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SUPPLEMENTARY METHODS 
 
Homology analysis.  Structures were displayed in UCSF Chimera software version 1.5

24
, using PDB 

1T0L for HsIDH1
18

, 3TY3 for SpHIDH
19

, and 3ASJ for TtHIDH
25

.  Multiple Alignment using Fast 

Fourier Transform (MAFFT)
26

 was used to align sequences using BLOSUM 30 matrix, 1.0 gap open 

penalty, and genafpair fourier transform settings.  Alignments were drawn with ESPript
27

, with secondary 

structure elements from HsIDH1 (PBD 1T0L
18

) shown.  GeneID was 49168486 for HsIDH1, 28178832 

for HsIDH2, 2388955 for SpHIDH, 731845 for ScHIDH, 46199314 for TtHIDH, 1052977 for SyIDH, 

209772816 for EcIDH, 729813 for BsIDH, 62897507 for HsNAD-IDH, 238879624 for CaHIDH, 

320668365 for EcTDH, 167033202 for PpTDH, 66773874 for TtIPMDH, 198283840 for TfIPMDH, and 

151943807 for ScIPMDH. 

 
Chemicals.  NADH reduced dipotassium salt (purity ≥95%), 2-oxoadipic acid (≥95%), 2-oxoglutarate 

sodium salt (≥98%), 2-heptandioic acid (≥98%), and (+)-diacetyl-L-tartaric anhydride (≥97%) were from 

Sigma.  A racemic mixture of (R)- and (S)-2-hydroxyadipate was generated by reacting 1 mg 2-oxoadipic 

acid with 1mg NaBH4 in 200 μl of anhydrous methanol at 60˚C for 30 min and characterization matched 

literature data
6
.  [3,3,4,4]-

2
H4-(R/S)-2-hydroxyglutarate (2HG-d4) was synthesized previously

21
.   

 
Expression and purification of HIDH mutants.  The gene encoding ScHIDH (LYS12, NC_001141.2) 

lacking a 3’ STOP codon was amplified from an S. cerevisiae gDNA library.  The gene encoding TtHIDH 

(TTC1012, NC_005835.1) lacking a 3’ STOP codon was PCR amplified from a T. thermophilus HB27 

gDNA library.  These fragments were cloned into pTrcHis2-TOPO, which appends a C-terminal 6x His 

tag (Invitrogen).  Mutagenesis was performed using the QuikChange Site Directed mutagenesis kit 

(Agilent). Procedures for expression and purification of homoisocitrate dehydrogenases were adapted 

from published methods
10

.  Expression constructs were transformed into BL21-DE3 E. coli (Stratagene).  

A single colony was inoculated into 5 ml of LB-Amp media starter cultures and grown by shaking (225 

rpm at 37 °C) for 6 h.  5 ml starter cultures were added to 45 ml of LB-Amp, shaken for 2 h, and shaken 

for an additional 2 h after induction with 1 mM IPTG.  Pellets were harvested by centrifugation at 4500 x 

g at 4 C and resuspended in 2 ml of buffer A (500 mM NaCl, 10 mM MgCl2, 20 mM imidazole, 2 mM 

β-mercaptoethanol, 10 mM Tris, pH 7.5 supplemented with 1x EDTA-free Complete Mini protease 

inhibitor from Roche) on ice and sonicated for 6 cycles of 15 seconds each on ice on a Branson Sonifer 

250 (Emerson).  This crude lysate was cleared by centrifugation at 13,000 x g at 4 C.   Crude lysates 

were loaded on a Ni-NTA Spin Column (cat. No. 31014, Qiagen) that was preequilibrated with buffer A 

by spinning for 10 min at 300 x g at 4 °C.  This was then washed with 10 column volumes of buffer A 

that was modified to contain 75 mM imidazole, 5% glycerol, and 0.1% Triton-X100 by spinning for 1 

min at 900 x g.  Eluates were obtained using buffer A that was modified to contain 500 mM imidazole.  

Eluates were brought to 10% glycerol and stored in aliquots at -80 C for ScHIDH and at 4 °C for 

TtHIDH.  Approximately 2.5 mg purified protein was obtained per g wet bacterial pellet.  Purity was 

approximately 95% as assessed by SDS-PAGE stained with SilverQuest Silver Staining Kit (Life 

Technologies). 

 

Activity measurement.  Assays were performed with 40 ng/μl enzyme, 15 mM 2-oxoadipate, 100 μM 

NADH, 20 mM MgCl2 and 100 mM HEPES, pH 7.3 in 10 or 20 μl in 384-well black microplates 

(788076, Greiner) unless otherwise specified.  NADH was monitored by the decrease in fluorescence (ex. 

340 nm, em. 450 nm) on a fluorescent plate reader.  The levels of fluorescence were converted to NADH 

concentrations based on NADH standards.   Reactions with high amounts of NADH (>300 μM) were 

monitored by the absorbance of NADH as indicated in the text, at 340 nm in a 40 μl reaction volume in a 

clear 96-well plate on the same plate reader.  Reactions with ScHIDH were carried out at 25 C and 

reactions with TtHIDH were carried out at 45 C.  Rates are initial rates from the first 10 minutes of 

reaction.  For KM determination, concentrations of substrate at least 5x higher than the KM were used (for 



 

NADH, 500 μM; for 2-oxoadipate, 15 mM) while the substrate of interest was varied in concentration.  

KM and Vmax were estimated by fitting data to equation (1), where X is substrate concentration and Y is 

rate, using nonlinear regression.   

 

(1)  Y=Vmax*X/(Km + X) 

 

LC-MS/MS.  LC-MS/MS was based on the procedure described for 2-hydroxyglutarate
20, 21

. To 20 µL of 

reaction mix, 2 µL of 130 µg/mL of a racemic mixture of 2HG-d4 (internal standard) in water was added 

and the mixture dried by vacuum centrifuge (50 C, 15 min). Dry residue was treated with 50 mg/mL 

freshly prepared diacetyl-L-tartaric anhydride in dichloromethane/glacial acetic acid (4/1 by volume) and 

heated (75 C 30 min). After drying (50 C, 15 min) the residue was dissolved in 100 µL LC mobile 

phase A (see below) for analysis.  An Agilent 1200 series HPLC (Santa Clara, CA) was used for liquid 

chromatography (LC) and a Sciex/Applied Biosystems API 3200 QTrap (Carlsbad, CA) was used for 

triple quadrupole mass spectrometry (MS/MS). Mobile phase A: water, 3% acetonitrile, 280 µL 

ammonium hydroxide (~25%), pH adjusted to 3.6 by formic acid (~98%). Mobile phase B: methanol. 

Analytical column: Kinetex C18, 150×4.6 mm, 2.6 µm, and SafeGuard C18 4×3 mm guard-column from 

Phenomenex (Torrance, CA). Column temperature: 45 C. Elution gradient at 1 mL/min flow rate: 0–1 

min 0% B, 1–2 min 0-100% B, 2–3.5 min 100%B, 3.5–4 min 100-0% B, 4–10 min 0% B. Injection 

volume: 10 µL. For initial product characterization, Q1/Q3 (m/z) transitions monitored were predicted 

based on the known fragmentation pattern of 2HG-d4
20, 21

 as shown in the mass fragmentation diagrams 

in Supplementary Fig. 4: 421.3/205.1, 421.3/187.0, 377.0/161.2, 377.0/143.2, 367.0/151.0, 367.0/132.0 

for homoisocitrate transitions 1 and 2, 2-hydroxyadipate transitions 1 and 2, and 2HG-d4 transitions 1 and 

2, respectively.  For enantiospecific 2-hydroxyadipate quantification, Q1/Q3 (m/z) transitions monitored: 

377/161 and 367/151 for 2-hydroxyadipate and 2HG-d4. To calibrate, 0, 1.6, 8, 40, 200, and 1000 µg/ml 

2-hydroxyadipate reacted with diacetyl-L-tartaric anhydride was analyzed in reaction buffer.  (R) and (S) 

2-hydroxyadipate enantiomers were discriminated based on time of elution from the HPLC column, using 

the relative elution time for (R)-2HG-d4 compared to the racemic mixture of 2HG-d4
21

.  Standard 

samples were analyzed alongside experimental samples and accuracy acceptance criteria was 85% for 

each standard.   The lower limit of quantification was taken as the concentration of the lowest standard.   

 

Statistical analysis.  Activity measurements and LC-MS/MS analyses are representative of experiments 

were performed in triplicate unless otherwise specified.  Data points in activity measurement plots 

represent mean  s.d. from n=2 reactions unless otherwise specified.   
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Hs_IDH1     1                                                        D                                                 V  M G         E  RIIMSKKI........SGGS................................ VE Q  ........ MT
Hs_IDH2     1                                                        D                                                 V  M G         E  RIIMAGYLRVVRSLCRASGSRPAWAPAALTAPTSQEQPRRHYADKRIKVAKP VE D  ........ MT
Sp_HIDH     1                                                        D                                                 L  I A         A  RLMM.............................SATRRIV............ GL P  GIGKEVVP AR
Sc_HIDH     1                                                        D                                                 I  I G         A  QVLM....FRSVATRLSA..C......RGLASNAARKSLT............ GL P  GIGKEVIP GK
Tt_HIDH     1                                                        D                                                 I  I G         A  RVLM.................................AYR............ CL E  GIGHEVIP AR
Sy_IDH     1                                                        D                                                 V  I G         E  RIIMAK........................................IKVKNP VE D  ........ MT
Ec_IDH     1                                                        D                                                 I  I G         A  KVVMESKVVVPAQGKKITLQNGKLNVPEN.........PI............ PY E  GIGVDVTP ML
Bs_IDH     1                                                        D                                                 I  I G         A  KVLM.......AQGEKITVSNGVLNVPNN.........PI............ PF E  GTGPDIWN AS
Hs_IDH_NAD    1                                                        D                                                 V  I G         A  KIFM....AGPAWISKVSRLLGAFHNPKQVTRGFTGGVQT............ TL P  GIGPEISA VM
Ca_HIDH     1                                                        D                                                 I  I G         A  AVLM....L...AARSSIRRC......FS.TSSTTLKSLK............ GL S  GIGREVIP GK
Ec_TDH     1                                                        D                                                 I  I G         E  RVLM...............................MKTMR............ AA P  GIGKEVLP GI
Pp_TDH     1                                                        D                                                 I  I G         E  RVVM...............................SKPFR............ AA P  GIGNEVLP GI
Tt_IPMDH     1                                                        D                                                 V  L G         A  KVL...................................MK............ AV P  GIGPEVTE AL
Tf_IPMDH     1                                                        D                                                 I  F G         A  QVLM..................................KK............ AI A  GIGPEIVA AR
Sc_IPMDH     1                                                        D                                                 I  L G         E  KVLM...............................SGPKK............ VV P  HVGQEITA AI

Hs_IDH1    23                                                              P E          V L                       V       I  K    V   TW LIKEKLIFPY E DLHSYD.LGIENRDATND....Q TKDAAEA .K HNVG KCA IT DEKRVEEF
Hs_IDH2    63                                                              P Q          V I                       V       T  K    V   TW FIKEKLILPH D QLKYFD.LGLPNRDQTDD....Q TIDSALA .Q YSVA KCA IT DEARVEEF
Sp_HIDH    30                                                              P N          L F                       L       L  E    L   VE L.PAKH...K K DFIDLD.AGWGTFERTGK....A PERTVER KT CNAA FGA QS T.HKVA..
Sc_HIDH    47                                                              P N          L F                       L       L  Q    L   VE L.NSKH...G S NFIDLY.AGFQTFQETGK....A PDETVKV KE CQGA FGA QS T.TKVE..
Tt_HIDH    26                                                              P A          L L                       V       I  S    L   AE T........G P EFVEAE.AGWETFERRGT....S PEETVEK .L CHAT FGA TS T.RKVP..
Sy_IDH    23                                                              P E          L V                       I       I  E    V   TW WIRERLILPY D DLKYYD.LSVEKRDETSD....Q TIDAANA .K YGVG KCA IT DEARVEEF
Ec_IDH    50                                                              P A          R I                       L       I  E    I   LD A.VEKAYKGE K SWMEIY.TGEKSTQVYGQ..DVW PAETLDL .R YRVA KGP TT V.......
Bs_IDH    43                                                              P A          K I                       L       I  E    I   LE A.VEKAYKGE K TWKEVY.AGEKAYNKTGE....W PAETLDV .R YFIA KGP TT V.......
Hs_IDH_NAD   55                                                              P A          A I                       I       M  K    L   LD A........K P QWEERN.....VTAIQGPGGKWM PSEAKES .D NKMG KGP KT I.......
Ca_HIDH    45                                                              P N          L F                       L       L  E    L   VE L.PSKH...D Q EFVNLD.AGFELFKKTGT....A PDETVDV KK CDGA FGA SS T.TKVA..
Ec_TDH    28                                                              P A          F L                       M       L  R    Y   VQ A.AERW...G A SFEQMEWASCEYYSHHGK....M PDDWHEQ .S FDAI FGA GW ..DTVPD.
Pp_TDH    28                                                              P A          L I                       M       L  G    Y   VE A.ARKH...G D SFEFFEWASCDYYLAHGK....M PDDWFEQ .K FDAL FGA GW ..DKVPD.
Tt_IPMDH    24                                                              P A          L L                       F       V  E    L   VR L.DEAE...G G AYEVFP.FGGAAIDAFGE....P PEPTRKG .E AEAV LGS GG KWDGLPR.
Tf_IPMDH    25                                                              P A          L L                       L       A  E    I   VD V.DQAA...R G HCSEGL.VGGAALDASDD....P PAASLQL .L ADAV LGA GG RWDAYPP.
Sc_IPMDH    28                                                              P A          V F                       L       S  K    L   VK ISDVRS...N K DFENHL.IGGAAIDATGV....P PDEALEA .K ADAV LGA GG KWG..TG.

Hs_IDH1    87              R         R        P                           R      Y       S    I N     V F            R   G                 II       QKLKQMWK PNGT   ILGGT .  EAIICKNI .. LVS WV..KP..........I  G HAYGD  RA
Hs_IDH2   127              R         R        P                           R      Y       S    I N     V F            R   G                 TI       QKLKKMWK PNGT   ILGGT .  EPIICKNI .. LVP WT..KP..........I  G HAHGD  KA
Sp_HIDH    88              R         R        P                           R      Y       S    L K     A V            K   G                 VI       L....GYS PIVA   KMGLY N  ........ .V SLD .......AKGKP..VDL  V ENTEC  VK
Sc_HIDH   105              R         R        P                           R      Y       S    L R     A V            K   G                 VI       L....GYS PIVA   EMGLF N  ........ .V SVE .......EKGKP..IDM  V ENTED  IK
Tt_HIDH    79              R         R        P                           R      Y       G    L R     A V            K   V                 VI       L....GFF AIRY   RLDLY N  ........ .A SRP .......PGSRPG.VDL  V ENTEG  VE
Sy_IDH    87              R         R        P                           R      Y       S    I N     V F            R   G                 VV       QGLKKMWK PNGT   ILGGV .  EPIVIKNV .. LVP WT..DP..........I  G HAFGD  KA
Ec_IDH   108              R         R        P                           R      Y       S    L Q     I L            R   G                 VI       I..GGGIR LNVA   ELDLY C  ........ .V YYQ TP..SPVK..HPELTDM  F ENSED  AG
Bs_IDH    99              R         R        P                           R      Y       S    L Q     V L            R   G                 VI       I..GGGIR LNVA   ELDLF C  ........ .V YFT VP..SPVK..RPEDTDM  F ENTED  AG
Hs_IDH_NAD  104              R         R        P                           R      Y       S    L K     A V            V   G                 VT       E..AAGHP MNLL   TFDLY N  ........ .C SIE YK..TPYT.....DVNI  I ENTEG  SG
Ca_HIDH   103              R         R        P                           R      Y       S    L K     A V            K   G                 VI       L....GYS PIVA   KLGLY N  ........ .V SVE ........IGRP..VDM  V ENTED  IK
Ec_TDH    86              R         R        P                           R      Y       G    F R     V L            R   G                 YV       E..HISLW SLLK   EFDQY N  ........ .V LFP VP..CPLAGKQPGDIDF  V ENTEG  SS
Pp_TDH    86              R         R        P                           R      Y       G    F R     V I            R   G                 VV       E..HISLW SLLK   DFDQY N  ........ .V LFP VP..CPLAGREPGDIDF  I ENTEG  SS
Tt_IPMDH    83              R         R        P                           R      Y       T    L K     A L            K   G                 LI       I..KIRPE GLLS   SQDLF N  ........ .A VFP LERLSPLKEEIARGVDV  V ELTGG  FG
Tf_IPMDH    84              R         R        P                           R      Y       Q    L K     A L            Q   Q                 LV       I..AKRPE GLLR   GLDLY N  ........ .A IFP LLDASPLRPELVRDVDI  V ELTGD  FG
Sc_IPMDH    86              R         R        P                           R      Y       Q    I K     A L            F   S                 VV       I..SVRPE GLLK   ELQLY N  ........ CN ASD LLDLSPIKPQFAKGTDF  V ELVGG  FG

Hs_IDH1   142 T             T                            N    I  F    SF  AL DFVV.PGPGKVEM YTPSDGTQKVTYLVHNFEEGGGVAMGMY QDKS ED AH.S  QM  SKGW....
Hs_IDH2   182 T             V                            N    I  F    CF  AI DFVA.DRAGTFKM FTPKDGSGVKEWEVYNF.PAGGVGMGMY TDES SG AH.S  QY  QKKW....
Sp_HIDH   136 E             A                            S    S  I    AF  AK ERMV.QNTPGKRV E......................AIRRI .EEA TK GK.M  EI  SRQKIRE.
Sc_HIDH   153 I             A                            S    T  I    AL  AL EKTYIDKATGTRV D......................ATKRI .EIA RR AT.I  DI  KRLQTRG.
Tt_HIDH   128 Q             A                            S    S  I    AL  AE ERRYLD......V I......................ADAVI .KKA ER GR.A  RI  GRPR....
Sy_IDH   142 T             K                            N    I  F    SF  GL DFKV.PGAGTLTM WVGTNG.EELEYEVFEF.PSAGVAMGMY LDES RD AK.A  NY  NRGW....
Ec_IDH   163 I             I                            S    T  L    AI  AI EWKA.DSADAEKV KFLR...EEMGVKKIRFPEHCGIGIKPC .EEG KR VR.A  EY  ANDR....
Bs_IDH   154 I             I                            S    T  L    AI  AI EYAK.GSEEVQKL SFLQ...NELNVNKIRFPETSGIGIKPV .EEG SR VR.A  DY  EHGR....
Hs_IDH_NAD  156 I             V                            T    S  I    AF  AR EHVIVD.....GV Q......................SIKLI .EGV KR AE.F  EY  NNHR....
Ca_HIDH   150 E             A                            T    S  I    AY  AL ERVY.KKEDGTKV E......................AIKRI .ETA TR AK.M  EI  QREAVRKG
Ec_TDH   143 L             V                            T    V  I    AF  AQ GGRV.NEGTEHEV I......................QESVF .RRG DR LR.Y  EL  SRPR....
Pp_TDH   143 L             V                            T    V  I    AF  AQ GGRM.FEGTENEF L......................QESVF .RRG DR LK.Y  DV  TRER....
Tt_IPMDH   142 E             A                            S    V  V    AF  AR PRGM.....SEAE W......................NTERY .KPE ER AR.V  EA  .KRR....
Tf_IPMDH   143 Q             G                            D    I  I    AF  AQ PRGL.EVVDGKRR F......................NTMVY .EDE RR AH.V  RA  .GRR....
Sc_IPMDH   146 K             A                            T    V  I    AF  LQ RKED....DGDGV W......................DSEQY .VPE QR TRMA  MA  HEPP....

Hs_IDH1   206                 K             LS  NTIL             I        F..........PLY  T     KKYDGRFKDIFQE YDKQYKSQ ..........................
Hs_IDH2   245                 K             MS  NTIL             I        F..........PLY  T     KAYDGRFKDIFQE FDKHYKTD ..........................
Sp_HIDH   180                 K             II  SNVM             A        YSGTYSIHKKPLVT  H     SVTDGLFRESCRH .QSLDPS. ..........................
Sc_HIDH   198                 K             VT  SNVL             V        Y........QATLT  H     SQSDGLFREICKE YESNKDK. ..........................
Tt_HIDH   164                 K             IA  ANVL             V        F...KTLH......  H     PLTQGLFLDTVKE ....AKD. ..........................
Sy_IDH   204                 K             LS  NTIL             V        F..........PVY  T     KAYDGRFKDLFQE FDAEFADK ..........................
Ec_IDH   223                 K             LV  GNIM             L        F.........DSVT  H     KFTEGAFKDWGYE ....AREE GGELIDGGPWLKVKNP..........
Bs_IDH   214                 K             LV  GNIM             L        Y.........KSVT  H     KFTEGAFKNWGYE ....AEKE GDKVFTWAQYDRIAEEQGKDAANKAQ
Hs_IDH_NAD  193                 K             AV  ANIM             V        C.........SNVT  H     RMSDGLFLQKCRE ....AES. ..........................
Ca_HIDH   195                 K             VT  SNVL             V        YTSGKQLHEKPSVT  H     SQSDGLFRETCRA YDANANE. ..........................
Ec_TDH   184                 K             SA  SNGL             R        Y.........KTLT  T     AISMPYWDE.... VEAMAEN. ..........................
Pp_TDH   184                 K             SA  SNGM             R        Y.........KHVT  T     AVSMPYWDE.... TAAMAAN. ..........................
Tt_IPMDH   178                 K             SV  ANVL             T        Y.........KHVV  D     EVGE.FWRK.... VEEVGRG. ..........................
Tf_IPMDH   183                 K             SV  ANVL             V        Y.........KQLC  D     ETTR.LWRE.... VTEVAQD. ..........................
Sc_IPMDH   185                 K             SL  ANVL             T        F.........LPIW  D     ASSR.LWRK.... VEETIKNE ..........................



T....T                                ......Hs_IDH1

.Hs_IDH1

...Hs_IDH1

31β01α21β9α11β

31α21α11α41β

α14 η2 η3 α15

Hs_IDH1   240                 D                    N  GD  SD      G  G        I    R I     Q MK    F  I A       VQ    AQ    L MM SVLV....EAQK WYEH L  DMVA A  SEGG .. W CK YD      SV  GY S    T    CP....D
Hs_IDH2   279                 D                    N  GD  SD      G  G        I    R I     Q LK    F  V A       VQ    AQ    L LM SVLV....DKNK WYEH L  DMVA V  SSGG .. W CK YD      IL  GF S    T    CP....D
Sp_HIDH   222                 D                    N  GD  SD      G  G        I    Q V     R FR    F  V V       IL    AS    L LV SANV......AS NVDE I  SMVY L  EPEC D. V AP LY      GA  LI S    P    GD.....
Sc_HIDH   233                 D                    N  GD  SD      G  G        I    Q V     R FR    F  V V       IL    AA    L VV SANV......GQ KYNE I  SMVY L  EPQC D. I AP LY      GA  LV S    P    GP.....
Tt_HIDH   194                 D                    N  GD  SD      G  G        V    I V     Q VM    F  V V       IL    AG    L LA SGNI......PL NVQD I  NCAM L  RPER D. I TT LL      LA  LV G    P    GD.....
Sy_IDH   238                 D                    N  GD  SD      G  G        I    R I     S LK    F  V A       VQ    AQ    L LM SVLL....KAAG VYEH L  DMVA A  WSGK .. W CK YD      TV  GF S    T    SP....D
Ec_IDH   270                 D                    N  GD  SD      G  G        I    V A     Q LL    Y  V A       YI    AA    I IA GANI...NTGKE VIKD I  AFLQ I  RPAE D. I CM LN      AL  QV G    P    GD.....
Bs_IDH   271                 D                    N  GD  SD      G  G        I    S A     Q LT    F  V A       YI    AA    I IA GANISEAEAAGK IIKD I  IFLQ I  RPNE D. V TM LN      AL  QV G    P    NY.....
Hs_IDH_NAD  223                 D                    N  GD  SD      G  G        I    M L     N VQ    F  V V       IL    AG    L VT SGNI......KD KFNE Y  TVCL M  DPSQ D. L MP LY      LC  LI G    P    GA.....
Ca_HIDH   238                 D                    N  GD  SD      G  G        I    Q V     R FR    F  V V       IL    AA    L VV SANV......GG EYKE I  SMVY M  EPEI D. V AP LY      GA  LV S    P    GD.....
Ec_TDH   214                 D                    N  GD  SD      G  G        I    Q I     R VM    F  V V       IL    PA    I IA SANL......PE RWDK H  ILCA F  QPER D. V AS LF      LG  CT T    P    NP.....
Pp_TDH   214                 D                    N  GD  SD      G  G        I    Q I     R VL    F  V V       IL    PA    I IA SANL......PE SWDK H  ILCA F  QPDR D. V AS LF      LG  CA T    P    NP.....
Tt_IPMDH   207                 D                    N  GD  SD      G  G        V    Q V     H VR    F  V V       IL    SV    L LL SASL......PD ALEH Y  AMAM L  SPAR D. V TG IF      LA  LP S    P    GR.....
Tf_IPMDH   212                 D                    N  GD  SD      G  G        V    M V     Q IR    F  V L       IL    SQ    I ML SASL......PD QLSH Y  NAAM L  APAQ D. L TG MF      EA  LT S    P    GE.....
Sc_IPMDH   215                 D                    N  GD  SD      G  G        L    Q I     I VK    L  I I       II    SV    L LL SASL......PT KVQH L  SAAM L  NPTH NG I TS MF      EA  IP S    P    ASLPDKN

Hs_IDH1   300          E  HG                 NP          L       E      TV         GQ   T  IASI A TR     RA              L  VGKT...V A AA    TRHYRMYQK  ETS       F W  G AH.  KLDNNKELAFFANA EE SIE
Hs_IDH2   339          E  HG                 NP          L       E      TV         GR   T  IASI A TR     RG              L  VGKT...I A AA    TRHYREHQK  PTS       F W  G EH.  KLDGNQDLIRFAQM EK CVE
Sp_HIDH   280          E  HG                 NP          L       M      SA         GR   A  VATF S AL     MG              I  A.NF...V S PV    PDI.....A  .GI       R V  M EF.  H.......QDAAAD YT VDK
Sc_HIDH   291          E  HG                 NP          L       I      SA         GK   A  IATI S AL     LG              I  A.EI...V G PC    PDI.....A  .GI       R T  M EF.  H.......NEAAQD YK VDA
Tt_HIDH   252          E  HG                 NP          L       V      SA         GK   A  TAAI S AM     LG              V  A.TT...A F PV    PDI.....A  .GI       L A  M DY.  E.......KEAAKR EK VDL
Sy_IDH   298          E  HG                 NP          L       E      TV         GK   T  IASI A TQ     RG              L  VGKT...V A AA    TRHYRQHQQ  ATS       F W  G SF.  KFDDTPDVVKFAET EQ CIK
Ec_IDH   331          E  HG                 NP          L       L      TA         GQ   V  GSII S EM     MG              I  G.EC...A F AT    PKY.....A  .DK       L A  M RH.  W.......TEAADL VK MEG
Bs_IDH   335          E  HG                 NP          L       I      TA         GL   V  SSVI S VL     LG              V  S.ET.GHA F AT    PKY.....A  .DK       L G  L EH.  W.......NEAADL IK MEK
Hs_IDH_NAD  281          E  HG                 NP          L       I      TA         GK   A  TALL S VM     MG              I  ANGV...A F SV    PDI.....A  .DM       L A  M RH.  L.......FDHAAR EA CFA
Ca_HIDH   296          E  HG                 NP          L       I      SA         GK   S  VATI S AL     MG              I  A.NF...A G PC    PDI.....E  .GI       R T  M EF.  Y.......PEAAAT YQ VDA
Ec_TDH   272          E  HG                 NP          L       L      SA         GK   A  IATI A AM     LG              I  V.ERTFPS F PV    PDI.....Y  .NI       W G  M DF.  N..GDERFQQAHNG LA IEE
Pp_TDH   272          E  HG                 NP          L       L      SA         GK   A  IAMI S AL     LG              I  A.ERKFPS F PV    PDI.....Y  .NI       W G  M DF.  NDGADPRYRAAHDD LK IEQ
Tt_IPMDH   265          E  HG                 NP          L       V      SA         GK   A  TAAI S AM     FG              V  A.GT...P F PV    PDI.....A  .GI       L A  M EHA  L.......VELARK ED VAK
Tf_IPMDH   270          E  HG                 NP          L       M      SA         GQ   A  LATI S AM     LG              V  A.GR...A Y PI    PDI.....A  .DK       L V  M RYS  A.......ELWAQR EA VQR
Sc_IPMDH   279          E  HG                 NP          L       L      SA         PK   V  IATI S AM     LN              I  ATAF...G Y PC    PDL......  .NK       L A  M KLS  L.......PEEGKA ED VKK

Hs_IDH1   366 TI         L                            L E L  EAGF.MTKD ...AACIKGLPNVQRSD.YLNTFEFMDK G N KIKLAQAKL
Hs_IDH2   405 TV         L                            I S L  ESGA.MTKD ...AGCIHGLSNVKLNEHFLNTTDFLDT K N DRALGRQ..
Sp_HIDH   332 VL         L                            V A I  TEGKVLTPD .......GG.......KS..GTNEITDA L N HN.......
Sc_HIDH   343 NL         L                            V S L  REGSIKTPD .......GG.......KA..STQQVVDD L R .........
Tt_HIDH   304 VL         L                            V E L  ERGP.RTPD .......GG.......DA..TTEAFTEA V A KSL......
Sy_IDH   364 TV         L                            I V L  EGGA.MTKD ...ALLIG......PDQAWMTTEQFFEA R N EAEMAKWA.
Ec_IDH   383 AI         F                            I K M  NAKT.VTYD ...ERLMEG.......AKLLKCSEFGDA I N .........
Bs_IDH   389 TI         F                            L K M  ASKV.VTYD ...ARLMDG.......ATEVKCSEFGEE I N D........
Hs_IDH_NAD  334 TI         L                            I R V  KDGKSLTKD .......GG.......NA..KCSDFTEE C R KDLD.....
Ca_HIDH   348 NL         L                            I R F  AEDKIKTPD .......GG.......NS..TTQEVIDD I R .........
Ec_TDH   332 VI         M                            I K I  AHGP.KTPD .......KG.......SA..TTPQVADA C I LR.......
Pp_TDH   334 VI         M                            I A V  AAGD.VTRD .......GG.......QQ..STQQVGQA T L EA.......
Tt_IPMDH   318 AL         L                            T T L  ......... ETPPPDLGG.......SA..GT...EAF A V .RHLA....
Tf_IPMDH   323 VL         I                            V D L  DQGL.RTAD AAPGAPVIG.......TK..AM...GAA V A .NFKD....
Sc_IPMDH   332 VL         L                            V E V  DAGI.RTGD .......GG.......SN..STTEVGDA A E KKILA....

Supplementary Figure 1.  Alignment of β-hydroxyacid oxidative decarboxylases.  

Alignment of NADP+-dependent IDHs HsIDH1 and HsIDH2 that are mutated in human cancer with other β-
hydroxyacid oxidative decarboxylases that act on (R)-hydroxyacid substrates, including an ancestral NADP+-
dependent IDH from the proteobacteria S. yanoikuyae (Sy_IDH); NAD+-dependent IDHs from H. sapiens, E. 
coli, and B. subtilis; HIDHs from S. cerevisiae, S. pombe, C. albicans, and T. thermophilus; isopropylmalate
dehydrogenases (IPMDHs) from T. thermophilus, T. ferridoxans, and S. cerevisiae; and tartrate 
dehydrogenases (TDHs) from E. coli and P. putida.  Secondary structure elements from HsIDH1 are shown.



Supplementary Figure 2.  Purification of ScHIDH mutants. 

 

SDS-PAGE with silver stain of purified ScHIDH mutants. 15 μg of each purified protein were loaded. 
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Supplementary Figure 3.  Rate analysis of ScHIDH mutants. 

 

(a) Decrease in NADH over time in reactions containing 10 mM 2-oxoadipate, 300 μM NADH, and the 

indicated ScHIDH mutant.  (b) Initial rate of NADH decrease in reactions containing the indicated ScHIDH 

mutant and 0-300 μM NADH.  (c) Initial rate of NADH decrease in reactions containing ScHIDH-R143H 

and 15 mM of either 2-oxoadipate, 2-oxoglutarate, or 2-oxoheptanedioate.  Reactions contained 40 ng/μl of 

the indicated purified enzyme, 15 mM 2-oxoadipate, 100 mM HEPES, pH 7.3, 20 mM MgCl2, and 100 μM 

NADH unless otherwise specified. Rates are expressed either in μmol NADH min-1 mg-1 enzyme, or in 

arbitrary relative rate of NADH decrease per unit time per unit of enzyme mass.  Data are mean ± s.d. (n=2) 

and are representative of three independent experiments. 
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Supplementary Figure 4.  LC-MS/MS analysis of ScHIDH reactions.   

 

(a) NADH consumption was monitored in reactions containing 50 mM HEPES, pH 7.3, 5 mM MgCl2, 50 

mM NaHCO3, 5 mM 2-oxoadipate, 100 μM NADH.  After 45 min (arrow), [3,3,4,4]-2H4-2-hydroxyglutarate 

(2HG-d4) internal standard was added and reactions were derivatized with diacetyl-L-tartaric anhydride 

(DATAN) and subjected to LC-MS/MS. (b) Fragmentation pattern for 2HG-d4, which was used as an 

internal standard to normalize the ion counts between different reactions.  T1: Q1/Q3 (m/z) = 367.0/151.0, 

T2: Q1/Q3 (m/z) = 367.0/132.0. (c) Transitions (denoted T1 and T2) corresponding to homoisocitrate.  T1: 

Q1/Q3 (m/z) = 421.3/205.1, T2: Q1/Q3 (m/z) = 421.3/187.0 as shown by the mass fragmentation diagram on 

the right.  (d)  Transitions corresponding to 2-hydroxyadipate.  T1: Q1/Q3 (m/z) = 377.0/161.2, T2: Q1/Q3 

(m/z) = 377.0/143.2 as shown in the mass fragmentation diagram on the right. Results are representative of 

two independent experiments.  Data in (a) are mean ± s.d. from two independent experiments. 
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Supplementary Figure 5.  ScHIDH mutants stochiometrically produce (R)-2-hydroxyadipate. 

  

(a) (R)-2-hydroxyadipate concentration as quantified by LC-MS/MS for reactions initially containing 40 

ng/μl of the indicated ScHIDH mutant, 2 mM NADH, 2 mM 2-oxoadipate, 20 mM MgCl2, and 500 mM 

HEPES.  (b) NADH concentration as assessed by absorbance at 340 nm for the same reactions.  Data points 

are mean ± s.d. from n=3 independent experiments. 
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Supplementary Figure 6.  R118H mutation enhances TtHIDH (R)-2-hydroxyadipate 

dehydrogenase activity. 

 

 (a)  Superimposition of three-dimensional structure of the active site for TtHIDH25 (white) onto 

HsIDH118 (pink; complex with isocitrate in green).  HsIDH1 residues Arg100 and Arg132 are 

shown and the corresponding residues for TtHIDH are shown in parentheses.  (b) SDS-PAGE with 

silver stain of purified TtHIDH mutants. I, lysates induced to express protein; P, pass-through of 

lysate onto Ni-NTA column; E1, purified eluate 1; E2, purified eluate 2.  (c) Addition of CO2 to the 

reaction as 100 mM NaHCO3 stimulates NADH consumption in the presence of TtHIDH-WT, but 

has no effect on NADH consumption in the presence of TtHIDH-R118H.  (d) Relative rate of 

NADH consumption for reactions performed with either no substrate, 15 mM 2-oxoglutarate (5-

carbons), or 15 mM 2-oxoadipate (6 carbons).  (e) Concentration of (R)-2-hydroxyadipate and 

decrease in NADH from buffer for reactions containing TtHIDH-WT or TtHIDH-R118H.  All 

reactions were performed at 45°C with 15 mM of 2-oxoadipate, 100 μM NADH, and 500 mM 

HEPES, pH 7.3, 20 mM MgCl2 unless otherwise specified.  Data are mean ± s.d. from n=2 reactions 

and representative of three independent experiments for (c) and (d), and from n=3 reactions and 

representative of two independent experiments for (e). 
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