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Chapterr VI 

Generall discussion 



Identificationn of p40 as NADMsocitrate 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-binding 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-bindingg 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. 

NADMdhh 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-binding 

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. 

Mitochondriall 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 wil l 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. 
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