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Thenuclear-mito&ondrial striqentresponsewasexamimd inisonuclear p+, 
21s rRNi+containing p-I and p" strains of S, cerevisiae. By 30 min after 
nutritional downshift, nuclear rDNA transcription falls to 15% of control 
levels congruently in all strains, as assayed via whole-cell PNA or by hybrid 
selection of specific double-labeled transcripts. Both in vivo and in vitro, 
themitcchondrial stringentresponseisidenticalbetweenthe p-strain and 
itsparental p+ strain, andinboth, thekineticsand~~itudeofthe 
o~~larresponsemirrorthoseofthenuclearresponse. The data shod that 
mitochondrial transcription and protein synthesis are not required for 
stringent regulation of either nuclear or mitochondrial rDNA transcription. 
'L' 1387 Rr-.id.ml~- Prl.55, x:,c. 

It is well kncxm that for my strains of bacteria, perturbations in 

growth conditions result in coordinate and selective cessation of transcription 

of both rPNA and r-protein genes (l-3): general mRNA populations are initially 

much less affected by the perturbation. This so-called stringent response has 

been observed in eukaryotes as well, and it has been most extensively studid 

inyeast. As in bacteria, starvation of yeast for an essential amino acid 

leadstocoordinatedcurtailmentof r-proteingene andrENAt ranscription, 

tiile the bulk of cellular mEHA and tRNA is less affected (4-7). In addition 

to amino acid starvation, a stringent respohse can be i&u& in yeast by 

nutritional shiftdawn or mild temperature shock (8-9), but in all cases the 

transcriptionalresponseis selective forgenes specifyingribosome components. 

The stringentresponseextends to transcription of mt rDNA in yeast. In 

one set of studies, tyrcsine starvation and nutritional shiftdm were shmn to 

result in a 5-7 fold decrase in the rates of both mt and nuclear rDG+ 

transcription, campared to those in non-manipulated cells (9, 10); some strain- 

nrt, mitochomlrial; ts, temperature sensitive: r-protein, riboscmal protein; mt 
r-protein, mitochondrial ribosmal protein: SSC, 3 M sodium citrate-O.3 M NaCl; 
TVA, trichlorcacetic acid. 
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deper&nt variation was seen in these studies. Treatment of cells with 

cycloheximide induceda stringentresponse inbothnuclearandmtgencmes, but 

inhibition of mt protein synthesis by chloramphenicol did not affect production 

ofnuclearormt rRNA; twotsmutantstmins ofymstwithdiffmtlesions in 

the cytoplasmicprotein synthetic systemalso showed congruentnuclear-mt: 

stringent responses after shift to the nonpermissive temperature (10). 

Recentstudieshave~~thatthequali~arad/orquantityofmtDNAin 

yeast cells (i.e., being /)' or PO) can influence transcription of portions of 

the nuclear rlXA repeate in some nuclear backgrounds (11, 12; see also 
Discussion). This suggestedtous thattheoverallcondition ofthemtgenme 

might have an effect on transcription of nuclear and/or mt rEP?A segueuces 

duringastringentresponse. Wereportherethatboth~-aml~"strainsof 

yeastshrma nuclear stringentresponseidenticaltothatofanisonuclearr' 

strain,~~subjectedtonutritio~lshif~~. WeshcwthatinmtrmA- 

containing~ -strainsthenuclear-mt stringentresponseis fully intact, and 

weshmthatthemtportionofthe stringentresponsecanbereproduced from 

~+andtirRNAmntainingp-strainsinanin vitromt transcription assay. 

Yeast strains, media. cell o-rmth. S, cerevisiae strains used wexe: IIS-8C 
(MATa, hisl, txpl), a I]+ strain (13); Fll (MATe, hisl, trpl), a mt 21s Rena- 
containing p' strain derived from ILB-8C (13-16); and IL8/0 (MATe, hisl, 
trpl), a /3" strain independently derived from IL8-8C (17). Growth of all 
stxainswasat3O"C inarotaryshakingwaterbathat250rpm. Growthmedium 
for all experiments was modified minimal medium (18), supplemented with 20 mg/L 
of the appropriate amino acids (19); carbon source was 2% glucose. Media used 
fornutritionalshiftdmnmanipulationswere Urminimalmediutn, andthe same 
niediusdilutedtoa concentration of 0.05X with sterile water (9). 
Nutritional shiftdawn, labelino of cells. cells were grown for 16 hi-s in IX 
mfxlimcontaining 2 fli/ml 14Curacil s.oastouniforslylabelRNA; 10 j&ml 
unlabeleduridinewasincludedtoinsure linearuptakeoflabeledprecursor (9, 
10) . At early log phase growth (A600=0.4-0.5) cultures were divided in half, 
andeachhdLfwasharvestedbycentrifugationandwashed. Gnehalfwas 
resqended in fresh IXmedimandtheother in O.O5Xmedium, eachcontaining 
mlabeleduridine. Thecultureswerethenallcmdtogrmnormally for 3Omin, 
whereupon 3H-uridine was added to each to 30 pCi/ml final concentration. 
preetion of RNA, hvbrid selection of transcriutx Atvarioustimesafter 
Tted, andwhole-cellRNA 
was prepared frmn the un&heroplasted cells as described (20). For sme 
studies, thepurifieddoublelabeledF?NAwas counteddirectly. Inothers, 
specific nuclear and mt transcriptswereisolated frmthelabeledwholecell 
mixtures via hybrid selection. The hybrid selection pmcedure mloyed plasmid 
clonesofnuclearandmtgenes (Legend, Figure2) whichhadbeenalkali- 
denatu.r& and bound to ZetaProbe membranes; selection of specific transcripts 
was done at 42°C in a buffer containing 40% fo?mmi de, 5X SSC, 10 nM Nap04 (pH 
7.5), 2x Ee.nlm&ts solution, and 0.1% sodium dcdecylsulfate (see 21). Various 
control experiments using this hybrid selection procedure showeda rigorous 
selection of specific nuclear and mt transcripts in all cases (not shcwn). 
Premration of mitochondria, in vitro mt transcriution assav. In all 
experiments, cells were spheroplasted (19, 22), regrown for 3 hr at 30°C with 
shaking inisotonicallyadjusted IXmedimasdescribed (9), andreharvested. 
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Onehalfoftheregrcrwnculturewas resqmxled in isotonically adjusted IX 
medium, and the other in isotonically adjusted 0.05X medium; both were allowed 
to grm at 30°C with shaking for 1 hr, whereupon cells were harvested arid 
mitochondria wexe prepared from each half (9, 22). The in vitro mt 
transcription assay was done as ori inally described (23; see also Legend, 
Figure 3), ahd incorporation of 32 [a- P]UIP into mt RNA was monitored via ICA 
precipitation onto glass fiber filters. Control experiments us' 

T 
mitcchondria 

fmmboth strains Flland ILS-8C shmedthatincorporation ofti P intonrt RNA 
is linear for at least 40 min, and that &corporation of radioactive precursor 
is sensitive to 5 m/ml ethidium brmide, as would be expected if the RNA b&q 
synthesized is mt in origin (23; data not shown). 

In eukaryotic cells, transcripts frm the highly repeated nuclear rFWA 
genes always constitute a large proportion of whole cell RNA. &cause a 

strh-qent response powerfully affects nuclear rtNA transcription, it is 

possible to assess the overall cellular level of such a response by rronitoriq 

incorporation of labeled p recursors intowhole cell RNAovertime, after the 

imposition of stringent conditions. Fig. IAshows onetypicalsuchexperiment, 

in which the rate of incorporation of 3H-uridine into newly synthesized whole- 

cell RNA in dumshifted cells of strain ILS-8C is 7-fold lower than that in 

non-downshifted cells; these data are consistent with results from earlier, 

similar studies using other yeast strains (7, 9). Figs. lE+lC shm similar 

~~~suggestingthattheoverdLlstringentresponse inp-strainFll 

"dP o strain IIS/O are identical to that of parental strain IIS-8c, when 

assayedkqthismethod. Thesedata tiicatethatthestringentresponse inall 
strains is fully in effect at the earliest point assayed after shiftdown in the 

experiments. Similar experimntswitha16Smt rFNA-ccnt.aining p-strainnat 

derived frm IL&8C gave results identical to those in Fig. 1 (not shown). 
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Ficmre 1. stringentreqomeatthewholecell F%Al~el inisom~clear~ins 
ofyeast. Pan&l A, P+ strain II&SC; F'arkel B, ZIS--containing 
FlllFi~go styin II8/0. As described in 

p-strain 
Methods, cells were uniformly 

c-Wac11; half of each allture was then shifted fmm lx to 0.05x 
mdim, and newly synthesizedRNAwaslakeledwith %-uridine inlmthhalves. 
Atvaricnxitime aftershiftdamamiadditionof 3H-uridine, IFsLwaeprepared 
frolnmthalltxlms~czmmted. symbolsare: 0, wholecellRNAfrcm0ells in 
lXmedim;0,wholecellRNA fmincells shifted fm lxto 0.05XmmLium. 
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Fisure 2. stringent respmse inisonuclearstrains at the level of specific 
m~learandmtrmAtxanscripts. Panel A, p+ strain IIS-8C; Panel B, 21s 
rRNkax&aining p-&rainFll; Panel C, p" Strain IL8/0. y$ab&ngof 
cells, and pnqaraticn of RNA were as in Fig. 1; specific traxcr 
isolated from whole cell RML mixtures hy hybrid selection, using plasnid clohes 
for nuclear 185+2f33 rFNA genes (@lHC310) an.3 the rk 215 xTU?h gene (pYMl248- 
2e). Synbols are: 0, l&9+265 rRNA frm cells in UEdimn; 0, 18S+26S rRNA 
f~aellsshiftedfrcanlXto0.05Xmdium;~, 2lSmtrRNAfrmcells in IX 
lrBxlil,nn; 0, 2lSmtrRNA fJmncells shlftedfmnlxto0.05xmedium. 

In order to assess more precisely the effect of stringent conditions on 

transcription of individual nuclear and mt genes, we repeated the experiments 

in Fig. 1 but isolated specific double labeled tmnscripts fromthenuclear 

US+265 and mt 21s rRNA genes via a hybrid selection procedure. Figs. 2A-2C 
confirm that in strains ILS-8C, Fll, and IL8/0, the rate of transcription of 

nuclear rFNA genes has fallen to about 15% of control values by 30 min after 

the start of 3H-uridine labeling. Figs. 2A-2B further slmw that the level and 

kinetics ofstringentcurtailmentinnrt rcNA transcription are identical 

between p' strainIL8-SCandits2lS rRNA-containing 
r 

- derivative. The mt 

portionoftbe stringentresponse intbeseexperi.trmtsmirrors closelytbatfor 

nuclear rRNAgenes, both in the ~+strain and inits p-derivative. Strain 

ILS/O has, Ofczourse, no mtDNA and thus lacks all mt transcription. Similar 

experimentsusingtbe16SrRN?kcontaining p- strain gave results congruent to 

those for strain Fll (not &mm). The data show that neither mt transcription 
nor mt protein synthesis is required for regulation of either the nuclear or mt 

stringent response. Thesimilaritybetweennuclearandmtreqmnses seen in 
these~imentsmaysuggest:thatstringent~ilmentof~transcription 

inbothgenomesiscoofdinatedbyscnne unknaan mechanism (see Discussion). 

!Ranscriptionandprocessingforthemt2lSgene in/)'strainFllisknown 
tobe essentially identical to that in its parental strain (14-16); strain Fll 

isdlsolawwntoassemblethel;rrcrefllbunitofthemtr~ eventboughmt 
protein synthesis cannot take place (24). Further, transoript1on and 

prccessingforthe2lSgenebavebeenshawntotakeplace inan invitromt 

==Y w  (23, 25). Fig. 3 ~~thatthemtportionofthestrinqent 
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minutes minutes 

Figure 3. Strirqentrespnse inprifiedmitochorxlriaderived from pfstrain 
IL&8C (Panel A) and p- strainFll (panel B). Asdescribed inMethcds, 
initobomk-iawere preparedfmnregrcm .spherqlaststichhadremainedinlX 
mediumorwhichhadbeenshiftedfman1Xto0.05Xmediumafterregmwth. me 
oqanelles~usedinaninvitimt transcription systemto determine the 
relative rates of incorporation of UlG2P into mt RNA; the suspension of 
mitochordriaaddedtosachasMywasadjustedsuchthateachtubereceived5mg 
mt protein. z&lz;aD, incorporation inmitochorx9riaderived frcnn 1x 
d- . 
dmnshiftedspheroplasts.' 

I incorporation inmitochondriaderived frm 

response instrains ILL+8CandFllcanbereprodu~ inthesame invitromt 

transcription system. Inourhands,mitochondria preparedfrmregrum 

sphercplasts subjectedtonutritionaldcwnshift show a 2-4 foldlmerrate of 
incorporation of UT32P into n&RNA than do organelles derived frm regrcmn, non- 

dmnshiftedsphemplasts. Eqeriments similartothat inFig.3Busingthe 16s 

rRNA-ccntainbg f-straingave remltsidenticaltot.hose for strain Fll (not 

shown). Themagnitudeofmt transcriptionalcurtailmentin such invitro 

assaysislessthanthatseen invivo; experimentsnotgivenhere suggest that 

werespheroplaststoberegrown for long periods prior to damshift, the level 
ofthe invitro respmsewouldapproachthatseen invivo. Regardlessofthe 

magnitudeoftheresponse invitro, thesedataconfirmthatthentt strirgent 
response in strain Fll is identical to that of its parental p+ strain, and 

thattheresponseis fully intact inthe 215 rRN+containirg/3-strain. 

DECUSSION 

Recentresultsfromanotherlaboratoryshclwthatincertainnuclear 
backgmmds, transcription of specific nuclear c%JA sequences in yeast can be 

affected by the overall respiratory campetam=e of the cell and/or the condition 
of its mt gexane (11, 12). Importantly, this study showed that transcripts 
frcmthemppcs&lynontranscr' k&i spacer region of nuclear rDNA repeats are 
increased many-fold in same P Ostrains, andincreased~whatincertainp- 
Strains, cmpar&tolevels inrelated f>+ cells; this effect was correlated 
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Pia. 3: CD qeoba of poly[a(OQSC)] in crquecrus etl-mml eollltions. 801-t 
alaocQntained5nl?4Tris*Bc1,5OdINacl,px7.o. Btbaaol@XMenbatior4s(x) 
m 2.9 (- 1, 3.1 (---- ), end 3.2 (.....). AllepQctraaCeQIprvndedOn 
ths ellipticity scale by a faotor of 3.0. 

The B-to-Z transition has previously keen okerved in the presence of 

organic cosolvents such as dimethylsulfoxide, ethanol, ethylene glycol, 
fOIm3iTide, glyCXXTO1, and IXiflUoroethanol (1,5,14,16,17; B. G. Rawan and R. s. 

Preisler, unpublished results). The effect of cosolvent hwicity was 

tested by ccanparing the water-miscible alcchols. Sample CD spectra of 

poly[d(G-mk)] in aqueous ethanol solutions (Figure 3) show specbal change 

and ccoperativity similar to those of the salt-induced B-to-Z transition 

(Figure 1). Previous reports (5,14,16) gave similar transition midpoint 

ethanol concentrations for both poly[d(c-C)] and poly[d(G-m5C)]. Effective- 

ness in driving the transition of poly[d(G-m5C)] kreased with alkyl grcup 

size, frcsn methanol (one carbon) to 2-n&hyl-2-prapanol (four carbons--Table 

3) * The b$nning of a similar trend was observed in poly[d(C-C)], in that 

ethanol was more effective than methanol (Table 3). With the longer chain 

alcohols lower concentrations (belaw 5-a) favored the B-tE?A confom of 

poly[d(=) I. Higher concentrations produced, instead of a B-to-Z transition, 

Tz4ELE3.lHo-2tl7lnsitiond~i.nt aanrvmtrations in aquecms 
alcohol solutions 

ca,aa l3 4.6 
=3-2(= 8.2 3.1 
=3=v%= - 2.6 
=3-3 - 2.5 
(cff3,3aH - 2.2 

Al-1 -tratioIlsareinM. coMitioMareasdegcribedin 
MatarialsarAdI4%tbodsanbinFi~3. 
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single regulatory factor, but rather by different factors whose synthesis is in 

turncontrolledbyahigherorderregulatorymechanism. 

'Ihe efficient induction of nuclear-n& stringency by cycloheximide, and by 

temperature shift in ts mutants defective in cytoplasmic protein synthesis, 

suggest that the mediating factor(s) in each genm may be proteins (e.g., 9, 

10) . This is consistent with our unpublished observation of a full and 

coordinate stringent response inatighttsnn&antforRNApolymerase II (33), 

when it is raisedto the nonpermissivetemperature. The protein responsible 

for governirq mt transcriptionduringastringentresponsecouldbethe 

specificity factor of the mt RNA polymerase (32, 34), or it may be some as yet 

unidentified protein. We are now attempting to identify and characterize the 

factor or factorswhichregulate stringentr~t ranscription in mitochondria. 
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