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Doo mRNA-bindin g enzymes bridge two cellular  pathways? 

1.. mRNA-bindin g proteins involved in regulation of gene expression 

Regulationn of gene expression is a fundamental aspect of many biological 

mechanismss such as the response to environmental conditions, cell proliferation, 

cellularr differentiation, and disease. The processes of decoding genes and 

synthesizingg appropriate amounts of gene products are complex and regulation can 

occurr at one or more of the various steps along the pathway. Post-transcriptional 

regulationn of gene expression in the cell offers a flexible and rapid regulatory 

mechanismm to switch gene expression on and off. For instance, by creating a pool of 

translationallyy inactive mRNAs in the cytoplasm, cells can quickly respond to the 

needd for new protein synthesis by recruiting these mRNAs into polysomes. 

However,, in this case it also demands a rapid way to inhibit the synthesis of certain 

proteinss by blocking initiation of translation and regulating certain mRNAs by 

stabilizingg them. 

Thee regulation of this process is accomplished through proteins that are able to 

complexx the RNA. Some RNA-binding proteins coordinately regulate expression of 

manyy mRNAs, whereas others act more specifically and regulate gene expression of 

ann individual or a small group of mRNAs. These specific binding proteins can 

directlyy activate or repress translation initiation and elongation or they can control 

stabilityy or localization of a specific mRNA, thereby indirectly influencing mRNA 

expression.. These specific RNA-binding proteins often bind to the 5'- or 3'-

untranslatedd regions (UTRs) of an mRNA. 

1.1.. Functions of proteins binding to the 5'-UTR 

InIn nearly all cases where translation is controlled directly by specific protein/mRNA 

interactionss with the 5'-UTR, the protein seems to act as a negative regulator, a 

translationall  repressor, whose binding to the specific site on the mRNA results in 

inhibitionn of initiation of translation. The 5' end of eukaryotic nuclear encoded 

mRNAss are modified into a cap structure. It is thought that when a protein/mRNA 

interactionn is located near the cap it prevents by steric hindrance a stable interaction 

off  the small ribosomal subunit with the 5'-end of the mRNA. When this interaction 
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occurss more distal to the cap, it is presumed that the scanning ribosomal subunit is 

inhibitedd in its action by the protein/mRNA complex1. 

Onlyy a few cases of translational activation known so far concern e.g. internal 

initiationn of translation of picornaviral RNA's, where specific proteins need to bind 

too specific sites in the 5'-UTR in order for internal initiation to occur. These proteins 

possiblyy function as RNA chaperones to stabilize particular RNA structures in order 

too facilitate ribosomal binding or subsequent progress along the mRNA2. Another 

examplee of translational activation is the translational regulation in chloroplasts and 

yeastt mitochondria. In contrast to their cytosolic counterparts, these mRNAs do not 

containn a 5'-cap and the 5'-UTR is very long and A-U rich. In addition, stable 

secondaryy structures could arise by some short G-C clusters. The expression of 

chloroplastt and mitochondrial mRNAs is dependent on the presence of several 

nuclear-encodedd factors. In yeast mitochondrial expression the proteins required for 

COX11 (Pet309, Mss51), COX2 (Petlll), COX3 (Pet54, Petl22, Pet494) and CYTb (Cbsl, 

Cbs2)) are the best characterized. It is suggested that these proteins interact direct or 

indirectlyy with the 5'UTR, thereby mediating the association of the ribosomal 

subunitss with the 5'-UTR of these mRNA3"5. 

Thee 5'-UTR can also be involved in mRNA targeting as illustrated recently for the 

SaccharomycesSaccharomyces cerevisiae COX2 and COX3 mRNAs encoding hydrophobic subunits of 

thee mitochondrial cytochrome c oxidase, a component of the respiratory chain 

locatedd in the mitochondrial membrane. The coding regions of these mRNAs were 

fusedd to the mRNA leader of VARl, which encodes a hydrophilic mitochondrial 

ribosomall  subunit in mitochondria. Although there was expression of these chimeric 

RNAs,, the hydrophobic products were not incorporated in the membrane resulting 

inn low cytochrome c oxidase activity. It appears therefore, that these mRNAs have to 

bee targeted to mRNA-specific translational activators bound to the mitochondrial 

innerr membrane for correct translation initiation and incorporation in the membrane 

too occur6. Some precise mechanism involving these specific factors ensure that the 

mitochondriallyy encoded components of the complexes are slotted into their correct 

location. . 

12 2 



1.2.. Functions of proteins binding to the 3'-UTR 

Proteinss binding to the 3'-UTRs of specific mRNAs could be involved in several 

importantt functions affecting translation direct or indirectly. For example, proteins 

bindingg to specific elements in the 3'-UTR are able to shield the RNA against 

endonucleasee attack and thus prolong the half-life of the messenger. Regulation of 

poly(A)) tail length during early embryogenesis of some messengers is another 

examplee of translational regulation by specific protein interaction to the 3'-UTR. 

Theree is a strong correlation between translational activation of an mRNA during 

maturationn or early embryogenesis with the elongation of its poly(A) tail. Changes in 

polyy (A) tail length are associated with changes in translation: in general, mRNAs 

withh long tails (or tails actively extended) are efficiently translated, whereas mRNAs 

withh short tails are not7- 8. This regulation of elongation of the poly(A) tail is 

conferredd by the possession of two sequence elements in the 3'-UTR. Proteins that 

interactt with these elements play a major role in poly(A) elongation9. 

Itt has also been shown shown that the poly (A) tail of messengers play a direct role in 

stimulatingg translation10. Further evidence has recently predicted a new model 

whichh describes the physical interaction between the poly (A) tail and the 5' end of 

thee mRNA in yeast1 ]< 12. This is accomplished by the interaction of poly(A) tail 

bindingg protein (Pabl), binding to the 3' end of the mRNA, with the translation 

initiationn factor eIF-4G at the 5' end, resulting in a closed loop12. This model also 

appliess to mammalian cells where it was found that an eIF-4G homologue was able 

too bind to Pabl and the 5' end of the mammalian mRNA via eIF4A, thereby bridging 

thee RNA termini1 . The closed loop model most likely also applies for Drosophila 

becausee it has recently been demonstrated that localization-dependent translation 

requiress a functional interaction between the 5' and 3' ends of the oskar mRNA in 

Drosphila^.Drosphila^. This closed loop model provides additional levels of regulation by 

translationall  regulatory elements acting on the 3'- and 5'-UTRs. By the interaction of 

Pabll  and eIF4G it seems plausible that some specific 3'-UTR binding factors could 

workk by activating or inhibiting some aspect of the Pabl function, possibly by 

contactingg eIF4G or circularizing mRNA10. 
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InIn summary, proteins specifically binding to 5'- or 3'-UTRs of mRNAs can directly 

regulatee translation initiation/elongation, or they can indirectly control translation 

byy regulating mRNA stability or localization. 

Overr the past few years, it has been discovered that certain metabolic enzymes can 

alsoo bind mRNAs (Table I). This new finding has raised important questions. Why 

doo these enzymes bind mRNAs? What is the reason for combining enzymatic and 

mRNA-bindingg activity? The next few paragraphs wil l provide the current attempts 

too answer these questions by describing current knowledge of mRNA-binding 

enzymess on the basis of a few relatively well studied examples. This rest of this 

thesiss describes the identification and characterization of one mRNA binding 

enzymee (NAD'-Idh). 
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2.. Enzymes as mRNA-bindin g proteins involved in post-transcriptional regulation 

Inn recent years several metabolic enzymes were identified that not only have their 

singlee enzymic role in the cell but also are able to bind mRNA (see Table I) and as 

suchh are involved in either translational regulation or in control of mRNA stability. 

Theyy represent a growing family of enzymes with dual functions. These enzymes are 

veryy diverse and are involved in very different metabolic pathways apart from their 

RNA-bindingg capacity. To give an impression about the diversity of enzymes having 

duall  functions the glycolytic enzyme glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH),, cytoplasmic catalase, enoyl-CoA hydratase (AUH), glutamate 

dehydrogenasee (GDH) wil l be briefly discussed, whereas two of the thus far best 

studiedd mRNA-binding enzymes, cytoplasmic aconitase (IRP1) and thymidylate 

synthasee (TS), wil l be discussed in detail. Finally, these proteins are compared with 

thee mRNA-binding enzyme isocitrate dehydrogenase (Idh), the subject of this thesis. 

2.1.. Glyceraldehyde 3-phosphate dehydrogenase 

Glyceraldehydee 3-phosphate dehydrogenase (GAPDH) is well characterized as 

glycolyticc enzyme that catalyzes the oxidation of glyceraldehyde 3-phosphate to bis-

phosphoglycerate,, using NAD as a cofactor. From several different studies it became 

clearr that GAPDH is more than a key enzyme in glycolysis. It was shown that 

GAPDHH isolated from HeLa cell nuclear extracts is able to bind tRNAs. Immuno-

fluorescencee experiments confirmed that GAPDH is present in the nucleus as well as 

inn the cytoplasm, suggesting involvement in the export of tRNAs out of the nucleus, 

ass proposed by the authors25. This conclusion has been substantiated by the fact that 

aa tRNA mutant that does not bind GAPDH is retained in the nucleus25. GAPDH has 

alsoo been implicated in activating the nuclear export of hepatitis B viral transcripts 

byy binding to the post-trancription regulatory element (PRE) in the 3'-UTRs of the 

mRNAs26.. GAPDH was also identified as RNA-binding factor capable of 

recognizingg the 5'-UTR of hepatitis A virus (HAV). It binds to multiple sites within 

thee 5'-UTR but in particular it binds with a relatively high specificity to the stem-

loopp structure Ili a located at the 5' border of the HAV Internal Ribosomal Entry Site 

(IRES)27.. It is able to bind several viral 5'-UTR containing an IRES, e.g. from 

encephalomyocarditiss virus and hepatitis C virus. A possible function for GAPDH 

mRNA-bindingg activity might be in the destabilization of RNA structural elements 
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thatt regulate translation or RNA replication of these viruses since this enzyme is 

capablee of decreasing the melting temperatures of poly(A-U) molecules. The 

polypyrimidinee tract binding protein (PTB), which also binds to 5'-UTRs of viral 

mRNAss and which is suggested to function in initiation of picornavirus translation, 

competess with nuclear localized GAPDH for binding to the stem-loop Ili a structure. 

Thiss implies an inhibitory role for GAPDH in translation or replication of viral 

RNA27. . 

Itt was also demonstrated that GAPDH recognizes A-U rich elements (ARE) in the 3'-

UTRR of lymphokine and proto-oncogene mRNAs such as IFN-y, GM-CSF, c-myc, and 

IL-22 mRNAs20. AREs are located in the 3'-UTR of highly labile mRNAs mostly 

codingg for growth-promoting proteins such as cytokines and nuclear proto-

oncogeness and function as cis-acting elements directing rapid decay of the 

transcripts.. AREs serve as binding sites for cytoplasmic and nuclear proteins that 

mayy function as trans-acting factors in regulating ARE-dependent mRNA turnover 

andd translation. The trans-acting factors binding these AREs are important for the 

stabilityy of the messenger. Furthermore, as a consequence of its binding to AREs, 

GAPDHH is thought to have additional roles in the regulation of ARE-dependent 

mRNAA turnover and translation. This indicates that GAPDH is potentially an RNA-

bindingg enzyme could play a role in regulation of several processes in the cell. 

2.2.. Enoyl-CoA hydratase 

InIn a search for other trans-acting factors binding to AREs of transcripts of 

lymphokinesiss and proto-oncogenes, Nakagawa and co-workers cross-linked 

proteinss to these elements and surprisingly found that apart from GAPDH, a 32 kD 

proteinn with enoyl-CoA hydratase activity also recognizes ARE elements28. This 

protein,, designated AUH, shows 29% identity within a stretch of 260 amino acids 

withh the human mitochondrial enoyl-CoA hydratase sequence29, mostly centered in 

thee region of a putative hydratase active site. In the case of AUH a distinct motif is 

identifiedd to be responsible for the interaction with RNA18. The RNA-binding 

domainn of AUH could be delineated to a region of 20 amino acids. This region 

showedd a tendency to form an a-helical structure and can function as autonomous 

unitt when fused to an unrelated protein18. The RNA-binding domain is distinct from 
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anyy other known RNA-binding motif and is also distinct from the catalytic domain 

off  AUH. 

Thee mitochondrial enoyl-CoA hydratase is part of the trifunctional enzyme with 

long-chainn enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase/ 3-ketoacyl-

CoAA thiolase activities and is involved in fi-oxidation of long chain fatty acids. To 

date,, four distinct subtypes of enoyl-CoA hydratases have been described in 

mammaliann tissues, namely mitochondrial short-chain and long-chain, peroxisomal 

long-chainn and the recently isolated AUH, which is a short-chain mitochondrial 

enzyme.. The physiological substrate of AUH presently is unknown. Furthermore, 

thee in vivo function and target specificity of AUH in mRNA turnover remains to be 

established,, but it is assumed that AUH is involved in fatty acid metabolism and 

mRNAA turnover by interacting with AREs. 

2.3.. Catalase 

InIn contrast to GAPDH and enoyl-CoA hydratase, rat lung cytoplasmic catalase binds 

too its own mRNA at 3'-UTR, probably involved in the stability of its own messenger. 

Catalasee is one of the anti-oxidant enzymes that constitute a major defense system 

againstt hydrogen peroxide by converting it to water and oxygen. Exposure to 

elevatedd concentrations of oxygen increases cellular production of hydrogen 

peroxide.. Air-breathing organisms experience an elevated concentration of oxygen 

afterr the first breath at birth or when oxygen is administered for therapeutic reasons. 

Itt is shown that tolerance to increased oxygen supply or hyperoxia in rat cells is 

associatedd with an increased stability of catalase mRNA. Catalase mRNA contains a 

36-basee stem-loop structure and a series of CA dinucleotide repeats in the 3'-UTR 

whichh are specifically recognized by its own product. Binding was inhibited by 

NADPH,, and competition studies showed a CA dinucleotide repeat is involved in 

binding16.. From these data it was concluded that the dinucleotide binding domain 

mimicss or is homologous to a catalase RNA-binding protein domain. These findings 

supportt the hypothesis that a class of RNA-binding proteins may have evolved from 

(di-)nucleotidee binding enzymes30. NADPH is not required for enzyme activity but 

servess to protect catalase from inactivation in addition to its role as an inhibitor of 

catalasee binding to its own mRNA. Apparently, NADPH regulates the switch 

betweenn enzyme activity and RNA-binding. The precise function of the RNA-
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bindingg feature of catalase is unknown, but it is supposed to play a role in 

autoregulationn of its mRNA31- 32. 

2.4.. Glutamate dehydrogenase 

Cytochromee c oxidase is the terminal member of the mitochondrial respiratory chain. 

Severall  subunits of mammalian cytochrome c oxidase are present as one of two 

tissue-specificc isoforms, referred to as the liver or L-form and the heart or H-form. 

Onee such isoform, the liver form of bovine cytochrome c oxidase VII I (BCOL8) is 

post-transcriptionallyy regulated33. BCOL8 is universally transcribed, but isolated 

cytochromee c oxidase from heart and skeletal muscle have undetectable levels of the 

L-isopeptide.. A protein factor was shown to be present in liver cell homogenates 

whichh binds to the 3'-UTR of BCOL8 mRNA and is referred to as COLBP 

(cytochromee c oxidase L-form transcript-binding protein). COLBP is active in other 

non-musclee type cell supernatants but remarkably, is inactive in or absent from both 

heartt or skeletal muscle, thus correlating with regulation of the isoform in bovine 

tissue33.. Using a combination of subcellular fractionation, immuno-competition and 

UV-crosslinking,, the COLBP was identified as the mitochondrial matrix enzyme 

glutamatee dehydrogenase (GDH) in rat liver cells21. COLBP has been implicated in 

regulatingg mRNA expression by increasing the transcript stability. A puzzling 

featuree however, is the fact that this mitochondrial soluble matrix enzyme is 

supposedd to bind a cytoplasmic mRNA21. This localization obstacle is explained by 

thee hypothesis that GDH is able to span the mitochondrial membrane, thereby 

functioningg as an enzyme in the mitochondria and binding to mRNA at the outside. 

Thee possibility was raised that GDH at the outside acts as the mitochondrial receptor 

off  mRNAs to aid the co-translational translocation of some mitochondrial pre-

proteins34.. In this way the enzyme has to cross two mitochondrial membranes21. 

However,, this membrane topology is questionable, since such a topology has not 

beenn seen for any mitochondrial protein, and localization studies for glutamate 

dehydrogenasee suggest that it is a matrix protein, and thus is not integrated into 

eitherr mitochondrial membrane35, 36. Therefore, it is difficult to envision that the 

GDHH in vivo is able to bind to BCOL8 mRNA in the cytosol. Instead, however, GDH 

mightt have yet unidentified mitochondrial target mRNAs in mammalian cells or the 

actuall  COLBP is yet to be identified. 
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Inn the mitochondria of trypanosoma Leishmania tarentolae this indeed has been shown 

too be the case. By co-immunoprecipitation and competitive gel shift analysis GDH 

wass demonstrated to bind guide RNAs that are involved in RNA-editing22. 

Monomericc UTP was also able to be bound by GDH. It was speculated that GDH is 

involvedd in RNA editing in trypanosomatid mitochondria by binding guide RNA 

andd UTP and present them to the editing site22 In contrast, further research showed 

thatt the steady state level of the edited RNAs was unaffected in a GDH knockout37. 

2.5.. Aconitase 

Thuss far the most extensively studied member of the bifunctional enzymes is the iron 

regulatoryy protein 1 (IRP1). This factor is an RNA-binding protein regulating the 

translationn of animal mRNAs encoding proteins of iron and oxidative metabolism in 

responsee to iron concentration38 and nitric oxide (NO)39 in the cell. Iron is an 

essentiall  nutrient for almost all organisms because iron-containing proteins function 

inn a number of important cellular processes14-40. However, organisms must 

simultaneouslyy cope with two detrimental properties of iron under physiological 

conditions,, its low solubility as the uncomplexed metal ion and its propensity to 

enhancee production of reactive oxygen species. It is this essential but potentially 

toxicc nature of iron that has likely served as an evolutionary driving force for the 

developmentt of systems that promote efficient uptake, transport, utilization, and 

storagee of the metal. In mammals, the interorgan transport, uptake, and storage of 

ironn is performed by transferrin, the transferrin receptor, and ferritin, respectively. 

Ironn regulation of the synthesis of iron uptake, storage and utilizing proteins 

representt an important avenue through which cellular iron homeostasis is 

modulatedd and maintained. 

IRP11 has been identified as a key regulatory protein in cellular iron homeostasis in 

mammaliann cells and surprisingly, it was initially found to contain a striking 

similarityy to the enzyme aconitase38. In fact, IRP1 is identical to cytosolic aconitase 

andd contains aconitase activity in mammalian cells41. Aconitase is an iron-sulfur 

proteinn that converts citrate to isocitrate. Subsequently, IRP2 was another iron 

regulatoryy protein to be identified. IRP1 and IRP2, have a high sequence identity 

exceptt for a 73-amino acid insertion unique to IRP2, and each of them has 30% 
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sequencee identity to mitochondrial aconitase and each has an mRNA binding 

activity.. However, IRP2 has no aconitase activity41-42. 

IRP11 and IRP2 specifically bind to hairpin structures, called iron-responsive elements 

(IREs).. The predicted secondary structures of the IRE family are hairpins with a six-

nucleotidee terminal loop (CAGUGN*, N* = A, C, or U), interrupted by an internal 

loop/bulgee (UGC/C) or a C-bulge. 

Thee significance of two IRPs, apparently equivalent in terms of RNA binding and 

post-transcriptionall  regulation by iron, is a puzzle, since exclusivity of IRP1 or IRP2 

bindingg for one or another natural IRE sequence has not yet been observed43. 

However,, IRP1 and IRP2 bind to natural variations in IREs at the junction of the two 

helicess (internal loop/bulge or C-bulge) with different sensitivities, suggesting that 

thee presence of two IRPs broadens the regulatory range of IREs and emphasizes the 

importancee of the internal loop/bulge region in RNA-protein interactions. 

InIn addition to IRP1 and IRP2 displaying different affinities for known IREs, they also 

differr in the means by which iron affects their function44-45. IRP1 and IRP2 binding 

too IREs in iron-depleted cells is abrogated when iron is in excess, with IRP1 forming 

ann [4Fe-4S] cluster thereby converting it to the cytoplasmic isoform of the iron-sulfur 

proteinn aconitase, and IRP2 being degraded41-45. IRP1 and IRP2 can also be 

phosphorylated46,, indicating that their functions may be integrated with more 

generall  metabolic signals. 

IREss are located within the 5'- or 3'-UTRs of mRNAs encoding proteins involved in 

ironn uptake (transferrin receptor (TfR)), storage (ferritin) and utilization (erythroid 5-

aminolevulinatee synthase mRNA (eALAS)), in higher eukaryotic cells. An IRE has 

beenn identified in the 5'-UTR of ferritin mRNA, in the 3'-UTR of TfR mRNA and in 

thee 5' UTR of eALAS, a rate limiting enzyme for the main iron utilization pathway. 

IRPss serve as the molecular sensor of iron levels in the cell and bind to IREs with 

highh affinity when cells are starved of iron. As a consequence, ferritin and eALAS 

mRNAA translation are blocked when the IRE/IRP complex prevents the stable 

associationn of the small ribosomal subunit with the mRNA47-49. Simultaneously, the 

IRE/IRPP complex at the 3'-UTR of the TfR mRNA protects the transcript from 

degradation.. When iron is plentiful, IRP has a low affinity, allowing efficient ferritin 

mRNAA translation and permitting rapid degradation of TfR mRNA39-48-49. In this 

mannerr IRP and IREs are part of a network that ensures adequate iron uptake when 
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ironn concentrations are low and promotes the sequestration of iron when its levels 

increase50. . 

Functionall  IREs are also identified in 5'-UTRs of the mRNAs encoding the Krebs 

cyclee enzymes aconitase (porcine)31 and the iron-sulfur protein subunit of succinate 

dehydrogenasee (SDH) in Drosophila melanogaster52. Translational repression of these 

geness was mediated by IRP1, thereby identifying a regulatory linkage between the 

controll  of iron homeostasis by the IRE/IRP system and the mitochondrial citric acid 

cycle51-- 52. Why this connection has evolved remains largely unknown, but these 

resultss raise questions about the linkage between iron metabolism and the citric acid 

cyclee under certain metabolic conditions such as oxidative stress or iron deficiency52' 
5 \\ Alternatively, IRP-mediated changes in mitochondrial aconitase (and SDH) 

abundancee may represent a means to modulate the use of citrate in cellular iron 

metabolism.. Citrate can bind iron as well as promote iron uptake and release from 

mammaliann cells. Iron citrate is a major component of the non-transferrin-bound iron 

pooll  present in the plasma in some forms of iron overload, suggesting the possibility 

thatt it may be released by some tissues such as the liver. Furthermore, citrate 

influencess the binding and/or release of iron to and from ferritin and transferrin. 

Givenn the known function of IRP1 and IRP2 in modulating iron uptake and storage, 

itt is reasonable to assume that IRP mediation of mitochondrial aconitase expression 

representss a directed effort to modulate the role of citrate in cellular trafficking. 

2.6.. Thymidylat e synthase 

Thymidylat ee synthase (TS) is a folate-dependent enzyme that catalyzes a key 

reactionn in the DNA biosynthetic pathway. TS plays a central role in the biosynthesis 

off  thymidylate, an essential precursor for DNA biosynthesis and consequently could 

bee an important target in cancer chemotherapy24. Human TS was shown to bind the 

5'-UTRR of its own mRNA specifically and inhibit its own synthesis via a negative 

autoregulatoryy mechanism. TS recognizes two cis-elements located in the 5'-UTR of 

thee TS mRNA. The first includes the translational start site contained within a 

putativee stem-loop structure, while the second site corresponds to a 100-nucleotide 

sequencee within the protein-coding54. TS was also found in a RNP complex with the 

c-mycc mRNA, a proto-oncogene transcript. In a very elegant approach using an 
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immunoprecipitation-RNA-randomPCRR method, it was shown that TS is able to 

complexx nine additional mRNAs, including the mRNA encoding p5324- 5-\ 

p533 is a tumor suppressor that plays an essential role for preserving the integrity of 

thee genome and for maintaining regulation of the cell cycle progression. Levels of 

p533 are acutely increased in both normal and malignant cells in response to DNA-

damagingg agents. The amount of p53 is regulated at the translational as well as post-

translationall  level. It has been shown recently that TS binds to the p53 mRNA in 

responsee to a DNA-damaging agent such as y-irradiation resulting in translational 

repressionn of p53 expression and an arrest in Gl phase. Thus, TS may be partially 

involvedd in the coordinate regulation of expression and/or function of genes 

encodingg TS, c-myc and p53, although the biological significance of this RNA-protein 

interactionss remains to be characterized. Given that these three genes are critically 

involvedd in the regulation of cellular growth and proliferation, it is conceivable that 

TSS as RNA-binding enzyme may play an important role as a regulator of certain key 

aspectss of cellular metabolism, especially as they relate to cell-cycle-directed events24 

56. . 

2.7.. Isocitrate dehydrogenase 

Inn the baker's yeast Saccharomyces cerevisiae, an abundant mitochondrial protein of 40 

kDaa (p40) was shown to bind specifically to 5'-UTRs of all mitochondrial mRNAs57. 

AA stem-loop structure in the 5'-UTR of these mRNAs was shown to be recognized by 

p4058.. Sequence analysis of p40 identified it as the Krebs cycle enzyme NAD+-

dependentt isocitrate dehydrogenase (Idh). NAD^-Idh catalyzes a rate-limiting step 

inn the tricarboxylic acid cycle (TCA cycle). It is an allosterically regulated enzyme 

thatt exists as an octamer composed of two nonidentical subunits, designated IDH1 

(Mrr 40 kDa) and IDH2 (Mr 39 kDa). Both enzyme and RNA-binding activities are 

specificallyy lost in cells containing disruptions in either IDH1 or IDH2, the nuclear 

geness encoding the two subunits of the enzyme, thus conclusively identifying p40 as 

Idhh and showing that both activities are dependent on the simultaneous presence of 

bothh subunits. Strikingly, Idh isolated from the closely related yeast Kluyveromyces 

lactislactis does not bind mitochondrial mRNA, whereas Idh of Schizosaccharomyces pombe 

does59.. Why the RNA-binding capacity of Idh is not conserved in K. lactis is not 

known.. The loss does emphasize, however, the fact that K. lactis Idh is unlikely to be 
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essentiall  for any step in mitochondrial translation, mRNA stabilization or 

localization. . 

3.. Thesis Outlin e 

Thiss thesis wil l discuss the identification of Idh as an RNA-binding enzyme and its 

possiblee role in translation regulation of yeast mitochondrial mRNAs. Chapter II 

describess the purification of an RNA-binding protein p40, which is able to bind all 

mitochondriall  mRNA leaders specifically and its identification as the Krebs cycle 

enzymee NAD -Idh. Disruption of either subunit results in absence of enzyme activity 

andd RNA-binding. In chapter III , NADMdh is isolated from two other yeast species 

KluyveromycesKluyveromyces lactis and Schizosaccharomyces pombe and tested for their respective 

abilitiess to bind RNA. Idh isolated from S. pombe is able to bind RNA comparably to 

Idhh from S. cerevisiae, in contrast to Idh from K. lactis, which has a very low affinity 

forr RNA. To get more insight into the RNA-binding site of Idh from S. cerevisiae, both 

geness encoding Idh from K. lactis were cloned and sequenced to enable sequence 

comparison.. Both sequences showed a high amount of identical residues indicating 

thatt Idh from K. lactis is highly conserved for its enzyme activity. However, there are 

severall  different amino acid residues that could be candidates for mutational 

analysiss to obtain an RNA-binding mutant of Idh in S. cerevisiae. 

Chapterr IV describes the characterization of heterologous Idh complex expressed in a 

S.S. cerevisiae strain disrupted for one or both of its endogenous IDH genes, 

complementedd with its K. lactis counterparts. These heterologous Idh complexes 

containn enzyme activity but specific activity was decreased compared to wild type. 

Wee performed RNA-binding assays with these heterologous complexes to indicate a 

subunitt for mutagenesis but RNA binding of both heterologous complexes was very 

low.. These results indicated that we could not define either of the subunits for 

mutagenesis.. We choose Idhl as a target for site directed mutagenesis. We mutated 

twoo amino acids of Idhl that are protruding in the cleft of Idhl in analogy of the K. 

lactislactis Idhl sequence. This resulted in two mutants that are both deficient in RNA-

bindingg but still contained wild type enzyme activity. These mutants wil l be perfect 

toolss to study the function of Idh as RNA-binding enzyme. 

Inn Chapter V, we show finally with labeling experiments that disruption of Idh 

resultss in an increase of mitochondrial products, suggesting that Idh functions as a 
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repressorr of mitochondrial translation. The newly formed products in the idh 

mutant,, however, are rapidly degraded in mitochondria resulting in a decreased 

amountt of respiratory complexes. 

Thee last chapter (VI) discusses the remarkable observation that disruption of Idh 

generatess extragenic suppressor mutations in other TCA cycle components. This 

chapterr also hypothesizes about the RNA-binding function of Idh as an important 

componentt (repressor) of mitochondrial translation which is regulated by the level of 

AMP. . 
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Abstract t 

Wee have previously described the characterization of an abundant mitochondrial 

proteinn (p40) that binds specifically to 5'-untranslated leaders of mitochondrial 

mRNAss in yeast. p40 consists of two polypeptides with M r of 40 and 39 kDa. Limited 

sequencee analysis of p40 identifies it as the Krebs cycle enzyme NAD+-dependent 

isocitratee dehydrogenase (Idh). Both enzyme and RNA-binding activities are 

specificallyy lost in cells containing disruptions in either IDH1 or IDH2, the nuclear 

geness encoding the two subunits of the enzyme, thus conclusively identifying p40 as 

Idhh and showing that both activities are dependent on the simultaneous presence of 

bothh subunits. Although we still must ascertain whether and how either function of 

Idhh is regulated and whether the two functions are compatible or mutually exclusive, 

thiss combination of dehydrogenase activity and RNA-binding in a single protein 

mayy be part of a general regulatory circuit linking the need for mitochondrial 

functionn to mitochondrial biogenesis. 

Introductio n n 

Off  all the steps in mitochondrial gene expression, probably least is known about the 

initiationn of translation. Unlike their cell sap counterparts, for which cap recognition 

andd leader scanning are important steps in initiation', most mRNAs in mammalian 

mitochondriaa lack leaders altogether2' \ whilst in yeast, mitochondrial mRNAs are 

uncappedd and most possess extremely long untranslated leader and trailer sequences 

off  high average A+U content (>95%). These leader sequences are likely to be difficult 

forr a ribosome to scan, since they often contain both short open reading frames and 

shortt G+C rich clusters capable of forming highly stable secondary structures. They 

are,, nevertheless, important for translation. First, because mutations within them can 

affectt translatability4 and second, because parts of the leaders are absolutely required 

forr interaction with nuclear-encoded activator proteins that govern translation of 

specificc mRNAs5-6. 

Wee have previously described the characterization of a 40 kDa protein (p40) that 

bindss specifically and with high affinity to the 5'-untranslated leaders of all major 

yeastt mitochondrial mRNAs7- 8. p40 is nuclear-coded, but is distinct from the specific 
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translationall  activators characterized so far9. It is exclusively present in 

mitochondria,, where it is predominantly matrix-localized and is so abundant (about 

0.4%% of total mitochondrial protein) that all mitochondrial mRNAs may be 

permanentlyy complexed with the protein in vivo9. 

Wee now report results of sequence and gene disruption analysis which conclusively 

showw that p40 is identical to the mitochondrial NAD+-dependent isocitrate 

dehydrogenasee (Idh). On SDS-polyacrylamide gels p40 consists of two closely 

migratingg bands of M r 39 and 40 kDa, similarity between these being suggested by 

resultss of partial peptide mapping7. The two subunits of this Krebs cycle enzyme, 

encodedd by the nuclear genes IDH1 and IDH210- ' ] also have apparent molecular 

weightss of 39 and 40 kDa and display a high degree of sequence conservation both 

withh each other and with the single subunit NADP+-dependent isocitrate 

dehydrogenasee of E. coli. Both enzyme and RNA-binding activities are specifically 

lostt in cells containing disruptions in either IDH1 or IDH2, confirming identity of p40 

andd Idh and showing that both activities are dependent on the simultaneous 

presencee of both subunits. Idh is thus an additional member of a growing family of 

enzymess with novel RNA-binding activities. These include cytosolic aconitase 

(IRBP)12,, thymidylate synthetase1-^ and glyceraldehyde-3-phosphate 

dehydrogenase'4. . 

Material ss and methods 

Geneticc manipulations and strains 

IDH1IDH1 and IDH2 were cloned into pUC19*HincII, using PCR and gene specific-

primerss on chromosomal DNA from Saccharomyces cerevisiae (wild-type strain 

DL115).. The IDH1 gene was disrupted by replacing an EcoRV/Hindi fragment of the 

codingg region with the LEU2 gene. The IDH2 gene was disrupted by insertion of the 

HIS33 gene using the Bglll site in the coding region. These constructs were 

transformedd into strains Saccharomyces serevisiae W303-lBa and W303-lBoc 

respectivelyy (ade2-l; his3-ll,15; leu2-3,112; ura3-l; trpl-1; canl-1001(>). Transformants 

weree checked for proper integration by Southern blot analysis (data not shown). 
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Extractt  Preparation 

Wild-typee and disrupted strains were grown on lactate medium7. The preparation of 

p400 used for Edman degradation was purified as described7, except that gel filtration 

wass performed on a Superose 6 (Pharmacia) column and an additional purification 

stepp involving chromatography on DEAE Sephacel (Pharmacia) was included. In this 

lastt step, p40 was bound to the column in buffer B7 and eluted by raising the salt 

concentrationn to 100 mM KC1. Protein concentrations were determined using the 

methodd of Bradford17. 

RNAA band-shift assays were routinely carried out using fractions obtained by salt 

elutionn of mitochondrial lysates from Heparin-Sepharose7. Fractions were checked 

byy Western blotting for the presence of p40 prior to use. 

Inn Vitr o Transcriptio n and Band-shift Assays 

Labeledd RNA was produced by run-off transcription from pCOX2A9*Rsal7' 8, 

encompassingg the mitochondrial COX2 leader in the presence of [32p]UTP. This 

yieldedd transcripts containing the COX2 gene and entire 5'-leader from -65 until +50 

withh respect to the AUG codon. 

Band-shiftt assays were performed as described previously7. 

Enzymee Assay 

NAD+-Idhh activity was measured in 1 ml 100 mM Tris-Acetate (pH 7.2), 1 mM 

MnCl2,, 0.5 mM AMP, 0.5 mM NAD+ and ImM DL-isocitrate18. Assays were 

performedd at room temperature and initiated by the addition of 200 ng purified p40 

orr 2/jg of Heparin-Sepharose fractions of mitochondrial lysate of wild-type, Aidhl, 

Aidh22 or Aidhl/Aidh2 strains. Mixed extracts were incubated 15 minutes at 30 °C 

priorr to addition to the assay. Formation of NADH was measured 

spectrophotometricallyy at 340 nm. 

Results s 

Peptidee Sequence of p40 is Identical to Idh 

p400 was purified as previously described7, with the inclusion of an additional 

purificationn step involving DEAE ion exchange chromatography. Consistent with 
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ourr previous observations, the preparation consisted of two polypeptides with 

apparentt molecular weights of 39 and 40 kDa. Products of the digestion of p40 with 

Glu-CC protease were separated by SDS-PAGE and subsequently blotted on PVDF 

membrane19'20.. Selected peptides were then subjected to N-terminal sequence 

analysiss by Edman degradation. One peptide yielded the sequence A T V K Q P S IG 

X Y T G K P N P X T ,, which matches perfectly residues 16 to 34 in the published 

sequencee for IDH2, the gene for the smaller of the two subunits of the mitochondrial 

NAD +-dependentt isocitrate dehydrogenase10. Subsequent assay revealed that 

preparationss of p40 also possessed Idh activity (Table I). 

Disruptio nn of IDH1 and IDH2 

InIn order to rule out the possibility that RNA-binding and dehydrogenase activities 

simplyy co-purify with each other, gene disruption studies were performed. Making 

usee of published DNA sequence data10- u , IDH1 and IDH2 coding sequences were 

clonedd by PCR amplification and the resulting clones were used to construct null 

mutationss of each gene. A strain disrupted for both genes was kindly made available 

too us by Dr. Lee McAlister-Henn (University of Texas). All disruptants show 

apparentlyy normal growth on glucose-containing media, grow slowly on media 

containingg non-fermentable carbon-sources and show no growth on acetate-

containingg media10' n . In agreement with these authors, mitochondrial fractions 

fromm single and double disruption strains were shown to lack Idh activity (Table I). 

Tablee I. Specific NAD+-dependent isocitrate dehydrogenase activity of purified p40 
andd mitochondrial fractions of wild-type and NAD-Idh disruptant strains. 

Enzyme e 

p40a a 

wtb b 

Aidhl b b 

Aidh2b b 

preparation n 

Aidhl/Aidh2b b 

Aidhll  + Aidh2b b 

Amountt  added 
(figg protein) 

0.2 2 

2.0 0 

2.0 0 

2.0 0 

2.0 0 

2.00 + 2.0 

NADHH formed (fimol/min/m g 
protein) ) 

38 8 

22 2 

<0.1 1 

<0.1 1 

<0.1 1 

<0.1 1 

aa Purified p40 

bb Mitochondrial Heparin-Sepharose fractions of strain indicated 
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Antibod yy Against p40 Reacts with Idh 

Westernn blot analysis, using antibody specifically directed against p40, revealed the 

presencee in total cell extracts of two bands, migrating with M r 40 and 39 kDa in the 

wild-typee strain, only one band (Idhl or Idh2) in each of the single disruptants 

(Aidh22 or Aidhl, respectively) and no cross-reacting material in the double 

disruptant.. The wild-type pattern was also observed with purified p40 (Fig. 1). 

## ^  # # , ^ 

• # # 

Fig.. 1. Immunodetection of Idh with anti-p40 antiserum using Western blot analysis. 
Approximatelyy lOfig of crude cell extracts of wild-type W303 (lane 2), Aidhl (lane 3), 
Aidh22 (lane 4) and Aidhl /Aidh2 (lane 5) strains and purified p40 (ljug), were 
separatedd on a 15% SDS-polyacrylamide gel and blotted on nitrocellulose. The blot 
wass incubated with a polyclonal antiserum raised against p40. Idhl and Idh2 bands 
aree indicated. 

Bothh Idh-subunits are Required for  RNA-bindin g 

Partiallyy purified mitochondrial protein fractions were tested in band-shift assays for 

theirr ability to form a specific complex with the 54-nt 5'-untranslated leader of the 

mRNAA for the mitochondrial COX2. As shown in Fig. 2 (lanes 4 and 5), lack of either 

subunitt results in loss of RNA-binding, strongly implying that this interaction, like 

dehydrogenasee activity, requires heterodimer formation. That lack of RNA-binding 

iss not simply due to the presence of RNase, or other inhibitory factors in the extracts 

wass demonstrated by formation of the expected RNA-p40 complex after addition of 

aa purified p40 preparation (lanes 6 and 7). Mixing of extracts from each of the single 

disruptantt strains failed to regenerate either Idh or RNA-binding activities (table 1 

andd fig. 2 lane 8), possibly because the assay conditions used are inappropriate for 

efficientt heterodimer formation. 
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1 22 3 4 5 6 7 8 

Fig.. 2. Band-shift analysis of the interaction of Idh with the COX2 mRNA leader. 
RNAA was incubated as described7 without extract (lane 1), with 200 ng purified p40 
(lanee 2), or with 250 ng of Heparin-Sepharose fractions of the wild-type strain W303 
(lanee 3), Aidhl (lane 4) or Aidh2 (lane 5). For lanes 6 and 7, 750 ng of purified p40 was 
preincubatedd for 15 minutes with 1 ng of the Aidhl or Aidh2 extract, respectively, 
beforee addition of the RNA. Extracts from both disruptant strains were mixed with 
thee RNA for lane 8. 

Discussion n 

Thee RNA-binding property of yeast Idh is surprising and is the first reported case of 

aa mitochondrial enzyme having such activity. Sequence comparisons show that Idhl 

andd Idh2 are members of a closely related family of proteins with NAD(P)+-

dependentt isocitrate dehydrogenase activity. The two proteins display 42% sequence 

identityy with each other and 43% identity with the NADP+-dependent isocitrate 

dehydrogenasee of £. coliW' n. Homology is uniformly spread along the sequence and 

primaryy sequence motifs characteristic of other RNA-binding proteins are absent. 

Preliminaryy results suggest that, unlike the recently reported RNA-binding activity 
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off  the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase14, RNA-

bindingg by Idh in vitro is not noticeably influenced by addition of either substrate, 

cofactor,, or allosteric effectors of the enzyme (data not shown). Catalytic and RNA-

bindingg sites may therefore be distinct, but mutational analysis is necessary to verify 

thiss and to determine the exact nature of the relationship between the two activities. 

Additionally,, in view of the strong evolutionary conservation of Idh, it is of interest 

too ask whether the enzyme from other sources has comparable RNA-binding 

activity. . 

Whatt could be the advantage of combining two such disparate activities such as 

mRNA-bindingg and dehydrogenase in a single Krebs cycle enzyme? Despite quite 

extensivee information on the RNA sequence and structure recognized by p40/Idh8, it 

iss unclear why such an enzyme should have a RNA-binding function. We have 

previouslyy speculated that the protein, which at a level of some 25000 molecules per 

celll  is in principle sufficient to complex all mitochondrial mRNAs, may act as a 

translationall  repressor in the mitochondrial matrix8. Such a role is consistent with the 

observationn that for several leaders, p40 binding leads to the exposure of sequences 

potentiallyy capable of interacting with the initiator AUG p40 might regulate 

ribosomee access to the start codon and thereby regulate the efficiency of translation8. 

AA role as translational repressor is also consistent with the finding that chimeric 

mRNAss apparently lacking p40 binding sites are still translatable21' 22. The fact that 

Idhh disruption strains are still capable of slow non-fermentable growth is also 

consistentt with a non-essential role of p40 in translation or mRNA stability. It should 

bee noted, however, that disruption strains display increased rates of rho"-cell 

productionn (data not shown), a property normally indicative of impaired 

translationall  activity in mitochondria23. 

Thuss it is attractive to suggest that the combination of enzyme and RNA-binding 

activityy in one enzyme forges a link between mitochondrial function and its 

biogenesis.. It would be interesting to ascertain whether and how either function of 

Idhh is regulated and whether the two functions are compatible or mutually exclusive. 

Thee iron response element binding protein (IRE-BP) is an RNA-binding protein that 

hass recently been identified as the cytosolic aconitase in man12. This protein's ability 
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too complex RNA may depend on post-translational modifications which reflect the 

metabolicc state of the cell. Interestingly, other links between biogenesis and 

bioenergeticss may also exist. As reported by Schulte et al.24 for Nettrospora and by 

Braunn et al.25 for potato mitochondria, subunits of the mitochondrial import-

precursorr protease are integral components of the bcl -complex in the respiratory 

chain,, thus raising some interesting questions as to the relationship between protein 

importt and the activity of this enzyme complex. 
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Abstract t 

Krebss cycle NAD+-isocitrate dehydrogenase (Idh) binds to the 5'-UTRs of all 

mitochondriall  mRNAs in S. cerevisiae. We hypothesize that this leader-binding 

activityy plays a role in translational regulation, thereby linking mitochondrial 

biogenesiss to the need for respiratory function. Analysis of effects of leader-binding 

onn mitochondrial translation is complicated by the involvement of the enzyme in 

mitochondriall  metabolism. We have therefore searched for an Idh altered in RNA-

binding,, but retaining full enzyme activity. Idh from Kluyveromyces lactis and 

SchizosaccharomycesSchizosaccharomyces pombe was partially purified and examined for the ability to bind 

COX22 mRNA. S. pombe Idh, like the S. cerevisiae enzyme, has high affinity for its own, 

K.K. lactis and S. cerevisiae COX2 leaders. In contrast, Idh purified from K. lactis shows 

onlyy low affinity for all mRNAs tested. To determine what distinguishes K. lactis Idh 

fromm S. cerevisiae Idh, genes encoding the two subunits of Idh in K. lactis, were cloned 

andd sequenced. Sequence comparison revealed high levels of similarity throughout 

thee proteins, in particular in regions involved in enzyme-activity, co-factor and 

regulatorr binding. Non-conserved residues between the subunits from the two 

yeast'ss are candidates for involvement in interaction with RNA. 

Introductio n n 

Thee mechanism of translation initiation in mitochondria of Saccharomyces cerevisiae is 

aa still poorly understood process. The mitochondrial mRNAs of this yeast display a 

numberr of unusual characteristics compared to their cytosolic counterparts, 

includingg lack of 5'-cap and extremely A-U rich 5'-untranslated regions (UTRs) that 

varyy in size from 50 up to several hundred nucleotides. These 5'-UTRs often contain 

severall  potential initiation sites and stable secondary structures arising from the 

insertionn of short strain-specific G-C clusters1' 2. They are also responsible for 

conferringg dependence of translation on a set of mRN A-specific translational 

activators3,, which, by virtue of their ability to interact with both the inner 

mitochondriall  membrane and the mitochondrial ribosome have been proposed to 

tetherr ribosomes carrying nascent translation products to facilitate the process of 

respiratoryy complex assembly in the membrane4. It is not known how the ribosome 
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distinguishess the start codon from other potential start sites. Secondary or tertiary 

sequencess surrounding the start codon, possibly in combination with certain of the 

translationall  activators are involved in this process. 

Regulationn of mitochondrial translation is necessary in terms of the co-ordinate 

expressionn of nuclear and mitochondrial encoded components of the respiratory 

chain.. In a search for additional factors that might play a role in regulation of 

translation,, we have identified an RNA-binding protein capable of binding 

specificallyy and with high affinity to all leaders of mitochondrial mRNAs5. This 

proteinn was identified as NAD+-dependent isocitrate dehydrogenase (Idh), an 

allostericallyy regulated enzyme of the Krebs cycle6. The native enzyme is an octamer 

composedd of two non-identical subunits, which are encoded by the nuclear genes 

IDH1IDH1 and IDH27>  8. 

Whetherr Idh plays a role in translation is as yet unclear. Disruption of either or both 

IDHIDH  genes results in a reduced rate of growth on glycerol and an inability to grow on 

acetate,, a phenotype also displayed by other Krebs cycle mutants9'10. Steady-state 

levelss of mitochondrial mRNAs are not decreased in this disruption strain, indicating 

thatt Idh is not involved in determining RNA stability6. This disruption mutant is 

unsuitablee for further investigation of the role of RNA-binding by Idh, because the 

disturbedd Krebs cycle has an effect on mitochondrial redox balance and energy 

metabolism,, with consequent indeterminate effects on mitochondrial translation. A 

mutantt of Idh is thus required which still contains enzyme activity but is impaired in 

RNA-binding.. However, since site-directed mutagenesis is hampered by the fact that 

Idhh lacks sequence motifs implicated in RNA-binding in other proteins, we have 

usedd a phylogenetic approach to get more insight into the RNA-binding region of 

NAD+-Idhh by analysis of the RNA-binding capacity of Idh in two related yeast 

species. . 

Inn this paper we report the purification of NAD+-Idh Kluyveromyces lactis and 

SchizosaccharomycesSchizosaccharomyces pombe. We demonstrate that Idh purified from S. pombe has a 

highh affinity for both its own and S. cerevisiae COX2 mRNA leader, while the enzyme 

fromm K. lactis has very low affinity for this mRNA. To determine what distinguishes 
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K.K. lactis Idh from S. cerevisiae Idh, the genes encoding the two subunits of Idh in K. 

lactis,lactis, were cloned and sequenced. Amino-acid sequence comparison reveals a high 

similarityy between the corresponding subunits of both species, in regions involved in 

enzyme-activityy and co-factor binding. Non-conserved residues in S. cerevisiae Idh 

aree candidates for site-directed mutagenesis to create a mutant impaired in RNA-

binding. . 

Material ss and Methods 

Strainss and growth conditions 

Thee yeast strains were as follows: Saccharomyces cerevisiae W303-1B (Mat-a,ade2-l; 

his3-U,15;his3-U,15; leu2-3,112; ura3-l; trpl-1; canl-100u), Kluyveromyces lactis (Mat-a, K+; CBS 

2359)) and Schizosaccharomyces pombe (wild-type 972). Cells were grown batchwise in 

YPEGG (1% yeast extract, 2% Bacto-peptone, 2% w/v ethanol and 2% glycerol, pH 5.5) 

orr WO (0.67% Yeast Nitrogen Base without amino acids and 2% glucose) 

supplementedd with the appropriate amino acids and nucleotides. For plates 2% Bacto 

agarr was added. Standard methods were used for genetic analysis, yeast 

transformation,, E. coli (DH5a transformation and DNA isolation. 

Extractt  Preparation and NADMd h purificatio n 

Yeastt strains were grown for 48 hours on YP medium (4 x 1.5 1) containing 2% 

glyceroll  and 2% w/v ethanol as carbon source. Isolation of mitochondria and 

purificationn of Idh was performed as described earlier5. A Blue-Sepharose column 

(Pharmacia)) was used as a first column instead of a Heparin-Sepharose column. 

Mitochondriall  lysate was loaded on a Blue-Sepharose column in buffer A (20 mM 

KC1,, 20 mM Tris-HCl pH 6.4, 0.4 mM EDTA, 5 mM MgCl2 and 6 mM tu-

rnerr captoethanol) and proteins were eluted using a step gradient of 50-100-200-300 

andd 500 mM KC1 in buffer A. Most Idh activity was found in the 100 mM KC1 

fractionn for the S. pombe pombe isolation and in the 200 mM KC1 fraction in the case of the S. 

cerevisiaecerevisiae and K. lactis isolations. These fractions were dialyzed against buffer B (20 

mMM KC1, 20 mM Tris-HCl pH 7.5, 0.1 mM EDTA, 10% glycerol and 6 mM p-

mercaptoethanol)) and subsequently loaded on a DEAE column (Pharmacia) as 

describedd previously. Proteins were eluted using a step gradient of 50-100-200 and 
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5000 mM KC1 in buffer B. Idhh enzyme activity was found in the 50 mM KC1 fraction in 

thee isolations of S. cerevisiae and K. lactis and in the 100 mM KG fraction in the S. 

pombepombe isolation. Protein concentrations were determined using the method according 

too Lowry12. Protein fractions containing Idh enzyme activity were loaded on a 15% 

SDS-PAGEE and silver-stained13 or Western blotted using polyclonal antibodies 

raisedd against NAD+-Idh from S. cereznsiae14. Commercially produced NAD+-Idh 

wass obtained from USB. 

Enzymee Assay 

NAD+-Idhh activity was routinely measured in 1 ml 100 mM Tris-Acetate pH 7.2, 1 

mMM MnCl2, 0.5 mM AMP and 0.5 mM NAD+. Assays were performed at room 

temperaturee and initiated by the addition of 1 mM DL-isocitrate (USB). Formation of 

NADHH was measured spectrophotometrically at 340 nm. Units are expressed as 

micromoless of NADH produced per minute. During assay of the effect of RNA on 

enzymee activity, measurements were performed in a total volume of 0.5 ml. 

Plasmidd constructs 

5'-flankingg sequences of the COX2 genes of K. lactis and S. pombe pombe were cloned by PCR 

amplification.. Total DNA from K. lactis was used as a template with primers (5'-

CTCTAATATATATTAAATATATC-3 '' and 5'-GGTACATCATTCATAATAATTG-3') located 231 

bpp upstream and 41 bp downstream relative to the AUG codon of COX2^. The 3' 

terminall  nucleotides of the tRNAVa*  gene located immediately upstream of the COX2 

genee are shown underlined. 

Too clone the COX2 leader from S. pombe primers located 89 bp upstream and 33 

downstreamm (5'-GCTACTTAAATAATAATTTTGAAAC-3' and 5'-

GGCATCATTTAATATAGAG-3')) relative to the AUG codon of the gene (Genbank Ace. 

X54421)) were used with total DNA from S, pombe as template. The 3' terminal 

nucleotidess of the tRNAGlu gene located immediately upstream of the COX2 gene 

aree shown underlined. PCR products were isolated and cloned into the Smal site of 

thee transcription vector pEP40 (pKLCOX2-16 and pSPCOX2 21, respectively). 

Sequencee and orientation of the PCR product relative to the T7 or SP6 promoter was 

checkedd by sequence analysis. 
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Inn Vitr o Transcriptio n and Band-shift Assays 

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

previously5.. Labelled RNA was produced in the presence of [32P]UTP by run-off 

transcriptionn from pCOX2A9*RsaI5, pKLCOX2-16*EcoRI and pSPCOX2-21*HmrfIII 

encompassingg the 5'-flanking regions of the COX2 gene in S. cerevisiae, K. lactis and S. 

pombe,pombe, respectively. As shown in Fig 1, this yielded transcripts containing the entire 

5'-leaderr (-65 to +50) from S. cerevisiae and the leader of COX2 (positions -231 to +41 

relativee to the AUG) in K. lactis and the corresponding region of COX2 (positions -89 

too +33 relative to the AUG) in S. pombe. The latter two transcripts encompass the 

entiree region between the COX2 genes and the tRNA genes located upstream, 

includingg the terminal nucleotides of these tRNA genes (three and four nucleotides 

respectively).. Al l three transcripts start with polylinker sequences derived from the 

correspondingg transcription vector (See Fig. 1). 

rL7_[^rIl 11 54 A"l ° 
ATGG 5 0 Rsal Size (nt) 

S.. cerevisiae I Ir^H I 1 _ ! = ^ ^ B ^ ^ pCOX2A9 145 

g P ^ 44 g 9 ATG 33 3 5 HindHI 
S.S. pombe I k ^ TI ^ M I— pSPCOX2-21 183 

K.K. lactis 

Figg 1: Schematic representation of constructs containing the 5'-flanking regions of the 
COX2COX2 genes from S. cerevisiae (pCOX2A9), K. lactis (pKLCOX2-16) and S. pombe 
(pSPCOX2-21).. Run-off transcripts were generated by T7 or SP6 RNA-polymerase. In 
vitrovitro transcription start (arrow), polylinker sequences (cross-hatched boxes), 
nucleotidess upstream of the transcriptional start of the COX2 mRNAs (white bars) 
andd COX2 leader (lightly-shaded boxes) and coding region (black boxes) are 
indicated.. Templates were linearized by cleavage at the restriction sites shown. The 
sizess of the various transcripts are shown on the right. 

Cloningg and sequencing of IDH1 and IDH2 from K. lactis 

Too isolate the genes encoding both subunits of Idh from K. lactis, we screened a K. 

lactislactis genomic library (containing inserts from 5-10 kb16). The entire coding 

sequencess of IDH1 or IDH2 from S. cerevisiae were labelled with [a-32P]dATP 

(Amersham)) by nick-translation and used separately as a DNA-probe for cross-
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hybridization.. For each gene 0 colonies were screened by colony 

hybridization17.. Inserts of positive clones (5 and 3, resp.) were subcloned into 

YEp3522 using Sphl (1DH1) and in pEP3018 using Hindlll (JDH2)(Fig. 3). Inserts were 

sequencedd on both strands using sequence-specific primers (Pharmacia) and an ALF 

automatedd sequencer (Pharmacia). Inserts containing the whole coding sequence of 

IDH1IDH1 (Pstl and Xhol; 1995 bp) and IDH2 (Xhol and Nhel; 1642 bp) were subcloned 

intoo YEp352. 

Results s 

Partiall  purificatio n of Idh from S. cerevisiae, K. lactis and S. pombe 

Thee yeast strains S. cerevisiae (W303), K. lactis (CBS 2359) and S. pombe (CBS 972) were 

usedd for isolation of NAD+-Idh. A previously described purification scheme 

involvingg Blue Sepharose and DEAE Cellulose columns5 was used with minor 

adaptationss for isolation of NAD+-Idh from all strains. The procedure resulted in a 

specificc activity of NAD+-Idh from S. cerevisiae of 38.8 U/mg protein, comparable to 

valuess reported previously by other groups19' 20. Compared with S. cerevisiae, quite 

loww activity was detected in mitochondrial lysates of K. lactis and S. pombe (Table I). 

Tablee I: Specific NAD+-Idh enzyme activity (units per mg protein, U) and yield of 
enzymee activity (%) during isolation. 

Fractionn S. cerevisiae K. lactis S. pombe 
from:: Activity (U)/Yield Activity (U)/Yield Activity (U)/Yield 

(%)) (%) (%) 

Mitochondriall  3.5/100 0.13/100 1.6/100 
lysate e 
Bluee Sepharose 15.6/92 7.7/76 4.2/43 

DEAEE cellulose 38.8/67 27.2/56 32.0/10 

However,, specific activities of final preparations were 27.2 U and 32 U respectively, 

indicatingg the applicability of the S. cerevisiae protocol to both yeasts. The S. pombe 

Idhh is less strongly bound to Blue Sepharose than its counterparts from S. cerevisiae 

andd K. lactis and elutes from the column at 100 mM as opposed to 200 mM KC1. This 

differencee in behavior may have contributed to the lower yield of the enzyme 

obtainedd (Table I). 
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DEAEE fractions containing enzyme activity were loaded on a 15% SDS-PAGE and 

visualizedd by silver-staining (Fig. 2A). Double bands were observed around 40 kDa 

suggestingg that Idh complexes from K. lactis and S. pombe also consist of two non-

identicall  subunits similar to the Idh from S. cerevisiae. As described previously, the 

molecularr weights of Idhlp and Idh2p from S. cerevisiae are 40 kDa and 39 kDa, 

respectively19.. Antibodies raised against S. cerevisiae Idh cross-react with both 

subunitss of NAD+-Idh from K. lactis and S. pombe, indicating a high degree of 

sequencee conservation of these proteins (Fig. 2B). The apparent molecular mass of 

bothh subunits from K. lactis and S. pombe were estimated at 41 and 39.5 kDa and 42 

andd 40 kDa, respectively. 

MM 1 2 3 4 

AA kDa 

60 0 
50 0 
40 0 

30 0 

B B 
40 0 

Fig.. 2: A: Silver-stained SDS-PAGE of partially purified fractions (DEAE-Cellulose) 
off  S. cerevisiae (250 ng, lane 2), K. lactis (500 ng, lane 3) and S. pombe (250 ng, lane 4). 
Commerciallyy obtained NAD+-Idh was loaded in lane 1 (150 ng). The arrow 
indicatess the position of NAD+-Idh. B: Western blot of the corresponding gel as is 
shownn in panel A using a polyclonal antibody raised against Idh from S. cerevisiae. 

RNA-bindin gg activity of Idh from S. cerevisiae, K. lactis and S. pombe 

RNA-bindingg capacity of the various Idh preparations was measured by mobility 

shiftt assays using the appropriate DEAE-column fractions (Fig. 2) and radioactively 

labeledd transcripts encompassing the 5'-UTR and part of the coding sequence of the 

COX2COX2 gene. For S. cerevisiae, transcription of the COX2 gene is initiated within a 

—— Idh 
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promoterr motif located 54 bp upstream of the initiator AUG (Fig. 1). For both K. lactis 

andd S. pombe, the position of the 5'-terminus of the UTRs has not been accurately 

determined.. Transcripts encompassing the entire 5'-flank of the respective COX2 

geness were therefore used as target RNAs. These transcripts contained the entire 

regionn between the COX2 genes and the tRNA genes located immediately upstream, 

includingg the terminal nucleotides of the upstream tRNA genes (the three 3' 

nucleotidess of tRNAVaI in the case of K. lactis and the four 3' nucleotides of tRNAGlu 

inn the case of S. pombe). The sequences of all three transcripts are highly AU-rich and, 

apartt from a number of short AU-motifs, lack any obvious sequence similarity. Use 

off  the mfold RNA secondary structure prediction program21 indicates that all three 

transcriptss share the ability to form extensively folded structures (data not shown). 

Idhh purified from S. cerevisiae binds both to its own COX2 mRNA (Fig. 3A, lane 26) 

andd to the COX2 leaders from K. lactis and S. pombe pombe (Fig. 3B and C; lanes 2), although 

withh reduced affinity. These latter interactions result in two bands with retarded 

mobility,, whose composition has not been characterized, but which may correspond 

too RNA-binding by different aggregation forms of Idh. 

Idhh isolated from S. pombe pombe also possesses RNA-binding activity, recognizing both its 

ownn 5'-UTR (Fig. 3C; lane 4), and those from S. cerevisiae and K. lactis COX2 (Fig. 3A 

andd B; lanes 4) with similar high affinity. In contrast, Idh isolated from K. lactis has a 

veryy low affinity for either its own 5'-UTR (Fig. 3B; lane 3), or leaders from S. 

cerevisiaecerevisiae and S. pombe COX2 (Fig. 3A and C; lanes 3), even when increased amounts 

off  protein (up to 3 jUg) were used (data not shown). As can be seen in Fig. 3, 

incubationn of fractions containing K, lactis Idh with S. pombe COX2 mRNA (Fig. 3C) 

andd to a lesser extent with the leaders of S. cerevisiae and K. lactis COX2 (Fig. 3A and 

3B)) gave rise to a band with a slightly retarded mobility, just above the position of 

thee free RNA. Since the amount of this band varied from experiment to experiment 

andd its mobility is too high to be caused by interaction with a protein of the size of 

Idh,, we did not investigate its identity further. 

Ass stated earlier, the primary aim of these experiments was to obtain a natural 

variantt of Idh displaying reduced RNA binding activity. Our previous studies had 

47 7 



Idd h Idh h 

Bound d 

-- |s.c 

• » • • 

K, , 

** * 

lSP P kill l 

Bound d 

K.l.COX2mR\A A 

Bound d 

S.p.. COX2mRNA 

1 22 3 4 
S.c.. COX2 mRNA 

Fig.. 3: Mobility shift assay. Labeled COX2 mRNA leaders from S. cerevisiae (A), K. 
lactislactis (B) and S. pombe (C) were incubated with 150 ng of Idh containing DEAE 
fractionss of S. cerevisiae, (lanes 2), 300 ng of K. lactis (lanes 3) and 150 ng of S. pombe 
(lanee 4). 

alreadyy shown that S. cerevisiae Idh binds specifically and with high affinity to 

mRNAA leaders ' ' .In vitro interaction can be easily detected using a variety of 

conditions,, including a wide range of protein or salt concentration, presence of co-

factorss (NAD, isocitrate, ADP etc.; M. Siep, unpubl. obs.). Although the level of RNA 

bindingg observed makes reliable quantitation difficult, it is clear that in vitro K. lactis 

Idhh indeed displays a strongly reduced affinity for mRNA leaders, even with 

increasedd amounts of protein and using mild conditions (Fig. 3 and data not shown). 

Independentt confirmation of the reduced affinity of the K. lactis Idh for RNA was 

obtainedd by study of the effect of RNA on enzymic activity. In the course of our 

characterizationn of RNA-binding by the S. cerevisiae Idh enzyme we observed that 

RNAA strongly inhibits the catalytic activity (H v.d. Spek, unpubl. obs.). We therefore 

comparedd activity of the K. lactis and S. cerevisiae enzymes in the presence or absence 

off  S. cerevisiae COX2 leader RNA (Fig. 4). The results of these experiments show that 

increasingg amounts of RNA clearly inhibit the S. cerevisiae enzyme activity, with 

effectss already apparent at RNA concentrations as low as 0.1 nM (Fig. 4, grey bars). 

Wee calculated that at RNA concentrations of 5-10 nM the enzyme is inhibited 50%. 

Interestingly,, these RNA concentrations are identical to what we routinely use in our 
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gel-retardationn experiments. In contrast, K. lactis Idh retains almost full (95-85 %) 

activityy at the concentrations of RNA tested (Fig. 4, white bars). 

Inn addition we previously observed that catalytic activity of S. cerevisiae Idh is very 

sensitivee to trace amounts of heparin eluting from the Heparin-Sepharose columns 

usedd in the isolation procedure (M. Siep, unpubl. obs.). We tested this in standard 

enzymee reactions and from these results we calculated that the S. cerevisiae enzyme is 

inhibitedd 50% by addition of 5-10 pM heparin. K. lactis Idh lacks such sensitivity and 

onlyy shows reduced activity at 10-100 fold higher concentrations of heparin (data not 

shown).. A similar difference in inhibition of Idh activity from both organisms was 

>. . 
• > > 

U U 
< < 

Idh: : 

100--
80--
60--
40--
20--
0 0 

S.. cerevisiae K. lactis 
i~~~ _ ^  • i 

llllllli i 11 1 1 1 1 1 1 1 1 

[RNA]] (nM ) ) 

Fig.. 4: Effect of RNA on catalytic activity of Idh from S. cerevisiae and K. lactis. 
Differentt amounts of RNA (S. cerevisiae COX2 leader RNA) were added to standard 
reactionss (see Materials and Methods). Bars represent enzymic activity as a 
percentagee of total activity (without RNA addition). 

observedd when adding a non-specific RNA preparation (calf liver) to the enzyme 

assays,, although in this case the effect on S. cerevisiae Idh could only be shown at 

highh RNA concentrations (10 ^g per standard 0.5 ml reaction). DNA, rNTPs and 

transcriptionn buffer did not effect Idh enzyme activity (data not shown). 

Cloningg and sequence analysis of genes encoding K. lactis Idh 

Geness encoding Idhl and Idh2 subunits of NAD+-Idh from K. lactis were cloned, 

sequencedd and compared with S. cerevisiae Idh l /2 with the aim of identifying 

regionss possibly involved in RNA-binding in the S. cerevisiae enzyme. 
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AA  K. lactis genomic library16 was used to isolate K. lactis IDH1 and K. lactis IDH2. 

32000 colonies were screened by cross-hybridization using labeled S. cerevisiae IDH1 

andd IDH2 DNA fragments as a probe. 5-7 kb inserts of plasmids from positive 

hybridizingg colonies were subcloned into pEP40 using Sphl (IDH1) and HindBl 

(IDH2)(IDH2) fragments. Restriction and sequence analysis identified smaller fragments 

containingg the complete IDH1 and IDH2 coding sequences and suited to sequence 

analysis.. For IDH1 this was a 1995 bp Pstl/Xhol fragment. For IDH2, a 1642 bp 

Xhol/NhelXhol/Nhel fragment was used. Schematic maps of these clones are shown in Fig. 5. 

Thee inserts were sequenced on both strands and the amino acid sequence was 

deducedd (Fig. 6). K. lactis IDH1 has a length of 1086 bp, encoding a protein of 362 aa. 

K.K. lactis IDH2 subunit is 1107 bp long, encoding a protein of 369 aa. The N-terminal 

regionss of both sequences are predicted to correspond to cleavable mitochondrial 

targetingg sequences. These sequences are predicted to be 13 and 14 aa long, leading 

too an estimated size of the mature proteins of 37.7 and 37.8 kDa for Idhlp and Idh2p, 

respectively.. Amino-acid alignments of Idh sequences from both species are shown 

inn Fig. 6 and the sequence relationships are summarized in Table II. 

Thesee results show that both Idh genes are highly conserved between the two yeast 

species,, with the Idh2 subunits sharing a higher percentage identical residues (84.6 

%)) than Idhl (78.4 %). Residues involved in substrate and cofactor interaction as 

describedd for IDH1 and IDH2 from S. cerevisiae7' 8' 22 are well conserved between the 

species.. Comparison revealed that a conserved Ser residue of Idhl (Ser-92) and Idh2 

(Ser-98)) from S. cerevisiae (Fig. 6) which is suggested to form a hydrogen bond with 

isocitrate8'' 22>  23 is present in Idhl and Idh2 from K. lactis. Also residues (Asp-279 and 

Ile-280)) of Idhl thought to be involved in AMP binding and homologous residues 

(Asp-2866 and Ile-287) of Idh2 likely to be involved in NAD+ binding are conserved in 

thee K. lactis Idh subunits22. 
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Fig.. 5: Schematic representation of the cloned IDH1 and IDH2 genes from K. lactis. 
Relevantt restriction sites are indicated. Numbering of nucleotide positions starts at 
ATG.. The DNA sequences are deposited in GenBank database under accession 
numberss AF045153 and AF045154 respectively) 
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Discussion n 

Wee have previously shown that in vitro the Krebs cycle enzyme NAD+-isocitrate 

dehydrogenasee from S. cerevisiae binds with high affinity to specific regions in the 5'-

UTRss of all mitochondrial mRNAs. In mitochondria, the enzyme is present in 

sufficientt abundance to complex all mRNA in vivo, but it is not known whether this 

inn fact occurs, nor is it obvious what the function of RNA-binding may be. We have 

hypothesizedd that the enzyme may form part of a regulatory link, in which the need 

forr mitochondrial function is related to the amount of mitochondrial biogenesis via 

modulatoryy effects of enzyme binding on mRNA translation. Since strains carrying 

disruptionss in both IDH1 and IDH2 genes still grow on non-fermentable media 

(albeitt at reduced rate), RNA-binding by Idh seems unlikely to be an absolute 

prerequisitee for translation, but it might serve to repress translation in inappropriate 

phasess of growth (e.g. during catabolite repression), or at inappropriate sites within 

thee organelle. In this latter case, it may be relevant that in the mRNA for Cox2p, 

bindingg sites for Idh and the translational activator encoded by the PET111 gene are 

closelyy linked, so that competition for binding, or direct interaction between the 

proteinss might occur (24). 

Studyy of the influence of RNA-binding by Idh on mRNA function is complicated by 

thee involvement of the enzyme in mitochondrial redox balance and energy 

metabolism.. Additionally, sequence motifs known to be involved in RNA-binding in 

otherr proteins are lacking and domains responsible for interaction with RNA have 

nott been identified. Although the lack of competition between RNA and substrate, 

productt or allosteric effectors suggested that catalytic and RNA-binding sites are 

non-identicall  (M. Siep, unpubl. obs.), our initial attempts to separate RNA-binding 

fromm catalytic activity by random site-specific mutagenesis were unsuccessful. 

Wee have therefore searched for phylogenetic variants of Idh in which RNA-binding 

iss reduced or absent. Using both the homologous and heterologous COX2 mRNAs as 

substratess in band-shift binding assays with partially purified preparations of 

enzyme,, we have discovered that while Idh from Schizosaccharomyces pombe displays 

RNA-bindingg properties similar to Idh from S. cerevisiae, the enzyme from 
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KluyveromycesKluyveromyces lactis has littl e or no affinity either for COX2 mRNA from all three 

organismss tested (Fig. 3), or a number of other S. cerevisiae mRNAs, including COX3, 

ATP9ATP9 and VAR1 (data not shown). 

Sincee S. cerevisiae Idh is able to bind mRNA leaders under a wide variety of 

conditionss (salt concentration, pH, etc.), we did not consider it useful to exhaustively 

investigatee whether RNA-binding by K. lactis Idh could be increased by appropriate 

choicee of conditions. Instead, we tested the effect of the presence of RNA on catalytic 

activity,, since under such assay conditions the enzyme is certainly in an active 

conformation.. The results presented in Fig. 4 clearly indicate that there is a 

significantt difference in the way the enzyme responds to the presence of RNA 

(mitochondriall  leader RNA, total RNA) and heparin. S. cerevisiae Idh activity is 

significantlyy reduced in the presence of low concentrations of RNA and heparin 

whilee much higher concentrations are needed to see an effect on the K. lactis enzyme. 

Ass in S. cerevisiae, Idh from S. pombe and K. lactis consists of two subunits with 

molecularr weight of approximately 40 kDa. The genes encoding S. pombe pombe subunits 

havee not been cloned as such, but a DNA sequence likely to correspond to Idhl can 

bee identified in the database of recently determined S. pombe pombe genomic sequences 

maintainedd by the Sanger Centre (SPAC11G7.03; accession no Z99161). For K. lactis, 

geness for both subunits were cloned, sequenced and the deduced amino-acid 

sequencess of Idhl and Idh2 were aligned to the corresponding sequences of S. 

cerevisiaecerevisiae and S. pombe in order to gather clues to the identity of residues responsible 

forr RNA-binding activity in the latter two enzymes. As expected from the observed 

crosss reactivity of the polyclonal antibody raised against Idh from S. cerevisiae, the 

overalll  identity of Idhl and Idh2 from S. cerevisiae with their counterparts from K. 

lactislactis is very high, Idhl subunits sharing 78.4 % residues and the Idh2 subunits 

sharingg 84.6 % residues. S. pombe pombe Idhl is more distantly related, having 54.6% 

residuess identical with S. cerevisiae Idhl and 62.1% residues identical with K. lactis 

Idhl.. Residues known to be important for enzyme activity, cofactor or regulator 

bindingg in S. cerevisiae7' 8 are largely conserved in the two other yeast's. Areas 

containingg relatively divergent sequences are present in the N-terminal region 
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(Sc jdhll  positions 14 - 20, 64-76) and in the central domain (Sc_Idhl positions 182 • 

185,, 208 - 215, 221 - 225; Fig. 6). 
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Fig.. 6: Sequence alignment of Idhl and Idh2 from S. cerevisiae and K. lactis. The 
alignmentt was carried out using default settings in the PILEUP program (GCG 
package)) in combination with PRETTYBOX (EGCG). 
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Furtherr analysis will be required to establish which, if any, of these elements has an 

influencee on the ability of the enzyme to bind RNA. Expression of heterologous Idh 

complexess (consisting of K. lactis IDH1 and S. cerevisiae IDH2 and vice versa) may 

providee clues to which subunit (possibly both) is involved in RNA binding. 

Subsequently,, divergent sequences described above within that subunit will be 

subjectedd to site-directed mutagenesis to test their possible involvement in RNA 

bindingg (in progress). 

Tablee II : Percent identical residues in Idhl and Idh2 subunits from S. cerevisiae, K. 
lactislactis and S. pombe. Amino acid sequences of S. cerevisiae Idhl and Idh2 (SwissProt 
ace.. nos P28834, P28241), K. lactis Idhl and Idh2 (GenBank ace. nos AF045153 and 
AF045154)) and S. pombe Idhl (GenBank ace. no 2408008) were aligned using with 
GCGG program Pileup, with gap opening and extension parameters set at 3.00 and 

Scc Idhl 
Scc Idh2 
Kll Idhl 
Kll Idh2 
Spp Idhl 

Sc jdh l l 

40.8 8 
78.4 4 
15.1 1 
54.6 6 

Sc_Idh2 2 

16.4 4 
84.6 6 
40.0 0 

Kl_Idhl l 

43.8 8 
62.1 1 

Kljdh2 2 

39.5 5 

Conservationn of RNA-binding activity in both S. cerevisiae and S. pombe suggests that 

thiss ability is an ancient trait with an important physiological role. Why K. lactis Idh 

shouldd have reduced or possibly even completely lost this ability can at present only 

bee a matter for speculation. The loss does emphasize, however, the fact that RNA-

bindingg is unlikely to be essential for any step in mitochondrial translation, mRNA 

stabilizationn or localization. A regulatory role in the fine-tuning of any of these 

processess in response to environmental signals remains a possibility. The interesting 

observationn that RNA binding inhibits catalytic activity extends this regulatory role 

andd closely couples oxidative phosphorylation with Krebs cycle activity. A 

comparisonn of the physiology of the three yeast's in respect of their ability to regulate 

mitochondriall biogenesis may give important clues what this role may be. 
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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 

AMPP 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 will 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 Vitro Transcription 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/Kl 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 

69 9 



(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 e s 

11 and 2) and S. cerevisiae idh-LKN ( ] a n e s 3 a n c j 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-LKY 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 

• É É 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. 

72 2 



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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Abstract t 

Wee have previously demonstrated that the yeast Krebs cycle enzyme NAD"-

dependentt isocitrate dehydrogenase (Idh) binds specifically and with high affinity to 

thee 5'-untranslated leader sequences of mitochondrial mRNAs in vitro and have 

proposedd a role for the enzyme in the regulation of mitochondrial translation'. 

Althoughh our studies initially failed to reveal any consistent correlation between idh-

disruptionn and mitochondrial translational activity, it is now apparent that 

compensatoryy extragenic suppressor mutations readily accumulate in /d/i-disruption 

strainss thereby masking mutant behaviour. Now, pulse-chase protein labelling of 

isolatedd mitochondria from an Idh disruption mutant lacking suppressor mutations 

revealss a strong (2-3 fold) increase in the synthesis of mitochondrial translation 

products.. Strikingly, the newly synthesised proteins are more short-lived than in 

mitochondriaa from wild type cells, their degradation occurring with a 2-3 fold 

reducedd half-life. Enhanced degradation of translation products is also a feature of 

yeastt mutants in which tethering/docking of mitochondrial mRNAs is disturbed. We 

thereforee suggest that binding of Idh to mitochondrial mRNAs may suppress 

inappropriatee translation of mitochondrial mRNAs. 

Introductio n n 

Inn the yeast Saccharomyces cerevisiae, seven components of the respiratory complexes 

aree encoded by mitochondrial genes: subunits 1, 2 and 3 of cytochrome c oxidase 

(Coxlp,, 2 and 3; Complex IV), Cytochrome b of the bcj complex (Cytfr; Complex III) 

andd subunits 6, 8 and 9 of the Fo portion of ATP synthase (ATP6p, 8 and 9; Complex 

V).. The mechanism of translation initiation and start site selection of the mRNAs 

codingg for these subunits is obscure. The 5'-untranslated leader sequences are long 

(upp to several hundred nucleotides), AU-rich and contain GC-rich clusters able to 

formm stable secondary structures. In addition, these leaders can contain numerous 

AUGG codons. Synthesis of all seven proteins depends on subunit-specific 

translationall activators. Those required for Coxlp (Pet309p, Mss51p), Cox2p 

(Petlllp),, Cox3p (Pet54p, Petl22p, Pet494p) and Cytb (Cbslp, Cbs2p) are the best 

characterised1.. All but Mss51p depend for their action on the 5'-UTR of their target 
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mRNA.. In addition, Petl22p2- 3 has been shown to interact with the small ribosomal 

subunit.. All translational activators studied so far are associated with the inner 

membrane,, leading to the proposal4 that a mRNA can be translated only after being 

tetheredd to the matrix-facing surface of the inner membrane. Tethering is proposed to 

facilitatee the co-translational insertion of newly synthesised proteins into the 

membranee to allow assembly with nuclear-encoded proteins. However, the question 

howw synthesis of nuclear and mitochondrially-encoded subunits is balanced is still 

open.Althoughh genetic evidence suggests that translational activators specifically 

recognisee the 5'-UTR of their target mRNA, in no case has RNA-binding activity 

beenn demonstrated directly. In contrast, a search for RNA-binding proteins in yeast 

mitochondriall extracts led to the discovery that NAD+-dependent isocitrate 

dehydrogenasee (Idh) is an RNA binding protein. Idh, one of the eight enzymes of the 

Krebss cycle, is an octamer composed of Idhlp and Idh2p (encoded by IDH1 and 

IDH2IDH2 respectively)5. We have previously shown that Idh function is not limited to 

catalyticc activity in the TCA cycle. Idh also binds specifically and with high affinity 

too the 5'-UTR of all mitochondrial mRNAs in vitro6"8.Here we show that cells 

disruptedd for the IDH genes display a strong increase in mitochondrial translation 

activity.. The newly synthesised products are also more rapidly degraded. Despite 

increasedd synthesis, steady-state levels of Coxlp, 2 and 3 and of Cytb are reduced in 

thee absence of Idh and idh0 cells also display reduced steady state levels of fully 

assembledd Complexes III and IV. Surprisingly, levels of FiFo-ATP synthase 

(Complexx V) were found not to be affected. 

Material ss and Methods 

Strainss and growth conditions 

Thee Saccharomyces cerevisiae strain W303-1A {adel-1; his3~ll,-15; leu2-3,-112; ura3-l; 

trpl-1;trpl-1;  canl-100; MATa) was used. In this strain IDH1 and IDH2 have been disrupted 

usingg LEU2 and HIS3 respectively5"9. 

Isolationn of mitochondria 

Cellss were grown in rich medium containing 2% galactose and harvested at mid-log 

phase.. Isolation of mitochondria and subsequent in vitro translation were carried out 
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ass described by McKee and Poyton with a few minor adjustments10: Spheroplasts 

weree lysed by Potter homogenization and mitochondria were resuspended in 0.6M 

mannitoll to a final concentration of 3 mg protein per ml. 

Inn organelle» pulse-chase labelling and immunoblottin g 

Forr efficient translation, isolated mitochondria were incubated in optimised protein-

synthesisingg medium D in the presence of 8 iul/ml TRANS-LABEL™ (1175 Ci/mmol; 

10.55 mCi/ml; containing 70% L-(3SS)methionine and 15% L-(35S)cysteine; ICN 

Biomedicals,, Inc.). Labelling was allowed to continue for 30 min. and 250 ^1 samples 

weree taken at 10 min. and 30 min. An excess of cold methionine (final concentration 

0.22 M) was added after 30 min. to start the chase. Samples were taken at 30 min. and 

600 min. chase.Samples were recovered by centrifugation for 2 minutes at 15000 x g 

andd the resulting pellet was prepared for SDS-PAGE in LSB (2% SDS; 5% Q-

mercaptoethanol;; 5.8% glycerol; 62.5 mM Tris-HCl pH 6.8; lOOjug/ml bromphenol 

blue).. Protein gels (both SDS-PAGE and BNE) were blotted on MSI MicronSep 

nitrocellulosee disc filters. 

Bluee native- and 2D gel electrophoresis 

Analysiss of intact mitochondrial OXPHOS complexes was done by Blue Native gel 

electrophoresiss (BNE)11. For these experiments a 6-16% polyacrylamide gradient was 

used.Forr 2D-electrophoretic analysis of pulse-chased mitochondria, mitochondria 

weree solubilised by treatment with 2% lauryl-maltoside and the extracts separated in 

thee first dimension by BNE as described above. 
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Results s 

Despitee the fact that Idh could readily be shown to bind specifically6"8 and with high 

affinityy (calculated Kd of 2-5 nM; M. Siep, unpubl. res.) to 5'-UTRs of all 

mitochondriall mRNAs in yeast, it turned out to be more difficult than we expected to 

assesss the relevance of these findings in terms of mitochondrial translation. Based on 

thee observations that (1) mRNAs apparently lacking an Idh-binding site in their 5'-

UTRR are translatable12 (2) our idh-mutant (and that obtained from Dr. L. McAlister-

Henn-'55 was capable of growth on glycerol-containing media, we concluded that Idh 

iss not essential for translation and proposed a role as a translational repressor. For 

thee extensively characterised COX2 mRNA, such a role is also consistent with the 

findingg that (1) Idh binds to a folded form of the 5'-UTR in which the initiator AUG 

iss likely to be masked, and (2) an overlap of Idh- and Pe t l l lp binding sites within the 

5'-UTRR suggests that translational activation by the latter might be modulatable by 

Idh13.. Apart from an initially intriguing observation of increased translational 

activityy in strains disrupted for either or both Idh subunits14, subsequent 

experimentationn failed to reveal a consistent correlation between ïrf/ï-disruption and 

translationall activity. Considering that our failure to establish such a correlation 

mightt be the consequence of a complex and possibly compensatory effects of idh-

disruptionn on translation via changes in mitochondrial energy- and redox-balance in 

combinationn with loss of RNA-binding, we turned our attention to the identification 

andd construction of variant and mutant Idh's in which catalytic activity was retained, 

butt RNA-binding was reduced or lost1-''. In the course of this work, however, reports 

byy McCammon and co-workers9- ' 6 provided new and alternative insights into our 

failuree to demonstrate a clear effect on translational activity. Przybyla-Zawislak et al. 

showw that strains disrupted for either IDH1 or 1DH2 are in fact strongly impaired in 

respiratoryy growth. However, when such /d/i-disrupted strains are plated on glycerol 

containingg medium, accumulation of extragenic suppressor mutations eventually 

allowss varying degrees of growth. We therefore re-examined our /rf/ï-disruption 

strainss for the presence of extragenic suppressor mutations by crossing the idh2° 

haploidd strain with a W303 wild type haploid. After sporulation, 16 tetrads were 

dissectedd and analysed (see Table 1). The high numbers of tetrads showing an 

aberrantt segregation pattern of the glycerol phenotype (4:0 and 3:1, 2 and 11 tetrads 
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respectively)) clearly indicate the presence of an extragenic suppressor mutation. This 

mutation,, when combined with the idh2° allele, restores respiratory growth. The HIS3 

marker,, which was used to disrupt the IDH2 gene, shows the expected 2:2 

segregationn pattern in all tetrads. 

Tablee I  Tetrad analysis of a cross between a wild type strain (W303) and an idh2" 
strainn (W303; idh2::H7S3). 

Phenotype e 

gly+/gly--

his+ /his" " 

4:0 0 

2 2 

0 0 

Segregation n 

3 :1 1 

11 1 

0 0 

2 :2 2 

3 3 

16 6 

Wee repeated our initial mitochondrial protein labelling experiments using idhl0 and 

idh2"idh2" strains constructed in the McCammon laboratory 5_9. Both mutants had been 

checkedd for the absence of extragenic suppressor mutations and both were unable to 

groww on non-fermentable carbon sources.To assess the effect of loss of Idh on 

mitochondriall translation, we compared pulse-labelling of newly synthesised 

proteinss in mitochondria isolated from the wild type and idhl0 strain (Figure 1). Time 

sampless were taken after 30 min and 60 min labelling and after 60 min chase in the 

presencee of unlabelled methionine. Equal amounts of mitochondrial protein were 

separatedd by SDS-PAGE and then blotted to nitrocellulose filters. Labelled 

translationn products were analysed by phosphoimager scanning and quantified with 

ImageQuant™. . 

Thee results presented in Figure 1 show that in the absence of Idhl, the synthesis of 

ATPP synthase subunits Atp6p, bc\ subunit Cytfr and cytochrome c oxidase subunits 

Coxlp,, 2 and 3 is strongly increased (Fig. 1; compare lanes 30/60 min. pulse of W303 

andd idh0). Quantitation shows that the increase is between 1.5-fold (for Cox3p) and 3-

foldd (for Coxlp) the wild type level.Strikingly, the increase of newly synthesised 

proteinss in the idhl0 strain 
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WT T AIDH1 AIDH1 

300 60 60 30 60 60 

pulsee chase pulse chase 

Fig.1.. Synthesis and turnover of mitochondrial encoded proteins in mitochondria 
isolatedd from a wild type and an idhl0 strain. Mitochondrial translation products 
weree labelled with 35S-methionine during 60 min, followed by the addition of an 
excesss (20mM) of unlabeled methionine and a 60 min. chase. Samples were taken 
afterr 30 and 60 min. labelling and after 60 min. chase and were analysed by SDS-
PAGEE and phospho-imaging (for details see Materials and Methods). Newly 
synthesisedd proteins are indicated: the ribosomal protein Varlp, cytochrome c 
oxidasee subunits Coxlp, Cox2p and Cox3p, complex III subunit cytochrome b (Cytb) 
andd ATP synthase subunits Atp6p, 8 and 9. 

iss accompanied by an enhanced turnover (Fig. 1; compare lanes 60 min. chase of both 

strains).. Quantitation of the radioactivity in the gel indicates that, during the time 

coursee of the chase, about 20% of the labelled protein is degraded in mitochondria 

fromm the wild type cells compared to 50% in mitochondria from the idhl" strain. The 

effectt is most pronounced with 

Cox3p:: 25% is degraded in wild type mitochondria compared to 55% in the 

mitochondriaa lacking Idh. This increase in protein synthesis and enhanced turnover 

ass observed in an idhl0 strain is not observed when other genes coding for Krebs 

cyclee enzymes like citrate synthase (CIT1) or malate dehydrogenase (MDH1) are 

disruptedd (data not shown). 

Sincee both synthesis and turnover of mitochondrial proteins is increased in 

mitochondriaa lacking Idh, we next investigated the effect on steady-state levels of 

cytochromee c oxidase subunits using immunodetection. The increased synthesis of 
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thee mitochondrially encoded subunits of cytochrome c oxidase in the absence of Idh, 

iss not reflected in the steady-state levels of the proteins (Fig. 2). Indeed, despite the 3-

foldd higher synthesis rate, Coxlp is undetectable, Cox3p is hardly detectable and 

Cox2pp and Cytb are reduced (Fig. 2; compare left and right panels; Coxlp and Cytfa 

dataa not shown). 

WTT AIDH1 

Cox2 2 

Cox3 3 

Cox4 4 

Tim44 4 

Fig.2.. Reduced steady-state levels of Cox2p, 3 and 4 in mitochondria from a an idhl0 

strainn compared to wild type. Mitochondrial proteins (15 tig) were separated by SDS-
PAGEE and blotted on membrane (Materials and Methods). Cox2p, Cox3p and Cox4p 
weree detected with monoclonal antibodies. As a control, the blot was incubated with 
ann antibody against Tim44p, showing equal amounts in both strains. 

Interestingly,, the level of the nuclear-encoded Cox4p subunit is reduced to the same 

extentt as Cox2p and Cox3p. In sharp contrast to these differences, levels of Tim44p 

(ann inner membrane protein involved in mitochondrial protein import) appears to be 

thee same in both strains.The effect on Cox4p implies that levels of fully assembled 

respiratoryy chain complexes should be reduced in the idhl0 strain. That this is indeed 

thee case was confirmed by Blue Native gel electrophoretic separation of 

mitochondriall extracts. Three OXPHOS enzyme complexes contain mitochondrially-

encodedd subunits: FiFn-ATP synthase (Complex V), cytochrome c oxidase (Complex 

IV)) and the bc\ complex (Complex III). To detect these complexes in a native gel, 

antibodiess against ATP synthase subunit Fi [3, subunit II of Complex III and 

cytochromee c oxidase (holoenzyme) were used (Fig. 3). As expected from the results 
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shownn (Fig. 2), cytochrome c oxidase and bc\ levels are significantly reduced (by 

aboutt 80%) in mitochondria lacking Idh. Surprisingly, and in contrast to the effect on 

respiratoryy enzymes, the level of ATP synthase appears not to be affected in the 

mutantt strain. 

WTT AIDH1 

ATPP synthase 

bdd complex 

Cytt c oxidase 

Fig.3.. Steady-state levels of respiratory complexes in mitochondria from wild type 
andd idhl" cells. Mitochondria were solubilised in 2% lauryl maltoside (Materials and 
Methods)) and electrophoresed in the presence of Serva Blue G on a 6-16% 
nondenaturingg polyacrylamide gel as described by Schagger and von Jagow [12]. The 
separatedd proteins were analysed by immunoblotting with polyclonal antibodies 
againstt Fib F1F3 of ATP synthase, Core II of bcl and cytochrome c oxidase. 

Fromm our results it is clear that despite increased mitochondrial translation in the 

absencee of Idhlp, steady-state levels of the respiratory enzymes are low, suggesting 

impairedd assembly either in addition to, or as a consequence of increased turnover. 

Too investigate this further, newly synthesised proteins were subjected to 2D gel 

electrophoresiss (Materials and Methods), to allow the analysis of their assembly 

state.. In the first dimension protein complexes are separated on a non-denaturing 

gel.. In the second, denaturing dimension (SDS-PAGE), the individual subunits of 

thesee complexes are resolved. 2D BNE-SDS separations of pulse-chased wild type 

andd idhl" mitochondria are shown in Figure 4. In wild type mitochondria (pulse: 

panell A, chase: panel B), 
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AA B ^ 
•• 4 

Fig.4.. Synthesis and assembly of mitochondrially encoded proteins in mitochondria 
isolatedd from a wild type and an idhl" strain. Mitochondrially encoded proteins of 
wildd type (panels A and B) and idh" (panels C and D) were pulse-labelled with 33S-
methioninee for 60 min. (panels A and C) and chased with an excess of unlabelled 
methioninee (panels B and D). Proteins were analysed in a 2D BNE (first dimension)-
SDSS (second dimension) gel system (for details see Materials and Methods). 
Individuall subunits are indicated in the margin of panel D. The migration pattern of 
thee cytochrome c oxidase complex in the first dimension is indicated by open 
triangles.. Closed triangles indicate the high molecular weight position at which 
proteinss accumulate (see Discussion). 

newlyy synthesised Coxlp, 2 and 3 migrate at a number of discrete positions, which 

aree likely to represent distinct intermediates in the assembly of cytochrome c 

oxidase17 '' 18. After 60 minutes labelling, a substantial portion of newly synthesised 

Cox3pp co-migrates in the first dimension with fully assembled cytochrome c oxidase 

andd this portion continues to increase during the chase, indicating that even under in 

vitroo conditions, in which only limited amounts of nuclear-encoded subunits are 

available,, assembly can still occur (Figure 4A and B, open triangles). The absence of 

Idhlpp results in enhanced Cox3p synthesis (as already shown in Fig. 1), but only a 

smalll fraction of the newly synthesised protein is assembled into cytochrome c 

oxidasee (Fig. 4C, open triangles). This amount increases only slightly during the 

chasee (Figure 4D, open triangles). Unlike the situation in the wild type cells, the bulk 

off the newly-synthesised Cox3p visualised after 60 min. of labelling accumulates at a 

positionn corresponding to an approximate molecular weight of 1 MDa (compare 
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Figuree 4A and 4C, closed triangles). In contrast to normally assembled Cox3p, this 

materiall is rapidly degraded during the chase (Fig. 4D, closed triangle). Thus, despite 

highh Cox3p synthesis, only a small fraction of the newly produced protein is 

assembledd into complex IV, a picture consistent with our observation of a reduced 

steady-statee level of cytochrome c oxidase (Fig. 2) 

Takenn together, these results both support our initial hypothesis that Idh functions as 

aa negative regulator of translation of mitochondrial mRNAs and suggest additional 

roless for RNA-binding by Idh in terms of stabilisation of mitochondrial translation 

productss and their subsequent assembly into functional respiratory complexes. 

Discussion n 

Earlierr work performed in our group identified the NAD -dependent Krebs cycle 

enzymee isocitrate dehydrogenase (Idh) as an RNA binding protein. It was shown 

thatt Idh could bind specifically and with high affinity to the 5'-untranslated leader 

sequencess of all mitochondrial mRNAs in vitro. Idh is an octameric enzyme 

consistingg of two subunits, Idhlp and Idh2p. Disruption of the gene for either 

subunitt leads to a loss of enzyme activity and RNA-binding, indicating that the 

nativee enzyme is necessary for both activities. We have previously suggested that the 

enzymee may modulate translation, thereby in some way linking the need for Krebs 

cyclee function and respiratory chain activity to the rate of mitochondrial biogenesis. 

However,, apart from some initial results using strains disrupted for either Idh 

subunitt which lent support to the view that the enzyme can act as a repressor of 

translation,, we were in later experiments unable to reproducibly confirm a repressive 

effectt on mitochondrial translation activity. More recent observations made by 

McCammonn and co-workers now provide an explanation for this behaviour of Idh 

disruptantss in terms of their ability to accumulate extragenic suppressor mutations. 

Ass shown by Przybyla-Zawislak et aH6, disruptants of IDH1 and /or IDH2 are 

respiratory-deficient,, exhibiting strongly reduced growth on glycerol. Isolates of 

thesee strains readily accumulate colonies which display normal respiratory growth 

andd which on subsequent genetic characterisation turn out to contain suppressor 

mutationss in (primarily) citrate synthase 1 (CIT1) and malate dehydrogenase 1 
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(MDH1(MDH1)) genes. Neither of these classes of suppressors restores Krebs cycle activity 

andd the basis of their suppressive effect is not understood. Nevertheless, these 

findingss prompted us to examine the possibility that our Idh" strains may contain 

similarr extragenic suppressor mutations. First, in contrast to Idh disruptant strains 

constructedd by Przybyla-Zawislak et al.16, both Idh disruptants constructed by us 

displayy growth on glycerol. Crossing of our Idh" strain with a wild type strain, 

followedd by sporulation and tetrad dissection indeed showed the presence of an 

extragenicc suppressor mutation. 

Havingg identified the presence of an extragenic suppressor mutation in our idh0 

strains,, we repeated the pulse-chase labelling experiments of mitochondrial proteins 

withh freshly constructed idh0 strains provided by the McCammon laboratory. The 

resultss of these experiments are reported here. As indicated in Figure 1, the absence 

off Idh clearly results in an increase of translational activity in isolated mitochondria. 

Thee same effect was observed in experiments using cycloheximide-inhibited cells 

(dataa not shown). In both cases, synthesis is enhanced, but the newly produced 

proteinss are degraded more rapidly. Additionally, in the absence of Idhlp, a large 

portionn of newly synthesised Cox3p (and to a lesser extent Cox2p) is not assembled 

intoo cytochrome c oxidase. Instead, it is found in a high molecular weight complex 

(approximatelyy 1 MDa) of unknown identity that is rapidly degraded. The identity of 

thee protease(s) responsible for this degradation is at present unknown. However, 

membrane-boundd members of the triple-A metalloprotease family, including Ymelp 

andd Afg3p/Rcalp19- 20 are known to be responsible for the rapid turnover of non-

assembledd mitochondrial translation products and have been characterised as high 

molecularr weight complexes. Although recently observed in a mutant putatively 

disturbedd in mitochondrial translational fidelity control21 generally increased 

mitochondriall translation activity is not a common feature of other yeast mutants 

affectingg mitochondrial function. Pulse-chase labelling experiments of mitochondrial 

proteinss are routinely performed in our laboratory, using a wide variety of (mutant) 

strains19-- 22< 23. A general increase in translation activity as seen in the idhl0 strain has 

nott been seen. Additionally, disruptants of CIT1 and MDH1 show translation 

patternss indistinguishable from wild-type (data not shown). 
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Thee observation that steady state levels of respiratory chain complexes are lower in 

thee idh" strain (see figures 2 and 3), correlates well with the enhanced degradation 

seenn in Figure 1. One could argue that conditions of enhanced production (and 

turnover)) of mitochondrially encoded subunits would at least result in similar steady 

statee levels of respiratory chain complexes in wild type and idh" strains. Recently, 

studiess have been described on chimeric mRNAs harbouring the COX2 or the COX3 

codingg region under transciptional and translational control of the VAR1 5'-UTR4. As 

aa protein of the mitoribosomal small subunit, it is thought that synthesis of Varlp 

doess not depend on co-translational membrane insertion. In line with a membrane-

tetheringg model for mitochondrial translation, both Cox2p and Cox3p were 

translatedd efficiently from the chimeric mRNAs, but their incorporation into active 

cytochromee c oxidase was found to be severely defective4. The increased turnover 

observedd in Idh-deficient cells is reminiscent of that observed to take place when the 

mRNAss for Cox2p and Cox3p are prevented from membrane-tethering / docking by 

thee 5'-UTR replacement. Taking these data into account, we suggest that RNA 

bindingg by Idh may function to prevent translation of mRNAs in the mitochondrial 

matrix.. As recently shown by Anderson et al.24 and our lab15 binding of RNA to Idh 

resultss in reduction of catalytic activity, but this effect can be reversed by AMP as 

allostericc effector of the enzyme24. This combination of functions in mitochondrial 

redoxx balance and translational control may therefore permit Idh to play a key role in 

regulatingg the rate of mitochondrial assembly to the need for mitochondrial function. 
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Chapterr  VI 

Generall  discussion 



Identificatio nn of p40 as NADMsocitrat e dehydrogenase (Idh) 

Thee initiation of translation in yeast mitochondria is still a poorly understood 

process.. Some characteristics of the mitochondrial mRNA leaders (long, no 5' cap, 

A+UU rich, small GC clusters, stable secondary structures, small upstream ORF's) 

makee it difficult to believe that their translation takes place via the scanning model 

generallyy used in eukaryotic cytoplasmic translation. Other translational initiation 

modelss could be applied but so far no evidence has been shown that this is the case. 

Inn order to shed more light on this matter, we searched for RNA-binding proteins 

thatt were able to interact with the leaders of mitochondrial RNAs. An abundant and 

specificc binding protein was isolated. This protein was able to bind to all 

mitochondriall mRNA leaders with high specificity. On SDS-PAGE this protein 

behavedd as a doublet with an approximate size of 40 kDa. Purification and 

subsequentt amino acid sequencing revealed that this RNA-binding protein was 

identicall to the Krebs cycle enzyme NAD-Idh (Chapter II). It is an allosterically 

regulatedd enzyme that exists as an octamer composed of two nonidentical subunits, 

designatedd Idhlp (Mr 40 kDa) and Idh2p (Mr 39 kDa). Both enzyme and RNA-

bindingg activities are specifically lost in cells containing disruptions in either IDH1 or 

IDH2,IDH2, the nuclear genes encoding the two subunits of the enzyme, thus showing that 

bothh activities are dependent on the presence of both subunits. This result places Idh 

inn the growing family of RNA-binding enzymes1. The RNA-binding capability of 

onlyy a few of these enzymes is well studied, mainly because it is difficult to study 

onee function of the protein in vivo while leaving the other intact. 

Phenotypee of Idh disruptants. 

Mutantss that result in the loss of one or both the Idh subunits are unable to grow on 

thee nonfermentable carbon source acetate, a phenotype shared with other TCA cycle 

mutants,, and grow poorly on the nonfermentable carbon source glycerol2. However, 

strainss harboring active site mutations of Idh grow well on a medium containing 

glycerol3,, indicating that the enzymatic function of Idh is not required for growth on 

glycerol.. The presence of the protein seems more important than its enzyme activity. 

Gaddee and McCammon3 made the interesting observation that yeast strains with 

idh22 nonsense or null mutants, initially grow very poorly on glycerol but accumulate 

extragenicc mutations, termed glycerol suppressors, that enhance growth on this 
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nonfermentablee carbon source3. Missense, nonsense and null mutations at the CIT1 

locuss encoding mitochondrial citrate synthase, were the most common suppressors 

identified.. In addition to Citl, 6 other TCA cycle enzymes are capable of suppressing 

idh22 mutations. Genetic evidence shows that glycerol suppressor mutations only 

occurr in idh deficient mutants, indicating that Idh plays an unique role in S. cerevisiae 

growingg on glycerol. Mutations in other Krebs cycle enzymes do not give rise to 

suppressorr mutations4 which indicates that a defective Krebs cycle does not lead to 

thesee mutations. Thus, it is more likely that instead of a defective enzymatic function 

aa defective RNA-binding function of IDH gives rise to suppressor mutations. 

Functionn of RNA-bindin g of Idh 

Whatt could be the role of Idh, apart from its enzymatic function? 

Sincee Idh is able to bind all mitochondrial mRNAs, it could stabilize and transport 

themm to locations where they are translated. There are eight major translation 

productss specified by yeast mitochondrial DNA, seven of which are hydrophobic 

subunitss of energy-transducing enzyme complexes located in the inner membrane. 

However,, one major yeast mitochondrial gene product termed Varl, is a hydrophilic 

ribosomall protein in the mitochondrial small ribosomal subunit. Translation of at 

leastt four membrane proteins depends on nuclearly encoded mRNA specific 

translationall activators. These translational activators are themselves (directly or 

indirectly)) membrane-associated and could therefore tether translation to the inner 

membrane.. Recently, it has been shown that the 5'-UTRs of at least two of the seven 

membranee proteins are involved in localization of these mRNAs to the membrane, 

whereass the 5'-UTR of VAR1 mRNA does not contain the localization site5. Since Idh 

hass been shown to bind to all mitochondrial mRNAs, including Varl, it is unlikely 

thatt Idh is involved in mRNA localization in mitochondria. 

Thee RNA-binding function of Idh has been very difficult to study, because 

disruptionss of one or both Idh subunits results in defects of both enzymatic and 

RNA-bindingg functions and, as mentioned earlier, suppressor mutations occur at a 

highh incidence when the strains are grown on glycerol. 

Onlyy recently, we were able to obtain a strain disrupted for Idhl4, with no 

suppressorss mutations present. In this strain, translation in isolated mitochondria 
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increases,, suggesting that Idh functions as a repressor of mitochondrial translation in 

yeast66 (Chapter V). 

Thee newly formed products are degraded more rapidly, resulting in a decrease of 

respiratoryy chain complexes, and thus in lower steady state levels of respiratory 

chainn complexes6. This rapid degradation was also shown in experiments using 

chimericc mRNAs consisting of a VAR1 leader fused to COX2 or COX3 ORFs. Here, 

thee translation of these membrane-localized proteins was probably occurring in the 

solublee matrix compartment and as a result the newly formed products were rapidly 

degraded5.. These results suggest a general translational repressing function for Idh, 

probablyy preventing premature synthesis of these highly hydrophobic membrane 

proteinss in the mitochondrial matrix thereby preventing an undesired reduction of 

respiratoryy chain complexes. 

RNA-bindin gg site of Idh: a role for the dinucleotide-binding domain? 

Itt has been suggested that the RNA-binding domain present in RNA-binding 

dehydrogenasess or NAD(P)*-binding proteins such as glyceraldehyde 3-phosphate 

dehydrogenasee (GAPDH), catalase, glutamate dehydrogenase (GDH), thymidylate 

synthasee (TS), and Idh, evolved from a dinucleotide binding site1-7. Therefore, these 

proteinss may represent a new group of RNA-binding proteins, different from those 

thatt can be distinguished by common RNA-binding motifs such as the RNP motif, 

thee RGG box, or KH motif8-9. It is shown that the dinucleotide binding domain (the 

so-calledd Rossman fold)10 in some enzymes is indeed responsible for binding RNA 

(GAPDH,, GDH, TS, catalase). This Rossman fold consists of an a, f$ structure with a 

parallell (3-sheet flanked on each side by a layer of a helices. The RNA-binding of 

thesee enzymes can be competed by NAD(H), NADP(H) or ATP1 M 6 . This 

competitionn also indicates that the enzymatic and RNA-binding function in these 

enzymess are mutually exclusive. 

Althoughh Idh is an NAD"-binding protein, RNA-binding could not be inhibited by 

(di)nucleotides,, suggesting that a region distinct from the Rossman fold is involved 

inn binding RNA17. Also the substrate isocitrate did not inhibit RNA-binding 

indicatingg that the active site is not involved in RNA-binding17. The actual RNA-

bindingg region of Idh is still unknown, but based on sequence comparison between 
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K.K. lactis Idh and S. cerevisiae Idh we were able to create two mutants which had lost 

theirr capacity to bind RNA. 

Mutatingg amino acids in a region that differed between Idh from both species 

resultedd in a mutant Idh that exhibited reduced binding of the target mRNA. 

Althoughh this does not allow us to define a binding region, we now have an RNA-

bindingg mutant of Idh which still contains apparently normal enzyme activity. This 

providess us with an important tool to study the RNA-binding function of Idh. 

NADMd hh from K. lactis 

Ann interesting observation is the fact that Idh from K. lactis is not able to bind RNA in 

vitro.vitro. This is not due to a post-translational effect specific for K. lactis, since K. lactis 

Idhh expressed in S. cerevisiae is also not able to bind RNA. Several reasons could be 

proposed.. First, the role of Idh as translational repressor is taken by another protein. 

Recentt results show that other proteins are present in mitochondria of S. cerevisiae 

withh an affinity for RNA (see below). These RNA-binding proteins could function as 

aa translational repressor in K. lactis mitochondria. Alternatively, K. lactis does not 

needd a translational repressor. The physiology of K. lactis is different from that of S. 

cerevisiae.cerevisiae. S. cerevisiae is a Crabtree-positive yeast: it produces ethanol even in oxygen 

saturatingg conditions. However, the Crabtree-negative K. lactis is adapted to 

aerobiosiss and glucose repression of respiration is absent18. This important difference 

couldd be an explanation for the assumed absence of a translational repressor in 

mitochondria.. Maybe, in S. cerevisiae the function of a translational repressor is very 

importantt during glucose repression in order to coordinate the correct expression 

levelss of nuclear and mitochondrial expressed subunits of the respiratory chain. 

Sincee expression in K. lactis is not subject to glucose repression, this translational 

repressorr function is dispensable. 

Idhh in the Krebs cycle 

Sincee most of the mitochondrial mRNAs encode subunits of the respiratory chain, 

thiss combination of dehydrogenase activity and RNA-binding in a single protein 

mayy be part of a general regulatory circuit linking the need for mitochondrial 

functionn to mitochondrial biogenesis. Under normal wild-type conditions Idh is a 
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keyy regulatory enzyme of the Krebs cycle involved in energy production by 

generatingg NADH. This NADH is the source for the respiratory chain to generate 

energyy by producing ATP. The Krebs cycle and the respiratory chain are linked and 

thereforee the expression of the Krebs cycle enzymes and the respiratory chain 

componentss have to be tightly regulated. The Krebs cycle enzymes seem to form a 

largee complex called a metabolon19, which is localized at the inner mitochondrial 

membrane200 where translation of mitochondrial mRNAs probably occurs and the 

respiratoryy chain is localized. It is not known whether Idh in vivo binds to RNA as 

partt of the metabolon or on its own. The gel-retardation assays indicate that isolated 

Idhh at least in vitro is able to bind RNA independent of other Krebs cycle enzymes. 

Ann important question is how the RNA-binding of Idh is regulated. As the 

enzymaticc activity could be influenced by the allosteric effects of mRNA and AMP7' 
211 it could mean that if Idh is heavily involved in the Krebs cycle as an enzyme it is 

nott able to bind to the mRNA leaders and repress translation. Consequently, 

translationn of the mitochondrially encoded proteins is elevated. Therefore, we 

hypothesizee that Idh is the link between Krebs cycle function and other 

mitochondriall functions such as the respiratory chain function. 

Regulationn of RNA-bindin g 

Thee presence of two important functions in one complex requires a highly effective 

regulationn mechanism to switch between both activities. What determines the switch 

betweenn enzyme and RNA-binding function is not yet known. The RNA-binding 

functionn is able to influence the enzyme activity, since addition of target mRNA 

inhibitss enzyme activity of Idh7- 21. This mRNA is a potent steric inhibitor of Idh 

enzymee activity and this inhibition is relieved by the presence of the allosteric 

activatorr AMP. Therefore, the switch between these functions could be regulated by 

thee mitochondrial AMP level in the mitochondria7. We found that neither (di-) 

nucleotidee cofactors nor the substrate, isocitrate, could regulate RNA-binding17. 

However,, this finding does not rule out the possibility that regulation of RNA-

bindingg and / or enzyme activity is due to modification of the enzyme, as is shown 

forr NADP+-Idh from E. coli. In this case the enzyme activity is regulated by 

preventingg the binding of isocitrate by phosphorylation of the active site22-23. It is 

acknowledgedd by these authors that yeast mitochondrial NAD-Idh is not subjected 
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too any post-translational modification event24. However, close examination of a two 

dimentionall SDS-PAGE using iso-electric focussing in this same paper revealed a 

minorr extra spot for Idhl, which could be an indication of a post-translational 

modificationn of this subunit. The actual regulation of RNA-binding by Idh is still a 

subjectt of current research. 

Mitochondria ll  translation regulation 

Translationn of the mitochondrial mRNAs encoding subunits of the respiratory chain 

iss activated by mRNA-specific translational activators25. These activators themselves 

aree located at or near the inner mitochondrial membrane. In contrast to these 

activatorss Idh inhibits translation by binding to all leaders of mitochondrial mRNAs. 

Inn this way Idh can coordinately control all translation. 

Inn our current model, activators and Idh compete for binding to the leaders during 

normall growth conditions and it is probably the ratio between binding activity of 

activatorss and inhibitor that determines the rate of translation. The RNA-binding 

activityy of the abundant Idh could be lowered by the existing AMP levels, in favor of 

thee low expressed translational activators. Therefore, wild-type cells grow on 

glycerol,, because there is a balance between Krebs cycle function, mitochondrial 

respiratoryy chain activity and mitochondrial protein synthesis. 

However,, in cells lacking either or both Idh subunits, the Krebs cycle is blocked and 

synthesiss of mitochondrial encoded products is activated because of the absence of 

translationall repressor activity of TdhA These freshly made hydrophobic products are 

moree rapidly degraded and the steady-state levels of respiratory chain complexes (III 

andd TV) are reduced. In these cells there is a disbalance caused by the absence of a 

translationn repressor since the absence of other Krebs cycle enzymes does not cause 

thesee effects26. As yet it is unknown what causes the glycerol-suppressor phenotype, 

butt the increased production of some membrane localized respiratory chain subunits 

andd their subsequent increased degradation presumably triggers the induction of 

suppressorr mutations. 

McCammonn and coworkers have demonstrated that suppressor mutations occur in 

thee absence of either or both of the Idh subunits grown on glycerol-^. These 

suppressorr mutations occur in C1T1 and at least 6 other genes encoding Krebs cycle 
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enzymes.. Thus, although the Krebs cycle is not functional these cells survive and 

groww well on glycerol. Obviously the Krebs cycle function is not essential for growth 

onn glycerol. To date it is not known why these cells carrying these suppressor 

mutationss survive on glycerol, but most likely the suppressor mutations somehow 

compensatee for the absence of the Idh RNA-binding function. 

Preliminaryy results demonstrate that other Krebs cycle enzymes are also able to bind 

RNA.. Indeed, recent results indicate that Citl and Mdhl are able to bind 

mitochondriall mRNAs (C. Deumer, personal comm.). The function of the RNA-

bindingg capacity of these enzymes is still unknown but they could be involved in the 

stabilizationn of mitochondrial mRNAs under wild type conditions. However, in the 

absencee of the translational repressor Idh, suppressor mutations in these RNA-

bindingg enzymes may abolish their RNA-binding activity. The mRNAs become 

unstablee and will be rapidly degraded, thereby compensating the effect of increased 

synthesiss by the absence of Idh. 

Regulationn in mitochondria 

Inn conclusion, the mitochondria support a well balanced biosynthesis to assemble the 

mitochondriall and nuclear encoded respiratory chain subunits correctly into the 

membrane.. An imbalance in the stoichiometric levels between these subunits can 

leadd to aggregation of unassembled, hydrophobic subunits in the inner membrane 

whichh can cause proton leakage. The mitochondrial protease (Afg3/Rcal)27 and 

chaperonee (Phbl /2) system28 provides an important quality control system for the 

mitochondriallyy produced subunits by preventing misfolded peptides causing 

membranee damage or accumulation of incompletely assembled complexes that cause 

escapee of reactive oxygen species28. A substantial contribution to support this 

balancee is performed by translation regulation. The actual control of translation is 

managedd on several levels: the translational repressor Idh, which prevents 

prematuree translation in the matrix, the nuclear encoded translational activators, 

whichh are necessary for the actual translation and putative RNA-binding enzymes 

thatt may stabilize the mRNA or have another unknown function. In this way, the 

mitochondriall system provides an excellent example of highly developed control 

mechanismss to respond quickly and effectively to environmental changes. 

96 6 



References s 

1.. Hentze, M.W. TIBS 19, 101-103(1994). 
2.. Cupp, J.R. & McAlister-Henn, L.J Biol Chem 267, 16417-16423 (1992). 
3.. Gadde, D.M. & McCammon, M.T. Arch Biochem Biophys 344, 139-149 (1997). 
4.. Przybyla-Zawislak, B., Gadde, D.M., Ducharme, K. & McCammon, M.T. Genetics 

152,, 153-66(1999). 
5.. Sanchirico, M.E., Fox, T.D. & Mason, T.L. EMBO J 17, 5796-5804 (1998). 
6.. de Jong, L., Elzinga, S.D., McCammon, M.T., Grivell, L.A. & van der Spek, H. FEBS 

LettLett 483, 62-66 (2000). 
7.. Anderson, S.L., Minard, K.I. & McAlister-Henn, L. Biochemistry 39, 5623-5629 

(2000). . 
8.. Mattaj, I.W. Cell 73, 837-840 (1993). 
9.. Burd, C.G. & Dreyfuss, G. Science 265, 615-621 (1994). 
10.. Rossman, M.G., Liljas, A. & Branden, C.-I. Enzymes (3rd Ed.) 11, 61-102 (1975). 
11.. Nagy, E. & Rigby, W.F.C. J Biol Chem 270, 2755-2763 (1995). 
12.. Bringaud, F., et al. Mol Cell Biol 17,3915-3923 (1997). 
13.. Chu, E., et al. Proc. Natl. Acad. Sci. USA 88, 8977-8981 (1991). 
14.. Clerch, L.B., Wright, A. & Massaro, D. Amer J Physiol-Lung Cell M Ph 14, L790-

L794(1996). . 
15.. Chu, E., Takimoto, C.H., Voeller, D., Grem, J.L. & Allegra, C.J. Biochemistry 32, 

4756-4760(1993). . 
16.. Nagy, E., et al. Biochem Biophys Res Commun 275, 253-60 (2000). 
17.. Elzinga, S.D.J., Bednarz, A.L., Vanoosterum, K., Dekker, P.J.T. & Grivell, L.A. 

NucleicNucleic Acids Res 21, 5328-5331 (1993). 
18.. Breunig, K.D., et al. Enzyme Microb Technol 26, 771 -780. (2000). 
19.. Srere, P.A. Trends Biochem. Sci. 10, 109-110 (1985). 
20.. Robinson, J.B., Jr. & Srere, P.A. Biochem Med 33, 149-57 (1985). 
21.. Elzinga, S.D„ van Oosterum, K., Maat. C. Grivell, L.A. & van der Spek, H. Curr 

GenetGenet 38, 87-94 (2000). 
22.. Dean, A.M., Lee, M.H.I. & Koshland, D.E., Jr. J Biol Chem 264, 20482-20486 

(1989). . 
23.. Hurley, J.H., Dean, A.M., Sohl, J.L., Koshland, D.E. & Stroud, R.M. Science 249, 

1012-1016(1990). . 
24.. Keys, D.A. & McAlister-Henn, L. J Bacteriol 172, 4280-4287 (1990). 
25.. Fox, T.D. Experientia 52, 1130-1135 (1996). 
26.. Dekker, P.J.T., Papadopoulou, B. &  Grivell,, L.A. Biochimie 73, 1487-1492 (1991). 
27.. Rep, M. Science 275, 741-741 (1997). 
28.. Nijtmans, L.G., et al. EMBO J 19, 2444-51 (2000). 

97 7 



98 8 



Summary y 

Initiationn of translation in yeast mitochondria is still a poorly understood process. 

Somee of the characteristics of mitochondrial mRNAs suggest another model of 

translationn than the model of cytoplasmic translation described by M. Kozak. 

Mitochondriall mRNAs are uncapped and predominantly possess extremely long 

untranslatedd leader and trailer sequences of high A+U content (>95%). These leader 

sequencess are likely to be difficult to scan for a ribosome, since they often contain 

shortt open reading frames and short G+C rich clusters capable of forming highly 

stablee secondary structures. Some of the mitochondrial mRNAs require specific 

nuclearlyy encoded activator proteins for their translation. However, to date it is not 

knownn how initiation of translation of all mitochondrial mRNAs is coordinately 

regulated. . 

Inn search for such general RNA-binding proteins in mitochondria, Papadopoulou et 

al.al. set up a mobility shift assay using different mitochondrial mRNA leaders. 

Papadopoulouu and Dekker described the characterization of a 40 kDa RNA-binding 

proteinn (p40) that was able to bind all major mitochondrial mRNA leaders with 

specificityy and high affinity. Identification and further characterization of this 40 kDa 

proteinn is the main topic of the study described in this thesis. 

Thee identification of the RNA-binding protein p40 as N AD~-Isocitrate 

dehydrogenasee (Idh) is described in chapter II. Idh catalyzes a rate-limiting step in 

thee tricarboxylic acid cycle (TCA cycle). It is an allosterically regulated enzyme that 

existss as an octamer composed of two nonidentical subunits, designated Idhlp (Mr 

400 kDa) and Idh2p (Mr 39 kDa). Both enzyme and RNA-binding activities are 

specificallyy lost in cells containing disruptions in either IDH1 or IDH2, the nuclear 

geness encoding the two subunits of the enzyme, thus identifying p40 as Idh and 

showingg that both activities are dependent on the simultaneous presence of both 

subunits. . 

Idhh is thus a new member of a still growing family of enzymes with an additional 

RNA-bindingg property. This family is outlined and reviewed in chapter I. When 

reviewingg these double functioning enzymes, it is striking that some enzymes which 

aree part of important enzymatic processes in the cell, also reform key regulatory roles 

ass RNA-binding in certain pathways (e.g. aconitase and iron homeostasis or 
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thymidylatee synthase and DNA synthesis). Another striking feature which comes to 

mindd is that research on these enzymes is hampered by the fact that mutation 

analysiss of either RNA-binding property or the enzymatic activity of these enzymes 

cann have an unwanted effects on the other activity. This difficulty results in most 

casess in a slow progression in the characterization of the RNA-binding property of a 

duall functioning enzyme. 

Too characterize the RNA-binding property of Idh, we wanted to analyze RNA-

bindingg mutants which were still enzymatically active. Since no obvious RNA-

bindingg domain was found in Idh, we screened two other yeast species (K. lactis and 

S.S. pombe) for the RNA-binding capacity of their NAD-Idh's (chapter III). S. pombe 

Idh,, like the S. cerevisiae enzyme, has high affinity for COX2 leaders of S. pombe, K. 

lactislactis and S. cerevisiae. In contrast, Idh purified from K. lactis shows only low affinity 

forr all mRNAs tested. Sequence comparison revealed high levels of similarity 

betweenn the three Idh proteins including regions that contain candidate amino acids 

importantt for the interaction with RNA. 

Too determine which subunit was involved in the binding of RNA, we expressed 

eitherr K. lactis Idhl or Idh2 in an Idhl or Idh2 disruptant of S. cerevisiae, respectively 

(chapterr IV). In this way we obtained heterologous Idh complexes. However, we 

couldd not make a distinction between the subunits since both heterologous 

complexess displayed very low binding capacity. We choose to mutate Idhl. Two 

aminoo acids which differed between S. cerevisiae and K. lactis and were located in the 

cleftt of Idhl were mutated. These mutants displayed very low RNA-binding capacity 

butt retained enzyme activity. 

Chapterr V describes experiments that demonstrate that Idh functions as a repressor 

off translation. Pulse chase labeling experiments show that in the absence of Idh 

mitochondriall translation increases. These experiments also show that the elevated 

levelss of mitochondrial products are rapidly degraded, probably by specific 

mitochondriall proteases. The amount of native complexes of the respiratory chain 

alsoo reveals a lower level, thereby probably causing the glycerol- phenotype of the 

idhh disruptant strain. This chapter contains the evidence that Idh functions as a 

negativee regulator of mitochondrial translation. The regulation of RNA-binding of 

Idhh in response to growth conditions and characterization of initiation of translation 

ass a whole will remain subject of future research. 

100 0 



Thee last chapter (chapter VI) describes the rapid development of extragenic 

suppressorr mutations in strains deleted for either subunit of Idh and reviews the 

resultss of previous chapters. This provides a framework for a model of Idh 

illustratingg its RNA-binding role together with its metabolic function in the Krebs 

cycle. . 
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Samenvatting g 

Dee initiatie van translatie in gist mitochondriën is nog steeds een slecht begrepen 

proces.. Een ander model dan het translatie initiatie model dat is beschreven door M. 

Kozakk zou moeten worden voorgesteld voor gist mitochondriën als men sommige 

eigenschappenn van mitochondrale mRNAs bekijkt. De mRNAs uit mitochondriën 

hebbenn geen 5' cap en hebben vaak lange 5' ongetransleerde leader (5' UTR) en 

trailerr sequenties die rijk zijn aan A+U (>95%). De 5' UTR's zijn waarschijnlijk 

moeilijkk te scannen voor een ribosoom omdat ze vaak kleine ORF's bevatten en 

kleinee clusters die veel G+C's bevatten en daardoor in staat zijn om stabiele 

secundairee structuren te vormen. Sommige mitochondriale mRNAs hebben nucleair 

gecodeerdee activerende eiwitten nodig voor hun translatie. Tot op heden weten we 

nogg steeds niet precies wat de coördinatie regelt van de initiatie van translatie van 

mitochondrialee mRNA's. Om een algemene RNA-bindende factor te vinden die bij 

ditt proces betrokken is, heeft B. Papadopoulou een mobility shift assay opgezet voor 

verschillendee mitochondriale mRNA's leaders. Samen met P. Dekker beschreef zij de 

karakteriseringg van een 40 kDa RNA-bindend eiwit (p40) dat in staat was om aan alle 

belangrijkee mitochondriale mRNA's te binden met hoge affiniteit en specificiteit. De 

identificeringg en verdere karakterisering is het voornaamste doel van het onderzoek 

watt beschreven staat in dit proefschrift. 

Dee identificatie van het RNA-bindende eiwit p40 als NAD -afhankelijke Isocitrate 

dehydrogenasee (Idh) is beschreven in hoofdstuk II. Idh katalyseert een 

snelheidsbeperkendee reactie in de citroenzuurcyclus. Het is een allosterisch 

gereguleerdd enzym dat bestaat uit een octameer van twee verschillende subunits, 

Idhlpp (Mr 40 kDa) en Idh2p (Mr 39 kDa). De enzym functie en de RNA-bindende 

capaciteitt is verloren in cellen die deleties bevatten in de genen die coderen voor 

dezee subunits, IDH1 of IDH2. Dit laat zien dat p40 identiek is aan NAD-Idh en dat 

beidee funkties afhankelijk zijn van de gelijktijdige aanwezigheid van beide subunits. 

Idhh is daarmee lid van een groeiende familie van enzymen met een extra RNA 

bindendee capaciteit. Deze familie is beschreven en bestudeerd in hoofdstuk I. Daarbij 

viell het op dat sommige enzymen die onderdeel zijn van belangrijke enzymatische 

processenn in de cel, ook belangrijke regulerende rollen hebben in hun RNA-bindende 

functiee in bepaalde cel routes (bv aconitase en de ijzer huishouding of thymidylaat 
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synthasee en DNA synthese). Een ander opvallend feit is dat onderzoek naar deze 

enzymenn wordt bemoeilijkt doordat mutatie analyse van het RNA-bindende gedeelte 

off het enzymatische gedeelte van deze enzymen ongewilde effecten heeft op eikaars 

funktie.. Dit is een vaak de reden waarom de voortgang in de karakterisatie van deze 

RNA-bindendee eigenschap van dubbel functionerende enzymen zo moeizaam gaat. 

Omm de RNA-bindende capaciteit van Idh te bestuderen, wilden we RNA-bindende 

mutantenn hebben die nog steeds enzymatisch actief waren. Omdat geen duidelijke 

RNA-bindendee regio was gevonden in Idh werd gekeken naar de RNA-bindende 

capaciteitt van Idh in twee andere gist soorten (K. lactis en S. pombe) (hoofdstuk III). 

Dee Idh uit S. pombe pombe heeft net als Idh uit S. cerevisiae een hoge affiniteit voor de COX2 

leaderss van S. pombe, K. lactis en S. cerevisiae. Dit in tegenstelling tot het Idh enzym 

gezuiverdd uit K. lactis, die hele lage affiniteit had voor alle mRNA leaders die getest 

zijn.. Sequentie vergelijkingen gaven gebieden aan met hoge overeenkomst tussen de 

driee Idh eiwitten maar ook aminozuren die kandidaat waren om betrokken te zijn bij 

dee binding van RNA. 

Omm te bepalen welk subunit betrokken is bij de binding van RNA, hebben we Idhl of 

Idh22 van K. lactis tot expressie gebracht in een S. cerevisiae stam die gedeleteerd was 

voorr Idhl of Idh2 (hoofdstuk IV). Op deze manier verkregen we heterologe 

complexenn van Idh. Helaas konden we met deze complexen niet bepalen welk 

subunitt meer betrokken was bij RNA-binding dan de ander. We hebben subunit 1 

gekozenn om mutanten in te maken. Twee amino zuren die verschilden in de 

sequentiee vergelijking van S. cerevisiae en K. lactis Idhl hebben we gemuteerd. Deze 

aminoo zuren zijn gelokaliseerd in een opening van Idhl. De mutanten vertonen een 

ernstigg verlaagde RNA bindings aktiviteit. We kunnen deze mutanten uitstekend 

gebruikenn in het onderzoek naar de funktie van Idh als RNA bindend enzym. 

Hoofdstukk V beschrijft experimenten die laten zien dat Idh werkt als remmer van 

translatiee in mitochondriën. Pulse chase experimenten tonen aan dat in de 

afwezigheidd van Idh de mitochondriale translatie omhoog gaat. Deze experimenten 

latenn ook zien dat verhoogde concentraties van mitochondriale produkten snel 

afgebrokenn worden door waarschijnlijk specifieke proteases. De hoeveelheid natieve 

complexenn van de ademhalingsketen is eveneens lager, wat waarschijnlijk de 

oorzaakk is van het glycerol negatieve fenotype van de S. cerevisiae stam die 

gedeleteerdd is voor Idh. Dit hoofdstuk bevat aanwijzingen voor de gedachte dat Idh 
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funktioneertt als een negatieve regulator van mitochondriale translatie. Hoe Idh 

wordtt gereguleerd door groei condities en de uiteindelijke karakterisatie van van de 

initiatiee van translatie zal onderwerp zijn van volgende studie. 

InIn het laatste hoofdstuk (hoofdstuk VI) wordt beschreven hoe in deletie stammen 

vann Idh snel extragene suppressor mutaties onstaan. Dit wordt mede in verband 

gebrachtt met de resultaten van voorgaande hoofdstukken en geeft een model als een 

kapstokk waarin de RNA bindende rol van Idh wordt voorgesteld in samenhang met 

z'nn enzymatische functie in de citroenzuurcyclus. 
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Nawoord d 

BeterBeter laat dan nooit! 

Mijnn promotieperiode is bijna afgesloten. Het is een mooie, rijke tijd geweest waarin 

veell gebeurd is. Mooie en gelukkige periodes wisselden de trieste en ongelukkige 

momentenn af. Mijn welgemeende excuses aan de mensen in mijn directe omgeving 

diee mij af en toe niet meer konden volgen, maar het toch zo hard probeerden (geef 

niett op!). Het is me wel duidelijk geworden dat de wetenschap nooit verveelt en 

altijdd uitdagingen geeft waar ik me volledig op kan storten. Rest mij nu de grote taak 

omm mensen te noemen die gedurende de periode dat ik bezig ben geweest om dit 

boekk te schrijven mijn leven (tot zo ver) hebben verrijkt met hun aanwezigheid. Met 

dee grote angst om iemand te vergeten, zal ik toch proberen om (bijna) iedereen te 

noemen. . 

Bestee Les, dank je wel voor de mogelijkheid die je me bood om in jouw groep 

promotiee onderzoek te doen. Ik heb nog steeds enorme waardering voor jouw 

wetenschappelijkk inzicht. Jammer dat we elkaar soms zo moeilijk begrepen. Beste 

Hans,, ik mis nog steeds de rookpauzes. Dank je wel voor alles wat je voor me gedaan 

hebt. . 

Lievee Katinka, het spijt me dat het zo lang heeft moeten duren dat je er niet meer bij 

konn zijn als paranimf. Je hebt me in al die jaren veel geleerd. Nog steeds groeit mijn 

respectt voor jou als ik eraan denk hoe je dit leven geleefd hebt. Petje af! Blij dat ik het 

mochtt meemaken van zo dichtbij. 

Dearr Amy, you were there when p40 was identified as Idh. You showed me how to 

doo the RNA-binding assay (and much more), which I did for nearly six years. You 

weree still interested in Idh (and us) even when you moved to the UK. Thank you for 

yourr help writing this thesis. I'm happy that you are here on such an important 

occasion. . 

Voorr collega's van het eerste uur moet ik toch een hele tijd terug. Peter, mijn 

voorganger,, Herman, Wietse mijn stagebegeleider, Han, Wally, Ammy, Wieger, Gert 

Jann en natuurlijk Martijn, nu weer dicht bij me. Omdat ik nooit echt weg ben geweest 

vann Anna's Hoeve zie ik nog steeds veel mensen van toen. Marian de Jong heeft me 
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zoveell geleerd, maar had ook het geduld om de vele vragen te beantwoorden en mee 

uitt eten te gaan. Muus, de rots van de afdeling MolBiol, Michiel de brombeer met het 

goudenn hart. Corien was er altijd met een helpende hand en een goed humeur. Ik 

benn blij dat je straks naast me staat. 

Ikk heb in die tijd een aantal studenten begeleid die hard hebben gewerkt aan p40 en 

voorall veel invloed hadden op de sfeer. Ebi, Wouter, Hans J. waren voor langere tijd 

opp het lab maar ook de ministage studenten Hans Neuf en Madeion, en de Erasmus 

studentenn Louise en Gordon hebben de toon mogen zetten. Ik mag natuurlijk 

Jolanda,, Hans B., Cindy, Sandra v W. en Janynke niet vergeten die vanuit hun 

theekamerr de hoognodige onrust veroorzaakten. Vooral mijn kamergenoten, Michel 

enn Liesbeth, wil ik bedanken voor het bedenken van altijd een gelegenheid met veel 

bierr en eten. In dit licht past zeker Marta, het spaanse zonnetje. Belinda, bedankt 

voorr je hulp met het verwerken van het artikel. 

Inn de periode bij plantenfysiologie leerde ik gelijk al dat het ook anders kon. Frans 

Klis,, je had altijd tijd voor me en een luisterend oor, bovendien stond je deur ook 

altijdd echt open. Wat was het lekker weer in Californië op het strand! In de nabijheid 

vann Frans Hochstenbach heb ik geleerd hoe je proeven volgens het boekje moest 

doen.. Veel succes in het AMC. Met Sylvia, de andere pombie-zombie heb ik hele 

leukee tijden gehad. Op congres of gewoon in Amsterdam. Geweldig dat jij aan iets 

anderss kan denken bij andere wetenschappers dan de meesten onder ons. Verder 

liepenn daar op de afdeling hoorbaar (en voelbaar) Gertien, Edwin en Martine rond. 

Dankk jullie wel voor alle aandacht. Wat minder luidruchtig waren Stephan (mijn 

vraagbaak)) en Annemiek (ook een paardengek) waarmee ik altijd rustig wakker kon 

worden.. Verder waren daar ook Kappie, Piet de G. en Hans de N. Kitty en Wies 

warenn er altijd voor een gezellig praatje en een hart onder de riem. Verder waren 

daarr Alan en Teun en de rest van hun groep. De aanwezigheid was voelbaar van 

John,, Ap, Harold, Piet v E., Emma en Steven. Lieve Herman, ik vind het fijn dat je me 

zoo goed geholpen hebt op het eind toen ik het zo hard nodig had. Blij dat ik straks 

tegenoverr jou mag staan. 

Mijnn verhuizing naar het AMC was een leerzame periode. Ik heb nieuwe (en oude) 

vriendenn gemaakt. Duco, je was al San's kanjer maar nu ben je ook de mijne. Ik heb 

bijj jullie een leuke tijd gehad samen met Marian, Annett, Wim, A3, Tineke en vele 

anderen. . 
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Terugg op Anna's Hoeve, in de groep van de fyto's, leerde ik wederom een nieuwe 

organisatiee kennen. Dit is mede dankzij de inzet van Ben en Michel. Zij creëerden een 

inspirerendee en gezellige groep, met veel conversatie (zowel wetenschappelijk als 

koffiekul).. Jullie geven zelfvertrouwen en waardevolle adviezen waar je wat aan 

hebt.. In deze groep is iedereen van groot belang. Petra en Marianne die de afdeling 

mett zorg draaiende houden met veel succes. Roos en Hedwich voor de lachsalvo's en 

serieuzee gesprekken. Gelukkig nog een paardengek (Annemarie) om me beter thuis 

tee laten voelen. Wladi en Sergio, onze boys. Jack, de pilaar van de groep en de helaas 

vertrokkenn collega's Connie, Mirjam, Aveline, Yvonne en Jurgo. Gelukkig kwamen 

daarvoorr in de plaats Frank en Ringo en een handvol studenten: Gerben als eerste 

natuurlijk,, maar ook Albert, Lotje, Joëlle, Menno en Bert. Jammer genoeg ging ook 

Michell weg maar gelukkig niet ver. Ik weet je nog te vinden. De nieuwe 

koffietafelledenn van Pfl wil ik niet vergeten: Christa, Wessel, Bas, Ana en Tjeerd. 

Peterr Coesel wil ik bedanken voor een luisterend oor en z'n pogingen om de dialoog 

weerr te openen. 

Naa het werk, voordat ik naar huis ga, heb ik ook nog een leven en dat is natuurlijk bij 

dee paarden. Deze sport en de mensen zorgen voor de broodnodige ontspanning. Van 

hett eerste uur waren daar Margot, Emilie en Dorien. Nu hebben we Annemarie, 

Evelien,, Monk, Manon, Madeion, Lies, Maaike, Dirk, Tjeerd en mevr. Dekker die 

heell wat hebben moeten aanhoren over gebazel over DNA en gist of tomaten (ouwe 

tomatenfokker!).. Tijdens de skivakantie waren de uitbuikpauzes vaak aanleiding om 

eenn boom op te zetten over hoe een ideale promotie eruit kon zien, Bernadette en 

Theaa bedankt. 

InIn het bijzonder wil ik mijn ouders bedanken die mij altijd alle mogelijkheden 

hebbenn gegeven om te doen wat ik wilde en me steunden bij elke beslissing die ik 

nam.. Pa en Ma, alles is goed gekomen, dank je wel voor alle steun. Ook de rest van 

dee familie en de familie van San wil ik bij deze bedanken voor alle steun en interesse. 

Alss allerlaatste wil ik San bedanken. Zonder jou was ik er misschien niet eens aan 

begonnen,, maar had ik het zeker niet afgemaakt. Jij was er altijd als het slecht ging en 

zorgdee er altijd voor dat het weer ging. Alle domme vragen die je op de meest 

onmogelijkee tijden moest beantwoorden zijn ontelbaar. Met mij leven is zeker niet 

gemakkelijk,, maar ik ben je er wel heel dankbaar voor dat je het doet. Dikke kus. 
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Abbreviations s 

aa a 
ADP P 
AM P P 
ATP P 
bp p 
Ci i 
DEAE E 
DEPC C 
DNA A 
DTT T 
EDTA A 
Idh h 
IF F 
kb b 
kDa a 
mt t 
min min 
mRNA mRNA 
NAD+ + 

NADH H 
nt t 
ORF F 
PCR R 
PAGE E 
PMSF F 
polyy (A) 
RNA A 
Rnase e 
rpm m 
SDS S 
TCA A 
TCAA cycle 
Tri s s 
tRNA A 
UTP P 
UTR R 

aminoo acid 
adenosinee 5'-diphosphate 
adenosinee 5'-monophosphate 
adenosinee 5'-triphosphate 
basee pair 
Curie e 
diethylaminoethyl l 
diethyll pyrocarbonate 
deoxyribonucleicc acid 
dithiotreitol l 
ethylenediaminee tetra-acetic acid 
isocitratee dehydrogenase 
initiationn factor 
kiloo base(s) 
kiloo Dalton 
mitochondrial l 
minutes s 
messengerr RNA 
nicotinamidee adenine dinucleotide, oxidized form 
nicotinamidee adenine dinucleotide, reduced form 
nucleotide(s) ) 
openn reading frame 
polymerasee chain reaction 
polyacrylamidee gel-electroforesis 
phenylmethylsulfonyll fluoride 
polyy adenylate 
ribonucleicc acid 
ribonuclease e 
rotationss per minute 
sodiumdodecylsulphate e 
trichloroaceticc acid 
tricarboxylicc acid cycle 
tris-(hydroxymethyl)-arninomethane e 
transferr RNA 
uridinee 5'-triphosphate 
untranslatedd region 
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