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Abstract

Isocitrate dehydrogenases (IDHs) catalyze oxidative decarboxylation of isocitrate (ICT) into a-
ketoglutarate (AKG). We report here the crystal structures of Saccharomyces cerevesiae mitochondrial
NADP-IDH Idp1p in binary complexes with coenzyme NADP, or substrate ICT, or product AKG, and in
a quaternary complex with NADPH, AKG, and Ca2+, which represent different enzymatic states during
the catalytic reaction. Analyses of these structures identify key residues involved in the binding of these
ligands. Comparisons among these structures and with the previously reported structures of other
NADP-IDHs reveal that eukaryotic NADP-IDHs undergo substantial conformational changes during the
catalytic reaction. Binding or release of the ligands can cause significant conformational changes of the
structural elements composing the active site, leading to rotation of the large domain relative to the
small and clasp domains along two hinge regions (residues 118–124 and residues 284–287) while
maintaining the integrity of its secondary structural elements, and thus, formation of at least three dis-
tinct overall conformations. Specifically, the enzyme adopts an open conformation when bound to
NADP, a quasi-closed conformation when bound to ICT or AKG, and a fully closed conformation when
bound to NADP, ICT, and Ca2+ in the pseudo-Michaelis complex or with NADPH, AKG, and Ca2+ in the
product state. The conformational changes of eukaryotic NADP-IDHs are quite different from those of
Escherichia coli NADP-IDH, for which significant conformational changes are observed only between
two forms of the apo enzyme, suggesting that the catalytic mechanism of eukaryotic NADP-IDHs is
more complex than that of EcIDH, and involves more fine-tuned conformational changes.
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Isocitrate dehydrogenases (IDHs) are a family of enzymes
responsible for catalyzing the oxidative decarboxylation
of isocitrate (ICT) into a-ketoglutarate (AKG). Most
bacteria and archea contain a single type of NADP-
dependent IDH (NADP-IDH) to catalyze this reaction
during the Krebs cycle, whereas eukaryotes contain two
types of IDHs using either NAD or NADP as a coenzyme.
Eukaryotic NAD-dependent IDHs (NAD-IDHs) are local-
ized in the mitochondrial matrix and play an essential role
in the Krebs cycle as bacterial NADP-IDHs. Eukaryotic
NADP-IDHs are located primarily in cell cytosol and
mitochondria, but can also be found in peroxisomes of
human, rat, and mouse cells because the cytosolic NADP-
IDHs of these species contain a type 1 peroxisomal
targeting sequence at the C terminus (Nekrutenko et al.
1998; Geisbrecht and Gould 1999; Yoshihara et al. 2001;
Lu et al. 2008). In Saccharomyces cerevesiae, there is an
NADP-IDH isozyme specifically targeted to peroxisomes
(Henke et al. 1998; van Roermund et al. 1998; Minard
and McAlister-Henn 1999). In addition to their potential
role in the Krebs cycle, eukaryotic NADP-IDHs have
been demonstrated to play important roles in cellular
defense against oxidative damage, detoxification of reac-
tive oxygen species, and synthesis of fat and cholesterol
through generation of NADPH and AKG (Jo et al. 2001;
Lee et al. 2002, 2007; Kim and Park 2003; Koh et al.
2004; Kim et al. 2005, 2007; Valderrama et al. 2006;
Frederiks et al. 2007; Mailloux et al. 2007; Marino et al.
2007; Margittai and Banhegyi 2008).

Based on sequence analysis, the NADP-IDHs can be
mainly divided into two subfamilies (Steen et al. 2001).
Escherichia coli NADP-IDH (EcIDH) is a representative
of subfamily I which includes most bacterial and archaeal
NADP-IDHs. The structure and function of EcIDH has
been studied extensively (Hurley et al. 1989, 1991;
Stoddard and Koshland Jr. 1993; Stoddard et al. 1993;
Bolduc et al. 1995; Finer-Moore et al. 1997). EcIDH
exists as a homodimer in both solution and crystal struc-
ture, and each subunit consists of three domains: a large
domain, a small domain, and a clasp domain. The latter
two domains of one subunit interact with those of the
other to form a tight dimer interface. The catalytic active
site is formed by the large and small domains of one
subunit and the small domain of the other. The apo
EcIDH adopts two distinct conformations in two different
crystal forms in which the large domain displays a 16°
rotation relative to the small and clasp domains, denoted
as open and closed conformations, respectively. When it
is bound to NADP, or ICT and Mg2+, or ICT, NADP, and
Ca2+, or NADPH, AKG, and Ca2+, EcIDH always adopts
the closed conformation. The enzymatic activity of
EcIDH is regulated through phosphorylation and dephos-
phorylation of Ser113 at the ICT-binding site by a bifunc-
tional IDH kinase/phosphatase (Hurley et al. 1989, 1990;

LaPorte 1993). The structures of several other dimeric
bacterial and archaeal NADP-IDHs of subfamily I have
also been reported, which exhibit high structural similar-
ities with EcIDH (Singh et al. 2001, 2002; Karlstrom
et al. 2005; Stokke et al. 2007). In addition to the dimeric
NADP-IDHs, a group of monomeric NADP-IDHs has
also been identified in several bacterial species, and the
crystal structures of the enzymes from Azotobacter
vinelandii (Yasutake et al. 2002, 2003) and Corynebacte-
rium glutamicum (Imabayashi et al. 2006) have also been
determined. The monomeric NADP-IDHs are possibly
formed by domain duplication and might have a different
catalytic mechanism.

Subfamily II NADP-IDHs include mainly eukaryotic
NADP-IDHs and a few bacterial NADP-IDHs (Steen
et al. 2001). For eukaryotic NADP-IDHs, the crystal
structures of porcine mitochondrial NADP-IDH (PmIDH)
in complex with ICT and Mn2+ (PmIDH–ICT–Mn)
(Ceccarelli et al. 2002), and human cytosolic NADP-
IDH (HcIDH) in complexes with NADP (HcIDH–NADP)
and with NADP, ICT, and Ca2+ (HcIDH–NADP–ICT–Ca)
(Xu et al. 2004) have been reported. The two eukaryotic
enzymes share a moderate level of sequence identity (69%)
with each other, but low degrees of sequence identity with
EcIDH (17%–18%) and other subfamily I NADP-IDHs.
The overall structures of PmIDH and HcIDH are very
similar to that of EcIDH. Nevertheless, there are some
notable differences between these eukaryotic NADP-IDHs
and EcIDH. In contrast to EcIDH, the eukaryotic NADP-
IDHs in different enzymatic states show significant con-
formational differences both at the active site and in the
overall structure. In the HcIDH–NADP complex, the en-
zyme adopts a conformation more similar to the open
conformation of EcIDH (Xu et al. 2004). In the PmIDH–
ICT–Mn complex, the enzyme adopts a conformation more
similar to the closed conformation of EcIDH (Ceccarelli
et al. 2002). In the HcIDH–NADP–ICT–Ca complex, the
enzyme assumes a conformation which is more compact
than the closed conformation of EcIDH (Xu et al. 2004). In
addition, in both HcIDH and PmIDH, the clasp domains of
the two subunits in the homodimer interwind together to
form two layers of four-stranded antiparallel b-sheets. On
the other hand, in EcIDH the clasp domains form two
antiparallel a-helices and a four-stranded antiparallel b-
sheet. Furthermore, although the eukaryotic NADP-IDHs
also contain a strictly conserved Ser at the position equiv-
alent to Ser113 of EcIDH (corresponding to Ser94 of HcIDH
or Ser95 of PmIDH), neither eukaryotic IDH kinase/phos-
phatase nor its homolog has been identified, nor phos-
phorylated eukaryotic NADP-IDH has been detected in
vivo (Mas and Colman 1984; Ceccarelli et al. 2002; Xu
et al. 2004). Recently, the crystal structures of two unique
bacterial NADP-IDHs of subfamily II have also been
described. Thermotoga maritime NADP-IDH (TmIDH) in
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apo form assumes an open conformation (Karlstrom et al.
2006) and Desulfotalea psychrophila NADP-IDH (DpIDH)
in both apo form and in complex with ICT assumes a closed
conformation (Fedøy et al. 2007). These bacterial NADP-
IDHs share moderate sequence homology (;50%) and high
structural similarity with eukaryotic NADP-IDHs. Thus, it
is conceivable that, along with the functional and structural
divergence of NADP-IDHs, there may be some differences
in the catalytic mechanism between eukaryotic NADP-
IDHs (or subfamily II NADP-IDHs) and EcIDH (or
subfamily I NADP-IDHs) and among different eukaryotic
isozymes. Due to the lack of a systematic structural study
of any eukaryotic NADP-IDH, the catalytic mechanism of
eukaryotic NADH-IDHs is thus far still unclear.

S. cerevesiae contains three NADP-IDH isozymes
(Idp1p, Idp2p, and Idp3p) which share sequence iden-
tity of ;70% among themselves and ;55%–65% with
PmIDH and HcIDH. The three isozymes are localized in
different subcellular compartments and presumably exert
some divergent biological functions. Idp1p is constitu-
tively expressed and targeted to mitochondria; Idp2p is
located in the cytosol and highly expressed when yeast
cells are supplied with non-fermentable carbon sources;
and Idp3p is localized specifically to peroxisomes and
detected only in cells grown on fatty acids (Contreras-
Shannon et al. 2005; Lu et al. 2008). Thus, S. cerevesiae
NADP-IDHs are ideal models for studying the catalytic
mechanism of eukaryotic NADP-IDHs and the differ-
ences among different isozymes and with the bacterial
enzymes. We report here the crystal structures of Idp1p in
complexes with different ligands which represent several
enzymatic states during the catalytic reaction: in binary
complexes with NADP, or ICT, or AKG, and in a qua-
ternary complex with NADPH, AKG, and Ca2+. Compar-
isons among these structures and with the previously
reported eukaryotic NADP-IDH structures reveal signifi-
cant conformational changes of the enzyme along the
catalytic reaction and provide insights into the catalytic
mechanism of eukaryotic NADP-IDHs.

Results

Overall structure of Idp1p

The structures of Idp1p in binary complexes with NADP,
ICT, and AKG, and in a quaternary complex with
NADPH, AKG, and Ca2+ were determined at 2.3 Å, 2.6
Å, 2.1 Å, and 2.7 Å resolution, respectively (Table 1). The
structure of Idp1p in complex with NADP (Idp1p–NADP)
contains four Idp1p molecules forming two homodimers
related by a pseudo twofold non-crystallographic sym-
metry (NCS) in an asymmetric unit. Each Idp1p is bound
to an NADP molecule at the active site. The structure of
Idp1p in complex with ICT (Idp1p–ICT), or NADPH,

AKG, and Ca2+ (Idp1p–NADPH–AKG–Ca), or AKG
(Idp1p–AKG) contains six Idp1p molecules that form
three homodimers related by a pseudo threefold NCS in
an asymmetric unit. Each Idp1p is bound to an active D-
stereoisomer of ICT, or an NADPH, an AKG, and a Ca2+

ion, or an AKG at the active site. In all four structures, the
protein model is well defined with high-quality electron
density except that a few N-terminal and/or C-terminal
amino acids are disordered, and the bound NADP/
NADPH, ICT, AKG, and Ca2+ are also fitted to high-
quality electron density in their respective complexes
(Supplemental Fig. S1).

The overall structure of Idp1p is very similar to that of
PmIDH and HcIDH and is composed of three domains: a
large domain (residues 1–104 and 288–412) assuming a
typical Rossmann fold, a small domain (residues 105–137
and 188–287) with an a/b sandwich fold, and a clasp
domain (residues 138–187) consisting of two stacked four-
stranded antiparallel b-sheets (Fig. 1A,B). Like PmIDH
and HcIDH, Idp1p forms a homodimer in both solution (as
revealed by dynamic light scattering analysis) and the crys-
tal structures. Dimerization is mediated by extensive hydro-
philic and hydrophobic interactions primarily between the
small and clasp domains of both subunits. In all four
structures, the two subunits in the homodimer adopt very
similar conformation with an RMSD of 0.4–0.5 Å for 410
Ca atom pairs. The catalytic active site resides in a large
cleft formed by the large and small domains of one subunit
and the small domain of the other and consists of the
NADP-binding site and the ICT-binding site (Fig. 1A).

Although the overall structures of Idp1p in all four
complexes are similar, there are substantial conforma-
tional differences at the active site and in the overall
structure among them (Fig. 2; Table 2). In the Idp1p–
NADP complex, the enzyme assumes an open conforma-
tion. In the Idp1p–ICT and Idp1p–AKG complexes, the
enzyme assumes a quasi-closed conformation. In the
Idp1p–NADPH–AKG–Ca complex, the enzyme assumes
a closed conformation. Structural comparisons indicate
that, in different complexes, the dimer interface formed
between the small and clasp domains of both subunits
exhibits very little change (for example, dimerization
buries 6872 Å2 or 21.1% of the solvent accessible surface
area of each subunit in the Idp1p–ICT complex and 6425
Å2 or 19.6% in the Idp1p–NADP complex); however, the
large domain assumes considerably differing conforma-
tions. The conformational changes between different
complexes can be visualized as a rotation of the large
domain relative to the small and clasp domains or the
dimer interface (see Discussion) (Fig. 2; Table 2). Crys-
tallographic analyses of these structures indicate that
the observed conformational differences are not caused
by crystal packing and thus should be biologically
relevant.
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Structural comparisons between Idp1p and EcIDH
indicate that the open conformation of Idp1p in the
Idp1p–NADP complex is more similar to the open con-
formation than the closed conformation of EcIDH (an
RMSD of 1.8 Å vs. 1.8 Å for the small and clasp domains
[145 Ca atom pairs] and 4.3 Å vs. 7.8 Å for the large
domain [171 Ca atom pairs]). The quasi-closed confor-
mation of Idp1p in the Idp1p–ICT complex is more
similar to the closed conformation than the open con-
formation of EcIDH (an RMSD of 1.7 Å vs. 1.7 Å for the
small and clasp domains and 2.9 Å vs. 5.6 Å for the large
domain). The closed conformation of Idp1p in the Idp1p–
NADPH–AKG–Ca complex resembles but is more com-

pact than the closed conformation of EcIDH (an RMSD
of 1.7 Å for the small and clasp domains and 2.9 Å for the
large domain).

Recognition and binding of NADP

The NADP-binding site is located at the upper part of the
active site. In the Idp1p–NADP complex, the bound NADP
has extensive hydrophilic interactions with the surrounding
residues from the large domain, including Thr76, Thr78,
Arg83, Glu308, Gly312, Thr313, Val314, Arg316, His317,
and Asn330 (Fig. 1C; Supplemental Table S1). Structural
comparison between the Idp1p–NADP and HcIDH–NADP

Table 1. Statistics of X-ray diffraction data and structure refinement

Diffraction data statistics

Resolution (Å) 50.0–2.30 20.0–2.60 50.0–2.10 50.0–2.70

(2.38–2.30)a (2.69–2.60) (2.18–2.10) (2.80–2.70)

Space group P1 P21 P21 P21

a (Å) 58.2 74.7 74.9 113.4

b (Å) 71.4 97.9 98.5 99.6

c (Å) 101.6 190.7 190.6 123.0

a (°) 87.8 90.0 90.0 90.0

b (°) 88.0 98.9 98.4 111.2

g (°) 90.1 90.0 90.0 90.0

Mosaicity 0.60 0.72 0.55 0.84

Total reflections 298,369 226,755 693,345 384,971

Unique reflections 78,839 82,166 160,580 73,998

Redundancy 3.8 (3.6) 2.6 (2.7) 4.3 (4.4) 5.2 (4.7)

Completeness (%) 95.2 (92.9) 98.4 (98.4) 99.2 (99.7) 98.6 (97.6)

I/s;<I;> 15.5 (3.9) 9.0 (2.0) 19.0 (3.1) 29.7 (3.2)

Rmerge (%)b 9.0 (38.9) 6.0 (22.8) 8.3 (36.3) 4.9 (54.0)

Refinement and structure model statistics

No. of reflections (Fo > 0s(Fo)) 69,329 77,993 158,401 73,241

Working set 65,828 74,093 150,604 69,524

Free R set 3501 3900 7797 3717

R factorc 0.198 0.232 0.206 0.217

Free R factorc 0.258 0.292 0.247 0.285

Subunits/ASU 4 6 6 6

Total protein atoms 12,962 19,458 19,533 19,494

Total ligand atoms 192 78 60 354

Total solvent atoms 950 1158 1373 227

Averaged B factor (Å2) 32.2 51.6 48.8 67.4

NADP/NADPH 34.5 — — 53.7

ICT/AKG — 74.1 81.2 70.2

Ca2+ — — — 63.2

Water 38.7 50.8 49.6 52.2

RMSD bond lengths (Å) 0.006 0.005 0.005 0.007

RMSD bond angles (°) 1.3 0.89 1.2 1.4

Ramachandran plot (%)

Most favored 90.0 90.8 90.3 85.2

Allowed 9.4 8.4 9.0 14.0

Generously 0.6 0.8 0.6 0.8

Disallowed 0.0 0.0 0.1 0

Luzzati error (Å) 0.26 0.40 0.25 0.38

a The numbers in parentheses refer to the highest resolution shell.
b Rmerge = +hkl+i IiðhklÞi � ÆIðhklÞæ

�
�

�
�=+hkl+iIiðhklÞ.

c R factor ¼ S||Fo | � |Fc||/S |Fo|.
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Figure 1. Structure of Idp1p in complexes with different ligands. (A) Overall structure of the Idp1p–NADPH–AKG–Ca complex. Idp1p is colored with the

large domain in slate-blue, the small domain in green, and the clasp domain in salmon. The bound NADPH and AKG are shown in ball-and-stick models

and the Ca2+ ion as a gold sphere. (B) Structure-based sequence alignment of Idp1p with other NADP-IDHs. The sequences include S. cerevesiae Idp2p and

Idp3p, HcIDH, PmIDH, and EcIDH. Invariant residues are highlighted by shaded red boxes and conserved residues by open red boxes. The secondary

structures of the Idp1p–NADP (PDB code 2QFV), HcIDH–NADP (PDB code 1T09), and EcIDH–NADP (PDB code 9ICD) complexes are placed above the

alignment. (C) A stereoview showing the interactions of NADP with the surrounding residues in the Idp1p–NADP complex. (D) A stereoview showing the

interactions of ICT with the surrounding residues in the Idp1p–ICT complex. (E) A stereoview showing the interactions of NADPH (upper panel), AKG,

and Ca2+ (lower panel) with the surrounding residues in the Idp1p–NADPH–AKG–Ca complex. (F) A stereoview showing the interactions of AKG with the

surrounding residues in the Idp1p–AKG complex. The residues involved in interactions are shown with side chains with those of the large domain in silver

and those of the small domain in blue. The residues from the adjacent subunit are labeled with an apostrophe. The hydrogen-bonding interactions are

indicated with dashed lines.
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Figure 2. Structural comparison of Idp1p in different enzymatic states. (A) Structural comparison of Idp1p in different enzymatic states showing

conformational differences of the overall structure. The bound ligands are omitted for clarity. The comparison is based on superposition of the small and

clasp domains relative to the Idp1p–NADP complex. The enzyme assumes an open conformation in the Idp1p–NADP complex (in slate-blue), a quasi-

closed conformation in the Idp1p–ICT (in yellow) and Idp1p–AKG (in cyan) complexes, and a closed conformation in the Idp1p–NADPH–AKG–Ca

complex (in magenta). (B) Comparison of the active site between the Idp1p–NADP (in slate-blue) and Idp1p–ICT (in yellow) complexes. The large domain

in the ICT-bound complex rotates ;17° toward the small and clasp domains along the hinge regions of residues 118–124 and 284–287 (in red) relative to

that in the NADP-bound complex. (C) Comparison of the active site between the Idp1p–NADPH–AKG–Ca (in magenta) and HcIDH–NADP–ICT–Ca (in

green) complexes. Both enzymes adopt the closed conformation without notable difference. (D) Comparison of the active site between the Idp1–ICT (in

yellow) and HcIDH–NADP–ICT–Ca (in green) complexes. The large domain in the HcIDH–NADP–ICT–Ca complex rotates ;8.7° further toward the

small and clasp domains along the hinge regions (in red) relative to that in the Idp1p–ICT complex. (E) Comparison of the active site between the Idp1p–

AKG (in cyan) and Idp1p–ICT (in yellow) complexes. The enzyme in both complexes adopts the quasi-closed conformation. However, the large domain in

the AKG-bound complex rotates slightly away from the small and clasp domains relative to that in the ICT-bound complex. (F) Comparison of the active

site between the Idp1p–AKG (in cyan) and Idp1p–NADPH–AKG–Ca (in magenta) complexes. The large domain in the binary complex rotates away from

the small and clasp domains along the hinge regions (in red) relative to that in the quaternary complex.
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complexes indicates that both enzymes assume the open
conformation with an RMSD of 1.4 Å for 385 Ca atom
pairs. The key residues involved in the recognition and
binding of NADP are strictly conserved, and the interac-
tions between NADP and the enzyme are strongly con-
served in all eukaryotic NADP-IDHs (Fig. 1B), suggesting
that other eukaryotic NADP-IDHs might also assume the
open conformation when bound to NADP. However, there
are a few notable conformational differences at the NADP-
binding site between the two complexes. Particularly,
Arg316 of Idp1p helps to stabilize the 39-OH group of
the adenosine ribose moiety and the second phosphate
group of NADP, whereas the equivalent residue Arg314 of
HcIDH forms a salt bridge with the 29-phosphomonoester
group (Xu et al. 2004). Instead, His317 of Idp1p forms a
hydrogen bond with the 29-phosphomonoester group and
appears to play a critical role in the discrimination of
NADP against NAD. It is also intriguing to note that in the
Idp1p–NADP complex the region equivalent to the struc-
tural segment (residues 271–286), which was proposed to
play an important role in the regulation of the enzymatic
activity of HcIDH through conformational changes (Xu
et al. 2004), forms a standard a-helix with well-defined
electron density (Supplemental Fig. S1B). This suggests
that the self-regulatory mechanism proposed for HcIDH
does not apply to Idp1p and possibly other mitochondrial
NADP-IDHs.

The structure of the apo Idp1p is unavailable for
comparison because Idp1p was co-purified with ICT,
and attempts to grow crystals of apo Idp1p were unsuc-
cessful (see Materials and Methods). The structure of the
apo HcIDH is also unavailable because HcIDH was co-
purified with NADP (Xu et al. 2004). Thus, it is unknown
whether the binding of NADP would induce any con-
formational change of the active site and/or the overall
structure. Nevertheless, the apo TmIDH structure pro-
vides valuable insight for deciphering this issue. Com-

pared with the open Idp1p–NADP complex, the apo
TmIDH assumes a more open conformation (an RMSD
of 0.9 Å for the small and clasp domains and 1.9 Å for the
large domain) in which the large domain has a 5.8°
rotation along the hinge regions away from the small and
clasp domains. This results in more open NADP- and
ICT-binding sites (the widths are 19.7 Å and 18.5 Å,
respectively). Thus, it seems very likely that the binding
of NADP can cause moderate conformational changes of
the active site and the overall structure of the eukaryotic
NADP-IDHs.

Recognition and binding of ICT

The ICT-binding site is located at the lower part of the
active site. In the Idp1p–ICT complex, the bound ICT
forms extensive hydrogen-bonding interactions with sev-
eral conserved residues of the small and large domains,
including Thr78, Ser95, Asn97, Arg101, Arg110, Arg133,
Asp277, Lys2149, and Asp2549 (residues from the second
subunit are indicated with an apostrophe hereafter) (Fig.
1D; Supplemental Table S2). Structural comparison be-
tween the Idp1p–ICT complex and the PmIDH–ICT–Mn
complex shows that both enzymes adopt the quasi-closed
conformation with an RMSD of 0.61 Å for 385 Ca atom
pairs, and the majority of the interactions between ICT
and the enzyme are conserved. However, due to the
absence of a metal ion in the Idp1p–ICT complex, ICT
assumes a slightly different position, and several residues
involved in interactions with the metal ion and the
substrate (Asp277, Asp2549, Asp2559, and Tyr140) also
adopt different side-chain conformations. For example,
the hydroxyl group of ICT forms hydrogen-bonding
interactions with the side chains of Asp277 and Asp2549

(equivalent to Asp275 and Asp2529 of PmIDH, respec-
tively) instead of coordinating with the metal ion and,
correspondingly, the C2 atom of ICT moves closer to the

Table 2. Structural comparison of eukaryotic NADP-IDHs in different enzymatic states

Complex Idp1p–NADP Idp1p–ICT HcIDH–NADP–ICT–Caa Idp1p–NADPH–AKG–Ca Idp1p–AKG
Overall conformation Open Quasi-closed Closed Closed Quasi-closed

Width of NADP-binding siteb (Å) 16.8 15.1 11.2 11.3 16.7

Width of the ICT-binding siteb (Å) 18.0 11.7 10.9 11.0 13.6

Rotationc (°) — 17.1 23.5 22.2 14.1

RMSDc (Å) — 7.4 9.4 9.0 6.2

a The structure of the HcIDH–NADP–ICT–Ca complex is used to represent the corresponding enzymatic state of eukaryotic NADP-IDHs in the catalytic
reaction for comparison with other enzymatic states.
b The width of the NADP-binding site is defined as the Ca–Ca distance between Arg316 and Asp2559 in Idp1p, and between Arg314 and Asp2539 in
HcIDH. The width of the ICT-binding site is defined as the Ca–Ca distance between Thr78 and Lys2149 in Idp1p, and between Thr77 and Lys2129 in
HcIDH.
c The small and clasp domains of these complex structures can be superimposed very well, but the large domain shows substantial conformational
differences. The structure of the other complex was first superimposed onto that of the Idp1p–NADP complex based on the small and clasp domains using
the program O (Jones et al. 1991), and then the large domains of the two structures were superimposed to obtain a superposition matrix which was used to
calculate the rotation angle of the large domain. The RMSD of the large domain between two complexes was calculated with the program ProFit (http://
www.bioinf.org.uk/software/profit/).
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small domain by ;0.6 Å. Also, the side chain of Asp2559

has a different orientation whose equivalent residue
Asp253 in the PmIDH–ICT–Mn complex serves as a
ligand for the metal ion. Reorientation of the side chain of
Tyr140 results in the loss of its interaction with the b-
carboxylate group of ICT. Overall, these results indicate
that the binding of the metal ion can induce subtle but
important conformational changes of the residues at the
active site.

Idp1p assumes an open conformation in the Idp1p–
NADP complex, but a quasi-closed conformation in the
Idp1p–ICT complex. Superposition of the two complexes
based on the small and clasp domains yields an RMSD of
0.87 Å for the small and clasp domains (178 Ca atom
pairs) and 7.4 Å for the large domain (215 Ca atom
pairs), indicating a marked conformational change of the
large domain (Fig. 2A,B; Table 2). Compared with that in
the NADP-bound complex, the large domain in the ICT-
bound complex rotates ;17.1° toward the small and clasp
domains along two hinge regions (residues 118–124 and
residues 284–287) while maintaining the integrity of its
secondary structural elements. Meanwhile, several resi-
dues of the large domain move substantially closer toward
ICT to have direct interactions with the substrate. In
particular, Thr78 and Ser95 on the two loops flanking
helix a4 (designated as loop A and loop B, respectively)
both move by 6.5 Å, and Asn97 and Arg101 on helix a5
move by 5.8 Å and 5.0 Å, respectively (Fig. 2B). Arg101
rotates its side chain toward the substrate and forms
hydrogen bonds with both the a- and b-carboxylates of
ICT. These movements result in a partial closure of the
active site, which is reflected by a significantly narrowed
width of the ICT-binding site (11.7 Å in the Idp1p–ICT
complex vs. 18.0 Å in the Idp1p–NADP complex) (Table 2).
These results suggest that the binding of ICT can cause
conformational changes of the active site and the large
domain even though the exact details of these conforma-
tional changes are still unclear due to the lack of a structure
of apo Idp1p for comparison.

Structure of the Idp1p–NADPH–AKG–Ca complex

The structure of the Idp1p–NADPH–AKG–Ca complex
represents the enzymatic state after the catalysis. In
contrast with the structure of the EcIDH–NADPH–
AKG–Ca complex in which the nicotinamide ring and
the phosphate moiety of NADPH were not observed
(Stoddard and Koshland Jr.1993), the bound NADPH,
AKG, and the metal ion are well defined with high-
quality electron density (Supplemental Fig. S1D). The
enzymatic activity of NADP-IDHs requires the participa-
tion of a divalent metal ion such as Mn2+ or Mg2+ but is
inhibited by Ca2+ (Stoddard et al. 1993). In the Idp1p–
NADPH–AKG–Ca complex, the Ca2+ ion is bound at the

active site and coordinated by one a-carboxylate oxygen
and the carbonyl group of AKG, one carboxylate oxygen
of Asp277, two carboxylate oxygens of Asp281, and one
carboxylate oxygen of Asp2549 in an octahedral geometry
similar to those observed in other known structures of
NADP-IDHs (Fig. 1E; Hurley et al. 1991; Stoddard et al.
1993; Ceccarelli et al. 2002; Xu et al. 2004).

Compared with the open Idp1p–NADP complex and
the quasi-closed Idp1p–ICT complex, in the Idp1p–
NADPH–AKG–Ca complex the enzyme assumes a closed
overall conformation with a closed active site, and more
residues of the small domains of both subunits participate
in the binding of NADPH and AKG (Fig. 1E; Supple-
mental Table S3). Specifically, in addition to its inter-
action with His317, the 29-phosphomonoester group of
NADPH forms one hydrogen bond each with the side
chains of Gln2599 and Lys2629. The 39-OH group of the
adenosine ribose also forms a hydrogen bond with the
side chain of Gln2599. The second phosphate group forms
indirect hydrogen bonds with the main-chain amide of
Leu2529 and the side chain of Asp2559 through a con-
served water molecule. The nicotinamide ribose moiety
undergoes notable changes due to the presence of AKG:
The 29-OH group of the ribose makes interactions with
the main-chain amide of Thr78 and the g-carboxylate
group of AKG instead of Arg316; the amide group of the
nicotinamide moiety forms hydrogen bonds with the side
chain of Asn97 and the a-carboxylate group of AKG
instead of Thr76; and its carbonyl group forms two
hydrogen bonds with the main-chain amide of Thr76
and the side chain of Lys73 instead of Glu308. The
position of AKG also differs slightly from that of ICT in
the Idp1p–ICT complex. The a-carboxylate group forms
hydrogen bonds with the amide group of the nicotinamide
moiety of NADPH and the side chains of Arg101 and
Arg110, and is coordinated with the Ca2+ ion. The car-
bonyl group is also coordinated with the Ca2+ ion. The g-
carboxylate group forms hydrogen bonds with the side
chains of Thr78, Ser95, and Asn97.

Since the structure of the pseudo-Michaelis complex is
not available, we utilize the structure of the HcIDH–
NADP–ICT–Ca complex as a representative of the cor-
responding states of eukaryotic NADP-IDHs for compar-
ison with other enzymatic states. Structural comparison
between the HcIDH–NADP–ICT–Ca complex and the
Idp1p–NADPH–AKG–Ca complex indicates that the two
enzymes adopt very similar closed conformations of the
overall structure and the active site (an RMSD of 0.65 for
385 Ca atom pairs), and the bound ligands and metal ion
maintain comparable interactions with the surrounding
residues of the enzyme (Fig. 2C). Nevertheless, there
exist several minor differences at the active site. Firstly,
the position of AKG differs slightly from that of ICT:
Although both the a- and g-carboxylates of AKG maintain
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positions similar to those of ICT, loss of the b-carboxylate
group and its interactions with the enzyme leads to
positional displacements of atoms C3 and C4. Additionally,
the coordination geometry of the Ca2+ ion in the two
complexes are slightly different (octahedral vs. distorted
pentagonal bipyramidal): In the Idp1p–NADPH–AKG–
Ca2+ complex the Ca2+ ion forms an extra hydrogen bond
with Od2 of Asp281 (equivalent to Asp279 of HcIDH) but
has no interaction with the main-chain carbonyl oxygen of
Asp277 (equivalent to Asp275 of HcIDH) and water
molecule. These results suggest that during the catalysis
the enzyme does not undergo significant conformational
changes except for minor conformational adjustments of
the active site.

On the other hand, structural comparison of the
HcIDH–NADP–ICT–Ca complex with the Idp1p–NADP
and Idp1p–ICT complexes shows substantial conforma-
tional differences of the large domain. Compared with the
Idp1p–NADP complex, the large domain in the quater-
nary complex of HcIDH has a 23.5° rotation along the
hinge regions toward the small and clasp domains, and
both NADP- and ICT-binding sites are significantly
narrowed. Consequently, NADP makes more interactions
with the surrounding residues. Similarly, compared with
the Idp1p–ICT complex, the large domain has a 8.7°
rotation toward the small and clasp domains, but only the
NADP-binding site is markedly narrowed whereas the
ICT-binding site shows no major conformational change
(Fig. 2D). Due to the binding of NADP, the active site of
HcIDH is covered up with the side chain of Arg314, and
ICT adopts a slightly different conformation by rotating
toward the clasp domain with the C4 atom moving by 2.4
Å. These results suggest that further binding of ICT to the
Idp1p–NADP complex would induce substantial confor-
mational changes of both NADP- and ICT-binding sites,
whereas additional binding of NADP to the Idp1p–ICT
complex would cause only major conformational changes
of the NADP-binding site.

Structure of the Idp1p–AKG complex

The structure of the Idp1p–AKG complex represents the
intermediate state of the enzyme after the release of
NADPH post catalysis. Structural comparison indicates
that the overall structure of the Idp1p–AKG complex
assumes the quasi-closed conformation very similar to
that of the Idp1p–ICT complex (an RMSD of 0.27 Å for
the small and clasp domains and 1.4 Å for the large
domain, respectively) (Fig. 2A; Table 2). However, the
widths of both NADP- and ICT-binding sites are slightly
wider than those in the Idp1p–ICT complex (Fig. 2E), and
the positions of AKG and ICT are slightly different.
Compared with the Idp1p–NADPH–AKG–Ca complex,
several structural elements (including helices a4 and a5)

at the active site show moderate movements away from
the small and clasp domains, leading to a partial expan-
sion of the active site (in particular the NADP-binding
site) (Fig. 2F). Subsequently, Arg316 moves away from
the small and clasp domains and loses its interactions
with residues of the adjacent subunit as seen in the
quaternary complex. In addition, the position of AKG is
also notably different in the two complexes and the
interactions between AKG and the surrounding residues
are changed (Supplemental Fig. S2). Specifically, the a-
carboxylate group forms a salt bridge with Arg110 and
hydrogen bonds with the side chains of Arg101 and
Glu308, but loses interactions with NADPH and Ca2+;
the carbonyl group forms a hydrogen bond with the side
chain of Arg133 instead of Ca2+; and the g-carboxylate
group forms two hydrogen bonds with the side chains of
Ser95 and Asn97, rather than forming interactions with
Thr78 (Fig. 1F; Supplemental Table S4). These results
indicate that, after the release of NADPH, the enzyme has
transformed from the closed conformation back to the
quasi-closed conformation and, consequently, the inter-
actions of the product with the enzyme are weakened.

Discussion

Eukaryotic NADP-IDHs can be found in mitochondria,
cytoplasm, and peroxisomes and most likely serve dis-
tinct biological functions. Sequence comparison shows
that eukaryotic NADP-IDHs share a moderate level of
sequence identity among themselves (>60%), but a low
level of sequence identity from EcIDH (<20%). Previous
structural and biochemical studies have shown that,
although eukaryotic NADP-IDHs (PmIDH and HcIDH)
have overall structures similar to that of EcIDH, there are
nonetheless substantial conformational differences in the
overall structure and at the active site. Thus, we suspected
that eukaryotic NADP-IDHs might adapt these changes in
the recognition and binding of the substrate and coen-
zyme and the catalytic mechanism during the evolution
process. To address this issue, we determined the crystal
structures of Idp1p in binary complexes with NADP, ICT,
and AKG, and in a quaternary complex with NADPH,
AKG, and Ca2+, which represent several intermediate
states of the enzyme during the catalytic reaction.

Structural analyses of the Idp1p complexes as well as
the previously reported PmIDH and HcIDH complexes
enable us not only to define the structural elements and
key residues involved in the recognition and binding of
the coenzyme, substrate, and product, but also to reveal
the conformational changes of the enzyme associated
with the binding or release of the ligands. In contrast with
EcIDH, eukaryotic NADP-IDHs display substantial con-
formational differences among different enzymatic states
of the catalytic reaction. Specifically, several structural
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elements composing the active site (particularly helices
a4 and a5) make marked conformational changes accom-
panying the binding or release of the coenzyme, substrate,
and product, leading to the rotation of the large domain
toward or outward the small and clasp domains and thus
the formation of at least three distinct overall conforma-
tions of the enzyme: an open conformation in the NADP-
bound complexes, a quasi-closed conformation in the
ICT- and AKG-bound complexes, and a fully closed con-
formation in the pre- and post-turnover complexes. Due
to the unavailability of an apo eukaryotic NADP-IDH
structure, it is unknown whether NADP binding would
cause any conformational change of the enzyme. How-
ever, comparison with the apo TmIDH suggests that the
binding of NADP most likely causes moderate conforma-
tional changes of the active site and the overall structure.
On the other hand, it is clear that the binding of ICT
causes marked conformational changes of the active site
and the overall structure, and the further binding of
NADP to the ICT-bound complex or ICT to the NADP-
bound complex induces additional conformational changes
of the active site and the overall structure. During the
catalysis, no major conformational changes occur either at
the active site or in the overall structure. After the catalysis,
the enzyme retains the closed conformation when both
NADPH and AKG are bound but transforms back to the
quasi-closed conformation after NADPH is released. It
seems likely that the enzyme assumes an open conforma-
tion similar to that of the NADP-bound complex when only
NADPH is bound.

Besides our work, thorough analyses of crystal struc-
tures representing different enzymatic states of NADP-
IDH from a single organism have only been performed for
EcIDH. Although, like EcIDH, eukaryotic NADP-IDHs
also use a random sequential kinetic scheme to bind the
coenzyme NADP and the substrate ICT (Northrop and
Cleland 1974; Uhr et al. 1974; Hurley et al. 1991; Dean
and Koshland Jr. 1993), the substantial conformational
changes observed during the catalysis of isocitrate decar-
boxylation by eukaryotic NADP-IDHs are quite different
from those observed for EcIDH. Specifically, EcIDH can
adopt an open conformation and a closed conformation in
the apo form but always takes a closed conformation in
all ligand-bound complexes, and only subtle conforma-
tional changes occur in the vicinity of the active site
during the catalytic reaction (Hurley et al. 1989, 1991;
Stoddard and Koshland Jr. 1993; Stoddard et al. 1993;
Finer-Moore et al. 1997). Upon the binding of NADP, the
nicotinamide ring and the phosphate backbone of the
bound NADP are disordered, and these moieties appear to
be flexible in order to allow further binding of ICT and
metal ion in the closed conformation (Stoddard et al.
1993). The binding of ICT also stabilizes the enzyme in
the closed conformation in which, however, the NADP-

binding site is widely open and accessible by the coen-
zyme. Upon the binding of both NADP and ICT, no
further conformational change is needed because the
enzyme is already in the closed conformation and both
the coenzyme and the substrate are properly positioned
for catalysis. Compared with EcIDH, eukaryotic NADP-
IDHs contain two insertions (residues 81–99 and 319–323
of Idp1p or residues 82–90 and 320–324 of HcIDH)
forming two extra a-helices (a4 and a11) at the active
site. These a-helices cover the top of the NADP- and ICT-
binding sites and thus significantly narrow the entrance to
the active site. As a result, in the NADP-bound complex,
the enzyme has to adopt the open conformation to allow
further binding of ICT. Similarly, in the ICT-bound
complex, the enzyme has to assume the quasi-closed
conformation so that the NADP-binding site can be
accessed by the coenzyme. Therefore, upon the binding
of both NADP and ICT, profound conformational changes
are required for the proper positioning of the coenzyme,
substrate, and metal ion at the active site for the catalysis
to take place. These results indicate that the catalytic
mechanism of eukaryotic NADP-IDHs is more complex
than that of EcIDH and involves more fine-tuned con-
formational changes of the active site and the overall
structure. These differences may hold between other
subfamily I and subfamily II dimeric NADP-IDHs.

Materials and Methods

Cloning, expression, and purification

The Idp1 gene used for clone construction and protein expres-
sion was amplified by PCR from genomic DNA of S. cerevesiae
(strain YPH499) with the forward PCR primer 59-CCCCCG
GGGCATATGGCTTTCAGTAAGATTAAGGTC-39 and the
reverse primer 59-GCACTCGAGTTACTCGATCGACTTGATT
TCTTT-39. The N-terminal 15 residues (MSMLSRRLFSTSR
LA) which are suggested to be the signal peptide for the
enzyme’s translocation into mitochondria (Haselbeck and
McAlister-Henn 1991) were purposely removed during con-
struction to facilitate crystallization. The gene fragment was
inserted into the SmaI and XhoI restriction sites of the pET-3E-
His expression plasmid. The plasmid was transformed into E.
coli BL21 (DE3) pLysS strain (Novagen). When the culture of
the transformed cells reached an OD600 of 0.6 ;0.8, protein
expression was induced by 0.1 mM IPTG for 18 h at 16°C. The
bacterial cells were harvested by centrifugation and lysed by
sonication in the lysis buffer (20 mM Tris-HCl, pH 7.4, 500 mM
NaCl, 10% glycerol, and 7.2 mM b-ME) supplemented with 1
mM PMSF.

The target protein Idp1p was purified by affinity chromatog-
raphy using a Ni-NTA column (Qiagen) with the lysis buffer
supplemented with 20, 40, and 200 mM imidazole serving as
washing buffer 1, washing buffer 2, and elution buffer, respec-
tively. The elution fractions containing the target protein were
dialyzed against the storage buffer (20 mM Tris-HCl, pH 7.0,
100 mM NaCl, and 7.2 mM b-ME) for 5 h, and then con-
centrated to ;40 mg/mL for crystallization. The purification
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and dialysis processes were carried out at 4°C to reduce poten-
tial proteolysis and denaturation of the target protein. SDS-
PAGE analysis of the purified protein shows a single band with
molecular mass of ;48 kDa. Dynamic light scattering analysis
confirms the purity and homogeneity of the protein and reveals
the dimeric state of the protein in solution.

Crystallization and diffraction data collection

Crystallization was carried out at 20°C using the hanging-drop
vapor diffusion method. Attempts to grow crystals of apo Idp1p
were unsuccessful because later structure determination shows
that the crystals grown from the crystallization solution con-
taining the purified protein but without addition of the substrate
ICT yielded a structure with an ICT molecule bound at the active
site, indicating that the enzyme was copurified with ICT using
the expression and purification procedures described above.
However, the electron density for the bound ICT in this structure
was not very good probably due to a partial occupancy. Thus, to
obtain high-quality structure of the Idp1p–ICT complex, 10 mM
DL-isocitrate was added into the storage buffer during dialysis.
Similarly, to obtain structures of the other Idp1p complexes, the
purification procedure was modified to facilitate formation of
the respective complexes. For the Idp1p–NADP complex, 5 mM
b-NADP sodium salt was added into the lysis and storage
buffers. For the Idp1p–AKG and the Idp1p–NADPH–AKG–
Ca2+ complexes, 5 mM a-ketoglutaric acid disodium salt was
added into the lysis and storage buffers to replace the bound
ICT.

Crystals of the Idp1p–ICT and Idp1p–AKG complexes were
grown in drops with equal volumes of the protein solution (10
mg/mL) and the reservoir solution (0.1 M HEPES-Na, pH 7.2,
0.2 M Li2SO4, 0.1 M NaF, and 20% PEG 4000). Crystals of the
Idp1p–NADP complex were grown in drops with equal volumes
of the protein solution (5 mg/mL) and the reservoir solution
(100 mM MES, pH 6.1, and 25% PEG 1500). Crystals of the
Idp1p–NADPH–AKG–Ca complex were grown in drops with
equal volumes of the protein solution (20 mg/mL) supplemented
with 10 mM NADPH, 150 mM AKG, and 10 mM CaCl2, and the
reservoir solution (100 mM Tris-HCl, pH 8.2, 25% PEG 4000,
0.2 M Na-acetate, and 4% 1,3-propanediol).

Diffraction data of the Idp1p–NADP, Idp1p–AKG, and
Idp1p–NADPH–AKG–Ca complexes were collected from
flash-cooled crystals at beamline NW12 or BL17A of Photon
Factory, Japan, and processed using the HKL2000 program
(Otwinowski and Minor 1997). Diffraction data of the Idp1p–
ICT complex were collected from a flash-cooled crystal with a
Rigaku R-AXIS IV++ diffractometer and processed using the
CrystalClear program (Pflugrath 1999). Statistics of the dif-
fraction data are summarized in Table 1.

Structure determination and refinement

The structure of the Idp1p–NADP complex was solved with the
molecular replacement (MR) method implemented in the pro-
gram CNS (Brunger et al. 1998) using the structure of the
HcIDH–NADP complex (PDB code 1T09) (Xu et al. 2004) as
the search model. The structure of the Idp1p–ICT complex was
solved using the structure of the PmIDH–ICT–Mn complex
(PDB code 1LWD) (Ceccarelli et al. 2002) as the search model.
The structures of the Idp1p–AKG and Idp1p–NADPH–AKG–Ca
complexes were solved using the structure of the Idp1p–ICT
complex as the search model. The initial structure refinement

was carried out with the program CNS using standard protocols
and the final structure refinement was performed with the
maximum likelihood algorithm implemented in the program
REFMAC5 (Murshudov et al. 1997). A free R factor monitor
calculated with 5% of randomly chosen reflections and a bulk
solvent correction were applied throughout the refinement. The
monomers in the asymmetric unit were refined with strict NCS
constraints in the early stage of refinement, but refined inde-
pendently in the later stage. Model building was performed with
the program O (Jones et al. 1991) and guided by SIGMAA-
weighted 2Fo � Fc and Fo � Fc maps and composite-omit maps.
In the initial difference Fourier maps, there was strong electron
density at the active site that matches well the bound NADP/
NADPH, ICT, AKG, and metal ion in their respective complexes
(Supplemental Fig. S1). Electron density peaks in difference
Fourier maps at a height of >2.5s were assigned as water
molecules if they had reasonable geometry in relation to
hydrogen bond donors or acceptors and their B factors did not
rise above 70 Å2 during subsequent refinements. A summary of
the structure refinement statistics is given in Table 1.

Electronic supplemental material

The Supplemental material provides additional details on the
following: (1) possible salt bridges and hydrogen bonds between
the bound ligands and the enzyme at the active site of the
respective complexes of Idp1p (Supplemental Tables S1–4); (2)
composite-omit electron density maps of the bound ligands
(Supplemental Fig. S1); and (3) structural differences at the
AKG-binding site between the Idp1p–AKG and Idp1p–NADPH–
AKG–Ca complexes (Supplemental Fig. S2).

Protein Data Bank deposition

The atomic coordinates and structure factors of the Idp1p–
NADP, Idp1p–ICT, Idp1p–NADPH–AKG–Ca, and Idp1p–AKG
complexes have been deposited with the Protein Data Bank
under accession codes 2QFV, 2QFW, 2QFX, and 2QFY, respec-
tively.
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