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Precise mapping and characterization of the RNA
primers of DNA replication for a yeast hypersuppressive
petite by in vitro capping with guanylyltransferase
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ABSTRACT preferential segregation could be the basis of hypersuppressitivity
(4,5).
The active origins of DNA replication for yeast The various yeast ori/rep sequences share 280 bp of homologous
(Saccharomyces cerevisiae ) mitochondrial DNA share DNA (6). The orifrep sequence is AT-rich but contains three
280 conserved base pairs and have a promoter. Since GC-rich clusters, designated A, B and C (Fig. A yeast
intact replication intermediates retain their initiating mitochondrial promoter is immediately adjacent to the C cluster;
ribonucleotide triphosphate, we used guanylyl- RNA is transcribed from this promoter,§). In various species
transferase to invitro cap the replication intermediates of mammals there are three conserved sequence blocks (CSB)
present in restriction enzyme-cut DNA from an ori-5 downstream of the mitochondrial light strand promdigr@SB
hypersuppressive petite. Restriction mapping and 2 has strong homology with the yeast C cluster and CSB 1 also
RNA sequencing of these labeled intermediates has a homolog in the yeast ori/rep sequefice (
showed that each DNA strand is primed at a single A model for initiating yeast mitochondrial DNA (mtDNA)
discrete nucleotide, that one primer starts at the replication at an ori/rep sequend®,(L1) has been developed on
promoter and that the other primer starts 34 nt away, biochemical evidence and by analogy with replication of
outside the conserved region. Deoxyribonuclease mammalian mtDNA11-16). In mammalian mitochondria RNA
digestion of the capped fragments left resistant RNA transcribed from the light strand promoter primes D-loop DNA
primers, which enabled identification of zones of synthesis and presumably primes synthesis of the first strand of
transition from RNA to DNA synthesis. Some of the DNA during replication {3). The model of yeast replication
results contradict the prevailing model for priming at maintains that RNA transcribed from the yeast ori/rep promoter
the yeast mitochondrial origins. similarly serves to prime the first (promoter) strand of DNA

replication. Supporting this step of the model is the fact that there

are several inactive (not hypersuppressive) ori/frep sequences
INTRODUCTION which are homologous to active ori/rep sequences except for the

presence of a short DNA insertion which disrupts the promoter
The mitochondrial genome of baker's ye&sccharomyces (7,17). In mammalian mitochondria the various transition sites
cerevisiads [B0 kb long. This genome can suffer large deletionfrom primer RNA to DNA synthesis occur downstream of the
resulting in respiratory-deficient yeast, which are called petite (@romoter in the region of the CSBs3|. An enzyme called MRP
rho”) mutants. The retained DNA in most Tipeetites is tandemly has been isolated from mammalian mitochondti@ (vhich
repeated and amplified)( While most petites are recessive wherncleaves RNAnN vitro near or at a number of théseivotransition
crossed with grande (rhor wild-type) yeast, suppressive petitessites (L6,19,20); one of these sites is adjacent to CSB 2. MRP is
produce a high percentage of petites in such crosses gmubtulated to produce RNA priméf@GH endsn vivo. The model
hypersuppressive (or supersuppressive) petites produce moétly yeast replication initiation maintains that a similar cleavage
petite progeny. Hypersuppressive petites were shown to havecurs on the transcript from the ori/rep promoter to generate the
small genomes containing one of three or four (depending on themer for promoter strand replication. When the S1 nuclease
parental strain) homologous regions called rep or active dechnigue was used with several ori/rep peti#d} {0 identify
sequences2(3). These orifrep sequences are believed to be tHRNA primer and DNA ends (Fid) a RNA 3-end was mapped
normal origins for yeast mtDNA replication. This conclusion isto the promoter and the RNA-DNA transition was placed at the
based on the assumption that hypersuppressitivity is the result of tmundary of the C cluster. In support of the model a yeast MRP
tandemly repeated orifrep sequences successfully competing for #mezyme has been found that cleaves RiNAtro at one of several
DNA replication machinery1), although recent work suggests nucleotides immediately upstream of the CSB 2 homolog, cluster
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<€-0ri-5, 280 bp homologous with other ori's=> region, and that for both strands the transition from RNA to DNA
-_? —r—r synthesis does not occur at a discrete site.

Yy B A

é - S MATERIALS AND METHODS

: 3 A— m{gmé Yeast strain and growth media
5:..mq;mmmf;§ﬁfmmalz\mmm3' For these experiments we used HS20),(more specifically

3. T TATATATTCATTATOCCCCTCCCCCACCCACTAT TAT...5 strain 14WWHS40 (MA® p- ade2-1 ura3-52 trpl leu2

ATATATTCATIATCCCCC ucceccacceacu 5 CIT::LEU2). Its mtDNA is virtually identical to the sequence

m between 18 837 and 19 605 in the GenBank sequence of yeast
MtDNA (accession no. M626222). The yeast were grown in
medium consisting of 1.5% peptone, 1.5% yeast extract and 2%

Figure 1.Map of ori-5 and the DNA sequence near its C cluster. The ori-5 primingof the sugar raffinose, glucose or sucrose. The medium was
sites and RNA-DNA transitions, as identified by Baldateil (21), are shown. supplemented with 25 mg/l adenine.

The template DNA sequence is in regular type, italics indicate newly replicated

strands and the RNA primers attached to the replicated DNA are in lower case. . . .

Promoter strand primer synthesis starts at the promoter (bent arrow) and tHélitochondrial DNA isolation

transition to DNA synthesis is just 4 nt downstream. Non-promoter strand primer . L.
synthesis starts to the right of the C cluster and the transition to DNA synthesis #Vith minor modifications, we spheroplasted yeast by the method
inside the C cluster. Yeast MRP cleavage sites (22) are designated by asterisks; 106 Yaffe (33), except that we used two different enzymes, Yeast

asterisks mark the preferred cleavage sites. Note that the leftmost MRP cIeavagpﬂiC Enzyme (ICN) and Murienase (Amersham), both at 1 mg/g
site could not functiom vivo at ori-5, because it precedes the initiation site of the yeast. The spheroplasts were disrupted as described byeitasey
promoter. al. (34) and then the mitochondria were isolated as described by
Yaffe (33), except PMSF was omitted. For one experiment the
mitochondria were quickly broken with glass beads using a
Bead-Beater (Biospec Products). The mitochondrial pellets were
lysed with 1% SDS and then the mtDNA was purified by two
successive bis-benzimide/CsCl gradiefity.(The mtDNA was

hanol precipitated, redissolved and repeatedly extracted with
gtlenol and chloroform until the interface was clean, and finally
fthanol precipitated.

C (22). As shown in Figurd, the preferred cleavage site is 1 nt
away from the RNA-DNA transition mapped by S1.

In mammalian mitochondria second strand RNA synthes
initiates after first strand replication has proceeded two thirds
the way around the mtDNA. The displaced single strand
capable of forming a stem and loop which serves as the site
priming second strand synthesigl); The second strand RNA ) ,
primer is synthesized by a mitochondrial prima&®); (this site ~ Capping reactions

does not have a promoter. By analogy with mammaliapna for the capping reactions was generally cut first with a
mitochondrial replication, the model for initiation of yeastiegtriction enzyme. The digestion used a several-fold excess of both
MtDNA _re_phca_tlon proposes that se_co_nd (non-_promote_r) stral zyme and time, was performed in the presence of 02 U/
synthesis is primed by a primase within the ori/rep region aft¢t;ction Prime RNase Inhibitor'{8' Inc.) and was stopped by
first strand synthesis exposes the second strand origin (althougReno| and chloroform extractions and ethanol precipitation. The
unlike mammalian mitochondria, the first and second strang was dissolved in water and boiled for 3 min before adding
origins are nearby in the ori/rep region). A stem and loop similghe capping reaction ingredients. The capping reaction volume
in secondary structure to the mammalian second strand origin Gggg usually 24l with 1-2pg/ul DNA and the reaction was done
form between clusters A and B){but there is no evidence that \itn 50 mM Tris—HClI pH 8.0, 6 mM KCI, 1.25 mM Mggl
second strand priming occurs at this site. The S1 nuclease my DTT, 200uM ’Sadenos’ylmethionin,e, 1q@y/ml BSA,
techr]lque was used to map a RNAeBd and a RNA-DNA 6—10uM [G-SZP]GTP (3000 Ci/mmol), 0.02 Wl Prime RNase
transition for second_ stra_md synthe&i$){ these sites are at the Inhibitor, 0.4 Uf1l pyrophosphatase (Amersham) and 0.2 U/
C cluster, as shown in Figuie _ .vaccinia guanylyltransferase (Gibco BRL). The reaction was
In this paper we re-examine the model for yeast mitochondrigdybated at 37C for 90 min, then stopped by adding48vater
replication by investigating ori-5 in the hypersuppressive petitgnq purifying the product using the Qiaex Il DNA extraction kit
HS40. Using the highly specific techniquerofitro capping with  (gjagen). The resin was eluted three times with 10 mM Tris—HCI,

guanylylransferase and{*?P]GTP, we labeled the initiating nH 8.0,"1 mM EDTA and the eluates pooled before ethanol
ribonucleotide triphosphate retained on thertd of intact RNA  recipitation.

primers of replication intermediates. This labeling distinguishes

primed intermediates from the large excess of non-replicati .

DNA present in a restriction digest of mtDNIA. vitro capping "Ruclease reactions

has been used to identify the initiating ribonucleotide antlVe used pancreatic deoxyribonuclease | (DNase ) digestion
RNA-DNA transition position on Okazaki fragments duringwhen we needed to demonstrate that DNA was part of capped
discontinuous DNA synthesis i&scherichia coli(24) and nucleic acid molecules. Before stopping the capping, the 2
Drosophila melanogastéR5). This technique was also previously reaction was diluted 10-fold with 40 mM Tris—HCI, pH 7.8,
used to identify the sites of transcription initiation for RNA from10 mM NacCl, 6 mM MgClJ, 0.025 Ujil Prime RNase Inhibitor
yeast mitochondria8(17,26-30). Our results show that the and 12 U RNase-free DNase | (Promega). After digestiorf&t 37
promoter strand is indeed primed from the promoter, that tHer 1 h 30ul water was added and the nucleic acid purified using
non-promoter strand origin is outside the conserved ori/refe Qiaex Il kit. To completely remove the DNA portion of
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primed replication intermediates gel-isolated capped fragments - O
were digested as above with DNase |. Then the reaction was made (A) E BB ETE®
10 mMpB-mercaptoethanol and 0.3 U T4 DNA polymerase (New EMAZ 225
England Biolabs) were added. After 1 h incubation &C3the 1034 |
reaction was phenol extracted, chloroform extracted and lyophilized 738— BN — 745
to dryness. For RNA sequence analysis by the technique of partial /500
digestion with base-specific ribonucleases we used the Amersham _‘_— 495
RNA sequencing kit. Limit T1 digestions were similar except that T Nazs
250 U T1 ribonuclease were added. 345- -

— —285
Electrophoresis and fragment elution 262- ==
Nucleic acid pellets were dissolved in loading buffer containing - =<E’?""
80% formamide and XL running buffer and boiled for 2 min 220
before loading onto polyacrylamide gels. The gels were simply 196
covered with plastic wrap for autoradiography, so that when 1234567
fragments needed to be excised and eluted the gel was already (B)
hydrated. The autoradiographs were scanned with an imaging g B340 g tandem. , TEpeNs
densitometer (BioRad Laboratories, GS-670). To elute the / f L '

fragments the polyacrylamide pieces were crushed in a microfuge e 0D B
tube and suspended in 50i00.5 M ammonium acetate, 10 mM
Tris—HCI, pH 8.0, 1 mM EDTA and 0.1% SDS. After rotation at

II |
37°C overnight the tubes were centrifuged and the eluate . EA ;
collected and counted in a scintillation counter. Elutions were F - = . I F
repeated and pooled if necessary to free most of the label. The i i;; £ g
eluate was then filtered through a 0 micro spin filter, 3 g:z e
phenol extracted and chloroform extracted prior to ethanol j o8 ?—L’;
precipitation in the presence ofiy) carrier tRNA. ;495 Ti——,i
RESULTS s | = i’

7 745 [
Mapping the priming sites of HS40 = =

HS40 is a 757 bp hypersuppressive petite containing ori-5. To
map its prlmlng SItQS fOI’ DN,A, repl|cat|on, WQ isolated th? Figure 2. Restriction enzyme analysis of capped HS40 mtDNA electrophoresed
mtDNA and digested it with restriction enzymes which cut the petitn an 8% polyacrylamide—8 M urea gal) [ane 2 has marker DNA (pBluescript
genome once. The digested DNA consisted mostly of full-lengthi KS+), cut with SaBAI and labeled by end-filing. Marker fragment sizes are
duplex fragments but also included replicating fragments Containin?'ven on the left side of the gel. All other lanes have capped HS40 mtDNA. In lane
RNA primer. The nucleic acid of a replicating strand should the DNA was not cut with a restriction enzyme before capping. In lanes 3-7 the
df ) h . h e his | h .”DNA was cut with various restriction enzymes before capping (lane ®vaith
extend from the primer to the restriction cut and this length Willzne 4 wittnde, lane 5 withEcaRV, lanes 6 and 7 witifis). After the capping
be discrete if the priming site is precise. Next, the DNA waSweaction the DNA in lane 7 was digested with DNase 1. In this figure lane 4 was
denatured by boiling to make the duplexed RNA primer availableeplaced with a shorter exposure of the same lane. The sizes of the capped
for thein vitro capping reaction. The capping reaction will only fragments were estimated from the postions of the marker bands using a graphing
. . A program (KaleidaGraph, Abelbeck Software); the capped fragment sizes and
label unprc_)cessed RNA primers which r eta'.” Hlﬁhosphate. postions are marked on the rigi) The physical map of the 757 bp repeat unit
After capping the labeled RNA/DNA chimeric molecules were of Hs40 mDNA is shown with the positions of the three GC-rich clusters, C, B
analyzed by gel electrophoresis and autoradiography. and A, and the four restriction sites. Diagonal lines indicate the boundary of the
Atypical gel is shown in Figur@A. When the HS40 DNAwas  HS40 genome unit (the petite deletion junction); restriction fragments extend
cut with restriction enzymes, as in lanes 4—6. two Capped ban&gyond the junction into the next tandem repeat. A bent arrow marks the ori-5
Th likel ’ | ion f ! band Id b romoter. Below the map are four sets of horizontal bars, one set for each restriction
are pres_ent_. _e _mO_St I e y explanation for two bands wou nzyme. The bars show the map alignment and lengths of each enzyme’s pair of
two replication initiation sites, one for each DNA strand. In lan€capped fragments (from A). Each fragment s aligned from its cut end to its capped
3, where the DNA was cut witbral before capping, only one end. The two diverging arrows at the bottom of the figure indicate the priming sites
band is visible, but subsequent analysis (below) suggests that tidentified by the capped ends of the fragments.
band is a double band. In lane 1 HS40 mtDNA was not cut before
the capping reaction. There are no bands in lane 1; label was
incorporated but it is present as a background smear of randaecificity of the DNase | digestion by treating capped mitochondrial
DNA lengths. While the restriction digestions showed that th&5S rRNA from the petite P3¢) under the same conditions; no
capped products contain DNA, as would be expected fategradation was visible after polyacrylamide gel electrophoresis
replication intermediates, the presence of DNA was furthgdata not shown).
demonstrated by DNase | digestion. An equal aliquot of cappedWe estimated the lengths of the fragments in order to map the
Msp-cut DNA electrophoresed in lane 6 was digested witlpriming sites, since each discrete fragment presumably extends
RNase-free DNase | and loaded in lane 7. The bands presenfrim a priming site (5end) to a restriction cut. This size
lane 6 disappeared, as did the background smear. We checkedtifiermation was used by aligning the fragments along the
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restriction map, starting from the restriction sites. Any pair of = =

fragments from a single lane could be oriented in two possible o il e s

ways (i.e. the shorter one to the left of the restriction site and the a7 - ',23

longer to the right or vice versa). When the products dfitte; — -

EcdRV and Msp reactions were aligned using both possible

orientations, one orientation of each set proved to have primed ends 123 45

mapping in the vicinity of ends from the other enzymes @By,

thereby identifying the two priming sites. One of these priming ~30

sites maps to the promoter. The capped band mapping to the - - =

promoter was always more intense than the other capped band, as ; =26

can be seen in lanes 4-6 of FigRre a1-— T
For theDral digestion a single capped band of 745 nt, nearly e - 22

genome length, was visible on the polyacrylamide gel (ig.

lane 3). Since th®ral site is bracketed by the priming sites

mapped with the other three enzymes, we believe that the single

band is actually two bands of similar length extending around theigure 3. Accurate mapping of the promoter stran@d. The two panels are
HS40 genome, as shown by the last set of horizontal bars at thegtions from the top and bottom of the same 8% polyacrylamide gel, but the
bottom of FiguréZ. top panel is from an eight times longer exposure. DNA markers are in lanes 1,

. - . . . 2 and 5. Lane 1 has a kinase-labeled 31mer oligonucleotide. Lanes 2 and 5 have
Since re_pllcatlon Interme.dlates may be short lived, WepUC18 and pBluescript Il KS+ respectively, cut wghiBAI and labeled by
Wondered_ if mtD_NA from .5W|ﬂ|y br0ken yeast V_V0U|d Preserve end-iling; sizes of fragments are given on the sides of the upper panel. Lane 3 has
more replication intermediates for capping. We isolated mtDNAcapped HS40 mtDNA cut witdphl before capping and in lane 4 the DNA was
from yeast quickly broken using glass beads and compared igst withSsp. Sizes of the small capped RNA molecules are given on the right
capping efficiency with DNA isolated by enzymatic digestion of 2d the same bands are marked with dots by lane 3.

the cell wall. The intensity of the capped bands did not change

(data not shown). We also considered the effect of growth stal : .
of the yeast on the efficiency of capping. Yeast were harvestedq e 30 nt Iength IS es_tlmated fror_n an end-labeled _31me_r DNA
igonucleotide marker in lane 1; this 31mer reproducibly migrates

various points during growth, from middle through late log and intQ’ .
early stationary phase. There proved to be no correlation between ffit} capped RNA of 27-28 nt length. (RNA, especially when
intensity of capped bands and growth stage (data not shown). capped, does not exactly co-migrate with single-stranded DNA.)

We studied the effect of different culture media on Calopingurthermore, the band migrates at a position 8 nt above a bright band

reaction efficiency. We thought it likely that mtDNA isolated re_viouslly ih?twglt\loAbe 2|2 nt Iin Ienﬁf[hr.] The t22 nt lfind 5 p?gﬁ,fga
from derepressed mitochondria would cap more efficientlyS c> O SN0 \ molecules which contaminate our 1
because derepressed mitochondria may have more mtDNA Fparatlons (see Discussion for more about these 0” RNAS).
cell and do have higher levels of mitochondrial gene expressi n the upper panel of Figuf lane 3, two bands aB00 ar]d .
(37). For this reason we had used the non-repressing sugajo Nt length are present. Non-promoter strand replication
raffinose to grow the petite HS40 in most of our experiments (f ermediates shqu'ld extend from their ;tart site tdipie site
example Fig2). We compared the capping efficiency of mtDNA 294 ntaway, providing the second band in lane 3. Promoter strand
isolated from yeast grown with the repressing sugar glucose gplication intermediates which did not cleaye wiph at 30 nt,
sucrose with the mtDNA from the yeast grown on raffinose. Th Ue to the presence of heterodup'lexe'd primer RNA, should cut
same pair of capped bands were present, but their intensity r tthe rr:_e)r(]t.tandem reiﬁea;t. Tg's (\jN'IH Iprodgcef t?] fragment of |
reduced (data not shown). In addition, the intensity of the capp nt, which IS seen as the top band in fane  of thé Upper pane

band not mapping at the promoter, noted above as being the | Eigure& The 787 nt band is fainter than theT 30 nt band, despite
intense of the two bands in a lane, became even less relative toJfg /0Nger exposure for the upper panel. This suggests that most
band mapping to the promoter. ' of the replication intermediates have primers shorter than 18 nt.

_ ) ) RNA sequence and RNA-DNA transition for the promoter
Precise mapping of the 5end of the promoter strand primer strand primer

We used a conveniently locatidghl restriction site to show that Mapping capped restriction fragments from replication inter-
the primed intermediate mapping to the promoter does in fantediates successfully localized priming sites. To identify the
arise from the promoter initiation sitélphl is a type IS exact nucleotide positions for priming we sequenced the RNA
restriction enzyme, with the recognition and cleavage sitesnds of the primed intermediates. Appropriate capped bands from
5-GGTGANNNNNNNN'N. The singleHphl site in HS40 is at 110 capping reactions, like those of Figdrdanes 4-6, were
the C cluster, so the enzyme respectively recognizes and cleastsed out of autoradiographed gels and pooled. The eluted
the DNA 18-22 and 30 bp downstream of the promoter. Howeverapped restriction fragments were subjected to enzymatic RNA
Hphl should not cleave the fraction of HS40 replicationsequencing reactions.
intermediates whose RNA primers extend >17 nt, intd-bla An example of sequence analysis for the capped intermediate
recognition sequence. which appears to originate from the promoter is shown in Fure
When HS40 was capped and cleaved Wiphl a band B0 nt  In lane 1 partial digestion with ribonuclease T1, which is specific
long appeared (Fig3, lower panel, lane 3), confirming that for cleavage after guanosine (G) bases, produces a pattern of
priming of DNA replication occurs at the promoter. This band i&'... GGGGGXGGGGGXGGG. 3, where X is any base except
absent in lane 4, which was cut with another restriction enzymé&.. In the HS40 genome only the sequence of cluster C,
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We also investigated the location of the RNA-DNA transition
by doing sequential digestions with RNase-free DNase | and T4
DNA polymerase (utilizing its '3-5' exonuclease activity).
While digestion with either of these enzymes should remove the
DNA from the chimeric replication intermediates and leave the
RNA primer, we used two enzymes to further ensure complete
digestion and to eliminate any concerns arising from the moderate
base specificity of DNase 3§). We demonstrated the absence of
RNases in this digestion by doing the same reaction with capped
15S rRNA from petite P2; the test RNA did not degrade (data not
shown). A DNase I/T4 DNA polymerase digestion of the
promoter-derived replication intermediates is in lane 3 of Figure
Base positions 1-5 in the DNase digestion can be determined
from lane 4; beyond nucleotide 5 the base positions can be
determined by comparison with the partial T1 digestion of the
primer in lane 1. The most abundant DNase oligonucleotide
product length is 11 nt; the large majority of the products range
from 9 to 17 nt. A minority of oligonucleotides are longer, even
beyond 30 nt. There are also some oligonucleotides 3 ntin length,
but products with lengths from 4 to 8 nt are virtually absent. The
progressive reduction in intensity of capped oligonucleotides
longer than 10 nt in the partial T1 digest in lane 1 is probably due
to the RNA-DNA transitions, which progressively reduce the
substrate cleavable by T1.

1234 567 8

RNA sequence and RNA-DNA transition for the

Figure 4. RNA sequencing and DNase treatment of replication intermediates.non-promoter strand primer

(A) Gel-isolated capped material arising from the promoter was subjected to

partial T1 digestion in lane 1, a limit T1 digestion in lane 2 and a limit digestion In order to precisely determine the priming site for non-promoter

with DNase | é““z‘d T4 DNA %O'ymﬁrals“;‘ti”L'ane v Thg gOhSi“O”S_ ofthe G fes““;y?érand replication intermediates, capped restriction fragments from

in lanes 1 and 2 are marked on the left. Lanes 4 an ave size markers, a . . - . : -

ladder made by partial RNase PhyM (A and U-specific) digestion of capped e_se_ Intermedl_a_tes_ were isolated anc_i partlally d'QGSted with the

petite P2 RNA (mostly consisting of 15 S rRNA, whose initial sequence is almost?Yrimidine-specific f'bonUC'eaS? .fro_BaC"'US cereugFig. 4, lane

entirely A and U; see 36). The ladder nucleotide positions are marked betwee6) and the adenosine (A)-specific ribonuclease U2 (lane 7). When

the two panelsH) Gel-isolated capped material arising from the non-promoter interpreting the sequence from lanes 6 and 7, if both lanes had a banc

strand was partially digested wihcereusRNase in lane 6 and nuclease U2in 4t 5 nosition it was scored (U/A) and if bands were faint or absent

lane 7. Lane 8 is a size marker consisting of a limit T1 digestion of capped petit€ both | AN d is oft h h

P2 RNA, whose predominant 15S rRNA has a G at position 12; this lane wag_q ot anefs aF a position it was sc;ore N. As is often the case, the

overloaded to provide bands at other nucleotide positions. (A) and (B) are fronfirSt nucleotide is absent from the digests. The RNA sequence of the

the same autoradiogram of a 20% polyacrylamide—8 M urea gel. non-promoter strand was read as follows:NA(U/A)AA-
AN(U/A)AAUAUA(U/A) (U/A)AA(UIA)AA(UIA)(U/A)A(UIA)-
ANANNNAN ...-3'. This sequence aligns perfectly with the
HS40 DNA sequence at the location where we first mapped the

downstream of the ori-5 promoter, matches this pattern difimer for the non-promoter strand. The first base of the primer
consecutive G residues. Limit digestion with T1 in lane Jor the non-promoter strand is 34 bp upstream of the first
produces a single product which migrates at the same site as iygleotide of the primer for the promoter strand. o

first G in the sequence above. This G is therefore the first G in theThe RNA-DNA transition for the non-promoter strand replication
RNA primer. The limit T1 ribonuclease digest has a doublet barlfitermediates was identified by DNase 1/T4 DNA polymerase
caused by conversion of some of tHe23phosphate cyclic digestion (see Fig, lane 1). The oligonucleotide products have
intermediates of the partial digestion inte®P3 The RNA ladder lengths of 8, 11, 13, 16, 19, 23 and 25 nt and at every position in
of lane 4 shows that the first G is the fifth nucleotide of the primef: region extending from 27 to 46 nt; a few are longer than 46 nt.
(Above nucleotide 5 the G-rich primer is retarded in migratioYVithin the region 27-46 nt products with lengths of 30, 31 and
relative to the RNA ladder, as can be seen in lanes 1 and 4. The-42 nt are somewhat more abundant.

retardation is reproducible. The ladder aligns well with other

RNA, as seen in lanes 5-8.) The fact that the fifth nucleotide [$|SCUSSION

the first G in the replication intermediate has been demonstrated

by other means. The oligoribonucleotide from the limit digestiofiror this study we used guanylyltransferase to cap replication
co-migrates with limit T1 digestion products from other RNAintermediates present among restriction fragments from HS40
molecules with a G in their fifth positions. Furthermore, when thand demonstrated that each DNA strand has a single starting site
oligoribonucleotide was isolated and sequenced it proved to béax DNA synthesis. Sequence analysis showed that for both
pentamer (data not shown). Replication intermediates therefasrands priming starts at a single discrete nucleotide, that the
are primed from the promoter initiation site, as shown in Fijure starting sites for the two strands are 34 bp apart and that synthesis
starting at the same position as RNA transcrigjts ( is divergent from these starting sites (B)g.The chimeric (RNA
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RNA-DNA transition in the replication intermediates by digesting
the capped replication intermediates with DNase | and T4 DNA
polymerase. These enzymes leave a single deoxynucleotide attachec
to RNA when used to remove the DNA from' &fRNA-DNA-3'
chimeric moleculeZ4); for this reason the lengths of the primers
summarized in Figur@ are 1 nt shorter that the oligonucleotides
measured in Figuresand>.

In our experiments only a small fraction of the mtDNA was
capped. This shows that replication intermediates, at least those
with intact 3-ends, are rare. We usually grew HS40 on the
derepressing sugar raffinose because we found that mtDNA
isolated from yeast grown on the repressing sugar glucose or
sucrose capped less efficiently. Since we used similar amounts of
DNA in the capping reactions, mtDNA from repressed yeast have
a lower fraction of replication intermediates. This is probably due
either to relatively faster turnover of replication intermediates or
increased use of some other alternative replication pathway, like
rolling circles B9). We also consistently found that the strand
primed from the promoter capped better than the non-promoter
strand (Fig.2); this difference in efficiency was even more
pronounced under repressing conditions. Since both strands of the
DNA must replicate the same number of times, primers for the
non-promoter strand must either turn over faster than primers for the
promoter strand or the non-promoter strand must sometimes use an
alternative priming mechanism, like discontinuous replication.

When we analyzed the strand primed at the promoter with

Figure 5. DNase treatment of replication intermediates from the non—promoterDNase' we found that the vast_majorlty of primers eXt_ended tothe
strand. Gel-isolated restriction fragments were digested with DNase | and T4niddle of the C cluster. The single most common primer length
DNA polymerase in lane 1. Lane 2 contains a RNA ladder made from petite P3s 10 nt, most are 8—13 nt Iong and the frequency of Ionger primers
RNA partially digested with RNase PhyM. The nucleofide lengths are markedgg||s gradually so that only a few are 28 nt or longer. There is also
on the right. The gelis 20% polyacrylamide-8 M urea. a 2 nt primer. The spot at the single nucleotide position in lane 3
of Figure4 cannot be from a capped replication intermediate

and DNA) nature of the capped intermediates was demonstratedtigcause the shortest possible DNase product must at minimum
the capping reaction itself, which only labels RNA witH-&i5or  possess both a capped ribonucleotide and a deoxyribonucleotide.
diphosphate, and by DNase digestion. We identified the sites f@he fact that the majority of the promoter strand primers extend
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Figure 6. Replication start sites and primer lengths for ori-5. The top and bottom DNA sequences abut. The bent arrows mark Shewliscaoéthe primers for
each strand, as determined in this paper; the bent arrow by the promoter is also the promoter transcription start titel. liftes wdrove and below the sequence
show the sites of RNA-DNA transitions; the relative length of the lines indicate the amount of primers of that lengthidfieo erstyme recognition sequences
are marked with gray bars and their cleavage sites are marked with carets. Asterisks mark where the yeast MRP enzym& tleatreq 22\
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longer than 5 nt is confirmed in Figu#e where a limit T1 analysis in order to compare tHeehds of replication intermediates
digestion of the replication intermediates produces a pentameaith and without attached primers. RNase A is pyrimidine-specific,
This result would be impossible if the RNA-DNA transition wasso in the case of the purine (mostly G)-rich beginning of the
at or upstream of nucleotide 5. The fact that most of the primeggomoter strand, RNase A could cleave after nucleotide 3, a U,
are shorter than 18 nt is confirmedtghl cleavage (Fig3). then fail to remove the rest of the primer RNA. Within the

_ InFigure3a series dh vitro capped RNA molecules is present resolution of the S1 technique this could explain why they found
in lanes 3 and 4. When sequenced the RNAs proved to be frgimprimer with a length of 4 nt. (Alternatively, their 4 nt primer
the HS40 ori-5 promoter initiation site, i. &.AAUAGGGGG...  could be the same as our minor 2 nt primer, again within the limits
(data not shown). Most of these short RNAs in the HS40 MtDNA¢ s1 resolution.) There is also no mention of denaturing the
preparations can be removed by size fractionation. Some of tfpNA before their RNase A digestio1), so digestion of
RNA persists_ u_nless the mtDNA is vigorously denatured, whicgyy primers from the duplex would be poor at best.

suggest that it is heteroduplexed to the mtDNA. The short RNA o\ hfirmation of primer synthesis from the initiation site of the

molecu:ceti couII(?st'mely llodebdegrage? transcripts. Alte{nati;’e%ri/rep promoter supports the premise in the model outlined in the

sDoNrr'l\e r%plic%st?on In ?/i(t:r(())utraniénri;tignOfrrgrrrl1mtlrr1]g )p/;%@tofrzlrse?qﬂtroduction that mtRNA polymerase (consisting of the core
X B olymerase coded by tiRPO41gene and the specificity factor

promoter has been shown fo produce a stable RNA DN%ﬁl) synthesizes the primer. Prior genetic evidence for this idea

heteroduplex which can printe vitro DNA synthesis by yeast . ; . : .
mtDNA polymerase40). Clearly, all of the shoif vivo RNAs comes from the fact that mitochondrial ori/rep regions and their
' ’ ociated promoters are required for hypersuppressitivity

cannot serve as primers, since the RNA is abundant and in m% . i~
cases not duplexed. If any of the short RNA molecules are us 2*7'17)’ although not needed for petite MDNA stabilit¢-3),

as primers they must first be processed, because the RNA mog8fl the fact that disruption BPOA4Lin wild-type yeast caused the
length is 22 nt while the modal length of the primers retained dRtPNA to became unstable, producing tetites (petites lacking
replication intermediates is 10 nt. mMtDNA) (44). However, Fangmaet al (43) showed that both rfio

The 3-OH of an RNA primer must be generated by eithe@nd rhG petites were produced. Furthermore, the mtDNA of
cessation of synthesis or by cleavage from a longer precursor.8gtablished rioyeast, with or without an ori/rep region, proved to
mammalian mitochondria MRP cleavage of RNA transcript®€ stable with such disruptions and, significaffyO41disruption
from the promoter may provide the priméCH (16,19,20), and  did not affect petite hypersuppreséiy (4). Disruption ofRPO41
a similar MRP is found in yeas?%). Yeast MRP cleaves at the may simply cause the mtDNA instability by preventing
right position to be responsible for the 2 nt primer we identifiednitochondrial protein synthesis, which is known to produce
from the promoter strand DNA synthesis start site @idoutthe  petites 87). At this point the actual role of core mitochondrial
MRP cleavage site is not close to the rest of the RNA-DNARNA polymerase in priming is not clear. When present, the core
transitions. This suggests that yeast MRP has at best a minor nsllRNA polymerase may be used to synthesize the promoter
in processing primers. A nuclease from vertebrates, endonucleaseand primer, while an alternative pathway may be used when the
G, cleaves RNAn vitro at poly(G) tracts and RNA from the CSB RPO41 gene product is absent. On the other hand, core
2 region of animal mitochondria. Endonuclease G has beglymerase might actually never be used to prime DNA
proposed to cleave primer RNA for mammalian mitochondriadynthesis.
replication 1). Since the majority of the promoter strand Since core polymerase is not necessary for hypersuppressitivity
primers end in the G-rich cluster C, if a similar enzyme wergyt the promoter is required, the mitochondrial transcription
presentin yeast it could generate ther8ils of the most abundant specificity factor mtf1 (also called sc-mtTFB) may play a role in
promoter strand primers. priming. Together with the core polymerase mft1 recognizes the

The priming site for the non-promoter strand is 34 bp upstreéag}ymoter sequence during transcriptiéf, ¢6). If core polymerase
of the promoter primer site, outside the conserved orilrep reg'(g%)es indeed play a role in priming, mtf1 surely also plays its role
entirely. We found by DNase analysis that the zone of the o.,4nizing the promoter; if core polymerase has no priming
RNA-DNA transition for this S”af.‘d IS even larger than for ther le or is absent, mtf1 might work with an alternative enzyme like
promoter strand. The shortest primer is 7 nt and a few exte %imase to recognize the promoter. Current genetic evidence for
e replication role of mtfl is ambiguous. Yeast with a disrupted

immediately before the sequence AT on the template stran@)Fig. MTF1gene become rﬁ_c(47), but unfqrtunately the effect of this
Longer primers end at every position from 26 to 45 nt; this Clustﬁljsrum'on on eSFab lished rhopeutgs was not reported.
of primer lengths is centered on a stretch of six A residues on t gmperature-sgnSItl\MTFl mutants did not lose _mtDNA for
template strand. Because of the sequence differences, itSEVEral generations and petites did not appear until after3f h (
unlikely that the 30H ends of the non-promoter strand primersSUggesting that mifl is not directly required for all mtDNA
are produced by the same mechanism as the promoter strandeplication. S

The selectivity of thein vitro capping technique gives us Beyond the fact that promoter strand replication is primed from
confidence in our conclusions, but Baldaetial (21) present the promoter, our results do not support a closely analogous
different results for ori-5 (Figl). They used another petite, but mechanism for yeast and mammalian mitochondria. For ori-5
that is probably not the cause of the differing results. While HS4@plication the starting sites for the two strands diverge and there
does have a genorfi200 bp longer than the petite they used, thés no stem and loop at the non-promoter strand starting site. There
shared DNA is virtually identical, with the same ori/rep ands also no evidence for, or against, synthesis at one site starting
flanking sequences. The difference may arise because they ubefore the other or that the DNA needs to be single-stranded at
pancreatic RNase A to digest some of the mtDNA before Sdne of the starting sites.

beyond 45 nt. The various primers with lengths within the ran
7-26 nt share a common feature, that théier@ls occur
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We have shown that the non-promoter strand starting site i4

Lorimer,H.E., Brewer,B.J. and Fangman,W.L. (1998). Cell. Biol, 15,

located outside the conserved ori/rep sequence. Our identification 4803-4809.

of one non-promoter priming site does not tell us the sequenctré

signal for priming. Computer searches using various 10 bp DNAg

Lockshon,D., Zweifel,S.G., Freeman-Cook,L.L., Lorimer,H.E.,
Brewer,B.J. and Fangman,W.L. (199€4ll, 81, 947-955.
de Zamaroczy,M., Faugeron-Fonty,G., Baldacci,G., Goursot,R. and

seguences next to or centered on the non-promoter strand start Sitésemardi,G. (1984%ene 32, 439-457.

found many matches throughout the genome, which is unsurpris-

Baldacci,G. and Bernardi,G. (198W¥BO J, 1, 987-994.

ing considering the high AT content of the genome and the search Christianson,T. and Rabinowitz,M. (1988)Biol. Chem 258 14025-14033.

sequences. Significantly, matches were not found at similaf
positions relative to the promoter in other ori/rep regions. In thh

middle of the 34 bp between the two start sites is the sequenge

TTTTATATTTA, which was pointed out after comparative 13
sequence analysis of the ori/rep regidd)st¢ be identical to a
yeast nuclear ARS site. Related sequences, nearsstjuences, 14
are found upstream of cluster C in most of the ori/rep regins ( 15
A probable mtDNA packaging protein variously called ABF2,;
p19/HM or sc-mtTFA {1) has been shown to specifically footprint 17

Walberg,M.W. and Clayton,D.A. (198Mucleic Acids Res9, 5411-5421.

0 Schinkel,A.H. and Tabak,H.F. (1988¢nds Genet5, 149-154.

Schmitt,M.E. and Clayton,D.A. (1998urr. Opin. Genet. DeN3, 769-774.
Clayton,D.A. (1982Fell, 28, 693—705.

Chang,D.D. and Clayton,D.A. (1988)oc. Natl. Acad. Sci. USR2,
351-355.

Hixson,J.E., Wong, T.W. and Clayton,D.A. (1986Biol. Chem 261,
2384-2390.

Clayton,D.A. (1987phil. Trans. R. Soc. Lond, B17, 473-482.

6 Chang,D.D. and Clayton,D.A. (198&ZMBO J, 6, 409-417.

Osinga,K.A., De Hann,M., Christianson,T. and Tabak,H.F. (1982)

in the same region between the start sites, upstream of the ori-5 Nucleic Acids Res10, 7993-8006.

promoter sequencd ). Its 25-30 bp footprints0) therefore fills 18

Chang,D.D., Hauswirth, W.W. and Clayton,D.A. (19B8)BO J, 4,

the space between the non-promoter strand start site and thel559-1567.

promoter and could serve to recruit primase for non-promoter stra;
replication. Disruption of the gene for ABF2 caused yeast growfy
non-selectively on glucose to become’rradthough with glycerol 55
they grew slowly and the mtDNA was maintained. 23
An alternative to a sequence signal near the non-promote
strand priming site itself could be provided by proximity to the?®
promoter. In this case the binding of mtf1 or some other factor(%
to the promoter could orient the molecules involved in priming to
both starting sites. Footprinting experiments on the transcripticry
initiation complex at yeast mitochondrial promoters show that the
mitochondrial core RNA polymerase and the specificity facto#8
mtfl protect15 bp upstream from the promoter staf)(which
is only 20 bp away from the non-promoter strand starting sit

This footprint by mtf1 and core polymerase or a footprint by mtf ’

Lee,D.Y. and Clayton,D.A. (199Genes Dey11, 582-592.

Bennett,J.L. and Clayton,D.A. (199a@pl. Cell. Biol, 10, 2191-2201.
Baldacci,G., Cherif-Zahar,B. and Bernardi,G. (1$84BO J, 3, 2115-2120.
Stohl,L.L. and Clayton,D.A. (199%)ol. Cell. Biol, 12, 2561-2569.
Wong,T.W. and Clayton,D.A. (198&kll, 42, 951-958.

Kitani,T., Yoda,K. and Okazaki, T. (1984pl. Cell. Biol, 4, 1591-1596.
Kitani,T., Yoda,K., Ogawa,T. and Okazaki,T. (1985Mol. Biol, 184,
45-52,

Levens,D., Ticho,B., Ackerman,E. and Rabinowitz,M. (198Bjol. Chem
256 5226-5232.

Christianson,T., Edwards,J.C., Mueller,D.M. and Rabinowitz,M. (1983)
Proc. Natl. Acad. Sci. USR0, 5564-5568.

Edwards,J.C., Osinga,K.A., Christianson,T., Hensgens,L.A.M.,
Janssens,P.M., Rabinowitz,M. and Tabak,H.F. (188@)eic Acids Res
23, 8269-8282.

Martin,N.C., Miller,D.L., Underbrink,K. and Ming,X. (1983) Biol. Chem
260Q 1479-1483.

and a primase would be well placed to guide another primase Backer,J.S. and Getz,G.S. (198Tleic Acids Resl5, 9309-9324.
molecule and perhaps other factors to the non-promoter stragid Parikh,V.S., Morgan,M.M., Scott,R., Clements,L.C. and Butow,R.A.

start site. If this hypothesis is true, in other hypersuppressive
petites from other ori/rep regions the non-promoter strand sta?
sites will also be locateéd4 bp away from the promoter start site.
In this paper we show that vitro capping combined with
restriction digestion is useful for mapping origins of replication. Thes
selectivity and power of the technique arises from the fact that only
intact 3-ends of primers can be labeled. The terminal label from th
in vitro capping permits sequencing and determination of the Ienggl;
of the primers. 38
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