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ABSTRACT: Yeast NAD-specific isocitrate dehydrogenase is an allosterically regulated octameric enzyme
composed of four each of two homologous but nonidentical subunits designated IDH1 and IDH2. Models
based on the crystallographic structurebsfcherichia coliisocitrate dehydrogenase suggest that both
yeast subunits contain isocitrate-binding sites. Identities in nine residue positions are predicted for the
IDH2 site whereas four of the nine positions differ between the IDH1 and bacterial enzyme sites. Thus,
we speculate that the IDH2 site is catalytic and that the IDH1 site may bind but not catalytically alter
isocitrate. This was examined by kinetic analyses of enzymes with independent and concerted replacement
of residues in each yeast IDH subunit site with the residues that differ in the other subunit site. Mutant
enzymes were expressed in a yeast strain containing disripit€dandIDH2 loci and affinity-purified

for kinetic analyses. The primary effects of various residue replacements in IDH2 were reductions of
30—>300-fold inVmax values, consistent with the catalytic function of this subunit. In contrast, replacement
of all four residues in IDH1 produced a 17-fold reduction\fRax under the same assay conditions,
suggesting that the IDH1 site is not the primary catalytic site. However, single or multiple residue
replacements in IDH1 uniformly increased half-saturation concentrations for isocitrate, implying that
isocitrate can be bound at this site. Both subunits appear to contribute to cooperativity with respect to
isocitrate, but AMP activation is lost only with residue replacements in IDH1. Overall, results are consistent
with isocitrate binding by IDH2 for catalysis and with isocitrate binding by IDH1 being a prerequisite for
allosteric activation by AMP. The effects of residue substitutions on enzyme function in vivo were assessed
by analysis of various growth phenotypes. Results indicate a positive correlation between the level of
IDH catalytic activity and the ability of cells to grow with acetate or glycerol as carbon sources. In addition,
lower levels of activity are associated with increased production of respiratory-deficient (petite) segregants.

The oxidative decarboxylation of isocitrate to forrke- regulate translation of the transcrip8 that encode subunits
toglutarate is a highly regulated reaction of the tricarboxylic of electron transport complexes. The mRNAs also inhibit
acid cycle. Yeast and mammalian mitochondrial NAD  IDH activity (9), suggesting a novel mechanism for reciprocal
specific isocitrate dehydrogenases are structurally complexcontrol of flux through the tricarboxylic acid cycle and
and subject to multiple allosteric regulatory controls. In respiratory complex biogenesis.

particular, sensitive response to the positive allosteric regula- the N AD*-specific IDH of Saccharomyces cerisiae is
tor ADP in mammalian cellslj or AMP in yeast is the basis 5 octamer composed of two subunits inoarB, ratio (L0).

for the hypothesis that rates of respiration are fin_ely The two subunits, designated IDH1 and IDH2 (respective
controlled _by cellular energy ch'arge [i.e., the relative molecular weights of 38001 and 37755), are encoded by
concentrations of adenine nucleotid&j|(In contrast, the  yigtinet nyclear genes and share 42% primary sequence
same reaction irEscherichia coliis catalyzed by a ho- identity (11, 12). Gene disruption analyses have shown that

mo_dimeric NADP‘—specific enzyme (subunit mplecular both subunits are essential for cellular activity and that yeast
weight= 45764) that is regulated by phosphorylation rather strains containing disruptions &bH1 and/orIDH2 genes

than by allostery 3, 4). The target for phosphorylation/ fail to grow on acetate as a carbon sourt®(a phenotype

inactivation ofE. coli isocitrate dehydrogenase is a single shared with yeast mutants lacking other tricarboxylic acid

residue, Ser-113, in the isocitrate-binding site. Phosphoryl- . .
ation or an S113D replacement essentially eliminates bindingcycIe enzymes including malate dehydrogenasg and
citrate synthaseld).

of isocitrate B). In vivo, this modification redirects flux of

isocitrate from the tricarboxylic acid cycle into the glyoxylate ~ Despite differences in cofactor specificity and holoenzyme
pathway for two-carbon assimilatio)( structure, the IDH1 and IDH2 subunits of the yeast enzyme

In addition to allosteric control of flux, yeast ID+has each share-32% residue sequence identity with tBecoli

been identified as a mitochondrial MRNA binding protein €nzyme. Because of this similarity, the well-defined three-
(7). This IDH/MRNA interaction appears to negatively dimensional structure of the bacterial enzyri<17) has
served as a very useful model for structural/functional

T Supported by NIH Grant GM51265. analyses of the yeast enzyme. For example, as illustrated in

* To whom correspondence should be addressed. Phone: (210) 567+igures 1 and 2, sequence alignments suggest that both IDH1
3782. Fax: (210) 567-6595. E-mail: henn@uthscsa.edu. and IDH2 contain isocitrate-binding sites. The putative

1 Abbreviations: IDH, NAD-specific isocitrate dehydrogenase; . o . . .
SDS, sodium dodecyl sulfate; HPLC, high-performance liquid chro- Pinding site in IDH2 contains residues identical to those
matography. comprising the isocitrate/Mg site of the bacterial enzyme
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Arg-129 identical subunit. An important extension of this model is
tAiatos) based on the structure of th& coli enzyme that showed,
whereas each subunit in the bacterial homodimer contains
N @ an active site, at least two residues (designated by prime

N O/ﬂs -311
Hy Hz @O [Ago-zsz]

{Asn-245)

e
NHp 0=27 0 .
< @2 O. &)\ Asp-283
Arg-119

symbols in Figure 1) in each active site are contributed by
the other subunit. We used mutagenesis to test the possibility
of similar contributions by distinct subunits in the yeast

/\C/OH OY o W27 enzyme. Results indicated that residues designated by prime
g0 NHz2 o o H2N>/ o | ‘eraE symbols in Figure 1 in each of the IDH1 and IDH2 isocitrate-
(Arg-98) e H@N Arg-153 Af;\’s’;_?;% binding sites are contributed by the other subunit (IDH2 and

O<C/ [} 2D lArgtas)  (Thr241) IDH1, respectively) in the heterodime2). These reciprocal
= O  HaN™ (arg129) M ’ ' _
©% contributions suggest a potential mechanism for communica-

Ic-|) HO | \s.230" tion between the active sites of IDH1 and IDH2.
S- - .
[yl.ys-183'] Thus, our current hypothesis is that the highly homologous
)s (Lys-189) polypeptides of the yeast enzyme have evolved simulta-
er-113 Tyr-160 . . .
[serc8] Tryr1a2) neously to optimize binding by IDH1 of regulatory ligands
er-

(Phe-136)

(isocitrate and AMP) that are chemically similar to the

FicURe 1: Model of isocitrate-binding sites. The diagram of substrate (isocitrate/Mg) and cofactor (NAD) bound by
residues in the isocitrate/Mg binding site _ofE. coli isocitrate IDH2. This study focuses on the presumed catalytic IDH2
dehydrogenase is based on a representation by Hurley di7al. (- and cooperative IDH1 isocitrate-binding sites of the yeast

from the X-ray crystallographic structure of the enzyme. Identities . . . . .
of residues ir%lthg putat?vepyeast IDH2 isocitratthlygnd IDH1 enzyme as a model for this evolution of differential function.

isocitrate-binding sites (shown in brackets and parentheses, respecR€asoning that the four residue differences between the
tively) are based on amino acid sequence alignments (Figure 2)subunit active sites (Figure 1) could indicate permissive

and on structural modeling®, 40) of these sequences withtBe  alternatives for isocitrate binding, we analyzed mutant
coli structure (data not shown). The residues indicated by prime enzymes containing residues in each subunit corresponding
symbols are from the other subunit of the functional dimer. P o ; .

to those in similar positions in the other subunit (Figure 2).
Our kinetic analyses elucidate some subunit-specific func-
tions of these residues and potential mechanisms for com-
munication between catalytic and regulatory sites. Also, by
assessing a number of growth phenotypes of yeast transfor-
mants, we examined the metabolic consequences of expres-
Pion of these mutant forms of a tricarboxylic acid cycle
enzyme.

(17), suggesting that this is the catalytic site of the yeast
enzyme. The putative binding site in IDH1, however,
contains identities for only five of nine residues in the
bacterial site, suggesting that IDH1 may bind isocitrate but
is unlikely to catalyze its decarboxylation. We initially tested
this idea by mutagenesis of residues homologous to bacteria
Ser-113 18). An S98A replacement in IDH2 was found to
produce a significant reduction My« with little effect on
allosteric properties, whereas an S92A replacement in IDH1

had little effect onVimax but significantly reduced cooperat- Yeast Strains and Growth Condition8Vild-type and
ivity with respect to isocitrate as well as allosteric activation mutant forms of isocitrate dehydrogenase were expressed in
by AMP. These data supported the idea of regulatory function a haploid yeast strain, IDML2L (MATo ade2-1 can1-100
for IDH1 and catalytic function for IDH2. his3-11,15 leu2-3,112 trpl-1 ura3Aidhl:LEU2 Aidh2::
Additional evidence for differential function of the yeast HIS3), containing deletion/disruption mutationsibH1 and
IDH subunits was derived from mutagenesis of putative IDH2 loci (22). Transformants of this strain were maintained
adenine nucleotide binding sites, again based on the bacteriabn agar plates containing minimal YNB medium (0.17%
enzyme structurel@). Replacement in IDH2 of two adjacent  yeast nitrogen base, 0.5% ammonium sulfate, pH 6.5) with
residues (Asp-286 and lle-287) corresponding to key dis- 2% glucose and nutrients as needed to supplement aux-
criminatory residues for NADYNADP* binding in bacterial otrophic requirements and to select for maintenance of
enzymes 20) again had a primary effect ovi,ax due to a plasmids.
Significant increase in the&,, for NAD™. In contrast, Growth phenotype ana|yses were conducted using" Ura
replacement in IDH1 of the corresponding residues (Asp- transformants of IDKA12L harboring plasmids for expression
279 and lle-280) produced a primary defect in AMP of IDH1 and IDH2 (see below). Growth with various carbon
activation. These results also suggested that the catalyticsources was evaluated by streaking transformant strains onto
isocitrate/Mg@*/NAD™* binding sites in the yeast enzyme are  yp plates (1% yeast extract, 2% Bacto-peptone) containing
primarily contained in IDH2 and regulatory isocitrate/AMP- 20 mg/L adenine hemisulfate and, as carbon source, either
binding sites are primarily contained in IDH1. 2% glucose, ethanol, or acetate. Colony sizes were compared
We also have evidence for a model in which the basic after 2-5 days of incubation at 38C. Culture growth rates
intrinsic structural/functional unit of the octameric yeast in YP medium containing 3% glycerol were monitored every
enzyme is a heterodimer of the two subunit9, 21). Yeast 2 h over a 36 h period by measuring optical density at 600
two-hybrid assays indicated extensive interaction betweennm. Doubling times were calculated as the average of values
IDH1 and IDH2 but no interaction between like subunits from two independent experiments. Petite frequencies were
(IDH1 with IDH1 or IDH2 with IDH2). Also, each subunit  determined using thade2locus that permits identification
can be affinity-purified with the histidine-tagged form of the of respiratory-sufficient and respiratory-deficient (petite)
other subunit but not with the histidine-tagged form of the segregants as large red and small white colonies, respectively.

EXPERIMENTAL PROCEDURES
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IDH1: ATAAQ- - - -AERTLPKKYGGRFTVITLIPGDGVGKEITDSVRTIFEAE------- NIPIDWETI------ NIKQTDHKEGVY
IDH2: ATVRKQPSIGRYTGKPNPSTGKYTVSFIEGDGIGPEISKSVKKIFSAA------- NVPIEWESC---DVSPIFVNGLTTIPD
EcIDH: MESKVVVPAQGKKITLONGKLNVPENPIIPYIEGDGIGVDVTPAMLKVVDAAVEKAYKGERKISWMEIYTGEKSTQVYGODVWLPA

IDH1 R TppaRiler IDH1FIY TpH2YI4*F

l T
EAVESLKRNKIGLKGLWHTPADQTGHGSLNVALRKOLDIYANVALFKSLKGVKT--RIPDIDLIVI-RENTEGEFSGLE------~--
PAVQSITKNLVALKGPLATPIGK-GHRSLNLTLRKTFGLFANVRPAKSIEGFKTTYEN--VDLVLI -RENTEGEYSGIE---------
ETLDLIREYRVAIRGPLTTPVGG-GIRSLNVALROELDLYICLRPVRYYQGTPSPVKHPELTDMVIFRENSEDIYAGIEWKADSADAE

Ser—£13 Arg-119 Arg-129 Arg—£53 TyL-l60

KVIKFLREEMGVKKIRFPEHCGIGIKPCSEEGTKRLVRAAIEYATANDRDSVTLVHKGNIMKFTEGAFKDWGYQLA-REEFGGELIDG

Lysl230’
IDH1T241D,N245D , IDH2D248T,D252N
T
———————————— PDIDVSSIIVDNASMQAVAKPHQF--DVLVTPSMYGTILGNIGAA -LIGGPGLVAGANFGRDYAVFEPGSREVGLD
———————————— PDLTLETELIDNSVLKVVTINPSAYTDAVSVCPNLYGDILSDLNSGLSAGSLGLTPSANIGHKISIFE-AVHGSAPD
GPWLKVKNPNTGKEIVIKDVIADAFLOQILLRPAEY - -DVIACMNLNGDYISDALAA-QVGGIGIAPGANIGDECALFE-ATHGTAPK

Asp-283"7 Asp—3£7 Asp-311
IKGQNVANPTAMILSSTLMLNHLGLNEYATRISKAVHETIAEGKHT - - - - - TRDIGGSSSTTDFTNEIINKLSTM
TAGQDKANPTALLLSSVMMLNHMGLTNHADQIQONAVLSTIASGPEN- - - -RTGDLAGTATTSSFTEAVIKRL

YAGQDKVNPGSIILSAEMMLRHMGWTEAADLIVKGMEGAINAKTVTYDFERLMDGAKLLKCSEFGDAIIENM

Ficure 2: Amino acid sequence alignments of yeast IDH1 and IDH2 Eitlroli isocitrate dehydrogenase. Identical residues in aligned
sequences are indicated by bold type, and gaps introduced to maximize identity are indicated by dashes. Bacterial residues in the catalytic
isocitrate-binding site are identified; yeast residues in homologous positions are underlined. Residue replacements in this study are indicated
above the sequences.

For these assays, transformants were cultured overnight intransferred to polyvinylidine difluoride membranes. Immu-
SC medium (YNB medium containing complete supplements nochemical analysis was based on an antiserum for yeast
except uracil, Sigma) with glucose, and dilutions of the NAD*—isocitrate dehydrogenas&Q) and detection by the
cultures were plated onto YP glucose plates. Red and whiteenhanced chemiluminescence method.

colonies were scored after 3 days of incubation atG0 For purification of histidine-tagged enzymes, precultures

Each transformant was independently assayed at least thregere grown for 16 h in YNB medium containing 2% glucose

times. under conditions for plasmid selection. The precultures were
Expression and Purification of Mutant Enzymeé&Xigo- diluted into -2 L of rich YP medium containing 2% ethanol

nucleotide-directed mutagenesis was performed and de-to increase levels of isocitrate dehydrogenase expresan (
scribed by Panisko2@) to introduce codon changes for and cells were harvested #&oonm = 1.0—1.5. Affinity
residues in IDH1 (A108R, F136Y, or T241D plus N245D) purification was conducted using NiNTA resin (Qiagen)
or in IDH2 (R114A, Y142F, or D248T plus D252N). as previously describedl9). Concentrations of purified
Sequenced DNA fragments containing mutations in bié1 proteins were determined by measuring absorbance at 280
or IDH2 genes were subcloned intdéQiH1/IDH2Ms or into nm and using a molar extinction coefficient of 168820M
pIDH1Ms/IDH2, respectively, as describedd). These plas- cm™! estimated by the method of Pace et &7)( Purity
mids, which are derivatives of pRS316 (a centromere-basedand subunit composition were examined by electrophoresis
URA3plasmid,24), contain bothDH genes with pentahis-  of samples of each purified enzyme on 10% polyacrylamide/
tidine codons at the'3end of the coding region for one  SDS gels and staining with Coomassie Blue. The purified
subunit and provide normal mitochondrial levels of IDEQ), wild-type enzyme and mutant enzymes containing four
Subsequent subcloning and additional mutagenesis steps wereesidue changes were also examined by size exclusion HPLC,
used to combine mutations within each subunit geas, ( using a Superdex 200 H/R 10/30 column (Amersham-
producing plasmids designatediDpd14108R F136Y,7241D,N243D Pharmacia) and size standards ranging in molecular weight
IDH2"is and gDH1Mis/|DH2R114A,Y142F,D248T,D252N from 20000 to 437000. The buffer used for chromatography
For analysis of cellular expression, protein extracts were contained 10 mM Tris-HCI (pH 7.4), 50 mM NaCl, 3 mM
prepared by glass bead lysis of harvested yeast cells ad®9Clz, and 5% glycerol.
previously described 1@8). Protein concentrations were Kinetic Analyseslsocitrate dehydrogenase activity was
determined by the Bradford dye binding assag)(using measured using assays containing 40 mM Tris-HCI, pH 7.4,
bovine serum albumin as the standard. Samples with and 4 mM MgC} (19, 21). Preliminary kinetic analyses were
equivalent cellular protein concentrations were electrophore- conducted with 0.25 mM NAD (23). However, we found
sed on 10% polyacrylamide/sodium dodecyl sulfate gels andit necessary to use at least 0.5 mM NARt saturating
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concentrations of isocitrate to obtain similaf.x values for

wild-type enzymes in the presence or absence of AMP. |
Kinetic parameters for mutant enzymes were initially deter- f
mined with 0.5 mM NAD" for comparison with wild-type
parameters. For measurement3yk values for isocitrate,

D-isocitrate concentrations ranged from O to as high as 15 ,Wum y

b
|
|
|

mM for some mutant enzymes-{socitrate concentrations i
were calculated as 50% of the total-isocitrate). For ’

measurement 0% s values for NAD', the isocitrate con-

centration was set at five times the measuggglvalue for : s

isocitrate for each enzyme, and NARoncentrations ranged 1 ) 3 4

from 0 to 3.0 mM. For mutant enzymes that exhibited

ncreasedvalles fo NAD relaive o wi-type enaymes,  FEU. 2, EIecioprerels o o Sy psed Wi ee,
'SO(.:'trate saturation curves were repeated at higher conceny g purified as é,escribed in Expergijr%ental Procedures. Sampﬁes used
trations of NAD" as described in the text. Also, for some  for electrophoresis and Coomassie Blue staining were

mutant enzymes s values for isocitrate were measured with  of IDH1Hs/IDH2 (lane 1), IDH1s/IDH2R114A Y142F D248T. D252 |ane
MgCl, concentrations ranging from 4.0 to 14 mM. Assays 2), IDH1/IDH2"S (lane 3), and IDHA!08R F136Y.T241D.N245 DH2His

were initiated by addition of enzyme-(L.0 ug of wild-type glane 4). In e_achblang,_the slower migrating band is IDH1 and the
enzyme and as much as 4@ of some mutant enzymes per aster migrating band s IDH2.

1.0 mL assay). A unit of activity is defined as production of replaced with the four corresponding residues of IDH1

1 umol of NADH/min at 24°C. Vimax values are the maximal  [Figure 2 @3)]. Individual residue replacements were made

rates per milligram of purified IDH and, witly s values, initially with the exception that, because of their proximity
were obtained by Hanes plot analyses of initial velocity data and presumed equivalence of function, simultaneous changes
(28). were made for Thr-241 and Asn-245 in IDH1 and for Asp-

248 and Asp-252 in IDH2. Mutant alleles for each subunit

RESULTS were contained in plasmids carrying a histidine-tagged allele
Construction and Expression of Mutant Enzym@sir of the other subunitl(9). Thus, plasmids constructed to test

structural models for yeast IDH1 and IDH2 isocitrate-binding IDH1 function contained (witHDH2Hs) IDH1, IDH1A08R

sites are based on the catalytic site Bf coli isocitrate IDH1F136Y or IDH1T241D:N245D Plasmids constructed to test

dehydrogenase as illustrated in Figure 1. Of the nine residuesDH2 function contained (witHDH1Hs) IDH2, IDH2R114A
shown in the bacterial site, two (Asp-2&hd Lys-230) are IDH2Y142A or IDH2P248T:D252N(23) - Subsequently, subcloning
contributed by the other subunit of the homodimer. Similarly, was used to construct plasmids containing all four codon
we have evidence that the “IDH2 active site” includes two changes in the gene for each subuliit{1A108R F136Y,T241D,N243D
residues from IDH1 (Asp-217and Lys-183 and that the  IDH2"s and IDH1Ms/IDH2R114A Y142F,D248T.0252N> 3)
“IDH1 active site” includes two residues from IDH2 [Asp- Plasmids were transformed into a host yeast strain contain-
222 and Lys-189(21)]. All nine bacterial residues in the ing disruptions in chromosom#DH1 andIDH?2 loci (22).
isocitrate/Md" binding site are conserved in the putative Wild-type and mutant forms of IDH were purified from cell
IDH2 site, but there are four residue differences in the extracts by Ni"-NTA affinity chromatography as described
projected IDH1 site. Ala-108 in IDH1 is present in the in Experimental Procedures. Approximately equivalent
position occupied by Arg-129 of the bacterial enzyme. The amounts of enzymes (0-8.0 mg) were obtained per liter
latter residue is one in a cluster of arginines that form of harvested cells with this purification scheme. Thus, the
hydrogen bonds with isocitratéY). The IDH1 site also lacks ~ mutant enzymes are stably expressed and can be purified
two residues that bind or facilitate binding of Rig(IDH1 with yields similar to those of the wild-type affinity-tagged
Thr-241/Asn-245 versus bacterial Asp-307/Asp-311). Finally, enzymes. As illustrated in Figure 3, approximately equimolar
the IDH1 site contains Phe-136 at a position occupied by amounts of both subunits are present in the purified wild-
bacterial Tyr-160, a residue important for the dehydrogena- type and mutant enzymes containing four residue changes.
tion step in catalysis29). On the basis of these differences These wild-type and mutant enzymes also exhibit similar
and previous mutagenesis of the yeast enzyhde19), we elution patterns following size exclusion chromatography as
suggest that the IDH1 site binds but does not chemically described in Experimental Procedures (data not shown),
modify isocitrate and is unlikely to bind Mg. Thus, while suggesting that residue changes have no gross effects on
the IDH2 site is believed to be catalytic, binding of isocitrate octameric holoenzyme structure. Electrophoretic resolution
by IDH1 is believed to be important for cooperative of the two subunits is enhanced for enzymes with the
characteristics of the enzyme. histidine tag on IDH1 (Figure 3, lanes 1 and 2) relative to
To test these functional assignments for each subunit, eachreduced resolution of the subunits for enzymes with the
of the four nonconserved residues of IDH1 were replaced histidine tag on IDH2 (lanes 3 and 4).
with the corresponding residues from IDH2 [and thecoli Kinetic Analyses of Mutant Enzymdsinetic analyses
enzyme, Figure 2X3)]. Reciprocal replacements, rather than were performed using affinity-purified wild-type and mutant
neutral alanine substitutions, were chosen because of specifienzymes.§ s values for isocitrate were measured in the
interest in determining whether substitution of residues absence or presence of 108 AMP, and corresponding
involved in catalytic binding of isocitrate would be permis- Hill coefficients were determined. Apparevit.x values were
sive for cooperative binding of isocitrate. Conversely, to test calculated from these kinetic analys&ss values and Hill
their catalytic roles, the analogous residues of IDH2 were coefficients for NAD™ were also measured in the presence
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Ficure 4. Kinetic analyses of wild-type and IDH2 mutant enzymes. study.
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similar kinetic properties (Figure 4A and Table 1). Apparent
Vmax@ndS s values for isocitrate and NADare similar. Both
enzymes exhibit significant cooperativity with respect to
isocitrate (Hill coefficients= 3.5—4.2) and no cooperativity
with respect to NAD (Hill coefficients = 1.0). Both
enzymes are activated by AMP and exhibit -534-fold
reductions inS s values for isocitrate in the presence of this
allosteric activator. These values are similar to those previ-
ously reported for the conventionally purified enzynis,(
30).

Overall, the residue substitutions in the presumed isoci-
trate-binding site of IDH2 verify the role of this site in
catalysis. The substitution in IDH2 of alanine for Arg-114
(Figure 4B, Table 1), a residue believed to be part of the
arginine cluster that forms hydrogen bonds with isocitrate
(17), produces an~30-fold reduction inVmax and an~6-
fold reduction in apparent affinity for isocitrate. Since a
similar ~9-fold increase inS s value for isocitrate is also
observed in the presence of 108 AMP, the IDHZR114A
enzyme retains the capacity for allosteric activation. Coop-
erativity with respect to isocitrate is dramatically reduced
for this and other IDH2 mutant enzymes analyzed in this

Velocity saturation curves fopb-isocitrate are shown for assays

conducted in the absence (open symbols) or presence (close _— . P -
symbols) of 100«M AMP. Data for both wild-type enzymes D252N substitutions exhibit some significantly different

[IDH1Ms/IDH2 (circles) and IDH1/IDHES (triangles)] are shown  Kinetic properties (panels C and D of Figure 4, respectively).
in panel A. The other panels show data for enzymes with mutant Vmax Values are dramatically reduced by100- and~300-
forms of IDH2: IDHI"/IDH2R!A (panel B), IDHT"/IDH2Y142F fold, respectively. Because of these low values, other kinetic

IDH2 mutant enzymes containing Y142F or D248T/

(panel C), and IDH1is/IDH2D248T.0252N(panel D). Insets show Hill

plots of the same data.

A

N
log(v/{Vmax-v})

fog(vi{(Vmax-v})

0.8

04

log(v/(Vimax-v)}

log[D-isocitrate]

0 1 2 3 4 5 6

[D-isocitrate] (mM)

parameters shown in parentheses in Table 1 are given as
estimates because they cannot be measured with an assurance
of accuracy. However, these parameters are sufficient to
indicate that both enzymes retain high affinity for isocitrate
and the property of allosteric activation by AMP. One
interpretation of these results is that Tyr-142 and Asp-248/
Asp-252 have crucial roles in catalysis but, unlike Arg-114,
may not be essential for high-affinity isocitrate binding. This

is consistent with functions of the corresponding Tyr-160
residue of theE. coli enzyme, which is important in the

=) dehydrogenation step of the reactio29), and of corre-

% 6 v 2 3 e 12z 3 456 sponding Asp-307/Asp-311 residues of the bacterial enzyme,
E % which primarily contribute to binding/coordination of the
> ¢ D catalytic divalent cation1(7). In addition, both IDHZ42F

and IDHZ2?248T.D252N enzymes exhibit apparent defects in
cooperativity with respect to isocitrate. This property is
shared with the IDH?4* enzyme. One interpretation,
developed in more detail below, is that modifications within
the catalytic site of this enzyme may interfere with com-
munication from the cooperative binding site of IDH1.

As expected, the mutant enzyme containing all four residue
changes (R114A, Y142F, D248T, and D252N) in the IDH2
isocitrate-binding site is essentially catalytically inactive, and
no kinetic parameters were measurable under standard assay

FiGure 5: Kinetic analyses of IDH1 mutant enzymes. Velocity conditions (Table 1). However, because of the implication

saturation curves fop-isocitrate are shown for assays conducted of roles for Asp-248 and Asp-252 in binding ®fg we tested
in the absence (open symbols) or presence (closed symbols) of lo%oth the IDHP248T.D252Ngnd |DHRLL4A Y142F,D248T,D252Ntant

uM AMP. The enzymes used in these analyses were BH%Y
IDH2"s (panel A), IDHFY/IDH2s (panel B), IDHT241D.N2450
IDH2"s (panel C), and IDHA08RFI36Y.T241D.N24SADH2Mis (panel

C). Insets show Hill plots of the same data.

enzymes in assays with increasing concentrations of MgCl
This had no effect on kinetic parameters measured for the
former enzyme, but for the enzyme containing four residue
changes, increasing Mg Cfrom the standard 4 mM to

of AMP. Results of kinetic analyses are illustrated in Figures apparent saturation at 14 mM produced a velocity of 0.2 unit/
4 and 5 and summarized in Table 1. As previously reported mg of enzyme (Table 1), a valuel50-fold lower than that
(19, 21), the two histidine-tagged wild-type enzymes have of wild type. For the IDHZ14AY142FD248T.D252N mytant
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Table 1: Kinetic Propertiésf Mutant Forms of IDH

isocitrate NAD
Vimax S5 (MM) Hill coeff S5 Hill
enzyme (units/mg) —AMP/+AMP —AMP/+AMP (mM) coeff

IDH1M/IDH2 30.2 0.49/0.09 4.2/3.5 0.21 0.9
IDH1Mis/|DH2R114A 0.9 3.00/0.78 1.8/1.0 0.11 0.8
IDH1His/|IDH2Y142F 0.3 (0.33/0.06) (1.2/1.5) (0.07) (1.5)
IDH1His/|DH2D248T.D252N 0.1 (0.43/0.02) (1.2/0.8) (0.06) (0.6)
|DHlHis/lDH2R114A,Y142F,D248T,D252N trace nd nd nd nd
14 mM Mg+ ¢ 0.2 3.64/1.59 4.0/2.5 0.13 15
IDH1/IDH2His 313 0.45/0.09 3.9/3.7 0.17 1.0
IDH1A08R/| DH2His 6.4 1.47/1.41 3.0/2.8 0.65 1.0
2.5 mM NAD © 23.0 1.11/1.07 24/2.4
IDH1F136Y/|IDH2Mis 6.9 0.73/0.15 4.0/3.5 0.22 11
2.0 mM NAD © 23.3 0.24/0.09 3.9/3.6
IDH1T241D:N2450 D 2His 22 1.76/1.63 1.0/1.0 2.39 1.0
5 mM NAD' ¢ 8.4 1.31/1.28 1.1/1.2
IDH1A108R F136Y,T241D,N245] D H 2His 1.8 1.49/1.87 1111 1.87 11
5mM NAD ¢ 7.2 1.84/1.90 1.0/1.0

aKinetic analyses were conducted as described in Experimental Procedures. Values were determined from kinetic analyses illustrated in Figures
4 and 5. Assays with varying concentrations of isocitrate were conducted in the absence or presenceMfANP and, unless otherwise
indicated, with 0.5 mM NAD and 4 mM Md*. ® nd = not determined. The minimal catalytic activity of this mutant enzyme precluded measurement
of kinetic parameters.Kinetic parameters determined under altered assay conditions are indicated in italics.

enzyme, thes s value for isocitrate under these conditions An interesting contrast is the modest effect on cooperativity
was 3.6 mM, suggesting a significant reduction in affinity. observed with the A108R substitution in IDH1 as compared
The mutant enzyme exhibits some activation in the presenceto the loss of cooperativity observed with the T241D/N245D
of AMP, and Hill coefficients calculated in the absence or substitution. The A108R enzyme is of particular interest
presence of AMP suggest that the four residue changes ddbecause its kinetic properties suggest that cooperativity can
not significantly reduce cooperativity under these assay be maintained despite a significant reduction in apparent
conditions. Thus, while these results are not directly com- affinity for isocitrate in the IDH1 binding site and a loss of
parable with those obtained with standard assay conditions,AMP activation.
they do indicate that the four residue changes in IDH2 do The mutant enzyme containing all four residue changes
not completely eliminate catalytic activity. Overall, however, in the IDH1 binding site exhibits kinetic characteristics
a general conclusion is that individual or collective alterations almost identical to those of the IDFREPN245Denzyme; i.e.,
of these residues in IDH2 have dramatic effects on catalysis,cooperativity and AMP activation are both absent (Figure
reinforcing the idea that this site in IDH2 is the central site 5D, Table 1). Despite these dramatic changes in kinetic
for chemical modification of isocitrate. parameters, the apparévi.x is reduced only~17-fold for

Of the residue substitutions made in IDH1, the F136Y the IDHIA08RFISEY.T241D.N245Shintant enzyme, consistent with
replacement produces the fewest effects on kinetic parametersa primary role for IDH1 in regulating rather than directly
(Figure 5B, Table 1). Other than exhibiting ar5-fold conducting catalysis.
reduction in apparenty.xand modest increases$s values Kinetic analyses also indicate that residue substitutions in
for isocitrate, the IDH'36Y enzyme appears to retain wild-  IDH1, with the exception of the F136Y replacement, produce
type characteristics with respect to AMP activation and significant effects on apparent affinity for cofactor (Table
cooperativity. These results suggest that the phenylalaninel). Therefore, we repeated isocitrate saturation curves for
residue has a minor function in the putative IDH1 isocitrate- the IDH1 mutant enzymes using higher concentrations of
binding site. They also indirectly support the notion that the cofactor based on th& s values for NAD". As shown in
analogous Tyr-142 residue of IDH2 may contribute little to Table 1, the increased NADconcentrations have little
isocitrate binding per se but may have a primary role in the impact on isocitrat&, s values and Hill coefficients for the
chemical reaction. |DH1A108R, |DH1T241D,N245I:: and |DHflOSR,FlSBY,T24lD,N245D

In contrast with F136Y, substitutions of A108R and of enzymes. However, apparévitax values for these enzymes
T241D/N245D in IDH1 produce distinct changes in kinetic are dramatically increased to levels-&fold higher than
parameters (Figure 5A,C, Table 1). The latter substitutions those measured using 0.5 mM NADA similar increase in
reduceVmax by ~5- and~14-fold, respectively, relative to  measured/maxas well as an apparent increase in affinity for
the corresponding wild-type enzyme. These are relatively isocitrate is observed for the IDIE®6Y enzyme. In contrast
modest decreases in comparison with those produced byto these results for the IDH1 mutant enzymes, increasing
complementary residue substitutions in IDH2. Both IDHaR NAD™ concentrations above 0.5 mM produces similgkx
and IDHI™241D:N245D enzymes exhibit significant-34-fold values (increases af 20%) for the wild-type enzymes and
increases ity 5 values for isocitrate measured in the absence for the IDH2 mutant enzymes (data not shown). This effect
of AMP. These values are unchanged by the presence ofon apparent affinity for cofactor for the IDH1 mutant
AMP, indicating a complete loss of allosteric activation. A enzymes is considered in more detail below in light of results
possible interpretation of these results, as discussed in moreof previous mutagenesis studies.
detail in the Discussion section, is that high-affinity binding ~ We note that some kinetic characteristics are similar to
of isocitrate by IDH1 may be needed for AMP activation. those previously described for mutant enzymes in this study,
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For initial phenotype analyses, transformants expressing
wild-type and mutant forms of IDH were streaked onto YP
agar plates containing various carbon sources. As shown in
Table 2, all of the strains grow well with glucose or ethanol
as the carbon source, but thédh1Aidh2 strain and several
strains expressing mutant enzymes fail to grow with acetate

B as the carbon source. In general, growth on acetate plates
appears to correlate with residual IDH activity based on
apparentVma values determined for the purified mutant
enzymes. Strains expressing IDH2 mutant enzymes that

1 2 3 4 5 exhibit >100-fold decreases ¥nmax Values fail to grow on
FicUrRe6: Cellular levels of affinity-tagged enzymes. Yeast strains e YP acetate plates. Strains expressing IDff2 or any
were grown on YP ethanol medium and ceils harvested during Of the IDH1 mutant enzymes do grow on YP acetate plates,

logarithmic growth. Cellular protein extracts (3@ each) were although with reduced colony size relative to strains express-
electrophoresed and analyzed by immunoblot analysis as describeqng wild-type enzymes.

in Experimental Procedures. Panel A shows results for the parental : P :
Aidh1Aidh2 strain (lane 0) and for transformants of this strain To obtain more quantitative estimates of growth effects,

expressing IDH!S with various forms of IDH2 (IDH2, lane 1; W€ measured culture doubling times during logarithmic
IDH2R114A |ane 2; IDHY142F, |ane 3; IDH®248T.D252N |ane 4; and growth following inoculation into YP glycerol medium as
IDH2R114A,Y142F D248T D252 [ane 5). In each lane, the slower migrat-  described in Experimental Procedures. As shown in Table
g)?prtézg%dslléagg I:Qitﬁa\?:rlioissg?vr;i E)efSILIJDlE 1chIrDt|[|ainslf;)r:rgalr_1ts 2, transformant strains expressing wild-type IDH grow well
IDHIAL®R |ane 2: IDHFI36Y |ane 3: IDHT24DN24D [ane 4: and  UNder these conditions with doubling times of 2.5 h, whereas

IDH1AL08R F136Y,T2410N245D|gne 5). In each lane, IDH® comigrates the Aidh1Aidh2 strain doubles only once over a 30 h period.

with IDH1. All transformants expressing IDH1 mutant enzymes grow
well under these conditions (doubling times of 327 h),
e.g., allosteric effects of IDH1 residue substitutio28)( indicating no significant effect on growth due to altered

However, our changes in assay conditions permit more kinetic properties associated with the specific residue re-
detailed kinetic analyses as well as measurements of kineticplacements. Strains expressing the IDH2 mutant enzymes
parameters for IDH2 mutant enzymes previously reported with reductions of>100-fold in Vmax values have slow
as inactive. doubling times equivalent to that of the disruption strain,
Growth Phenotypes Associated with Expression of Mutant indicating the absence of enzyme function in vivo. The strain
Forms of IDH. The original growth phenotype associated expressing the IDH24A enzyme exhibits an intermediate
with disruption ofIDH1 and/orIDH2 genes in yeast is an  doubling time of 13 h in this medium. These results suggest
inability to grow with acetate as a carbon sourt® (Grivell that the magnitude of IDH catalytic activity is rate limiting
(31) has also reported an increase in the rate of generationfor growth in YP glycerol medium and that alterations in
of petite segregants iflDH gene disruption strains, and we allosteric properties of the enzyme do not significantly affect
(32) have reported that these disruption strains grow poorly steady-state growth under this condition.
with glycerol as a carbon source. We examined these and Finally, we examined the impact of expression of mutant
other growth conditions to determine any correlates among enzymes on the rate of generation of petite segregants. As
these phenotypes with the wide range of catalytic defects discussed in more detail below, this respiratory-deficient
displayed by mutant enzymes in the current study. phenotype for yeadDH disruption mutants was originally
Our expression system utilizes centromere-based plasmidsttributed to a possible loss of IDH as a mitochondrial mRNA
that have been shown to produce levels of IDH enzyme binding protein 81). For these assays, transformant strains
expression in aridhl1Aidh2 strain equivalent to those ina  were cultivated in SC glucose medium to maintain plasmid
parental strain9). In this study, plasmids were transformed selection and then plated onto YP glucose to tabulate the
into aAidh1Aidh2 yeast strain that exhibits very slow growth relative numbers of petite colonies. As shown in Table 2,
with glycerol and permits colorimetric distinction of petite ~4% of theIDH1"S/IDH2 and 10% of thed DH1/IDH2His
segregants as described in Experimental Procedures. Priotransformant colonies are petite, whereas 50% of the colonies
to phenotype analyses, IDH levels in whole cell protein from the disruption mutant strain containing an empty
extracts prepared from all transformants were analyzed byplasmid are petite by this test. Similarly, petite frequencies
immunoblot analysis. As illustrated in Figure 6A, ap- between 46% and 55% were obtained for transformant strains
proximately equal levels of the IDH subunits are present in expressing any mutant form of IDH2. These frequencies
extracts from transformants carrying plasmids encoding represent a 1215-fold increase above that for the strain
IDH1"s and authentic or mutant alleles IifH2. Figure 6B expressing the parental affinity-tagged enzyme. Among the
shows immunochemical levels of IDH in extracts from IDH1 mutant transformants, only the strain expressing the
transformants carrying plasmids encoding authentic or mutantIDH138Y enzyme exhibits the same petite frequency as the
alleles ofIDH1 with IDH2", In this case, approximately  corresponding wild-type transformant. This is consistent with
equal amounts of IDH are present in each extract, but duethe relatively mild effects of this residue substitution on
to the histidine tag on IDH2, the two IDH polypeptides kinetic parameters. For the other IDH1 mutant transformants,
comigrate. As we previously reportei9), although IDH1 increases in petite frequency range from 2-fold for the strain
and IDHZ's subunits comigrate when electrophoresed in expressing the IDHER enzyme to 3.6-fold for the strain
whole cell protein extracts, they can be resolved following expressing the IDHE08RF136Y.T241D.N245anzyme. Thus, there
purification as shown in Figure 3. appears to be a relatively good correlation between this
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Table 2: Growth Phenotypes of Strains Expressing Mutant Forms of IDH

growth on plates (colony size) culture growth rate
Vma? (Units or (doubling time inh) % petite$ (colonies
enzyme expressed fold decrease) glucose ethanol acetate glycerol on glucose plates)
IDH1Mis/IDH2 30 units/mg ++++ ++++ ++++ 2.5 3.7 ¢0.7)
IDH1/IDH2His 31 units/mg F+++ R+ ++++ 25 10.0 ¢-2.4)
noné ++++ ++++ — 30.0 49.5 ¢8.8)
IDH1Mis/|DH2R14A 130x +++ +++ ++ 13.0 45.7 £9.9)
IDH1Mis/|DH2Y142A 1100x +++ +++ — 28.0 54.7 £10.3)
IDH1His/|DH2D248T.D252N 1300x +++ +++ - 27.0 52.3 £5.0)
IDH1His/|DH2R114A Y142F.D248T.0252N | >300x +++ +++ - 28.5 50.3£10.2)
IDH1A108R/| DH2His 5% ++++ ++++ ++ 3.3 19.9 ¢-2.6)
IDH1F136Y/|DH2Mis 15x 4+ 4+ +++ 3.2 10.8 (£2.3)
IDH1T241D:N245G DH2His 114x ++++ ++++ ++ 3.7 31.7 £0.2)
IDH1AL08R FI36Y T24IDN24SDHRHS |17 ++++ +++ ++ 3.7 36.1 (6.3)

aValues are based on those in Tablé Values are averages of two independent experimental determingtidalsies are from three independent
determinations? The Aidh1Aidh2 strain was used for plate and culture growth assays conducted with rich YP medium. For analysis of petite
frequencies, which requires precultivation on minimal medium, the disruption strain was transformed with the pRS316 plasmidddj@mgs.

Table 3: Summary of Kinetic Effectof Residue Substitutions in IDH Active Sites

IDH2 active site IDH1 active site
Sos cooperativity AMP Sos cooperativity AMP

substitution Vmax  isocitrate NAD™ (isocitrate) activation substitution  Vmax isocitrate NAD™  (isocitrate) activation
R114A 130x 6x <1x - + A108R 5% 4x 4x + -
Y142F 1100x 1x <1x - + F136Y 15x 2x 1x + +
D248T, D252N  1300x 1x <1x - + T241D, N245D  114x 4x 10x - -
R114A, Y142F, >300x nd nd nd nd A108R, F136Y, 117x 3x 10x - -

D248T, D252N T241D, N245D
S98A 1160x 3x 6x + + S92/ 114x 3x 20x — -
K183Ac NAd nd nd nd nd K18%A° 12x 1x 3x - -
D217A¢ NA nd nd nd nd D22A° 118x 1x 6x - -

aMagnitude of changes in kinetic parameters relative to corresponding histidine-tagged wild-type erftz¢imetic analyses of these enzymes
were previously reported for partially purified enzyma8)( Values reported here were determined with affinity-purified enzymémetic analyses
were previously reported2().  NA = no activity; nd= not determined.

phenotype and effects .« values. However, the 2-fold  ture for E. coli isocitrate dehydrogenase. Kinetic analyses
difference in petite frequencies observed for strains express-of resulting mutant enzymes are summarized in Table 3,
ing IDH1A1%8R gand IDHT'3¢Y enzymes suggests that further along with results of previous mutagenesis studies of other
refinement may allow distinction among mutant enzymes that residues in the active site$§ 21).

exhibit similar reductions iVmax but differences in other One obvious general conclusion is that alterations within
kinetic parameters. the IDH2 active site have far more dramatic effects on
DISCUSSION cqtalysis than dq analog.ous'sub_stitutions in IDH1, consistent
with the catalytic function implied by a one-to-one cor-
Because NAD-specific isocitrate dehydrogenase is be- respondence of IDH2 residues in this site with those of the
lieved to play a central role in allosteric control of aerobic bacterial enzyme (Figure 1). Results of specific residue
energy production, the physical and kinetic properties of the replacements in IDH2 correlate well with assigned functions
yeast enzyme were analyzed in great detail years ago byfor analogous residues in tite coli enzyme. IDH2 Ser-98,
Atkinson and colleague80, 33, 34). They reported that the  as mentioned above, appears to correlate with bacterial Ser-
purified enzyme contained eight apparently identical subunits 113, a residue important for binding isocitrate and the target
on the basis of sedimentation experiments and electrophoresi$or regulation in bacterial cells by phosphorylation/inactiva-
(33). However, their ligand-binding studies, which demon- tion (4, 5). In this study, the Y142F replacement in IDH2
strated twice as many isocitrate as NABr divalent cation- was found to produce results very similar to those of a Y160F
binding sites, led them to propose a nonequivalence of replacement in the bacterial enzyme, i.e., a dramatic decrease
function for component subunit84). Subsequent physical in the rate of catalysis but little effect on thg, for isocitrate
and genetic analysesl@13) have indicated that the (29). These and other result35) led to the conclusion that
octameric enzyme is composed of four each of two similar this tyrosine residue in the bacterial enzyme is important in
but nonidentical subunits. Sequence analysis and the currenthe dehydrogenation step of the reaction. Similarly, bacterial
study contribute evidence for distinct sites within each type Lys-230 was determined to be essential for the decarboxyl-
of subunit that cooperatively bind isocitrate (IDH1) or ation step of the reactior29, 35), and we previously found
catalytically bind isocitrate/MgJ (IDH2). In this study, the  that an alanine replacement for the analogous Lys-183
residue changes chosen to examine the putative active sitesesidue results in a catalytically inactive enzyrdé)( Lys-
of IDH1 and IDH2 were based on four specific differences 183 and Asp-217(the analogue of bacterial Asp-28are
in models derived from the known three-dimensional struc- IDH1 residues believed to contribute to the catalytic active
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site of IDH2. Finally, IDH2 Asp-248 and Asp-252 appear binding sites, we previously described a mutant enzyme with
to be analogues of bacterial Asp-307 and Asp-311, residuestargeted substitutions in the presumed AMP-binding site in
that, based on crystallographic structure, are important for IDH1 (19). This enzyme demonstrated a loss of AMP
binding the essential divalent cation. We find that replace- activation with little effect on cooperativity, suggesting that
ment of these two aspartate residues produces a yeast enzyntbe AMP-binding site is distinct from the IDH1 isocitrate-
that exhibits very little catalytic activity but that retains binding site.

Signiﬁcant aff|n|ty for iSOCitrate, consistent with a SpeCifiC Another clear correlation is the detrimental effect of
role in binding Mg*. Since elevated Mg concentrations  residue replacements in IDH1 on tigs value for NAD"
do not improve activity of the IDHZ4®Tb»?Nenzyme but  (Table 3). In contrast, replacements in IDH2 generally do

do improve activity of the IDH2M14AY142RD248T.022enzyme,  not affect this kinetic parameter. The IDEA enzyme is
direct ||gand-b|nd|ng analyses will be necessary to dIStIthISh an exception, as discussed below. The increases-@bh3
roles of these residues. fold in NAD"™ S5 values associated with IDH1 residue

With respect to isocitrat& s values for the yeast mutant  replacements are significant but substantially less than the
enzymes (Table 3), it should be noted that these values maygo-fold increase in th& s value previously measured for a
significantly underestimate effects on isocitrate binding at mutant enzyme with specific residue replacements in the
sites in either mutant subunit, since the other subunit site pytative NAD"-binding site in IDH2 (9). Thus, it seems
may retain high affinity. Kuehn et al3¢) reported that all |ikely that these IDH1 effects on apparent affinity for NAD
isocitrate-binding sites in the yeast enzyme have similar gre indirect. Since Kuehn et aB4) found that NAD" binding
afflﬂlt.leS. Thus, an overall 2-f0|d |rycrease_$a:r,.relatlve to to the yeast enzyme was measurable only in the presence of
the wild-type value could be indicative of significant changes jsocitrate, it seems possible that binding of isocitrate to IDH1
within one altered subunit. Among IDH2 mutant enzymes enhances binding of cofactor as well as of AMP, as described
with sufficient residual Catalytlc activity to obtain reliable above. This idea is Supported by the dramatic increases in
estimates fo& s values, both the R114A and S98A enzymes v/, values for the IDH1 mutant enzymes obtained when
exhibit significant reductions in apparent affinity for isoci- assay levels of NAD are increased (Table 1).
trate. These results suggest that Arg-114 and Ser-98 are \yq pojieye that the-6-fold increase in th& s value for
critical residues for substrate binding. Residue replacementsNAD+ observed for the IDHZ®Aenzyme is also informative

in the putative isocitrate-binding site of IDH1 have much in light of functions assigned for the analogous Ser-113
more moderate effects on catalysis, but many significantly e5iq e of the bacterial enzyme. The side chain of Ser-113
reduce the apparent affinity for isocitrate (Table 3). These forms a hydrogen bond with the-carboxylate of bound
results support the idea that the “active” site of IDH1 binds isocitrate, and a salt bridge between thearboxylate and

bu:. doe.? notbc?:altytlcaltlﬁ ?Iter ésocnrate.ffThte tW.O ID.tHlt the nicotinamide ring stabilizes the nicotinamide mononucle-
active site substitutions that produce no etiect on 1Socirate ;o moiety of NADP, which makes few other contacts

S are those for Lys-18%nd Asp-222(21). Since these i the enzyme 17, 35). As a consequence, substitutions

][esudues are d(t)_nattta)dtby ID'}E’ thety ma_)t/ betr:nor_e |_mpqtrtatnt0f various residues for Ser-113 have different detrimental
Or communication between the active Sites than In ISOCINALE g e tg o theK,, value for isocitrate, but all increase tKg,

binding per se. for NADP* by ~10-fold (36). The similar increase % s

With respect to allosteric properties of the enzyme, we ¢, NAD+ observed for the S98A substitution suggests a
propose that binding of isocitrate by the IDH1 site iS qjnjjar catalytic function for this IDH2 residue.

important for cooperativity. This is supported by the loss of At thi int lati bout effects of resid

cooperativity for most of the mutant enzymes with residue bstit 'f. point, %grd§pe01;a "t))nts "’; ou fe ?C S0 :Ies't ue

replacements in the putative IDH1 site (Table 1). However, substitutions on binding of substraté, cotactor, or allosteric
modifier are based solely on kinetics and will be further

defects in cooperativity are also observed for several mutant lored by direct bindi brelimi |
enzymes with residue substitutions in IDH2. This could mean FE);F? ore h y hlrec Inding assa¥s. LPT |m|n3ry analyses
that both active sites participate in cooperative binding of Indicate that the mutant enzymes from this study containing

isocitrate. Alternatively, IDH1 may be the primary coopera- all four resi.due.chang(.as i_n IDHl orin lDHZ. retain the same
tive binding site, but defects in IDH2 may prevent appropri- number of isocitrate-binding sites as the wild-type enzyme.

ate kinetic response; i.e., they may interfere with transmission;rhu?_’ Wht'rl]e these I’etSIdtl;Je change_s cflea_rly gltﬁe;:t t;s_ug_unlt
of information from the IDH1 binding site. unction, they appear to be permissive for isocitrate binding

More clear is the correlation between the IDH1 isocitrate- 2> W€ had predicted. Also, although these kinetic analyses

binding site and AMP activation, since most alterations zavf fclanped oufr tjhnd?[r)s:andlndg Icg:|25t|n(t:)t aqd mterdepken—
within this site result in loss of positive activation (Table ent functions ot the an subunits, some key

3). In contrast, AMP activation is retained in all IDH2 mutant aspects of structure and function remain unexplained. For

enzymes with sufficient residual activity for kinetic analysis. gxa;nbpled_our _st|mp_le ass#mpg'oﬁf abolgtleszetntlally mt?ep_en-
This suggests that the site in IDH1 is essential for allosteric entbinding SIes n each subunit would fead to a conciusion

activation. These results correlate well with results of ligand- that each octameric. enzyme would be capable of binding
binding studies performed by Kuehn et aB4]. Those eight molecules of isocitrate and four each of WMdby

investigators demonstrated that the presence of isocitrate wa DH2), NAD+ (by ID.HZ)’ an_d A.MP (by IDH1). However,
essential to obtain binding of AMP and suggested, as our |gand-b|nd|ng_ stu_dles 3(4.) 'Ud'cate that there are, per
results imply, that binding of isocitrate at noncatalytic sites octamer, four |SOC|t2rfte-b|nd|ng sites and only two sites for
of the enzyme is an essential prerequisite for binding and binding NAD", Mg, and AMP. Thus, deciphering the
allosteric activation by AMP. Also, although we cannot rule
out a direct overlap between AMP and IDH1 isocitrate- 2 A-P. Lin and L. McAlister-Henn, unpublished results.
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interactions and arrangements of subunits in the holoenzymein mitochondrial translation in yeas8®), suggest a basis
is of significant interest and will require focused structural for the increased petite frequency I&iH gene disruption
analyses. mutants. However, our finding that petite frequency is
In addition to probing differential functions of its homolo- substantially elevated in transformants expressing IDH
gous subunits, we are interested in using mutant forms of mutant enzymes suggests that catalytic defects can also
IDH with well-defined kinetic defects to dissect key functions produce this phenotype and/or that residue replacements in
of the enzyme in vivo. Therefore, transformants expressing these enzymes may affect association with mitochondrial
the mutant enzymes constructed in this study were analyzedmRNAs. Tests to distinguish between these possibilities are
for growth phenotypes previously attributed to yeast mutants in progress.
containinglDH1 and/orIDH2 gene disruptions including an
inability to grow with acetate as a carbon sourt#)(slow =~ ACKNOWLEDGMENT
growth with glycerol 82), and an increase in petite seg-
regants 81). A general conclusion is that phenotypes similar H
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