) of the IDH1""-NADP-
ICT (green) and IDH1¥"-NADP (slate blue) complexes. (B) Comparison of the interactions between seg2 of the two subunits
in the IDH1""-NADP-ICT (green) and IDH1¥"-NADP (slate blue) complexes. The hydrophilic interactions are indicated with
dashed lines and the involved residues are shown with stick models. (C) Structure of the ICT-binding site | in the IDH1""-
NADP-ICT complex. (D) Structure of the ICT-binding site Il in the IDH1¥*-NADP-ICT-Ca complex. Residues involved in ICT
binding in the mutant IDH1 complex are shown with stick models in green and that in the wild-type IDH1 complex in magenta.
Residues of the adjacent subunit are denoted with an apostrophe. ICT is shown with ball-and-stick model in yellow and
NADP with stick model in salmon. (E) Comparison of the ICT-binding site | in subunit A (left panel) and subunit B (right panel)
between the IDH1¥R-NADP (slate blue) and IDH1""-NADP-ICT (green) complexes. Seg1 in the wild-type IDH1 complex is
shown with red ribbons.
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and its Nn2 atom forms a salt bridge with the 032 atom
of Asp279° (3.1 A; Figure 2A right panel and Supple-
mentary information, Table S2). At the dimer interface,
hydrogen bonds form between the On atom of Tyr139"
and the On atom of Tyr272* (3.6 A), between the N&2
atom of Asn271" and the 032 atom of Asp275” (2.8 A),
and between the N atom of Tyr272" and the O82 atom of
Asp273° (3.4 A; Figure 2B and Supplementary informa-
tion, Table S2). Moreover, the aromatic rings of Tyr272A,
Tyr135° Tyr139®, and Tyr272" form a hydrophobic
cluster, further strengthening the interactions of the two
regions (Figure 2B). In the IDH1**-NADP-ICT-Ca
complex, the interactions between the two segments are
even more intense (Supplementary information, Table
S2). The Ng atom of Arg132” forms two hydrogen bonds
with the O and 031 atoms of Asn271* (3.1 A and 2.9 A,
respectively) and its Nn2 atom forms a hydrogen bond
with the O81 atom of Asn271* (2.9 A). In addition, the
O atom of Gly136" forms a hydrogen bond with the N52
atom of Asn271"* (3.3 A), and the On atom of Tyr139*
forms a hydrogen bond with the O31 atom of Asp275*(2.7
A). Corresponding interactions also exist among the resi-
dues of subunit B. At the dimer interface, the On atom
of Tyr272" forms two hydrogen bonds with the 031 and
0582 atoms of Asn273" (2.7 A and 3.4 A, respectively),
and the O81 atom of Asp275* forms a salt bridge with
the N¢ atom of Lys212" (2.8 A), and vice versa. These
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results underscore the importance of Argl32 in the es-
tablishment of the interaction network and the stabiliza-
tion of the two structural segments and thus, mutation
of Argl132 to His would disrupt its interactions with the
other residues and subsequently interactions between the
two segments, leading to an increased flexibility of the
two segments in the mutant IDH1 complexes.

It has been shown that the homodimeric IDH1 mutant
has a significantly decreased IDH activity and intrigu-
ingly, the heterodimeric IDH1 mutant displays a compa-
rable low IDH activity, suggesting that the two subunits
of the dimeric IDH1 work in a cooperative manner [12].
Our structures strengthen this notion by showing that
although ICT is bound with both subunits, the wild-type
subunit of the heterodimer could not accomplish the con-
formational changes and concurrently, the two key struc-
tural segments exhibit remarkably increased flexibility.
As in the wild-type enzyme, the conformational changes
of the two segments and the inter-domain motion are in-
duced by ICT binding, and a number of residues in these
two segments are involved in ICT binding, metal ion co-
ordination, and catalysis [14, 22]; we speculate that the
increased flexibility of these two regions rendered by the
R132H mutation might interfere with the ICT binding
and/or the overall conformational changes of the enzyme,
leading to the impairment of the IDH activity.

Table 2 Kinetic parameters for the IDH activity of the wild-type and homodimeric mutant IDH1*

Enzyme Specific activity K, (ICT) Kot koo K., Ky
IDH1 (umol min~' mg™") (uM) S™h (S pM™ (uM)
Wild-type 142+0.5 6.39 +0.55 11.0+0.35 1.72 £ 0.16 1.13+£0.13
T77A 3.66 +0.03 98.1+3.3 3.04 £ 0.02 0.031 £0.00 173 £26
S94A 3.10 £ 0.06 60.7 £ 5.5 2.41+0.05 0.040 £ 0.00

T77A/S94A 0.52 +£0.01 779 £ 50 0.40 £ 0.01 0.51 +0.04 x 10°

R100A 0.14 £ 0.01 765+ 72 0.12+0.01 0.16+0.02 x 10°

R109A 0.48 £ 0.04 134421 %10 0.37+0.03 0.028 + 0.00 x 10°

R109Q 0.30+0.02 9.63+1.13 x 10° 0.23 +£0.02 0.024 +0.00 x 10

RI132H 0.76 £ 0.03 1.28+0.13 x 10° 0.60 £ 0.02 0.47 £ 0.05 x 10°

R132A 2.63+0.22 676 +£57 2.05+0.17 3.03+0.36x 10°

R132C 0.32 +0.01 1.17 £ 0.06 x 10 0.25 +0.01 0.21+0.01 x 107

R132S 347 +0.11 432 +38 2.70 £ 0.09 6.22+0.59x 10°

RI132L 0.81 £0.01 246 + 16 0.63 +£0.01 2.56+0.17x 107
Y139A 0.047 + 0.003 0.90 +0.18 0.037 £ 0.002 0.041 £ 0.008

K212A 0.013 £ 0.000 6.30 + 0.66 0.011 £ 0.000 0.017 £0.002

D252A 0.032 £ 0.001 3.72+0.43 0.024 + 0.001 6.45+0.79 x 10”

D275A 1.62 +0.06 115+ 14 1.27 £ 0.05 0.011 +£0.001

“The specific IDH activities were measured under the standard assay conditions described in Materials and Methods. The K, and %, values were
determined by varying the concentration of ICT while maintaining the concentrations of the other substrates at the standard saturating conditions.
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The R132H mutant complexes reveal a novel ICT-binding
site

Comparison of the IDH1™" complexes shows that in
contrast to the wild-type IDH1, the ICT binding does not
cause any significant domain movement in the mutant. In
the IDH1""-NADP-ICT complex, although the two sub-
units of the homodimer display certain asymmetry, ICT
binds at the same site which is far from the small domain
and is distinct from the ICT-binding site in the IDH1Y
®.NADP-ICT-Ca complex (Figure 1D). Correspond-
ingly, the interactions between ICT and the surrounding
residues are different (Figure 2C and 2D). Specifically,
the O2 atom of a-carboxyl and O5 atom of B-carboxyl
of ICT form salt bridges with the Nn2 and Nn1 atoms of
Argl100 (3.0 A and 3.2 A), respectively, and the 06 atom
of B-carboxyl forms a hydrogen bond with the Oy atom
of Ser94 (3.3 A). In addition, the y-carboxyl forms two
hydrogen bonds with the 2’-OH group of NADP (3.0 A)
and the Oy1 atom of Thr77 (3.6 A; Figure 2C). Notably,
in the mutant IDH1 complexes, the residues responsible
for ICT binding (Thr77, Ser94, and Arg100) all belong to
the large domain, and the respective interactions between
ICT and the residues of the small domain in the wild-
type IDH1 complexes are absent (Figure 2C and 2D).
For convenience, we designate the ICT-binding site in
the IDH1""-NADP-ICT complex as “site I’ and that in
the IDHI**-NADP-ICT-Ca complex as “site II”.

So far, there is no structure of IDH1 in complex with
ICT alone available. For porcine and yeast (Saccharo-
myces cerevesiae) mitochondrial NADP-IDHs (PmIDH
and Idpl), the structures of the enzymes in complexes
with ICT show that the binding of ICT, but not NADP,
induces transformation of the enzyme from an open con-
formation to a quasi-closed conformation [17, 18]. In
these structures, ICT binds at a site close to site II and
interacts with residues of both large and small domains
in a similar way. Besides, segl assumes an ordered
structure containing a one-turn a-helix and seg2 adopts
a long a-helix structure, similar to those observed in the
IDH1¥*-NADP-ICT-Ca complex [14]. These results sug-
gest that for eukaryotic IDHs, the binding of ICT at site
I appears to be associated with an open conformation of
the enzyme with disordered structures of segl and seg2,
while the binding of ICT at site 11 seems to be correlated
to a closed conformation with ordered structures of the
two segments.

H/H

Kinetic studies of the wild-type and mutant IDH1

To discern how the changes rendered by the R132H
mutation, including the increased flexibility of segl
and seg?2 and the distinct binding mode of ICT, lead to
impaired IDH activity, we carried out mutagenesis and

biochemical studies towards Argl32 and other residues
at the active site that have interactions with ICT and the
metal ion. As shown in Table 2, the V,,,, and K., (ICT)
values of the wild-type IDH1 are comparable to that of
PmIDH and E. coli NADP-IDH (EcIDH) [22-26]. Com-
pared with the wild-type IDH1, the homodimeric R132H
mutant manifests a 200-fold increase in the K, whereas
its specific activity is decreased to about 5%; simi-
larly, the K, of the R132A mutant is also substantially
increased by 106-fold while its specific activity is de-
creased to about 18% (Table 2). There is discrepancy in
the IDH activity of the R132H mutant as Zhao et al. [12]
showed a 2-fold decrease in the catalytic rate while Dang
et al. [13] reported a 1000-fold reduction, and our data
are in better agreement with that reported by Zhao et al.
In addition, the kinetic parameters of the R132C, R132S,
and R132L mutants are similar to that of the R132H mu-
tant (Table 2). The Y139A and K212A mutants display <
1% activity (Table 2), indicating that Tyr139 and Lys212,
like their counterparts in EcIDH and PmIDH [22, 25,
27], play critical roles in the catalytic reaction. Our data
also show that mutations D252A and D275A have severe
effects on the K, and/or k_, due to their involvements in

cat

both ICT binding and catalysis (Table 2).

Site I is an initial ICT-binding site

As discussed above, in the IDH1""-NADP-ICT struc-
ture, ICT binds at site I and has interactions with residues
Thr77, Ser94, and Argl00 of the large domain. Lys212
retains a position similar to that in the IDH1¥*-NADP-
ICT-Ca structure and thus is unable to interact with ICT
(Figure 2C and 2D). In addition, Tyr139 of segl and
Asp275 of seg? appear to lose their interactions with ICT
due to the increased flexibility of the two segments. As
proper positioning of these key residues at the active site
is critical for the enzymatic activity, the IDH1""-NADP-
ICT structure is unlikely to represent a catalytically
competent pre-transition state for the R132H mutant that
retains very low IDH activity (our data and [12]). Thus,
we propose that formation of an active pre-transition
state similar to the IDH1¥*-NADP-ICT-Ca structure is a
pre-requisite for the catalysis to take place. This leads us
to the following questions: is site I an initial ICT-binding
site and if yes, how does IDH1 transform from the initial
ICT-binding state to the pre-transition state?

In the IDHI""-NADP complex, seg?2 is disordered
in both subunits and thus, site I is easily accessible and
residues Thr77, Ser94, and Argl00 are available for ICT
binding (Figure 2E). However, in the IDH1V*-NADP
complex, seg?2 is ordered but assumes different confor-
mations in the two subunits, and site I is available only
in subunit B, as in subunit A it is occupied by Asp279” of
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seg2 which makes hydrogen bonds with both Thr77* and
Ser94”* (Figure 2E). Among the three residues, Argl00
is of particular interest as it is available for ICT binding
in both subunits of the wild-type or mutant IDH1 binary
complex and appears to play an important role in the in-
teractions of the large domain with ICT due to its contri-
bution of two salt bridges with ICT (Figure 2C and 2D).
Our biochemical data show that the RI00A mutation has
drastic effects on both K|, (120-fold) and &, (1%; Table 2),
underscoring its pivotal roles in both ICT binding and ca-
talysis. The T77A and S94A mutants possess about 26%
and 22% activity, whereas their K, values are increased
by about 15- and 10-fold, respectively; and the double
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mutation shows a synergetic effect (Table 2), indicating
that these two residues play more important roles in ICT
binding than in catalysis. These results are consistent
with the biochemical studies of the equivalent residues
(Thr78, Ser95, and Arg101) of PmIDH [24, 26].
Considering that the K, value can be affected by
other factors such as the rate of conversion of the bound
substrate to the product and hence may not accurately
reflect the binding affinity between the substrate and the
enzyme, we further analyzed the thermodynamics of
ICT binding by the wild-type and mutant IDH1 using
isothermal titration calorimetry (ITC; Figure 3). The ITC
data show that the wild-type enzyme binds ICT with a
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Figure 3 Thermodynamic characterization of the wild-type and mutant IDH1. (A-E) ITC data of ICT titration into the wild-type
IDH1 and the T77A, S94A, R100A, and R132H mutants, respectively. For the R132H mutant, the concentration of ICT was
doubled compared with that for the wild-type IDH1, and for the T77A, S94A, and R100A mutants, the concentrations of both

ICT and protein were doubled for higher heat release.
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Ky value (1.13 uM) (Figure 3A and Table 2) comparable
to the K, value (6.39 uM) as determined by the kinet-
ics method (Table 2). In contrast, while the kinetic data
show that the K, values of the T77A and S94A mutants
are only increased by 15- and 10-fold, respectively (Table
2), the ITC data show that the K, value of the T77A mu-
tant is increased by 153-fold and the S94A mutant shows
a distinct profile with no measurable K, value (Figure 3B
and 3C, and Table 2), suggesting that Thr77 and Ser94
might not be very critical in the ICT binding in the pre-
transition state but play important roles in the initial
binding of ICT. Although the K, values of the R100A
and R132H mutants are increased to the same order of
magnitude (120- and 200-fold, respectively; Table 2),
the two mutants have distinct thermodynamic profiles:
the R132H mutant shows some binding ability with ICT,
whereas the R100A mutant has no detectable binding
(Figure 3D and 3E), indicating that mutation of Argl100
has much greater impact on the K}, compared with muta-
tion of Argl32. These results together indicate that site I
is an initial ICT-binding site and residues Thr77, Ser9%4,
and Argl00 of the large domain are responsible for the
binding of ICT at site 1.

After the initial binding of ICT, the enzyme needs to
convert from the open conformation to the closed confor-
mation with the corresponding movement of ICT from
site I to site II to reach the pre-transition state. A detailed
analysis of the IDHI""-NADP-ICT structure shows that
the Nn1 atom of Argl109 may interact with the a-carboxyl
of ICT (4.6 A and 4.9 A from the o-carboxyl oxygen
atoms, respectively), which may trigger such confor-
mational changes. As the IDH1""-NADP-ICT complex
assumes a conformation similar to that of the IDH1""-
NADP complex, Argl09 may exert such a function in the
wild-type enzyme. It is also possible that Argl32 may
play a similar role in the wild-type enzyme. Analysis of
the IDH1"*-NADP complex shows that Argl132 forms
salt bridges with Asp275 in subunit A and Asp279 in
subunit B. At these positions, Arg132 would be too far to
interact with ICT at site I. However, the ICT binding to
site I might lead to disruption of the interactions between
Argl132 and seg2 and thus, the “freed” Argl32 might
be able to extend its side chain to interact with ICT and
therefore initiate and/or participate in the conformational
changes. The notion that Argl109 and Argl32 function in
triggering the conformational changes is supported by
the biochemical data that mutations of both Argl09 and
Argl32 cause drastic increase in the K,, (Table 2).

Mechanism of the impaired IDH activity of the RI32H
mutant
As discussed above, the IDH1""-NADP-ICT structure

unexpectedly captures a snapshot representing a tran-
sient state of the ICT dehydrogenation reaction in which
ICT is initially bound and the active site is partially as-
sembled (Figure 4A). For the complete assembly of the
active site and for the catalysis to take place, the enzyme
has to convert from the open conformation of the initial
ICT-binding state to the closed conformation of the pre-
transition state represented by the IDH1¥*-NADP-ICT-
Ca structure, accompanied by the movement of ICT from
site | to site II (Figure 4A). During the catalytic reac-
tion, Argl32 exerts multiple functional roles via direct
interactions with ICT, facilitation of the conformational
changes, and formation of the active site (this study and
the study by Xu et al. [14]). Mutation of Argl32 to His
does not prohibit the binding of ICT, instead it constrains
the enzyme in the inactive, initial ICT-binding state and
prevents it from undergoing the conformational changes
required to form the active, pre-transition state (Figure
4A).

Intriguingly, our results also show that the structure
of the IDH1V"-NADP-ICT complex resembles the cor-
responding structure of the homodimeric IDH1"" rather
than the wild-type enzyme, supporting the notion that
trap of the mutant subunit in the initial ICT-binding state
has a negative impact on the wild-type subunit [12] due
to the cooperation of the two subunits in ICT binding
and conformational changes via the two key structural
segments (segl and seg2) [14]. Our findings indicate
that the heterodimeric IDH1®" would function in a way
similar to the homodimeric IDH1"™", which accounts
for the substantially reduced IDH activity of IDHI®" at
the physiological concentration of ICT and hence pro-
vides the mechanism underlying the observed dominant
inhibitory effect of the R132H mutation [12]. Recently,
Dang et al. [13] showed that the NADPH production is
decreased when the wild-type and R132H mutant IDH1
are co-expressed and thus proposed that the mutant sub-
unit might consume oKG and NADPH produced locally
by the wild-type subunit. Direct transfer of the produced
aKG and NADPH from the wild-type subunit to the mu-
tant subunit seems unlikely because the two active sites
are located on the opposite sides of the dimer and the
dimeric interface is very tight and compact; instead, the
reduction in NADPH production most likely results from
the inhibited activity of the heterodimeric mutant.

Mechanism of the gained reduction activity of the RI32H
mutant

Recently, Dang et al. [13] reported that the R132H
mutation confers IDH1 a new function of catalyzing the
conversion of aKG to 2HG, which might be important in
the formation and progression of gliomas. Here, we show
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Figure 4 Mechanisms of “off-on switch” of the activities of IDH1 by the tumor-associated mutation R132H. (A) A schematic
diagram illustrating the evolution of the active site of the wild-type and R132H mutant IDH1 from the NADP-bound state to the
initial ICT-binding state and further to the pre-transition state in the ICT dehydrogenation reaction. Mutation of Arg132 to His
enables the visualization of the inactive, initial ICT-binding state for the mutant IDH1. The transient initial ICT-binding state
for the wild-type IDH1 and the high-energy pre-transition state for the R132H mutant IDH1 are not observed and thus are
marked with dashed boxes. Residues Thr77, Thr99, and Arg100 that form the initial ICT-binding site, and residues Arg109
and Arg132 (or His132) of seg1 and Asp275 and Asp279 of seg2 that are involved in the assembly of the active site are la-
beled. (B) The oKG reduction activities of the R132H, R132H/Y139F, and R132H/Y139A mutant IDH1. Negative controls with
omission of the enzyme were performed to monitor the spontaneous turnover of aKG to 2HG of the assay system. (C) Effects
of metal ions on the reduction activity of the R132H mutant IDH1. Negative controls with omission of the enzyme and/or met-
al ion were included. (D) A schematic diagram illustrating the mechanism of the oKG reduction to 2HG by the R132H mutant
IDH1. Tyr139 may play a critical role in the reduction of «KG to 2HG by compensating the increased negative charge on the
C2 atom of oKG at the intermediate state.
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that the homodimeric R132H mutant harbours a weak
reduction activity (Figure 4B) over a wide range of aKG
concentration (10 uM-1 mM; Supplementary informa-
tion, Figure S1A), and that Mn"" but not Ca”" facilitates
the reaction (Figure 4C). Spontaneous turnover of aKG
to 2HG is insignificant unless the aKG concentration is
very high (e.g., 5 mM; Figure 4B). The structure of the
homodimeric R132H mutant in complex with NADP,
0KG, and Ca*" (IDH1""-NADP-0aKG-Ca) reported by
Dang et al. [13] represents a post-transition state of the
ICT dehydrogenation reaction and the pre-transition state
of the aKG reduction reaction. It has been noted that
the IDH1""-NADP-aKG-Ca structure [13] is very simi-
lar to the IDHI¥®*-NADP-ICT-Ca structure [14] except
that Tyr139 displays a marked positional displacement
[13]. This conformational difference should be rendered
by the R132H mutation only because the active sites
of the quaternary complexes of ICT-bound IDHI1 [14]
and oKG-bound Idp1 [18] are very similar, while aKG-
bound IDH1"" [13] and Idp1 [18] differ mainly at this
position (Supplementary information, Figure SI1B). Our
data prove the necessity of Tyr139 for the gained func-
tion by showing that the reduction activity of the R132H
mutant is almost abolished when Tyr139 is substituted
with either Phe or Ala (Figure 4B).

We further hypothesize that the reduction of aKG is
initiated by the transfer of a hydride anion from NADPH
to the C2 atom of aKG, and Tyr139 may play a vital role
by compensating the increased negative charge on the
C2 atom at the intermediate state (Figure 4D). Detailed
structural analyses show that the hydroxyl group of the
displaced Tyr139 is at a distance of 3.7 A from the C2
atom of oKG in the IDHI""-NADP-aKG-Ca complex
[13], while the corresponding distance is 5.8 A in the
Idp1-NADP-0KG-Ca complex [18] which would be
too far for a similar interaction. Therefore, appropriate
positioning of the phenolic hydroxyl of Tyr139 would
be required for its interaction with the C2 atom of aKG
and the reduction of the keto group of aKG, which is
achieved in the R132H mutant. The metal ion may also
be involved in the stabilization of the intermediate state
by neutralizing the negative charge on the oxygen atom
of the keto group (Figure 4D).

Taken together, our structural and biochemical data
reveal a transient, initial ICT-binding state undiscovered
before, implicate multiple functional roles of Argl32 in
the catalytic reaction, and provide new insights into the
catalytic mechanism of the ICT dehydrogenation reaction
by IDH1. In particular, our results demonstrate that muta-
tion of Argl32 to His does not prohibit the ICT binding,
instead, it causes the enzyme to be constrained in the in-
active, initial [CT-binding state and prevents the assem-

bly of the active, pre-transition state, providing in part
the molecular basis for the impaired IDH activity of the
R132H mutant. As the wild-type IDH1 may act as a tu-
mor suppressor in part through suppression of the HIFla
pathway by aKG [12], our results provide insights into
the mechanism of the “off switch” of the potential tumor
suppressive function of IDH1 by the R132H mutation.
Furthermore, our structural and biochemical data also
show that mutation of Argl32 to His causes a positional
displacement of Tyr139, which is optimal to be involved
in the aKG reduction reaction. Since the reduction prod-
uct 2HG is implicated to play a role in the pathogenesis
of brain tumors [13], our results also provide insights
into the mechanism of the “on switch” of the hypotheti-
cally oncogenic function of IDH1 by the R132H muta-
tion. These findings may have important implications in
diagnosis of cancers associated with the IDH1 mutations
and in the design of therapeutic strategies for these can-
cers.

Materials and Methods

Cloning, expression, and purification

The pRSF-Duet-IDHI*"**" plasmid was kindly provided by
Dr Yue Xiong at Fudan University and used for expression of the
homodimeric IDH1*". Protein purification was carried out with
Ni-NTA affinity chromatography and the target protein was eluted
with an elution buffer (20 mM Tris-HCI (pH 7.4), 200 mM imida-
zole, and 500 mM NaCl). The protein was subsequently purified
by gel filtration in a storage buffer (20 mM Tris-HCI (pH 7.4) and
100 mM NacCl) using a Hiload 16/60 Superdex G200 column (GE
Healthcare).

The wild-type IDH1 was expressed with the pET-22b(+)-
IDH]1 plasmid as described previously [14]. For expression of the
heterodimeric IDH1®", the gene fragment of the wild-type IDHI
was cloned to pGEX-4T1, and E. coli BL21(DE3) cells were co-
transformed with the pRSF-Duet-IDHI*"**" and pGEX-4T1-IDHI
plasmids.

Purification of the heterodimer was performed as described
above except that the elution fractions from the Ni-NTA affinity
chromatography were subjected to further purification using gluta-
thione affinity column (GE Healthcare) and subsequent enzymatic
digestion using thrombin (GE Healthcare), followed by final puri-
fication using gel filtration in a storage buffer (20 mM Tris-HCI (pH
7.4) and 100 mM NacCl) on a Hiload 16/60 Superdex G200 column
(GE Healthcare). Further analysis of the purified protein with na-
tive-PAGE showed that it has a migration rate different from that
of the homozygous proteins, confirming that it is the heterozygous
enzyme. The constructs of the mutant IDHI containing point mu-
tations except for R132H were generated using the pET-22b-/DH1
plasmid as the template with QuikChange Site-directed Mutagen-
esis kit (Stratagene). Expression and purification of these IDH1
mutants were carried out as described previously [14].

Crystallization and diffraction data collection
Crystallization conditions were screened using the Hampton
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Research Screen kits using the sitting-drop vapor diffusion method
by Mosquito (TTP Labtech) at both 4 °C and 20 °C. The crystals
of the IDHI"-NADP complex were grown in drops consisting
of equal volumes (0.5 pl) of the protein solution (10 mg ml™) and
the reservoir solution (1.0 M Na,HPO,/KH,PO, (pH 8.2)) without
the addition of NADP at 4 °C. For crystallization screening of
the IDH1"" and IDH1™" mutants in complexes with NADP and
ICT, the protein solution was supplemented with 10 mM NADP,
100 mM ICT, and 100 mM CaCl,. The crystals of the IDH1H/H-
NADP-ICT complex were grown in drops containing the reservoir
solution of 0.1 M Tris-HCI (pH 8.5) and 2.0 M (NH,),SO,, and
that of the IDHIY"-NADP-ICT complex were obtained from drops
containing the reservoir solution of 0.1 M HEPES-Na (pH 7.5),
2% PEG400, and 2.0 M (NH,),SO,. Diffraction data of the IDH1"
" binary complex were collected at beamline NW12 of Photon
Factory, Japan, and that of the IDH1"* and IDH1"* ternary com-
plexes at beamline BL17U1 of SSRF, China. All the diffraction
datasets were processed using the HKL2000 program [28]. A sum-
mary of the diffraction data statistics is given in Table 1.

Structure determination and refinement

The crystal structures of the R132H mutants were solved with
the molecular replacement method implemented in the program
PHASER of the CCP4 suite [29] using the structure of the IDH1Y
R.NADP complex (PDB code 1T09) [14] as the search model. The
initial structure refinement was carried out with the program CNS
using the standard protocols [30] and the later structure refinement
was performed with the programs REFMACS [31] and Phenix [32].
In addition, the IDHI™-NADP complex was further refined with
the newly released CNS v1.3. A free R factor monitor calculated
with 5% randomly chosen reflections was applied throughout the
refinement. In all three structures, there are two monomers in the
asymmetric unit, which were refined independently. Model build-
ing was performed with the program COOT [33] and guided by
SIGMAA-weighted 2Fo-Fc and Fo-Fc maps. The stereochemistry
qualities of the structure models were analyzed using the program
PROCHECK [34] and the structural analyses were carried out us-
ing programs of the CCP4 suite [29]. Figures were prepared using
the program Pymol (http://www.pymol.org). A summary of the
structure refinement statistics is given in Table 1.

IDH activity assay

The IDH activities of both wild-type and mutant IDH1 were
assayed spectrophotometrically by monitoring the reduction of
NADP to NADPH, which has an extinction coefficient of 6 220
M cm' at 340 nm. The standard reaction buffer (1 ml) consisted
of 30 mM Tris-HCI (pH 7.4), 0.1 mM NADP, 4 mM DL-ICT, and
2 mM MnSO, [25]. The reaction was initiated by adding 5 pl of
the wild-type or mutant IDH1 at appropriate concentrations. For
determining the K, of ICT, the concentration of ICT was varied,
whereas NADP and Mn”" were maintained at the standard concen-
trations. All kinetic data were measured using a Beckman DUS00
spectrophotometer (Beckman Coulter) and analyzed using the pro-
gram Prism 4.0 (Graphpad Software). The kinetic data were fitted
to the Scatchard plot for apparent K, and approximate V,,, which
was used to calculate the k. All the experiments were performed
in triplicates.

aKG reduction activity assay
The aKG reduction activities of the R132H, R132H/Y 139F,
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and R132H/Y139A IDH1 mutants were assayed by measuring the
conversion of NADPH to NADP. Briefly, 500 nM of the IDH1 mu-
tant was added to 1 ml of an assay solution consisting of 30 mM
Tris-Cl (pH 7.4), 5 mM MnSO,, 250 uM B-NADPH, and 5 mM
0K G, and the decrease of absorbance at 340 nm over time was
measured. To assay the reduction activity under the physiological
condition, 100 pM B-NADPH and 25 uM aKG were used whereas
Mn’" was maintained at the standard concentration. All the experi-
ments were performed in triplicates.

ITC analysis

Thermodynamic studies of both wild-type and mutant IDH1
were carried out by ITC experiments at 25 °C using an ITC200
calorimeter (GE healthcare). The protein samples were dialyzed
against an assay buffer (30 mM Tris-HCI (pH 7.4), 100 mM NaCl,
and 5% glycerol), and DL-ICT was dissolved in the same buffer.
For the wild-type IDH1, titrations were conducted with 20 injec-
tions of 1 mM ICT, 1 pl each, into 0.2 ml of 0.044 mM IDH1 at
an interval of 100 s. For the T77A, S94A, R100A, and R132H
mutants, titrations were performed in a similar way except that 2
pl ICT was injected each time with an interval of 120 s, and for
the T77A, S94A, and R100A mutants, the concentrations of the
protein (0.075 mM) and ICT (2 mM) were increased for higher
heat release. The thermodynamic parameters were obtained by
nonlinear least-squares fitting of the data using the Microcal ORI-
GIN software. Heats of the reactions were corrected for the effect
of dilution.

Protein data bank accession codes

The structures of the IDH1"-NADP, IDH1""-NADP-ICT,
and IDH1¥"-NADP-ICT complexes have been deposited with the
RCSB Protein Data Bank under accession codes 3MAR, 3MAP,
and 3MAS, respectively.
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