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ARTICLE INFO ABSTRACT

Article history:

NADP* dependent isocitrate dehydrogenase (IDH) is an enzyme catalyzing oxidative decarboxylation of
isocitrate into oxalosuccinate (intermediate) and finally the product a-ketoglutarate. The crystal struc-
ture of Thermus thermophilus isocitrate dehydrogenase (TtIDH) ternary complex with citrate and cofactor
NADP* was determined using X-ray diffraction method to a resolution of 1.80 A. The overall fold of this

Received 24 April 2014
Available online 14 May 2014

Keywo+rd§: ) protein was resolved into large domain, small domain and a clasp domain. The monomeric structure
?{:DI: binding loop reveals a novel terminal domain involved in dimerization, very unique and novel domain when compared
itrate

to other IDH’s. And, small domain and clasp domain showing significant differences when compared to
other IDH’s of the same sub-family. The structure of TtIDH reveals the absence of helix at the clasp
domain, which is mainly involved in oligomerization in other IDH’s. Also, helices/beta sheets are absent
in the small domain, when compared to other IDH’s of the same sub family. The overall TtIDH structure
exhibits closed conformation with catalytic triad residues, Tyr144-Asp248-Lys191 are conserved. Oligo-
merization of the protein is quantized using interface area and subunit-subunit interactions between
protomers. Overall, the TtIDH structure with novel terminal domain may be categorized as a first struc-
ture of subfamily of type IV.

Unique terminal domain
Oligomerization
Metal ion

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

In the tricarboxylic acid (TCA) cycle, an enzyme isocitrate dehy-
drogenase [IDH; EC: 1.1.1.42] catalyzes oxidative decarboxylation
of substrate (isocitrate) using cofactor (NADP") and bivalent-metal
ion (Mg?* or Mn?") to form a-ketoglutarate (aKG), CO, and NADPH
[1-3]. One of the key reactions of TCA cycle is to provide majority
of energy to the aerobic organisms and NADP* dependent IDH’s
involved in the role of providing glucose to the starving aerobic
bacteria dependent on the glyoxylate bypass. This enzyme belongs
to the B-decarboxylating dehydrogenase family of bifunctional
enzymes that plays explicit roles in energy metabolism, amino acid
synthesis and vitamin production [4,5]. Generally, these enzymes
are found in archaea, bacteria and eukarya [6]. The IDH also acts
as substrate to the kinase phosphate AceK hosted in Escherichia coli
[7-10]. In humans, the IDH performs important actions in cyto-
plasm and mitochondria. And, their mutation can lead to different
types of cancer [11,12]. Recently, the biochemical and structural

* Corresponding author. Fax: +91 821 2419333.
E-mail address: lokanath@physics.uni-mysore.ac.in (N.K. Lokanath).

http://dx.doi.org/10.1016/j.bbrc.2014.04.164
0006-291X/© 2014 Elsevier Inc. All rights reserved.

studies of Mycobacterium tuberculosois IDH has allowed to propose
a chemical mechanism of IDH [13]. The oxidative damage due to
tumor cells can be shielded by mitochondrial NADP* dependent
IDH, which supplies NADPH for antioxidant systems and overall
tumorigenesis is suppressed in mice deficient in IDH2 [14]. The
characterization of NADP-dependent IDH from Microcystis aerugin-
osa may provide platform for controlling the blue-green algae
through the biological techniques [15].

IDH’s structures are well studied enzymes with more than 40
structures available in the Protein Data Bank (PDB). Also, they are
classified into sub-families of subfamily I (type I), subfamily II (type
1) and subfamily III (type III) depending upon the binding of cofac-
tors (NAD" or NADP") and their oligomerization form (monomer or
dimer)[16]. Archaeal and majority of the bacterial IDH’s are grouped
under subfamily I, eukaryotic homodimeric IDH’s and few bacterial
IDH’s are categorized as subfamily II, eukaryotic hetero oligomeric
IDH’s constitute subfamily III. Recently, the bioinformatic studies
related to phylogenic study of NADP-IDH’s revealed the existence
of subfamily IV (type IV) consists of homodimeric TtIDH, having an
extended C-terminal region. This extended motif is believed to
participate in the oligomerization and signaling [17].
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Here we present the crystal structure of TtIDH using X-ray
diffraction method to a resolution of 1.80 A. To our knowledge, this
is the first IDH crystal structure having unique domain at the
C-terminal, which is involved in the oligomerization. The TtIDH
structure is compared with homologous IDH structures from E. coli
(EcIDH:PDB-4AJ3) [18-19], Bacillus subtilis (BsIDH), [20] and
Aeropyrum pernix (ApIDH) [21].

2. Materials and methods
2.1. Protein expression and purification

The protein expression and purification of TtIDH are described
qualitatively in the Supplemental document; the purified TtIDH
was concentrated to 20.0 mg ml~! by ultrafiltration and was stored
at 203 K.

2.2. Crystallization

Crystals of TtPGDH were obtained by the microbatch method
using NUNC™ HLA plates (Nalge Nunc International) and the
quantitative description is provided in Supplemental document.

2.3. Data collection, processing and structure determination

All X-ray diffraction data sets were collected at the synchrotron
beam line BL26B1 at SPring-8, Japan, under cryogenic conditions.
In-detail description is available in the supplemental document.
Multiwavelength anamolous dispersion [22] data sets were col-
lected to solve the crystal structure of TtIDH. The data were
indexed, scaled and prepared using HKL package [23] and CCP4
suite [24]. Data collection parameters and processing statistics
are given in Table 1.

2.4. Crystallographic refinement, density modification and model
building

SOLVE/RESOLVE [25] was used for phasing and coordinates are
refined using CNS [26]. Clear electron density was observed for the
cofactor or citrate was bound to the enzyme. The topology and
parameter files of the NADP*, and citrate molecules were obtained

Table 1
Crystal data, data collection and refinement statistics.

Data statistics

Space group P2,

Unit-cell parameters (A, °) a=73.02,b=95.18, c=72.99; f=92.07
Vu (A® Da™!) 23

Content of the asymmetric unit Dimer

Resolution (A) 50.0-1.8 (1.86-1.80)

Reflections (measured/unique) 92,458/92,029

Rmerge (%) 6.1

Completeness (%) 99.8 (99.7)
(I[a(I)) 9.5(13.7)
Redundancy 33
Refinement statistics

Resolution (A) 36.49-1.80
Reryst (%) 20.7

Rfree (%) R 23.8

rms bond lengths (A) 0.006

rms bond angles (°) 13
Ramachandran plot (%)

Most favored 94.73
Additional 4.46
Generous 0.8

Values in parentheses are for the highest resolution shell.

from the Hetero-compound Information Center of Uppsala on the
Uppsala website [27]. Stereochemical quality of the model was
checked with the program PROCHECK [28]. The refinement statis-
tics are summarized in Table 1. The final atomic coordinates have
been deposited in the RCSB Protein Data Bank (www.rcsb.org/pdb)
with the accession codes 2D1C. Complete discussions are available
in the Supplemental document.

2.5. Model analysis

DALI [29] (ekhinda.biocenter.helsinki.fi/dali_server/start) server
was utilized for structural similarity search against all known
structures deposited in the PDB. Figures preparation and
superimposition of protein models were performed using PyMol
(www.pymol.org). Surface areas for dimer and hydrogen bonds
were calculated using PISA [30]. The ionic bridges are calculated
using ESRBI [31]. Aromatic-aromatic interactions and cation-pi
interactions were calculated using PIC [32]. Multiple sequence
alignment is performed using CLUSTALW [33] and the figure is
generated using ESPript [34].

3. Results and discussion
3.1. Overall structure of TtIDH

The ternary complex (NADP® and citrate) structure of TtIDH
was determined at 1.80 A resolution. The Matthew’s coefficient
(Vm) is 2.30 A3/Da and the estimated solvent content is 46.80%
[35]. The overall structure of the monomer is as shown in
Fig. 1. It consists of mainly three domains large domain, small
domain and clasp domain. The large domain consists of
N-terminus followed by o+ conformation with residues
1-110 and 259-354. These are assembled to secondary structures
B1-B2-B3-a1-p4-p5-02 and B13-B14-09-010-011-012, respec-
tively. Small domain shows o/f conformation with residues
111-140 and 165-258 assembled to secondary structures B6-g7
and o5-B10-06-B11-a7-p12-a8, respectively. The clasp domain
consists of residues 141-164 organized to secondary structures
B8-turn-p9. In addition, a unique domain is observed at the
C-terminal domain from 355 to 496 (approximately 141 amino
acids) residues composed of a long loop followed by secondary
structures B15-013-B16-B17-p18-a14-19-p20. There is no
related structure with DALI [29] search that contains novel
C-terminal domain structure (cut off Z-score is 7).

The overall structure of TtIDH is similar to the EcIDH, BsIDH and
ApIDH enzyme; with majority of the secondary structures involved
in the catalysis are conserved (Supplemental Fig. S1 and Fig. 2). The
region which shows significant differences is in the small and clasp
domains. TtIDH donot consists of helices between B8 and B9 in
clasp region (red arrow in Fig. 2), which plays a major role in the
dimerization and present in all other IDH’s of the same family. In
the absence of these helices, TtIDH oligomerizes with the novel
domain present at the C-terminus protruding to the clasp region
and involving in dimerization (red elliptical dotted lines in
Fig. 2). This oligomerization is very unique, which is absent in all
IDH’s.

The small domain region (between o6 and B10; blue arrow;
Fig. 2) of TtIDH structure shows a difference when compared
to other IDH’s. The BsIDH shows an extra insert of two alpha
(og2 and og3) helices and one beta strand (L) in the same
region. In ApIDH, beta strand (L) followed by alpha helix (og2)
is observed. Where, the EcIDH has no alpha helices, instead an
additional beta strands (BK and BL) are observed. The phosphor-
ylation loop is indicated by red arrow (Fig. 2) and is conserved
among the IDH’s.


http://www.pymol.org

S.M. Kumar et al./Biochemical and Biophysical Research Communications 449 (2014) 107-113 109

N-terminal

Fig. 1. Overall monomeric structure of TtIDH is resolved into large domain (orange helices and magenta sheets), small domain (red helices and yellow sheets) and clasp
domain (cyan helices and chocolate sheets). C-terminus marked with C and N-terminus marked with N. The folds B1-p2-p3-a1-p4-B5-02 and p13-B14-09-0010-011-0t12
represents the large domain. Small domain is represented by p6-turn-f7and a5-p10-06-311-0.7-p12-a8. The clasp domain consists of 38-p9 fold and p15-013-p16-p17-p18-
0.14-p19-p20 fold protruding into clasp domain terminated by C-terminal. Blue loop represents the NADP* binding loop. Brown loop represents the phosphorylation loop. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Monomer comparison (ribbon representation) of TtIDH, BsIDH, EcIDH and ApIDH. Pink arrow in TtIDH represents the NADP* binding loop (red), Citrate (CIT, magenta
stick model-blue dashed line) and NADP" are represented by ball and stick representation. Purple arrow represents the phosphorylation loop (magenta). Red arrow represents
the clasp domain region involved in the oligomerization. Blue arrow (pointed towards grey loop of TtIDH) represents the small domain region of differences between the
monomers. Red elliptical dashed line represents the extended C-terminal domain. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

3.2. Active site Lys191, Asp248 and Tyr144 are conserved and interacting with cit-
rate (Supplemental Fig. S1). The citrate molecule (CIT) interacts

The citrate molecule is located at the active site, and interacting with residues from two sub-unit interface, cofactor (NADP") and
with residues at the cleft between the large and small domains water molecules (W1 and W2). The C1 corboxyl hydrogen bonds
(Supplemental Fig. S2a and Fig. 2). The catalytic triad residues to the ribose (of NADP") along with residues Thr90, Ser98 and
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water molecule W2. Atom 07 (C3) hydrogen bonds to Lys191 and
W?2. The C5 hydrogen bonds to water molecule (W1), Arg137,
Argl114 and Argl104. The C5 carboxyl establishes hydrogen bond
network to Lys191 and Arg104. Further, water molecules W1 con-
nects to Asp224 and Asp248 through hydrogen bonds. While, W2
hydrogen bonds to Asn193 and Asp224. The amide of nicotinamide
ring moiety (NADP") interacts with the atom 02 of the citrate (Sup-
plemental Fig. S2b and c). The bond distances are tabulated in
Table 2

3.3. NADP* binding site

The atomic model of NADP" molecule was completely estab-
lished with the available electron density (Supplemental
Fig. S3a). The cofactor interacts with the residues of two subunits,
citrate and water molecules. (Fig. 3A-C). The NADP" is divided into
A2P (adenosine-2’, 5'-biphosphate) and NMN (nicotinamide mono-
nucleotide) moieties over O3 atom (Supplemental Fig. s3b) [19].
The adenine ring and the endocyclic ribose (oxygen) adopt the typ-
ical anti-conformation with respect to each other around the N-
glycosidic bond, and the ribose ring binds in an almost half-chair
C2’-ex0/C3’-endo conformation [19-20]. The N1A and N6A atoms
of the adenine ring make direct hydrogen bonds with residues
Asn293 (N, 3.27 A) and Asn293 (0, 2.83 A), respectively. The phos-
phate moiety (03X) directly interacts with W4 (2.84 A) and Tyr286
(OH, 2.70 A). Also, interacts to the N3A (3.00 A) of adenine ring
through water molecule (W4). The residue GIn229 (NE2, 3.14 A)
and water molecule (W1, 2.91 A) directly hydrogen bonds to the
02X. Also, Arg233 (NE - 2.64 A, NH2 - 3.0 A) connects to it through
W1. The water molecule (W2, 3.11 A) connects Asn225 (ND2,
3.12 A) and Lys285 (NZ, 2.69 A) to atom O1X. The 03X hydrogen
bonds to Tyr286 (OH, 2.70 A). The 03B of ribose moiety (A2P) con-
nects to water molecule (W6, 2.82 A) which acts as a bridge to O1N
(2.87 A) of pyrophosphate moiety (NMN). The residues Gly281 (N,
2.77 A) and Ala282 (N, 3.00 A) makes hydrogen bonds to O1A and
02A atoms, respectively. In the NMN moiety the nicotinamide ring
adopts bent conformation. The ribosyl ring adopts half-chair C2’-
exo/C3’-endo conformation making a dihedral angle of 158° about
the O5D-C5D phosphoester bond. The amide moiety, N7N hydro-
gen bonds to 02 atom of the citrate with a distance 2.78 A and to
the residue Glu277 (OE1, 3.15 A). The atom 07 forms a hydrogen
bond to the Leu88 (N, 2.89 A), while 3’-hydroxyl (03D) forms a
hydrogen bond with Thr90 (N, 2.64 A). 2’-hydroxyl (02D) interacts
with Asn193 (ND2, 2.96 A) and the 4'-hydroxyl (04D) forms a

Table 2
Hydrogen bonding distance between citrate, water molecules and the residues.

Citrate atom name Interacting residue (atom name) Distance in A

01 Argl114 (NH2) 2.90
Arg137 (NH1) 3.09
w2 2.69
02 Arg104 (NH2) 2.59
NADP+ (N7N) 2.78
03 w1 2.95
04 Thr90 (0OG1) 2.76
Ser98 (0G) 2.67
05 Lys191 (NZ) 3.02
06 Arg104 (NH1) 2.84
o7 Wi 2.85
Lys191 (NZ) 3.02
w2 3.05
Water
WAl Lys191 (NZ) 3.09
Asp224 (0D2) 2.96
Asn193 (ND2) 2.78
W2 Asp248 (0OD1) 247
Asp224 (0D2) 2.47

hydrogen bond with Ser282 (N, 3.15 A). The pyrophosphate moiety
atom 02N hydrogen bonds to the water molecule (W5, 2.76 A) and
connected to Asp224 through water molecule W5 (0OD1, 2.67 A).
Also, this moiety hydrogen bonds to the water molecule (W3,
2.69 A). Further extending interaction from water molecule (W3)
to Asn225 (ND2, 2.98 A) and 11e222 (N, 3.01 A).

3.4. Oligomerization

TtIDH exhibits a novel dimerization when compared to the ear-
lier reported structures of BsIDH, ApIDH, and EcIDH. The clasp
region helices (Fig. 2: red arrow) is absent in the TtIDH structure,
where these helices are observed in the structures of BsIDH, ApIDH
and EcIDH. The absence of clasp region in TtIDH is compensated by
the novel C-terminal domain interacting through o14, 16 and 19
folds (Supplemental Fig. S4c). Therefore, unique dimerization is
formed in TtIDH through the novel terminal domain. The dimeric
interface area of the TtIDH (5610 A?) is large when compared to
the other BsIDH (3630 A%), ApIDH (2950 A?), and EcIDH (3300 A2?).
A surface area of 790 A2 is provided by C-terminal domain of TtIDH
(Supplemental Fig. S4a-c).

We observed 94 hydrogen bonds between the dimers, salt
bridges (Supplemental table a), aromatic-aromatic (Tyr126, A-
Tyr126, B, 5.90A) interaction and cation-pi interaction are
observed (Supplemental table b). These interactions leading to
oligomerization enhances the enzyme to perform at higher tem-
perature [36].

3.5. Structural comparison

A 3-D structural similarity search using DALI [32] server was
performed between TtIDH and available structures in the Protein
Data Bank (PDB). The search revealed several enzymes categorized
under IDH family fold with Z scores of 45.1-41.2 and with r.m.s.d.
values of 1.4-3.0 A. The top most similar enzymes is NAD depen-
dent Acidithiobacillus thiooxidans IDH (PDB: 2D4V, Z-score of 45.6,
39% sequence identity, r.m.s.d. 1.8 A for 347 C,, atoms) [37], fol-
lowed by type EcIDH (PDB: 4A]3, Z-score of 45.1, 39% sequence
identity, r.m.s.d. 1.8 A for 346 C, atoms), ApIDH (PDB: 1XKD, Z-
score of 45.0, 38% sequence identity, r.m.s.d. 2.1 A for 348 C,
atoms) and BsIDH (PDB: 1HQS, Z-score of 44.7, 39% sequence iden-
tity, r.m.s.d. 1.9 A for 347 C, atoms). The two structures (TtIDH and
EcIDH) are superposed (Fig. 4) and structural difference at the clasp
domain and in the small domain were clearly identified. The clear
overlapping of NADP loop and phosphorylation loop of both TtIDH
and EcIDH suggests that they are “in” state. Therefore overall con-
formation of the TtIDH may be closed.

3.6. Catalytic mechanism

Attempt was made to co-crystallize TtIDH with the isocitrate
and metal-ion, but failed to have ternary complex crystals. How-
ever, citrate binding at the active site provided the structural envi-
ronment similar to the substrate binding. The chemical structures
of citrate and isocitrate are isomers (Supplemental Fig. S6) and
thus citrate may be regarded as a substrate. In order to understand
the catalytic mechanism of the TtIDH as proposed by Atkas and
Cook [38] with the EcIDH structural data [19], we made an attempt
to induce by structural superposition of isocitrate (EcIDH; PDB:
4a3j3) into the active site pocket on the basis of binding of citrate
(TtIDH). The isocitrate and citrate binds to the same position (Sup-
plemental Fig. S6) along with the metal ion (Ca®"), making a mod-
eled ternary complex. The hydride ion from C2 is transferred to
C4N of the NADP" resulting NADPH [3,19,39].

The Lys191 (Lys230 of EcIDH) forms a hydrogen bond with a
distance of 3.3 A (3.2 A in EcIDH) with the substrate C2 hydroxyl.
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Fig. 3. The interaction of NADP+ (brown, stick model) and residues from the same monomer are represented by green color. The citrate (CIT) is represented by yellow colored
stick model. The residues from the other subunit are represented by cyan stick model. Water molecules are represented by red sphere. (A) The nicotinamide part of NADP+
(brown stick model) interacting with residues Leu88, Thr90, Glu277 and Asn193. (B) The phosphate moiety interacting with residues Lys232, Arg233, GIn229, Asn225,
Asp224, 1le222 and water molecules (W1, W2, W3, W5). (C) The adenosine and ribose moiety making interaction with residues Tyr238, Tyr286, Lys285, Ala283, Gly281,
Asn293 and water molecules (W4, W6). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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NADP+
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Helix — e
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C-terminal fold

Fig. 4. Superimposition of TtIDH (green ribbon) and EcIDH (cyan ribbon) secondary structures. The extended C-terminal domain of TtIDH is colored red. The arrows indicate
BK and BL of EcIDH which is not observed in TtIDH. The dashed line indicates the absence of helix in clasp domain of TtIDH, which is present in the EcIDH (helix-e). The NADP
binding loop is colored orange for TtIDH and phosphorylation loop by magenta. These loops overlap well with NADP and phosphorylation loops of EcIDH. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

The Asp248 adopt the same conformation as the corresponding
Asp307 from EcIDH and involved in decarboxylation. Here,
Tyr144 (Tyr160 of EcIDH) doesn’t make any hydrogen bond with
the isocitrate and results in the loss of its interaction with B -car-
boxylate group of isocitrate. This clearly indicates the need of
metal ion for the completion of catalysis. According to the pro-
posed catalytic mechanism [39], the Tyr144 should make hydrogen
bond with the Lys191 to perform dehydrogenation and decorboxy-
lation. The proton relay configured with O2N (of NADP*) and water
molecules (W3, W5 and W7) (Supplemental Fig. S6) are observed
as reported [19,21]. In conclusion, TtIDH performs similar catalytic
mechanism as proposed using structural data EcIDH [19].

In this study, we have determined the three-dimensional struc-
ture of NADP* dependent ternary complex TtIDH structure (citrate
and NADP" molecule) using X-ray diffraction method. We observed
the monomeric structure consists of a unique, novel C-terminal
domain, which is involved in the oligomerization. The overall
interface area between the dimers is large when compared to the
other reported IDH’s. The cofactor NADP* and citrate molecule
was bound at the cleft between the two adjacent subunits. The
crystal structure of homodimeric NADP* dependent TtIDH with a
novel C-terminal domain may provide evidence in framing an
additional subfamily of the type IV.
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