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Table S1. Pair-wise superposition of the oy heterodimer in different structures.

Overall RMSD (A)* (XMg,Y (XMg,YMngCIT aMg,Y]\/lg+CIT+ADP (XMg,Y]\/lg+ICT+ADP
oMM =CIT 1.2(652) |-

MeyMetCITHADP 1.0 (654) [ 0.6 (659) |-

MeyMetICT+ADP 1.2(653) | 0.4(659) |0.6(659)

o151 AMEFCITHADP [0 8 (657) | 0.8 (654) | 0.8 (658) 0.8 (653)

* Numbers in parentheses are the numbers of Co. atoms used in the superposition.




Figure S1. Representative simulated annealing composite omit 2F 0-Fc maps at the active and
allosteric sites of the oy heterodimer in different structures.

(a) The active site in the oMy structure (contoured at 1.00 level). (b) The active site in the
oMeyMeCIT strycture (contoured at 2.00 level). (c) The allosteric site in the oMeYME*CIT strycture
(contoured at 2.00 level). (d) The allosteric site in the oMeyMe*CIT*ADP giycture (contoured at
1.0 level). (e) The allosteric site in the oMM ICTADP gty cture (contoured at 1.06 level). () The

allosteric site in the ovyiisiaMe T APP

structure (contoured at 1.06 level). The residues and ligands
are shown with ball-and-stick models, and the Mg®>* and water molecules are shown with green
and red spheres, respectively. The coordination bonds of the metal ion are indicated with dashed

lines.
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Figure S2. Structure-based sequence alignment of the o and y subunits of human NAD-IDH
with several representative IDHs. The sequences of other IDHs included in the alignment are:
the IDH1 and IDH2 subunits of S. cerevesiae NAD-IDH (ScIDH1 and ScIDH2, PDB code 3BLX),
human cytosolic NADP-IDH (HcIDH, PDB code 1TOL), porcine mitochondrial NADP-IDH
(PmIDH, PDB code 1LWD), and E. coli NADP-IDH (EcIDH, PDB code 1IKB). Invariant residues
are highlighted by shaded red boxes and conserved residues by open blue boxes. The secondary
structures of these enzymes are placed on the top of the alignment.
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Figure S3. Comparison of the active sites of the o™&yMe*‘!T structure (orange), the
PmIDHM™CT structure (porcine mitochondrial NADP-IDH, PDB code 1LWD, magenta), and
the HcIDHC*CT*NADP gtpycture (human cytosolic NADP-IDH, PDB code 1TOL, blue). For
clarity, only the hydrogen-bonding interactions of ICT with the surrounding residues in the
PmIDHM™CT structure are shown.
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Figure S4. Comparison of the oy heterodimer in different structures.

(a) Comparison of the allosteric site, the active site, and the structure elements at the heterodimer
interface in the oMM (orange), oMeyMerCITHADP (glate), MyMEHCTHADE (vellow), and
oUyi151 AMETCITHADE (oreen) structures. The orientations of the a6 and o7 helices in the o and vy
subunits are indicated with dashed arrows. Some key residues involved in the conformational
changes are shown with side chains. (b) Comparison of the CIT-binding subsite in the oM&yMe*cIT
(orange), oMayMerCITHADP (glate), oMeyMeICTHADP (vellow), and otyiisiaME CITAPP (green) structures.
The bound CIT (or ICT) is shown with a ball-and-stick model, the Mg?" with a green sphere, and
the surrounding residues with side chains. (c) Comparison of the active site in the aM&y (cyan),
aMeMErCIT (grange), oMEyMErCITHADP (glate)  qMeMEHICTHADP (vellow), and oryiisiAMECTTAPP (green)

structures. The Mg?" is shown with a green sphere and the surrounding residues with side chains.
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Figure S5. Sequence alignment of NAD-IDHs from different eukaryotic species. The
sequences included in the alignment are: the o, B, Y subunits of human NAD-IDH (HsIDH3A,
HsIDH3B, and HSIDH3G); the IDH1 and IDH2 subunits of Saccharomyces cerevisiae NAD-IDH
(ScIDH1 and ScIDH2); the o, B, Yl and Y2 subunits of Caenorhabditis elegans NAD-IDH
(CelDH3A, HsIDH3B, HsIDH3G1, and HsIDH3G2); the IDH1, IDH2, IDH3, IDHS and IDH6
subunits of Arabidopsis thaliana NAD-IDH (AtIDH1, AtIDH2, AtIDH3, AtIDHS5, and AtIDH6);
the o, B and y subunits of Danio rerio NAD-IDH (DrIDH3A, DrIDH3B, and DrIDH3G); and the
o, B and v subunits of Xenopus laevisNAD-IDH (XIIDH3A, XIIDH3B, and XIIDH3G). Invariant
residues are highlighted by shaded red boxes and conserved residues by open blue boxes. The
residues corresponding to those composing the allosteric site and the active site in the oy
heterodimer of human NAD-IDH are indicated with red triangles, and those involved in the
conformational changes at the heterodimer interface with blue stars.

|

N
YK[TP]YT.

Qe

.
HsSIDH3A 74 [IP....IAAGHP[SMNIL T| VIR P[C]v[s T|E[G] DVNIVT IEENEEAE Y s|G
HsSIDH3B 83 |[I|. . PMEYKGELA|S|YDMR| K| V|V HVIK|S L|P|GlY MT RIHN . NLDLV I T)38okdofedal v s|s
HsIDH3G 81 |[T|N..HNLPP SHK|S[RNN|I S V|1 H|C|K|S L|P|G[V V[T RIEK . D|T D I L T Vj;$ANpgAeday s(s
ScIDH1 83 |[I|P..ADQTG. HG|S|LNV|A] fo) VA L|F|K|s L{K|GVK|[TRIT P . D|T D L I v I[N fdafelalr s|c
ScIDH2 90 |[T[P....IGKGHR[SLNL|T T RPAK|S I[E[GF KT T|YE . N[VD LV L Tp3ANEdAeSA v s|G
CeIDH3A 94 |[T]P....IGKGHR|SLNLAVEKE RP|C|R|S LIE|GHK|T L{YD . N[VD V'V T T3AANERNSA v S|G
CeIDH3B 111 [E[SAVLHTEGELQ|GLNMR S v H|I[K|T LD|G|T K|T REGK QL DF V T Vi ofiAedat v s|s
CeIDH3Gl 118 [T[K..FDNP.SFV|SRNLE o L H|C|S|T I|P|T[VP|SRHT . G|T DMV T Tj3ANEASA v S|G
CeIDH3G2 101 |[T[K..HDDP .QFN|SRNVE K| L H|C|V|T I|P|T[VP|TRIHS . G|I D IV L Ij3nkdAedy s|G
AtIDH1 102 [T[P....VGGGVS|S|LNVQ E VN|C|[FIN LP|G|ILP|T RIHE . N[V D I vV I8N fdAeda Y Al
AtIDH2 102 (I[P ... .VGGGVS|S|LNVN| E VN|C[F[NL[P|GILA[SRHE . N[V D I VV I p8aiNfidiofedal v alg
AtIDH3 103 (I[P ... .VGGGVS|S|LNMOQ) E VN|C|INVP|GIL VT RHE . N[V D I Vv I8N fNedaly |G
AtIDH5 113 [TP....IGKGHR|S|LNL|T E RP|C|Y|S LiP|GYK|TR[YD . D[VD L I T Tj3ANERASA v S|G
AtIDH6 113 (TP ... .IGKGHR|S|LNLT E RP|C|Y|SL|P|GYK|TR[YD . D[VD L I T I|3nkdAe v s|G
DrIDH3A 100 |[T[P....IAAGHP|SMNL|L b RP|C|V|S T|E[GIYK|TP|[Y T . D[VD LV T I j3ANEASA v S|G
DrIDH3B 118 [I|. . PMEYKGELA[S|YEMR K| v HVK|S L|P|G|Y S|TRIEN . NJLDLV I Tj¥lopdifedal v s|s
DrIDH3G 118 |[I|N..HTMPPNHK|SRNNL S MH[C|O|S LIP|GIVQITRHK . N|T D T T T Tp8iNfAedaty s|s
X1IDH3A 103 ([T[P....IAAGHP|SMNL|L T RP(C[V|S I|E|GIYR[TP[Y T . DVD LV T I8Nl v s|c
X1IDH3B 112 [T|. . PMEYKGELA[S|YEMR K| VHVIK|S LP|G|Y K|[TRHN . N|JLD LV I Tp8okifedaly s|s
X1IDH3G 118 |[IJN..HNMPPSHI|SRNNT S TH|CR|S VIP|G[VH|T RIHK . D|T D I M I VigoINpgReRav S|s
A A A A *ohkA

. . .
HsIDH3A 129 |I V|I[V|D|G|. SIKIR I AEFESYIE YIARNNHEISIN VT A V842 Np§MR 1Y
HsIDH3B 140 |L| E[S|ARIG| . S|QR I AK|FESYD YENT KKGGIK V T A V);84A NpIM K L
HsIDH3G 138 |L| E[S|VIA(G] . S|ILRIAE|YESIK LEVQE SGIIKIK V T A V);854A NpM K 1|
ScIDH1 139 |1 E[S|VIP(G|. T|E|R I ARFESYID FINKK Y NIIKIS VT A VESAA NPMK L
ScIDH2 145 |I I|VIC|P(G|. SERVI|R[YLSIE YIARATGIPRV IV V):84S TRQOR L
CeIDH3A 149 |1 E|I|V[P|G]|. SIRINVA[S|IFESYE YEX\R QN GJIK|V V T A V)z84A NE§M R O
CeIDH3B 171 |1 E[L|V|P(G AER I AK|FELSYD YINT K T GIRAKIK VT A Vi:84A NEIM K 1
CeIDH3Gl 174 [N E[A[V|NA] SE|Q I TRFESIOFINKKY GIK|K VT A V):84~A N Q K L|
CeIDH3G2 157 |L E[A|V|P(G I|ER I SRMESYE YEAK ANGIKIK V T A V):84A NPQ K L
AtIDH1 157 |L| E[VIVIP(G|. S|IER IAK|YESYE YENY LN NJAKIK VT A V);84A NpIM K L
AtIDH2 157 |L E|VVIP|G]|. S|ER I AK|YESYE YENY LN NJAKIK V T A V)z84A Np§M K L
AtIDH3 158 |L| E[VIVIP|G|. SIERIAR|YESYE YEVY LNNJIK|K VT A V)z84A NP§M K L
AtIDHS5 168 |L Q[VIVIR(G| . S|LIRVAEYESAT YIAK THGIIER V S A T84~ Np§M QK|
AtIDH6 168 |L Q[VIVIKIG| . SIMRVAE|YESYL YEVK THGK|K V S A T):84A N M Q K|
DrIDH3A 155 |I V|I[V|D|G|. SRR IAE|YESIE YEARNNQJAT|S VT A V);84A NEM R M|
DrIDH3B 175 |L E|S|VIA|G]| . SRR I AK[FESYD YINT KKGIIS(K VT A V)84~ Np§M K L|
DrIDH3G 175 |L| E[S|A|S|G|. S|LRIAD|YESIK LEAREKGIRIR V T A V):84A NpM K L
X1IDH3A 158 |I V|I|[V|D|G|. S|HR I AQIFESYE YE\RNNQJIS|T V T A V)s84A NE§M R M|
X1IDH3B 169 |L E|S[V[S|G]|. S|NR I AK|FESYD YENT KK GIAIK V T A V)z84A Np§M K L
X1IDH3G 175 [L] E[S[V]S|G] . SILRIAEYESIK LINREEGIIKIK I T A V)z84A Np§M K T




HsIDH3A
HsIDH3B
HsIDH3G
ScIDH1
ScIDH2
CeIDH3A
CeIDH3B
CeIDH3G1
CeIDH3G2
AtIDH1
AtIDH2
AtIDH3
AtIDHS5
AtIDH6
DrIDH3A
DrIDH3B
DrIDH3G
X1IDH3A
X1IDH3B
X1IDH3G

HsIDH3A
HsIDH3B
HsIDH3G
ScIDH1
ScIDH2
CeIDH3A
CeIDH3B
CeIDH3G1l
CeIDH3G2
AtIDH1
AtIDH2
AtIDH3
AtIDHS
AtIDH6
DrIDH3A
DrIDH3B
DrIDH3G
X1IDH3A
X1IDH3B
X1IDH3G

185
196
194
195
201
205
227
234
213
213
213
214
224
224
211
231
231
214
225
231

242
253
251
253
260
262
284
292
270
270
270
271
281
281
268
288
288
271
282
288

ol i

OOUOXOODUOO XU

NRDRPBODHBOWOHEDRH DED

[SEsEsEsAsR =R sA =Rl s sl il =l s N =i |
TXROUUROEEHQ®

aoaoaaoaacaaaaaaa<raarHOaaql

| N I R R N =

PR,
IAG

o <

, , =]
<<H<S<HHHERERIIIHASII<IH
[0 0 ™0 79 U 0 U U U U ) Ga U 1O 'O s ¥ U 0]
EoZzZnzZzZ 22 222 022 220 Z]
O H R H << < B H < H T

ZZITQ QT ZIEQ

ol eI el el el W e B e I el e v B )

ol onqd]

ZEQZTOQQ

IAN

G NN s I s s s |

AY T

QFD.:
QFD|. .
QFD|. .

QYD|. .
QFD|. .
QF D).
QFD|. .
QFD|. .
QFD|. .
QFD|. .
LFD|. .
LFD|. .
QFD|. .
QFD|. .
QFD|. .
QFD|. .
QFD|. .

KDMESSBATIAL L L S
GRN[IESTE\M L L S|
KN|IESAB TIAT L L A
QN[VESMATINM T L S
QDKESMATINL L L S
QDKESMYTIENL L. L. S
R S|TESATEM T 1.C|
KD[LESUATENF T RA|
KD|IESMLTEVE T RA|
ENKESVIAL L L S
QK[NESMJVINL . L S
QKKESMYVINL L L S
K N[LESMATINL I 1. S
MN|LESMATIAL L L S
KDMESMATINL I L. S
GRN[IESTE\M L L S|
RN[IESMATENM L LA
KD[FESY TINL L. L S
GRN[IESTE\M L L S|
KN[IESYTEWT L Al

QED. .

AV
AS
S C|
S T|
SV
AV

A A

AV
SV
SA

SA|
SA|

GV
GV
AV
A S|
SC
AV
AT

S C|

ERZECZEEE S S RU0ZEREE AR

.
AGLIG
AGLVG
AGLVG
AALIG
SGLSA
AGLVG
AGLVG
CGLVG
CGLVG
AGIAG
AGIAG
AGIAG
AGLVG
AGLVG
AGLIG
AGLVG
AGLVG
AGLIG
AGLVG
AGLVG

APrQaQpr QAP PrprrrrazZaQyq

KEE<<PEEEHHAHHHEPEEBEH<S B H]

FDH
EYH
HSY
NEY
T NH|
P QH
DAW
QS H
HYH
P SF
PSF
PTF
NEQ
NKQ
HGH
EYH
HDY
HEY
EYH
HSY

EErFEPEE MmO BB BB
Pouarnrrrprprrprrapyypny




Figure S6. Structural comparison of the oy heterodimer of human NAD-IDH and the
IDH1/IDH2 heterodimer of yeast NAD-IDH. Structural comparison of human oy heterodimer
and yeast IDH1/IDH2 heterodimer at the allosteric site, the active site, and the heterodimer
interface in the apo form (top panel) and the CIT-bound form (bottom panel). The o and y subunits
in the oM#y structure are colored in lemon and cyan, and these in the oMeyMe*CIT structure in magenta
and orange, respectively. The IDH1 and IDH2 subunits in the apo structure (PDB code: 3BLX) are
colored in pink and slate, and these in the CIT-bound structure (PDB code: 3BLV) in green and
yellow, respectively. For easy comparison, we use the same secondary structure nomenclature for
both human oy heterodimer and yeast IDH1/IDH2 heterodimer. The structure elements and
residues of the IDH1 and IDH2 subunits are superscripted by “1” and “2”, respectively. The key
residues are shown with side chains. The orientations of the 0.6 and o7 helices in both subunits are
indicated with dashed arrows.
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Figure S7. Structural comparison of the apo and CIT-bound IDH1/IDH2 heterodimer of
yeast NAD-IDH.

(a) Comparison of the apo and CIT-bound IDH1/IDH2 structures at the allosteric site, the active

site, and the heterodimer interface. The IDH1 and IDH2 subunits in the apo structure are colored
in pink and slate, respectively; and these in the CIT-bound structure are colored in green and yellow,

respectively. For easy comparison, we use the same secondary structure nomenclature for both

human oy heterodimer and yeast IDH1/IDH2 heterodimer. The structure elements and residues of
the IDH1 and IDH2 subunits are superscripted by “1” and “2”, respectively. The key residues are

shown with side chains. Upon the binding of CIT, significant conformational changes are observed

at the residues 78'-92' of IDH1, the C-terminal region of the B5-f36 loop and the B7 strand of both

the IDH1 and IDH2 subunits at the heterodimer interface. The orientations of the a6 and o7 helices

in both subunits are indicated with dashed arrows. The zoom-in panel on the right top shows the

conformational changes of the B7' and B7* strands. For clarity, only the hydrogen-bonding

interactions between the main chains of the residues are shown and the side chains are omitted.

The B7* and B79 strands bend towards the 06'-07' and 06'-a7"' four-helix bundle, with the Co

atoms of Ser150', Leul51' and Lys152! of the 7' strand and Ser1562, Ile157* and Lys158? of the

B7? strand (indicated with black arrows) shifting about 2A.

(b) Structure of the allosteric site in the apo (left panel) and CIT-bound (right panel) IDH1/IDH2
structures. In the apo structure, residues 78-92 adopt a helical conformation which block the CIT-
binding site; in the CIT-bound structure, residues 78-92 adopt a loop conformation. The hydrophilic
interactions between CIT and the surrounding residues are indicated with dashed lines and several
key residues are shown with side chains.

(c) Structure of the heterodimer interface in the apo (left panel) and CIT-bound (right panel)
IDH1/IDH2 structures. The structure elements at the heterodimer interface that undergo major
conformational changes upon the CIT binding include the B5-B6 loop and the B7 strand of both
IDHI1 and IDH2 subunits. Several key residues are shown with side chains. For clarity, only the
hydrogen-bonding interactions that are altered upon the CIT binding are indicated with dashed lines.
(d) A schematic diagram showing the hydrogen-bonding interactions among the 35-B6 loop, the o7
helix, the B7 strand, and the a5 helix of both IDH1 and IDH2 subunits in the apo and CIT-bound
IDH1/IDH2 structures. The interactions in the apo structure are indicated with green lines; these
disrupted upon the CIT binding are indicated with dashed green lines, and the newly formed
interactions are indicated with red lines.
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