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sites near the c-myc gene in HelLa cells
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ABSTRACT

The origin of replication of the c-myc gene in HeLa cells
was previously identified at low resolution within 3.5 kb
5'to the P 1 promoter, based on replication fork polarity
and the location of DNA nascent strands. To define the
initiation events in the c-myc origin at higher resolution
the template bias of nascent DNAs in a 12 kb c-myc
domain has been analyzed by hybridization to strand
specific probes. Strong switches in the asymmetry of
nascent strand template preference confirm that
replication initiates non-randomly at multiple sites
within 2.4 kb 5 ' to the c-myc P ; promoter, and at other
sites over a region of 12 kb or more. The strongest
template biases occur in the 2.4 kb region 5 ' of the P
promoter, shown earlier to contain sequences which
allow the autonomous semiconservative replication of
c-myc plasmids. An asymmetric pyrimidine hepta-
nucleotide consensus sequence has been identified
which occurs 12 times in the c-myc origin zone, and
whose polarity exactly correlates with the polarity of
nascent strand synthesis.

INTRODUCTION

confirmed that replication frequently initiates within a zorie2déb
centered11.5 kb 5 to the R promoter 9). Plasmids containing all

or specific portions of the c-myc 2.4 ki Begion display
autonomous, semiconservative replication in transfected cells and in
soluble cell extract®2(—25), and replication initiates selectively in

the c-myc DNA insert of these plasmidg,p5; S.E.W., AA.T., and

M.L., in preparation).

In the prevailing model for a eukaryotic OBR, continuous leading
strand synthesis begins at a single site on each template strand; or
the lagging strand short nascent fragments (Okazaki pieces) are
synthesized discontinuously on both sides of the OBR Wwitl3'5
polarity pointing towards the origin. Convergent patterns of Okazaki
piece synthesis have been interpreted as revealing the presence ¢
OBRs near several rodent gen&$§,47,28,38). To characterize
replication initiation close to the human c-myc gene at increased
resolution we have used nascent strand polarity mappigal
analyze the template specificity of short nascent strand synthesis
through 10 fragments of the origin. The results suggest that
replication begins at multiple sites in the c-myc 2.4'Ktabking
DNA, which is part of an initiation zone of 12 kb or more. Within
the initiation zone there are several switches of nascent strand
template preference, and 12 occurrences of an asymmetric pyrimi-
dine heptanucleotide consensus sequeri€e] BT C(py)(py)-3.

The polarity of this consensus sequence correlates with the polarity

Molecular analyses of procaryotes, eukaryote viruses and yegtascent strand synthesis at all 12 positions. In contrast to the
suggest that replication fork structure and enzymology have beligvailing model for the initiation of leading strand synthesis, we
conserved through evolution; nevertheless the expectation has P&Pose that there are multiple initiations of short nascent DNAs on
been realized that the replication origins of metazoan cells resemihlé Same template strand within the c-myc initiation zone, and that
in structure the compact origins of these simpler organisa. ( these short nascent strands are precursors of the leading strand
In complex eukaryotes distinct structural modules might idiowhich diverge from the origin region.
typically promote a single key step in initiation, e.g. DNA
unwinding @,5), followed by initiation at one or more candidateMATERIALS AND METHODS
sites. Such a model may be easier to reconcile with the finding 8
diverse DNA sequences that promote autonomous plasm
replication with varying efficiency6(7), and observations that
replication can begin at humerous alternative sites within broddelLa cultures were grown in 15 cm dishes in DMEM with 10%
chromosomal zones3{18). In this sense, the activation of onenewborn calf serum. Cell$X x 10%) were synchronized by
chromosomal site for replication initiation among many potentiasoleucine deprivation (45 h) and released into complete medium
start sites may be opportunistic, and modulated by chromationtaining 1Qug/ml aphidicolin (Sigma) for 12 h.
structure (9). Synchronized cells were released into complete medium (without
Previous studies of replication fork movement in the region of trephidicolin) for 30 min to allow entry into S phase and replication
human c-myc gene suggested the presence of an origin ifiation at the c-myc origin. Synchrony was confirmed by BrdUrd
bidirectional replication (OBR) within 3.5 kb’ 50 the c-myc labeling and flow microfluorometry. Cells were washed, permeabil-
promoter R (9,20-23). PCR mapping of DNA nascent strandsized and labeled withaf32P]JdATP and -32P]TTP (7). For

Il culture and preparation of probe DNA from
rmeabilized cells
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pulse-chase analysis, the sample was divided into two aliquotga)

One aliquot (pulse) was mixed with stop buffer (50 mM Tris, pH 7.8; 9%

10 mM EDTA,; 0.4 M NaCl; 0.6 % SDS; 0.2 mg/ml proteinase K). * permcablization

To the other aliquot (chase) unlabeled dATP and TTP were added L

to 0.1 mM. The chase tube was incubated for an additional 30 min Y e
and then mixed with stop buffer. DNA was isolatéd) (and e e i
electrophoresed on 1.8% alkaline agarose gels (50 mM NaOH, & ., S

1 mM EDTA) alongside molecular weight size markers: 1kband =~ &=\ ...y~ PO W tramsertotion

Ie.g clong X, clone ¥)

biot *
wransher
XY

Xy
hybridization fogi
transcripla
D ‘j 7

trunseriply

123 b ladders (BRL), andadll digested@X174 DNA. Gels

were 20x 20 cm and run at 30 V for 17 h. One lane was excisetferophorsts
and cut into 1 cm blocks for scintillation counting. Okazaki piece ™
sized DNA (40-300 nt) was eluted using an Elutrap apparatus
(Schleicher & Schuell). LA

wutorndtiogram

Preparation of probe DNA from intact cells

Synchronized cells were washed with warmed medium, and

complete medium containing f™ BrdUrd was added for 30 min. (B) it ol

All manipulations of BrdUrd labeled DNA were performed under L c-myc exons

yellow light. Cells were washed with cold PBS, trypsinized and __,, she memm oomm s
pelleted at low speed. The pellet was resuspendedin 1 mIPBS and [ ] T T ]

1 ml 2x lysis buffer (Applied Biosystems) and mixed gently to o sEw

minimize DNA shearing. DNA was purified on an ABI nucleic
acid extractor and redissolved in TEBQO ug DNA/mI). DNA
(40-300 nt) was eluted from alkaline agarose gels using an " s
Elutrap apparatus. Saturated alkaline CsCl (in 50 mM NaOH, 1 mM 1 [ I ! | [ [ 1
EDTA) was added to the DNA to a final refractive index of 1.408. A B ¢ LI F o ulmn
Samples were centrifuged (Beckman Ti75 rotor) at 35 kr.p.m. for
72 h at 25C. Gradients were fractionated from below into @BD0 ) ] 3
aliquots. Fractions containing BrdUrd labeled DNA (density9ure 1.Mapping of an OBRA) Synchronized cells are permeabilized and
1.82-1.85 g/ml) were pooled. The Rl was adjusted to 1.4107 wi "f)Q’ZVFe,d to replicate DNA briefly in a replication cocktail including

l - g 1dNTPs, to label Okazaki pieces and DNA leading strands. Total cellular
alkaline CsCl and the DNA was recentrifuged, fractionated an@na is resolved on alkaline agarose and the low molecular weight fraction
pooled as above. DNA was precipitated, dissolved in TE ancbntaining®P-Okazaki pieces is isolated and hybridized to RNAs transcribed
labeled with §1-32°)dCTP using a random primer extension kit 28 RSt A0 e iation patior indicates the
(Boehrlngt-_:-r Mannhelm.)' Control experlments_m WﬁlﬂNA template for na‘s)ce);n strand synthesis. Ay switch in pthe asymmetry of
digested wittHindlll was incubated for >1 week with alkaline CSCI pypyigization which indicates the presence of convergently synthesized

showed no significant degradation of the DNA (<1 break/55—60 kb)okazaki pieces is interpreted to define an OBRMap of the human c-myc
locus. The locations of the cloned c-myc DNA fragments used in this study are
shown. Restriction fragments (e.g. A) from the c-myc locus were cloned into
Transcription and hybridization pGem-3Zf(-) and linearized at eittigcaR1 or Hindlll restriction sites in the
polylinker for synthesis of strand-specific RNAs by T7 or SP6 RNA
Strand-specific RNAs were transcribed from c-myc DNAs clonedpolymerases. The boundaries of transcribed fragments are given in Materials
in pGem3zf(-) (Promega). Nucleotides are numbered from th@nd Methods.
Hindlll site (nt +1) located2300 bp 5to the c-myc Ppromoter.
The names of the clones, their boundaries, and the polymerase used
to transcribe the upper strand of each clone are as follows: pGem@eye excised and used in hybridization reactions. Alternatively,
nt—4514to —3914 (SP6); pGemA, nt 1-210 (T7); pGemB,thein vitro transcription products were directly applied in slots to
nt 211-498 (T7); pGemC, nt 499-930 (SP6); pGemD, nt 931-12Fybond N membranes. Hybridization of probes (5-10 ml;
(T7); pGemE, nt 1272-1611 (T7); pGemF, nt 16121920 (SP@)-5x 10° c.p.m.) labeled in permeabilized cells was in 1% BSA,
pGemE/F, nt 1272-1920 (T7); pGemG, nt 1921-2227 (SP6);mM EDTA, 0.5 M Na-phosphate, pH 7.2, 7% SI38) (for
pGemH, nt 2228-2395 (SP6); pGemSEW, nt 7293-8092 (SP&5—20 h at 65C. Final stringency washes were inX)3SC,
Transcription of strand-specific RNAs from templates linearize@.2% SDS (65C, 30 min). Hybridization of random-primed
with EcdRl or Hindlll was performed with SP6 or T7 RNA probes was in 50% formamidex &SC (0.9 M NacCl, 0.09 M
polymerases using a@m vitro transcription kit (Ambion) according Na-citrate, pH 7.4), 0.5% SDS, 1@@/ml sonicated salmon
to the manufacturer’s instructions. Each reaction containgd 1 sperm DNA, for 18-20 h at 4€. Final stringency washes were
Inhibit ACE (RNase inhibitor; 5 prime3 prime). Reaction in 0.1x SSC, 1% SDS (6%, 30 min). Filters were exposed to
products were digested to completion with RNase-free DNase. X-ray film at —80 C with intensifying screens.

RNA was electrophoresed on denaturing agarose gels (1%) ifmhese results are from four independent RNA transcription
MOPS buffer (20 mM MOPS, pH 7.0, 8 mM Na-acetate, 1 mMeactions, six independent labeling reactions of permeabilized cells,
EDTA) with 2.2 M formaldehyde2@). RNA was transferred and four independent vivo labelings. Hybridization signals were
overnight by capillary action and fixed to HybontilfNembranes quantitated as the average of three two-dimensional densitometric
(Amersham) by UV crosslinking. The correct size RNA transcriptscans across each RNA band or slot. Relative signal intensities were

Hinglit
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Figure 2. Control hybridizations. RNA transcripts were electrophoresed on

agarose gels and transferred to nylon filters. The immobilized RNAs were first Figure 3. Analysis of short nascent strands synthesized in permeabilized HeLa

hybridized with HeLa DNA labeled by random primer extension, then stripped cells. Synchronized HeLa cells were released into S phase and permeabilized

and rehybridized to cloned c-myc DNA (sequences nt —4514 to nt +8092) (Materials and Methods). Cells were incubated VA8RAINTPs for 1.5 min

labeled by random primer extension. The relative hybridization to the T7 and (pulse), or incubated for 1.5 min witB?P]dNTPs followed by 30 min with

SP6 transcripts in each pair was normalized to a total of 100%. Data are show@xcess unlabeled dNTPs (chase). DNA was purified, heat denatured and

for hybridization of genomic DNA (solid bars) and plasmid DNA (stippled fractionated in alkaline agarose gels alongside low molecular weight DNA

bars). markers. Gel lanes were neutralized, sliced into equal fractions, and radioactivity
was quantitated by liquid scintillation spectrometry.

confirmed by quantitation of Cerenkov radiation. Results using
RNAs transferred from agarose gels (Northern blot) or appli

directly to membrane filters (slot blot) were qualitatively anI‘i
guantitatively consistent.

nscription reaction produced RNA predominantly from the
pected template strand, the complete set of 20 filters was probed
with each of the individual RNA transcripts, and transcripts of
vector sequences, synthesized in the presenae&[UTP. For
RESULTS each transcript, a strong (30- to 50-fold) bias of hybridization to
the expected complementary strand relative to the non-com-
plementary strand was seen, indicating that only the expected
The identification of a chromosomal OBR by analysis of Okazalgitrand had been used as template (not shown). Each pair of c-myc
piece polarity is based on a model of the eukaryotic replicatidranscripts was also hybridized to genomic Southern blots to
fork in which the leading strand template is replicated processivetpnfirm the absence of repetitive sequence hybridization.
away from the origin, while the lagging strand is replicated The immobilized RNAs were further tested for repetitive
toward the origin by the discontinuous synthesis of 40-300 sequences or strand hybridization bias by probing sequentially
transient intermediates (Okazaki piece®)).(Based on this with HeLa genomic DNA and cloned c-myc DN#R-labeled by
model, the assay used to determine DNA nascent strand polaripdom primer extension (Fig). The relative hybridization to
is summarized in Figurg. Cells are synchronized at the G1/Seach transcript was similar for the c-myc DNA and genomic DNA
boundary and briefly released into S phase. The cells apeobes, confirming that there was no large strand hybridization bias
permeabilized and allowed to continue replication for 1.5 min iar significant contribution of repetitive sequence hybridization. In
the presence of radiolabeled deoxyribonucleotides, to label short @&th experiment, following hybridization of the radiolabeled
long nascent strands. The radiolabeled short nascent fragmerascent DNA fragments to the set of RNA transcripts the filters
(40-300 nt) are isolated by denaturing electrophoresis, electmere stripped and sequentially rehybridized to the genomic DNA
eluted, and hybridized to strand-specific RNAs transcribed fromnd plasmid probes, to normalize for differences in RNA loading.
the regions under study (X and Y in Fij. Okazaki pieces The relative hybridization of the RNAs to the genomic DNA and
synthesized from one strand will hybridize asymmetrically to thplasmid probes was consistently equivalent.
pair of strand-specific transcripts. From this bias the polarity of
Okaza_ki pieg:e synthesis can be determined, and the transitig&be”ng of short nascent DNAs
from discontinuous to continuous DNA synthesis can be used to
locate an OBR1(5,27,28). Among the characteristics used to identify Okazaki pieces are their
Subclones from the c-myc 2.4 Kindlll-Xhd ARS fragment  size (40-300 nt), rapid labeling, transient nature, and maturation to
previously suggested to contain the c-myc OBRO-25) were  high molecular weight DNAZ7,28). When permeabilized cells
constructed in pGem-3Zf(-), to allow synthesis of strand-specifivere pulsed with3gP]JdNTPs for 1.5 min, two major peaks of
RNAs by T7 or SP6 RNA polymerases. Eight subclones (labeledpidly labeled DNA could be resolved by denaturing gel electro-
A-H, Fig. 1) were made from sequences contiguous in thphoresis (Fig3); high molecular weight£ 1-2 kb) nascent DNA
Hindlll-Xhd fragment; two additional subclones containinglocated near the gel origin, and a broad ped@+300 nt) of low
sequences furthet &nd 3 (EP and SEW) were also prepared. molecular weight DNA. When the 1.5 mi#P]dNTP pulse was
The strand-specific RNA transcripts were electrophoresed dollowed by a 30 min chase in the presence of excess unlabeled
agarose gels and transferred to nylon filters. To confirm that eadNTPs, virtually all of the radioactivity incorporated into the low

Experimental design
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molecular weight nascent strands during the pulse was recove|REA transcrip
in the high molecular weight DNA. polasity

- [elmiglm
Short nascent strand polarity in the c-myc locus P “ - '.' 'I'

To map the polarity of synthesis of short nascent DNAs in th
c-myc origin, pulse labeled 40-300 nt nascent DNA fragments
were hybridized to the strand-specific transcripts of eight
contiguous sequences comprising the 2.4 kb cHimailI-Xhd Figure 4. Hybridization of short nascent strand DNAs to strand-specific RNAs
origin fragment (Fig.1, A-H), and two additional sets of from the c-myc locus. Strand-specific RNAs were transcribed from the
. b . indicated c-myc DNA segments, electrophoresed and transferred to nylon

transcripts furt_her @nd 3to _the c-myc promoter (F!g’ EPand fiers. Radiolabeled short nascent strands were isolated as described (Materials
SEW, respectively), spanning a totall@f kb. In Figuret the and Methods) and hybridized to the immobilized RNAs. Thed5polarity of
upper row of Northern blots contain RNAs who'se 3 polarity the RNAs is from left to right for the RNAs in the upper row, and right to left
points rightward; the lower row contains RNAs whose B for RNAs in the lower row. In this and other experiments, hybridization to either
polarity points leftward. In the EP region, the strong bias ofPper or lower strand RNAs from fragment F was below detectable limits.
hybridization indicated that the presumptive Okazaki pieces were
synthesized's» 3' in the rightward direction, while the fragments c-myc DNA containing the 12 kb region between and including
which hybridize to the region A RNAs were synthesiZzed®  the EP and SEW sequences. The hybridization of the radiolabeled
in the leftward direction. According to the conventional OBRcellular nascent fragment DNA and the control DNA probes are
model the signals from these converging Okazaki pieces wouldiantitated in Tablé for the experiment of Figure The data from
suggest that a chromosomal OBR is located between the EP andindependent experiments are averaged in the bar graph of
A sequences. Figure5A. The hybridization signal biases observed in the c-myc

The short nascent DNAs which hybridized to the region Brigin are quantitatively comparable with those observed at other
RNAs were synthesized-53' in the rightward direction, while OBRs (15,27,28,31,38). The asymmetries of hybridization of the
the fragments which hybridized to the region C RNAs were@ascent DNA fragments were strongest in the B, C, D and E (or E/F)
synthesized'5» 3' in the leftward direction. Similarly, convergently regions. Quantitation of the hybridization biases suggests that in the
synthesized short nascent fragments hybridized to the regionr&yion between probes B and E (or E/F) the same asymmetric
and E (or EF) RNAs. The bias of hybridization to the RNAgattern of synthesis of short nascent strands occurs in >80% of the
transcribed from the G, H and SEW clones indicated that thabeled chromosomes in the population. Hence, these data argue tha
fragments hybridizing in these regions were synthesize@%n  there are multiple initiations on each template strand in each cell.
the rightward direction. Multiple switches in nascent strand template polarity in the

To normalize for variation in the binding and hybridization ofregion between probes EP and E imply that replication initiates
the immobilized strand-specific RNAs, the filters were strippedon-randomly at several sites within this region. However, the
of labeled fragments synthesized in the permeabilized cells apdttern of short nascent fragments is difficult to reconcile with the
rehybridized to probes generated from cloned double strandprkvailing OBR model. For example, convergent synthesis of

EF A B L D E Lr] H BEW

Table 1.The hybridization fo short nascent strands or control probes to upper (U) or lower (L) strand c-myc RNAs was
guantitated by densitometry (Materials &hethods)

RNA NASCENT CONTROL BIAS (d) NASCENT CONTROL BIAS (d)
PROBE (a) PROBE (c) PROBE (b) PROBE (c)
U L U L U/L L/U U L U L U/L LU
EP 0.2 0.8 0.7 03 114 0.8 0.2 0.7 0.3 2.1
A 0.8 0.2 0.5 0.5 5.7 0.4 0.6 0.7 0.3 29
B 0.1 0.9 0.4 0.6 3.5 0.7 03 0.4 0.6 35
C 0.9 0.1 0.7 0.3 32 0.2 0.8 0.5 0.5 3.5
D 0.2 0.8 0.4 0.6 3.0 0.8 0.2 0.6 0.4 31
E 0.7 03 0.2 0.8 6.4 0.3 0.7 0.7 0.3 58
G 03 0.7 0.4 0.6 1.9 0.6 0.4 0.4 0.6 22
H 0.1 0.9 0.2 0.8 5.6 0.8 02 0.7 0.3 2.3
SEW 0.2 0.8 0.4 0.6 32 0.8 0.2 0.7 03 1.8

Values are expressed as the fraction of the total hybridization to each pair of complementary transcripts, rounded to one
decimal place.

(a) Intrinsically labeled short nascent strands (from Fig.4)

(b) Short nascent strand complementary DNA probe (from Fig.6)

(c) Random primer labeled, double stranded cloned c-myc DNA (sequences complementary to all transcripts nt —4514
to nt +8092)

(d) Hybridization bias, calculated as the ratio of hybridization of the short nascent strand probe to the control probe. U/L

values> 1 indicate preferential hybridization to the lower strand RNA.
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Figure 5. Polarity of short nascent strand synthesis in the c-myc locus of HeLaAcellae(hybridization signals for radiolabeled short nascent strands synthesized

in permeabilized HelLa cells were quantitated by densitometry. The filters were then stripped and rehybridized to double stranded cloned c-myc DNA labeled by rar
primer extension. The ratios of nascent strand hybridization to the RNAs transcribed from DNA segments A—H, EP and SEW were calculated from six indepen
experiments, normalized against the hybridization signals of the control DNA to the same RNA blots, and the average values are plotted. Bars indicate standard
of the means. In three experiments RNAs transcribed from the pGemE/F clone were used instead of pGemE RNAs. Solid arrows indicate the deduced direct
short nascent strand synthed®y.Summary of nascent strand complement labeling. BrdUrd-labeled short nascent strand DNA was isolated from intact, synchroniz:
cells.32P-labeled complementary strands were synthesized by random primer extension. The hybridization signals for the nascent strand complementary DNAs
quantitated by densitometry. The filters were stripped and rehybridized to double stranded cloned c-myc DNA labeled by random primer extension. The ratio o
signals after hybridization to the RNAs transcribed from DNA segments A—H, EP and SEW were calculated from four independent experiments, normalized ag
the hybridization signals of the control DNA, and the average values are plotted. RNAs transcribed from the pGemE/F clone were used instead of pGemE RNAs.
arrows indicate the deduced direction of short nascent strand synthesis.

short nascent fragments occurs preferentially on the lower strarmhdom primer extension and hybridized to the immobilized
template of region B and the upper strand template of region RNAs described above.

but leading strand synthesis does not appear to begin on the lowerabeling of the complementary strands of the nascent fragments
strand template of region C, since short nascent strands ateuld result in hybridization biases opposite to those observed
observed on the lower strand templates of regions D and G. when the short nascent fragments were intrinsically labeled in
permeabilized cells. As shown in Figuse in each case the
hybridization asymmetry of the labeled nascent fragment comple-
mentary strands was opposite to that observed with the intrinsically
To confirm the polarity of short nascent strand synthesis in the c-migbeled nascent fragment DNA. Hence, the polarity of fragment
locus without cell permeabilization, cultures were synchronized tgynthesis deduced from these data is the same as that deduce:
isoleucine deprivation and aphidicolin block, and labeled durinfjom the hybridization of the intrinsically labeled fragments. The
release from the drug into complete medium containing BrdUtadybridization of the radiolabeled nascent fragment complementary
(Materials and Methods). Total cellular DNA was size fractionatestrand DNA, and the control c-myc DNA, are quantitated in Table
by denaturing gel electrophoresis and DNA of 40-300 nt was elutédfor this experiment. The hybridization data from four independent
Nascent DNA was partially purified from broken fragments oexperiments are averaged in the graph of FidiBe The
unreplicated DNA by alkaline CsCl centrifugation. The densithybridization asymmetries observed in these trials were approxi-
labeled, low molecular weight DNAs were radiolabeled bymately half those observed when the nascent fragment strands were

Nascent fragment complementary strand labeling
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¥ I

RMA tranacripd The pattern of synthesis of short nhascent c-myc DNA fragments
Pilaty is difficult to reconcile with the conventional OBR model. For
g ' ';' ' .|. y t ‘ ‘ example, convergent synthesis of short nascent fragments occurs

preferentially on the lower strand template of region B and the upper
. strand template of region C, but leading strand synthesis does not
-L .‘ . l " £ begin on the lower strand template of region C, since short nascent
” |2 strands are observed on the lower strand templates of regions D
and G.
s Wk SR B SR e We propose that the short nascent DNAs which hybridize
asymmetrically to the c-myc origin region are not lagging strand

Figure 6. Hybridization of short nascent strand complementary DNA to Okazaki pieces, but leading strand DNA primers which form

tsrt;irs]g;ﬁjizcgingméﬁngggle?i ;'EYB’\'I‘ZCLS‘Z- rﬁgﬁg":&egficli;’\‘ﬁexr? nascent leading strand DNA. In the leading strand primer model of

nylon membrane filters. Synchronizyed, intact IgeLa cells WerF:epbriefly Iabe);egFlgurez unV\_/lndlng of the origin _b_egms atthe c-myc DUEP), .

with BrdUrd and low molecular weight fragments (40-300 nt) were isolated@nd synthesis by patprimase initiates at multiple preferred sites

from alkaline agarose. Nascent BrdUrd-labeled DNA was purified by alkalineon each template strand. Maturation and fusion of the leading

_CsCI C(_e_ntrifugation, Iabt?led'by ran_dom primer ext_ension,and hybridized to thestrand primers results in the formation of DNA Ieading strands

'F:”N”;Zbi'gztﬁi ?O%Arz'\; Zig’r?gﬁf’t'gr;gtc}gp;Egﬁi'fggo&'tfgtngorggft for the which move bidirectionally, as observed during run-off replication

labeling of the c-myc locuf(-22). Some of the leading strand

primers could be displaced from the template by the processive
labeled directly (Tablé), presumably because of the symmetrical€@ding strand initiated upstream, however, we do not favor the
hybridization of contaminating fragments derived from non-Brduréflea that the synthesis of a significant fraction of short nascent
labeled DNA. Nevertheless, the data show three nascent str&f@nds is aborted, since PCR amplification of size fractionated
template switches, in the regions corresponding to probes EP and'Ascent strands shows that short nascent DNASQ nt) initiated

B and C; D and E/F. in regions EP, A, D, SEW, ad..5 kb 3 to region H, mature to
As a third variation on this protocol, the low molecular weigh#5-10 kb (A.AAT., S.E.W. and M.L., in preparation). _

BrdUrd-substituted DNA was radiolabeled wilP]JATP and ~ One possible reason for the asymmetry of DNA primer

polynucleotide kinase, and used to probe the immobilized RNAgYNthesis on the two template strands is that there is a sequence

The hybridization biases of this end-labeled probe fraction werseference for initiation by poti-primase. Eukaryotic pol

qualitatively the same as those obtained with the intrinsicalj-Primase is thought to initiate preferentially at pyrimidine-rich

radiolabeled fragments (data not shown). Thus, in all threg&quences. Examination of the available nucleotide sequence datz
methods utilized to map nascent fragment template polarity, tieveals that the asymmetric pyrimidine heptanucleotide consensus
results consistently suggested the existence of multiple initiatiGg@guence 'SCTTTC(py)(py)-3 occurs 12 times in the regions
sites in the chromosomal c-myc origin. assayed using c-myc strand specific RNA probes. In every instance,
the B, 3 polarity of the consensus sequence is complementary to

DISCUSSION the direction of nascent strand synthesis deduced in the present

experiments. In recent work, Harrington and Perri3i9 (sed

Two different methods for the isolation of short nascent DNAUrified calf thymus pola-primase to replicate a pBluescript

strands indicate that replication begins at multiple sites on eapl@smid constructed to contain an open helix replication bubble. In

template strand of the c-myc replication origin. Quantitation of theach of the three preferential primase initiation sites characterized
signal intensity of the short nascent fragments synthesized the sequence £TTT-3 was found. Strikingly, one of the iRNAs
permeabilized cells revealed hybridization biases of 4- to 6-fold teegan with the sequence(8)GAAGAAAG-3', which contains
strand specific RNAs representing the central zone of the 2.4 #i¢ entire complement to the c-myc pyrimidine heptanucleotide
c-myc 3-flanking DNA (probes B, C, D and E/F). By comparisonconsensus. It is possible, therefore, that the heptanucleotide
with the hybridization of strand specific transcripts to the same RN&-CTTTC(py)(py)-3 is part of an initiation consensus sequence in
probes, this data suggests that synthesis initiated at all of the sheec-myc origin.

sites in >80-85% of the labeled chromosomes. The asymmetry oFour additional copies of the heptanucleotide consensus

synthesis of the shortest nascent strandS#git) may be higher sequence are present between probes H and SEW)(Figa

in vivothan the observed bias of 4- to 6-fold, but the observed bieggion where we have not yet examined the polarity of short

may be decreased by nascent fragments large enough (e.g. 300iagcent strands. In the leading strand primer model -drel®f

to straddle neighboring RNA transcripts. It is unlikely that the shothe leading strand (the moS$TANA primer) is outside the-&nd

nascent strands arise by fragmentation of long nascent strands, siidbe DNA primer on the opposite strand, otherwise there would

this would not account for the observed switches in templatee short nascent DNAs on both strands. Since the SEW probe
polarity. The shortest nascent strands may correspond@®4ttmt  detects preferential synthesis of short nascent DNAs on the lower

DNA primers 82-34) or the initiator DNAs identified during SV40 strand template, another leading strand DNA primer is predicted

DNA replication 85). These DNA primers are synthesized by polo initiate to the right of the SEW probe, possibly at another copy

a-primase and are extended by ¢alr € to form mature Okazaki of the heptanucleotide consensus sequence. Thus, the boundarie

pieces after removal of the initiator RNA by FEN-1/RNase Hbf the c-myc initiation zone are not yet defined.

(34-36) and ligation. Waga and StillmaB5) have suggested that The model of an extended c-myc replication initiation zone is

the same mechanism is used for the synthesis of lagging stramnpatible with PCR mapping of DNA nascent strands and

Okazaki fragments and of initiator Okazaki fragments near thevo-dimensional electrophoretic analyses of other origins, that have

replication origin, which will become DNA leading strands. implicated regions of up to 55 kb as replication initiation domains
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Figure 7. A leading strand primer model for replication initiation at the c-myc origiiT.He c-myc origin opens at the DNA unwinding element (DUE, stippled
rectangle). Multiple short nascent strands are synthesized bygomhase beginning at or near the heptanucleotide consensus sequence CTTTC(py)(py) (solid
rectangles). All occurrences of the consensus sequence in the region between EP and SEW (inclusive) are shown. The hatched rectangle denotes a predicted i
consensus sequence at an unspecified distatzel®ne SEW. The polarity of synthesis is indicated by the open arrows. Regions B, C and D (bold arrows) show
the strongest template asymmetry (from Fig.l§)The DNA primers (open rectangles) synthesized bymimase are extended by @abr € and fused together

by FEN-1/RNaseH and DNA ligase to form long leading strands (thick arrows).

(8-18). That replication can begin at multiple sites over an extendeelstriction fragment reveal that replication initiates non-randomly

region of the c-myc locus can be reconciled with the Okazaki pieeéthin a 3 kb zone centered over the c-myc DNA insert (S.E.W.,,

mapping of other OBRs in which localiz&d) or extendedl(5,28)  A.A.T. and M.L., in preparation). Taken together, these data imply

replication initiation zones were inferred. In those experimentbat the 5flanking DNA of the human c-myc gene contains

multiple closely-spaced template strand switches may not have beaultiple elements which are used preferentially for replication

revealed because strand specific probes were used which wiergation in intact chromosomes, in transfected plasmids, and in

longer, or separated by greater chromosomal distances, than plesmids replicateih vitro.

RNAs used here. In the present experiments, the hybridization biases
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