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Chapterr  IV 
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Abstract t 

Inn the yeast Saccharomyces cerevisiae, the Krebs cycle enzyme NAD+-isocitrate 

dehydrogenasee (Idh) has been shown to bind all yeast mitochondrial mRNA leaders 

withh high specificity. The RNA-binding region of Idh is thus far unknown but RNA 

bindingg is not influenced by NAD, ATP and AMP. The analysis of the amino acid 

sequencee did not reveal any obvious RNA-binding region in either subunit of Idh, 

Idhll  and Idh2. In contrast to S. cerevisiae, Idh from Kluyveromyces lactis shows very 

loww affinity for mitochondrial mRNA leaders. In order to identify an RNA-binding 

regionn in S. cerevisiae Idh, we have cloned and sequenced the genes encoding K. lactis 

IDHlIDHl  and IDH2 and compared these sequences with the corresponding genes in S. 

cerevisiae.cerevisiae. Furthermore, to determine which subunit of S, cerevisiae Idh is involved in 

RNAA binding, we expressed either K. lactis Idhl or Idh2 in a S. cerevisiae Idhl or Idh2 

disruptant,, to obtain heterologous Idh complexes. These complexes were partially 

purifiedd and analyzed for their enzymatic and RNA-binding abilities. Both 

heterologouss complexes showed a decrease in enzyme activity but were still able to 

complementt growth on acetate as carbon source, a phenotype commonly observed in 

Krebss cycle mutants. However, both heterologous complexes displayed an strongly 

reducedd ability to bind RNA. Sequence comparison between the subunits of S. 

cerevisiaecerevisiae and K. lactis showed a number of interesting amino acid differences in a 

conservedd region of Idhl from S. cerevisiae that became object of site-directed 

mutagenesis.. Two mutants were obtained and these showed normal enzyme activity 

butt contained very low affinity for mRNA. These mutants may provide us with a 

usefull  tool to further study the role of RNA binding by Idh in mitochondrial 

function. . 

Introductio n n 

Coordinatee expression of nuclear and mitochondrial genes is necessary for enabling a 

yeastt cell to quickly respond to availability of carbon source and oxygen. Gene 

expressionn in mitochondria is thought to be mainly regulated at the translational 

level1.. However, regulation of translational initiation in yeast mitochondria is still a 

poorlyy understood process. 
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Thee mitochondrial mRNAs contain some unusual characteristics compared to their 

cytosolicc counterparts. The uncapped 5' untranslated regions (UTRs) vary in size 

fromm fifty up to several hundred nucleotides and sometimes contain small open 

readingg frames. These leader sequences are usually very A-U rich and contain short 

G-CC clusters capable of forming stable secondary structures. It is still unknown how 

startt site selection is accomplished in mitochondrial translation. However, translation 

off  several mRNAs requires a specific set of translational activators which are 

proposedd to be involved in the recognition of the start site and regulation of 

translation2'' 3. 

Inn search for an RNA-binding factor involved in mitochondrial translational 

regulation,, we have demonstrated that the Krebs cycle enzyme NAD+-dependent 

isocitratee dehydrogenase (Idh) is able to bind all mRNA leaders with high 

specificity4.. Idh is an allosterically regulated enzyme, binding NAD+, AMP and 

isocitrate.. The enzyme is an octamer consisting of two different subunits, nuclearly 

encodedd by IDH1 and IDH25>  6. Both enzyme activity and RNA-binding are 

dependentt on the presence of both subunits4' 5. 

Itt was hypothesized that Idh links the need for Krebs cycle function to mitochondrial 

genee expression4. This hypothesis is supported by recent publications which show 

thatt in vitro enzyme activity of Idh is decreased by the addition of mitochondrial 

mRNAA leaders7' 8. This inhibitory effect could be eliminated by the addition of the 

allostericc activator AMP7. Regarding the cellular concentrations of AMP and 

mitochondriall  mRNAs, it was suggested that RNA inhibition of Idh activity in vivo is 

highlyy dependent on the actual cellular levels of AMP. Recently, we could show in a 

Idhh disruption strain that mitochondrial translation is increased resulting in an 

elevatedd level of mitochondrial products9. These results clearly designates Idh as a 

repressorr of mitochondrial translation probably regulated by AMP. 

Heree we want to determine which region of Idh is involved in mRNA binding in 

orderr to obtain a tool to study the RNA-binding function of Idh, independent of its 

enzymaticc role in the Krebs cycle. The observation that AMP could influence the 

inhibitoryy effect of RNA on Idh's enzyme activity could imply that the binding site of 

AM PP overlaps the RNA binding region. However, in our in vitro RNA binding assay 

wee showed that RNA-binding of Idh could not be influenced by NAD, ATP or AMP, 

indicatingg that the RNA-binding region does not coincide with the NAD, ATP or 
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AMP-bindingg regions in the enzyme4 (M. Siep, personal comm.). Close examination 

off  both amino acid sequences of either Idhl or Idh2 revealed no obvious RNA-

bindingg region4. To determine which regions of Idh are important for RNA-binding, 

wee have characterized Idh of other yeast species and demonstrated that Idh isolated 

fromm the closely related yeast Kluyveromyces lactis has a very low affinity in vitro for 

mitochondriall  mRNA leaders of S. cerevisiae and also for the COX2 mRNA leader 

fromm K. lactis itself8. To distinguish residues involved in binding RNA, genes 

encodingg both subunits of Idh in K, lactis were cloned. Sequencing and subsequent 

alignmentt of the deduced amino acid sequences of the genes encoding Idh from K. 

lactislactis with those of S. cerevisiae revealed a very high overall sequence identity (79.9% 

andd 86.2% for Idhl and Idh2, respectively). Moreover, residues involved in substrate 

andd cofactor binding as well as regions surrounding these amino acids were highly 

conservedd in both genes. 

Priorr to making mutants in both subunits we attempted to determine which subunit 

off  S. cerevisiae Idh (or both) is involved in bindingg RNA. Therefore, we analyzed the 

RNA-bindingg capacity of heterologous complexes consisting of one subunit of S. 

cerevisiaecerevisiae Idh (Sc Idh) and the other subunit of K. lactis Idh (Kl Idh) expressed in S. 

cerevisiae. cerevisiae. 

Afterr alignment of the genes encoding Idhl from both yeast's and close examination 

off  the computer predicted 3D model (based on the crystal structure of NADP'-Idh 

fromm E. coliw available for Sc Idhl), we made two mutants in Sc Idhl both of which 

havee a dramatically decreased affinity for mRNA leaders. Fortunately, both mutants 

containedd wild-type enzymatic activities and therefore we wil l be able to use these 

mutantss in our study to reveal the function of the RNA-binding capacity of NAD -

Idhh in yeast. 

Material ss and Methods 

Strainss and growth conditions 

Thee yeast strain Saccharomyces cerevisiae W303-1B (Mat aade2-l; his3-ll,15; leu2-3,112; 

ura3-l;ura3-l; trpl-1; canl-WO n was grown in YPEG medium (1% yeast extract, 2% Bacto-

peptone,, 2% w /v ethanol and 2% glycerol, pH 5.5), YPAc medium (1% yeast extract, 

2%2% Bacto-peptone, 60 mM NaAc pH 6) or minimal WO medium (0.67% Yeast 
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Nitrogenn Base, 2% glucose, with or without amino-acids) supplemented with the 

appropriatee amino acids and nucleotides. For plates 2% Bacto agar was added. 

Standardd methods were used for genetic analysis and yeast transformation. 

Plasmidss were amplified in Escherichia coli strain DH5_. Standard methods were used 

forr DNA isolation and transformation of E. coli and yeast. 

Plasmidd constructs 

Geness encoding Idhl and Idh2 from S. cerevisiae and K. lactis were expressed using a 

multicopyy vector (YEp352) containing a URA marker. Both genes were expressed 

underr control of their own promoter. This construct bearing both Sc IDHl and IDH2 

(YEp352::Scc IDHll  /IDH2)12 and a similar plasmid containing the active site mutants 

(YEp352::Scc idhlS92A/ idh2S98A)12 were generously provided by L. McAHster-Henn 

(Texas,, USA). Constructs containing only Sc IDHl or 7DH2 were derived from former 

mentionedd IDHl I IDHl construct by subcloning an Xbal fragment containing the 

completee coding region of IDHl into YEp352 (YEp352::Sc IDHl ) and religating the 

resultingg Xbal digested plasmid containing the entire coding region of IDH2 

(YEp352::Scc IDH2). 

Thee genes encoding both subunits of Idh from K. lactis were also cloned into YEp352, 

ass described earlier8 and expressed under control of their own promoter. 

Mutationa ll  analysis 

Site-directedd mutagenesis was performed based on the "megaprimer" method13 to 

mutatee Lys-182 and Tyr-173 of S. cerevisiae Idhl into Leu-171 and Asn-173 according 

too the sequence of Idhl of K. lactis to obtain single and double mutants. Three 

oligonucleotidee primers and two subsequent PCR reactions were carried out using 

thee JDH1 gene of S. cerevisiae as template. The first PCR was performed using primer 

II  (5'-GGTCACGGTTCACTAAACGTT-3', corresponding to +298 to +318 bp with 

respectt to the ATG codon of the 2DH1 ORE) and a degenerate oligonucleotide ( 5'-

CTTCTGTTGTWTTTCWWGGCGAAGTC-3',, (W stands for A or T) corresponding to 

thee sequence from +535 to +561 bp). Underlined codons contain degenerate sites 

whichh result in the substitution of residues Lys-171 and Tyr-173 into Leu-171 and 

Asn-173.. This resulted in the generation of 8 different PCR fragments. These 

fragmentss were used as primers in a second PCR along with an other flanking primer 
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III  (5'-CCACGTTAATGTTGAACC-3', corresponding to +917 to +934 bp). A small 

Kpnl-EcoRlKpnl-EcoRl fragment of the final PCR product was subcloned into Bluescript for 

sequencee analysis. By sequence analysis we identified two of the three interesting 

mutants:: a LKY single mutant and the LKN double mutant (Fig. 4). The third mutant 

(KKN)) was not obtained. 

AA  Kpnl-EcoRl fragment from a construct containing the wild-type 1DHI gene 

(YEp352::Scc IDH1) was replaced by the Kpnl-EcoRl mutant fragments.This resulted in 

aa single (YEp352::Sc idhl-LKY ) and double mutant (YEp352::Sc idhl-LKN ) of Idhl. 

Thesee plasmids were transformed into an Idhl disruptant strain (Aidhl)(Table I). 

Ann Xbal fragment containing the wild-type gene encoding Idh2 was subcloned into 

thee plasmid containing the RNA-binding mutant S. cerevisiae idhl-L K N (YEp352::Sc 

idhl-L K N / IDH2).. This plasmid was transformed into a wild-type S. cerevisiae strain 

resultingg in the strains listed in Table I. 

Extractt Preparation and NADMdh purification 

Cellss were grown for 48 hours on rich YPEG medium. Cells were pelleted and 

washedd with distilled water. Mitochondria were isolated by a modified procedure of 

Grivelll  et al. u . Idh from all strains was purified as described earlier with slight 

modifications.. Mitochondrial supernatant was loaded on a Heparine-Sepharose 

columnn in buffer I (20mM KC1, 20 mM Tris-HCl (pH 7.5), 0.1 mM EDTA, 10% w /v 

glycerol,, 1 mm PMSF and 6 mM _-mercaptoethanol) and proteins were eluted using 

aa step gradient of 100-200-300 and 500 mM KC1 in buffer I. Fractions containing 

NAD+-Idhh activity were dialyzed overnight against buffer A (Tris-HCl pH 7.5, 

EDTA,, 10% glycerol) and subsequently loaded on a DEAE column (Pharmacia). 

Proteinss were eluted using a step gradient of 50-100-200 and 500 mM KC1 in buffer II. 

Fractionss containing NAD+-Idh activity were dialyzed overnight against buffer I. 

Bothh RNA-binding mutants were isolated using a Blue Sepharose column in buffer A 

(200 mM KC1, 20 mM Tris-HCl pH 6.4, 0.4 mM EDTA, 5 mM MgCl2 and 6 mM |3-

mercaptoethanol)) and a DEAE column as described earlier8. Protein concentrations 

weree determined using the method according to Lowry15. Proteins were separated 

onn a 15% SDS-PAGE and visualized using silverstaining 16. Western blotting was 

performedd using polyclonal antibodies raised against Idh from S. cerevisiae as 

describedd previously17. 
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Tablee I : S. cerevisiae strains used in this study 
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Enzymee Assay 

NADD -Idh activity was measured in 1 ml 100 mM Tris-Acetate pH 7.2, 1 mM MnCl2, 

0.55 mM AM ? and 0.5 mM NAD . Assays were performed at room temperature and 

initiatedd by the addition of ImM DL-isocitrate. Formation of NADH was measured 

spectrophotometricallyy at 340 nm. 

Inn Vitr o Transcriptio n and Band-shift Assays 

Run-offf  transcription and band-shift assays were performed as described 

previously18.. Labeled RNA was produced in the presence of [32P]UTP by run-off 

transcriptionn from pCOX2A9*Rsd, encompassing the mitochondrial COX2 leader of 

S.S. cerevisiae. This yielded a transcript containing the entire 5'-leader (-65 to +50). 
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Results s 

Expressionn of K. lactis Idh genes in a S. cerevisiae Aidh strain restores the capacity 

too grow on acetate 

S.S. cerevisiae strains disrupted for one or both subunits of Idh are unable to use acetate 

ass carbon source (Ac-), a phenotype that is shared by other Krebs cycle mutants6. 

Sincee disruptants of Idhl or Idh2 are rapidly suppressed by extragenic mutations for 

theirr growth on glycerol containing medium19, we did not use glycerol as carbon 

sourcee for our complementation assay. To check whether the genes from K. lactis are 

expressedd and functional in S. cerevisiae we determined whether these genes were 

ablee to complement the phenotype on acetate-containing medium (Ac-). Therefore, 

wee used a S. cerevisiae strain which was disrupted for both Idh genes (Aidhlidh2) and 

transformedd it with a multicopy plasmid bearing both K. lactis IDH genes (Kl IDH). 

Ass a positive control, the double disrupted strain (Aidhlidh2) was also transformed 

withh a multicopy plasmid containing both wild-type IDH genes from S. cerevisiae (Sc 

IDH)) and as a negative control the empty vector was transformed. Figure 1 shows 

thatt both genes from K. lactis were able to complement the Ac- phenotype in a double 

disruptantt S. cerevisiae strain of Idh, while the strain containing an empty control 

plasmidd (Aidhl Aidh2::YEp352) did not. This result suggests that the K. lactis genes 

aree expressed under the control of their own promoter in S. cerevisiae and that the 

productss are enzymatically active. Likewise, we expressed either gene separately in a 

strainn disrupted for its homolog in S. cerevisiae. KI IDH1 was expressed in a 

disruptantt of Idhl (Aidhl) in S. cerevisiae to obtain a heterologous Idh complex 

consistingg of Kl Idhl and Sc Idh2 (Aidhl ::K1 IDH1). We also expressed KI IDH2 in a 

disruptantt of /DH2 (Aidh2) in S. cerevisiae to obtain a heterologous Idh complex 

consistingg of Sc Idhl and Kl Idh2 (Aidh2::Kl IDH2). Both strains expressing the 

heterologouss Idh complexes were able to complement the acetate phenotype (data 

nott shown). This suggests that the K. lactis subunits are able to form an enzymatically 

activee heterologous complex with their counterpart from S. cerevisiae, sufficient to 

sustainn growth on acetate-containing media. 
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WOO A c e t a t e 

Fig.1::  Growth analysis of a S. cerevisiae strain gene-disrupted for IDH1 and IDH2 
transformedd with a control plasmid (AidhlAidh2::YEp352), a plasmid containing the 
wild-typee genes from S. cerevisiae (AidhlAidh2::Sc IDH1/IDH2) and a plasmid 
containingg wild-type genes from K. lactis (AidhlAidh2::Kl IDH1/IDH2). S. cerevisiae 
wild-typee W303 is used as a positive control. Transformed cells were plated on 
minimall  medium (WO) to select for the presence of the plasmid. Cells were checked 
forr plasmid presence and grown on media containing glycerol or acetate as non-
fermentablee carbon source. 

Isolationn of heterologous and homologous Idh complexes from S. cerevisiae. 

Too analyze the enzymatic and RNA-binding properties of homologous and 

heterologouss Idh complexes, Heparin-Sepharose and subsequently a DEAE-

Cellulosee column purification was employed as described earlier4. Isolated Idh 

complexess were loaded on a 15% SDS-PAGE and visualized by silver-staining (Fig. 

2A).. A similar SDS-PAGE was used for western-blotting (Fig. 2B). As was shown 

previously8,, a polyclonal antibody raised against Idh from S. cerevisiae was also able 

too recognize Idh from K. lactis (Fig. 2B, lane 5) even when expressed in S. cerevisiae 
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(Fig.. 2B, lane 2). The Idh complex isolated from K. lactis (lane 5) resembles the K. 

lactislactis Idh complex expressed in S. cerevisiae (lane 2). The heterologous complex 

consistingg of Kl Idhl and Sc Idh2 (lane 3) were hardly distinguishable on this 

Westernn blot (Fig. 2B, lane 3), indicating that these subunits have a similar mass of 

aboutt 39 kDa. The heterologous complex consisting of Sc Idhl and Kl Idh2 were also 

migratingg as one single band (lane 4) of about 40 kDa. The Kl Idh2 subunit ran 

slowerr in the gel than Kl Idhl, in contrast to the subunits from S. cerevisiae where the 

Idhll  subunit migrated slower than the Idh2 subunit. These results are in agreement 

withh the results we obtained from the cloning and characterization of Idh from K. 

lactislactis88.. In addition, this Western blot shows that all (homologous and heterologous) 

Idhh subunits were expressed in S. cerevisiae, even under the control of the K. lactis 

promoter. . 

Fig.. 2: A: Silver-stained SDS-PAGE of DEAE fractions of homologous and 
heterologouss Idh complexes isolated from S. cerevisiae. 150 ng fraction from wild-
typee Idh from S. cerevisiae (lane 1) and Idh isolated from K. lactis (lane 5) was loaded. 
2500 ng fraction was loaded of S. cerevisiae strains containing Kl Idhl /Kl Idh2 (lane 2), 
Kll  Idhl /Sc Idh2 (lane 3) and Sc Idhl /Kl Idh2 (lane 4). 
B:: Western blot of a corresponding SDS-PAGE as is shown in panel A, using an 
antibodyy raised against Idh from S. cerevisiae. 
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Thee specific activities of the isolated complexes were determined (Table II). The 

homologouss K. lactis complex displayed enzyme activity in S. cerevisiae confirming 

thee complementation of the Ac- phenotype of AidhlAidh2 (Fig. 1). 

Moreover,, the specific activity of the K. lactis complex isolated from S. cerevisiae (32.9 

U)) was comparable with the activity of this complex isolated from K. lactis itself (27.2 

U8). . 

Tablee II : Specific NAD+-Idh enzyme activity (Units /mg)(U) and yield of enzyme 
activityy (%) during purification. 

Fractionn from 

Mito.. lysate 

Hep-- Sepharose 

DEAEE Cellulose 

ScAidhl::KlIDHl l 

Act(U)/yield(%) ) 

2.3/100 0 

4.5// 59 

7.9// 26 

Scc Aidh2::Kl IDH2 

Actt (U)/yield (','.) 

0.7/100 0 

2.1// 69 

3.4// 21 

Scc AidhlAidh2::Kl IDH1 /IDH2 

Actt (U)/vield (',;,) 

6.5/100 0 

11.8// 57 

32.9// 23 

However,, the specific activity of the heterologous complexes KI Idhl /Sc Idh2 (7.9U) 

andd Sc Idhl /K l Idh2 (3.4U) were much lower than wild type Idh complex from S. 

cerevisiaecerevisiae (38.8 U8) and of K. lactis Idh expressed in S. cerevisiae (32.9 U) (Table II). This 

couldd either mean that a less functional complex was formed or that the specific 

activityy of the enzyme in a heterologous construction was lower. The presence of 

enzymee activity suggests that complex formation was possible. Although the activity 

wass much lower compared with wild type, the heterologous complexes apparently 

generatedd enough activity to sustain growth on acetate as a sole carbon source. 

RNA-bindin gg by heterologous complexes 

Wee already showed that RNA-binding and enzyme activity is dependent on the 

presencee of both subunits of Idh4, To determine whether the RNA-binding region of 

Idhh from S. cerevisiae is formed by two different subunits or by one single subunit, we 

usedd partially purified DEAE-fractions containing heterologous complexes in a 

mobilityy shift assay (Fig 3). As target RNA we used radioactively labeled COX2 

mRNAA leader from S. cerevisiae. Assuming that only complexes have enzyme activity 

wee used equal amounts of homologous and heterologous complexes based on their 

enzymee activity. The homologous K. lactis Idh expressed in S. cerevisiae appeared to 
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bee unable to bind RNA (lane 6). This result is consistent with our earlier finding that 

Idhh isolated from K. lactis has very low affinity for RNA8. Both heterologous 

complexess had diminished affinity for the target (lanes 4 and 5) compared to wild 

typee Idh from S. cerevisiae (lane 2). The complex consisting of Sc Idhl and Kl Idh2 

(lanee 5) had a slightly higher affinity for RNA than the complex consisting of Kl Idhl 

andd Sc Idh2 (lane 4). 

Thesee results show that both heterologous complexes have a very low affinity for 

mRNAA in our assay, so that it is impossible to point out an individual subunit to be 

responsiblee for binding RNA. In addition, it is clear that Idh from K. lactis was unable 

too bind RNA when expressed in S. cerevisiae. This prompted us to produce a number 

off  site-directed Idh mutants in S. cerevisiae. 

1 22 3 4 5 6 

Idhll - Sc A Kl Sc Kl 
Idh22 | - Sc A Sc Kl Kl 

ÉÊMÉÊM  * *  ^M  ^ K  ^ A 

Complex x 

Freee RNA 

Fig.. 3: Mobility-shift assay using labeled COX2 mRNA leader from S. cerevisiae. RNA 
wass incubated with DEAE fractions containing Idh from a wild type strain (100 
ng)(lanee 2), or a disruptant strain AidhlAidh2 (lane 3). For the other lanes, the RNA 
wass incubated with DEAE fractions (150 ng) containing Idh consisting of Kl Idhl /Sc 
Idh22 (lane 4), Sc Idhl / Kl Idh2 (lane 5) and Kl Idhl / Kl Idh2 (lane 6). In lane 1 no 
proteinn was added. 

Sitee directed mutagenesis of Idh l 

Wee choose Idhl to be target of site-directed mutagenesis because it has more 

conservedd regions with interesting differences in its amino-acid composition. We 

comparedd the deduced amino acid sequences of Idhl of S. cerevisiae and K. lactis to 
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lookk for non-homologous regions and examined these regions in a predicted 3D 

modell  (Fig. 4) of the Idhl sequence from S. cerevisiae, obtained from SWISS-

MODEL20. . 

Fig.. 4: Ribbon diagram of (a part of) S. cerevisiae Idhl. Lys-182 and Tyr-184 are 
representedd as ball-and-stick diagrams. This figure was drawn with MOLSCRIPT 
basedd on the three-dimensional structure of Idhl from S. cerevisiae as determined for 
E.E. coli NADP-Idh by crystallography.̂ 

S.S. cerevisiae NAD+-Idh subunit 1 was modeled in analogy with the crystal structure 

off  NADP+-Idh from E. coli, with which S. cerevisiae Idhl has 43% similarity. The 

modell  of Idhl of S. cerevisiae appeared to contain a cleft which divides the subunit in 

aa large and a small domain. In this cleft, three residues are protruding (Phe-176, Phe-

1800 and Tyr-184)(Fig. 5). These residues were not present in the Idh2 subunits (Fig. 

5).. One of these residues was lacking in the cleft of K. lactis Idhl subunit (Tyr-184). 

Anotherr interesting amino acid which was lacking in K. lactis Idhl is residue Lys-182. 

Too determine whether these residues in S. cerevisiae Idhl are involved in RNA-

bindingg we changed the Lys-182 into Leu and Tyr-184 into Asn, according to the K. 

lactislactis Idhl sequence. We replaced the sequence KKY by LKY (pScidhl-LKY ) or LKN 
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(pScidhl-I-KN)) (Fig. 5) using the mutational method using a "megaprimer"13 (for 

detailss see Materials and Methods). 

Sc_IDHl l 

K1_IDH1 1 

Sc_IDH2 2 

KII IDH2 

L L 

LL N 

1700 TERIARFAFDFAKKYNRKSVT 191 
************ * ***** 

SERIARFAFDFALKNNRKSVC C 

SERVIRYAFEYARAIGRPRVI I 

SS ERVIRYAFE YARAVDRSKVL 

Fig.. 5: Alignment of residue 170 to 191 of Idhl with Idh2 from S. cerevisiae and Idhl 
andd Idh2 from K. lactis . Identical residues are indicated with an asterisk, similar 
residuess with a dot. Underlined residues are protruding into the cleft, bold residues 
inn the S. cerevisiae Idhl sequence are mutated. Mutated residues (Lys-182 and Tyr-
184)) are indicated (arrow). 

Thee mutated Sc Idhl subunits were expressed in a S. cerevisiae strain which was 

gene-disruptedd for IDH1 (Aidhl). Both single and double mutants of Idhl were able 

too complement the Ac- phenotype of Aidhl, indicating that the mutated Idhl 

subunitss are able to interact with wild-type Idh2 and display enzyme activity (data 

nott shown). After isolation of the complexes as described above, subunits were 

separatedd on a 15% SDS-PAGE and visualized by western blot analysis. 

Fig.. 6: SDS-PAGE of purified Idh complexes consisting of S. cerevisiae idh-LKY ( i a n es 

11 and 2) and S. cerevisiae idh-LKN ( ] a n es 3 a n cj 4) mutants visualized by Western blot 
analysis.. Wild-type Idh (lanes 5 and 6) and commercially available Idh (lane 7) were 
loadedd as controls. Equal amounts of enzyme activity (0.01 units) were applied. 
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Ass shown in Fig. 6, mutant subunits are expressed as wild-type. The mutated Idh 

complexess contained normal specific enzyme activity indicating that the mutation 

didd not interfere with the active site of the enzyme or with substrate or cofactor 

binding. . 

Equall  amounts of partially purified Idh complexes (based on enzyme activity as a 

parameter)) containing the single and double mutations (S. cerevisiae idhl-LK Y and S. 

cerevisiaecerevisiae idhl-LKN , respectively) were used in a mobility-shift assay to determine 

theirr RNA-binding capacities (Fig. 7). Both Idhl mutants showed a strongly reduced 

affinityy for RNA (Fig. 7; lane 3 and 4) compared to wild type Idh (Fig. 7; lane 2). 

Quantitationn of the band-shifts showed that both mutated Idh complexes had a 80% 

reducedd RNA-binding efficiency compared to wild-type. 

11 2 3 4 

H H Complex x 

•—— Free RNA 

Fig.. 7: Mobility-shift assay using labeled COX2 mRNA leader from S. cerevisiae. RNA 
wass incubated with DEAE fractions containing Idh from a wild-type strain (lane 2), 
thee single mutant (idhl-LKY)(lane 3) and the double mutant (idhl2-LKN)(lane 4). 
Equall amounts of enzyme activity (0.005 units) were used. 
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Discussion n 

Thee genes encoding Idh from K. lactis were expressed in a S. cerevisiae strain which 

wass gene disrupted for either the Idhl or the Idh2 subunit. These K. lactis genes were 

ablee to restore the acetate negative growth phenotype of this strain and contained 

Idhh enzyme activity. This indicates that the K. lactis genes, expressed in S. cerevisiae 

underr control of their own promoter, form a functional Idh complex in S. cerevisiae. 

Noo substantial changes in growth speed were observed on media containing 

differentt carbon sources (data not shown) compared to wild-type. This indicates that 

thee Idh complexes from S. cerevisiae and K. lactis may function in heterologous 

context. . 

InIn contrast to the enzyme activity of the homologous complex consisting of both 

subunitss from K. lactis, the enzyme activity the heterologous complexes was 

dramaticallyy decreased. Also in RNA-binding, these heterologous complexes were 

nott functioning properly since they had an decreased affinity for RNA compared to 

wild-typee Idh from S. cerevisiae. Therefore, the RNA-binding region of Idh is 

probablyy formed when complex formation between the subunits is optimal. Whether 

thiss region is located in one subunit only or requires both of the subunits remains 

unknown.. The same argument could be applied for the enzyme activity of the 

heterologouss complex. A functional Idh should be able to bind its cofactors properly. 

Iff the binding sites for these factors is also not correct, the enzymatic activity shall 

dropp dramatically, indicating that not only the RNA binding site is formed upon 

complexx formation but also cofactor binding sites. 

Itt is clear from previous results and results shown here that Idh from K. lactis 

providess us with an excellent model to design RNA-binding mutants in Idh from S. 

cerevisiae.cerevisiae. Based on results with heterologous complexes we were not able to point 

outt a single subunit to be more important in RNA-binding, so we choose the Idhl 

subunitt of S. cerevisiae to be target of our mutational analysis. An interesting region 

wass located in the cleft of the model, an opening which divides the subunit in a large 

andd small domain. Three residues are notably present in the cleft (Fig. 4); two Phe 

residuess at (176 and 180) and a Tyr (184). The Phe residues are present in K. lactis 

Idhll but the Tyr is not. This region is very conserved between K. lactis and S. 
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cerevisiaecerevisiae except for two residues: the before mentioned Tyr but also a Lys residue at 

positionn 182. We decided to change both Lys and Tyr residues into Leu and Asn, 

respectively,, in analogy with the K. lactis sequence and obtained a double mutant 

(LKN)) and a single mutant (LKY). The mutated subunits contained normal enzyme 

activityy but had a lowered affinity for RNA, indicating that residues localized in the 

cleftt have an effect on RNA-binding. 

However,, it is not clear if these amino-acids are directly involved in binding RNA or 

iff they have an indirect effect, such as a conformational change of the enzyme 

resultingg in either imperfect RNA-binding site or creating a block that prevents the 

RNAA from reaching the RNA-binding region in the cleft. 

Onee possible answer comes from the Idhl subunit from S. pombe. This Idh complex is 

ablee to bind RNA with a rather high affinity8. Recently, a S. pombe sequence (acc.nr. 

Z99161)211 was identified showing a very high homology with Idhl sequence of S. 

cerevisiaecerevisiae (57.6 %). Surprisingly, the deduced amino-acid sequence of S. pombe Idh in 

thee putative RNA-binding region in S. cerevisiae, was LKN, identical to the K. lactis 

Idhll sequence in this region. This strongly suggests that the mutated residues in Sc 

Idhh are not directly involved in binding RNA and that it is more likely that the 

conformationn of the Idhl subunit is important. 

Recently,, an RNA-binding location study was performed with the iron regulatory 

proteinn (Irpl). This enzyme, like Idh, is a member of the RNA-binding enzyme 

family22.. Depending on the absence or presence of an iron cluster, the protein 

behavess as an RNA-binding protein or as aconitase23. Like Idh, Irpl contains no 

knownn RNA recognition sequences, so characterization of its RNA-binding capacity 

wass performed with site-directed mutagenesis. This study showed that RNA-binding 

mutantss of Irpl, that still contained enzyme activity, were located in the cleft24. The 

authorss suggest that the RNA is most likely bound in this area. These results suggest 

thatt the opening of this cleft is variable depending on the presence of a iron cluster. 

Thee opening of the cleft in response to iron apparently acts as a mechanism by which 

thee enzymatic and RNA-binding functions of Irpl are mutually exclusive25. 

Thiss model which encompasses binding to RNA in response to the state of the 

enzymee could be suitable for Idh. Indeed, recent results have shown that RNA-

bindingg by Idh inhibits its enzymatic activity7' 8 indicating that these two functions 

off idh affect each other. Furthermore, point mutations in the cleft of Idhl seem to be 
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influencingg RNA-binding, possibly by altering the accessibility of the cleft structure 

forr mRNAs. Further research is needed to locate the actual residues in Idhl and Idh2 

involvedd in RNA binding and to resolve the suggested regulation mechanism of 

RNA-binding. . 
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