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ABSTRACT: Several experimental approaches for identification of origins of DNA replication have been 
developed recently that allow, for the first time, unique initiation sites in mammalian chromosomes to be mapped 
at single-copy loci. A brief description of the rationale, advantages, and limitations has been provided for each 
approach, as well as information that can help the reader choose the method(s) most suitable for a particular 
system. The various methods are divided into three groups: (1) analysis of nascent DNA strands, (2) analysis 
of DNA structures, and (3) analysis of origin activity (i.e., ability to support autonomous replication). It is 
hoped that this information will serve as a practical guide for identifying new origins of replication. 
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1. INTRODUCTION 

In contrast to bacterial and viral chromo- 
somes that replicate as a single replicon,44 eu- 
karyotic chromosomes duplicate their DNA by 
means of numerous replication units. The repli- 
cation unit, first described by Huberman and 
R i g g ~ , ~ '  is an independent unit functionally 
equivalent to the bacterial replicon. In each unit, 
DNA replication begins at a site referred to as 
the origin of DNA replication, and leads to the 
formation of a replication bubble that expands 
bidirectionally using two replication forks. Rep- 
lication forks travel in opposite directions until 
they merge with forks from neighboring repli- 
cation units. DNA replication originates at tens 
of thousands of different sites in the genome of 
each cell nucleus. In somatic cells, these sites 

are spaced at irregular intervals from 30 to 300 
kb* along DNA molecules of great sequence 
c o m p l e ~ i t y , ~ ~ ~ ~ ~  although in some embryonic cells, 
such as cleavage nuclei in Drosophilu  embryo^,^ 
the mean origin-to-origin distance is only 8 kb. 

Identification of replication origins at unique 
genomic sequences has been one of the chal- 
lenges of modem molecular biology. The mag- 
nitude of the problem can be appreciated by con- 
sidering the difficulty in finding a single viral 
origin of replication integrated in a mammalian 
chromosome. Viral origins are all less than 1 kb 
in size. A 1 kb sequence of nascent DNA gen- 
erated at a unique chromosomal site in randomly 
proliferating mammalian cells would constitute 
only 1 part per 20 billion parts of cellular DNA.** 
This is more difficult than finding one person out 
of the entire population of planet Earth! Never- 

* Abbreviations are kb (kilobases), Thd (thymidine), dC (deoxycytidine), BrdU (bromodeoxyuridine), DHFR (dihydrofolate 
reductase), CHO cells (Chinese hamster ovary cells), and ADA (adendosine deaminase). 

** Assuming bidirectional DNA replication and an average replication fork rate of 50 nucleotidesls, 10 s of DNA synthesis 
will produce about 1 kb of nascent DNA at a unique site. In a synchronized population of mammalian cells, this amount 
of nascent DNA will constitute 1 kb/3 X lo6 kb total DNA of the total genome. In an unsynchronized population of cells 
with an average cell cycle period of 20 h, this will constitute 1/7200 of the cell cycle time. Therefore, this unique segment 
of nascent DNA will constitute (1/3 X 106)(1/7200) = 112.16 X or about 1 part per 20 billion parts of total DNA. 

1 O40-9238/92/$. 50 
0 1992 by CRC Press, Inc. 
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theless, new experimental approaches for iden- 
tification of origins of DNA replication in eu- 
karyotic cell chromosomes have been introduced 
during the past several years that allow initiation 
sites to be mapped in single copy DNA loci in 
organisms as complex as mammals. However, 
these new approaches frequently appear compli- 
cated to those who would like to use them for 
the first time. Therefore, the purpose of this ar- 
ticle is to introduce these methods in a simple 
manner with the hope that i t  will encourage their 
application to new systems and to novel questions, 

An origin of DNA replication can be defined 
both functionally and genetically. Functionally, 
a replication origin is the physical location where 
DNA synthesis begins. Genetically, origins are 
the cis-acting sequences required for initiation of 
DNA replication. Thus, all experimental strate- 
gies for identification of replication origins can 
be classified into two groups. The first group 
consists of methods for physical mapping and 
isolation of replication origins. These methods 
can be subdivided into analysis of newly synthe- 
sized DNA strands and analysis of replication 
structures. The second group consists of func- 
tional assays for cis-acting DNA sequences con- 
ferring autonomous plasmid replication. What 
follows is a description of the rationale behind 
each of the available methods, examples of their 
application, as well as some of their advantages 
and limitations. In addition, we have attempted 
to provide a guide to selecting among these meth- 
ods for the ones most appropriate for a particular 
system. 

II. METHODS FOR IDENTIFICATION OF 
ORIGINS BASED ON ANALYSIS OF 
NEWLY SYNTHESIZED DNA STRANDS 

A. Fiber Autoradiography 

1. Rationale 

Fiber autoradiography was used widely in 
early studies on DNA replication to elucidate the 
pattern of chromosomal initiation sites in eukary- 
otes. 23*29*41 Although this method does not map 
origins, the concept leads to more recent methods 
based on nascent DNA analysis. Replication bub- 

bles of all possible sizes exist in unsynchronized 
proliferating eukaryotic cells: small bubbles rep- 
resent those that have just been initiated, while 
large bubbles represent those whose replication 
forks are approaching the ends of the replicons. 
Most of these bubbles can be visualized if nascent 
cellular DNA is briefly labeled (- 10 min) with 
radioactive precursor 3H-Thd.41 DNA is released 
from cells by gentle lysis, and DNA fibers are 
spread on a microscopic slide. Slides can be cov- 
ered with radiation-sensitive emulsion and ex- 
posed until sufficiently intense silver grains are 
produced. The resulting autoradiogram will show 
dense tracks of silver grains corresponding to the 
nascent DNA strands of the bubbles. Bidirec- 
tional and unidirectional replication can be dis- 
tinguished most easily by first using high specific 
radioactivity 3H-TdR followed by changing to 
isotope-free medium for another -10 min in or- 
der to radiolabel the same nascent DNA strands 
with low specific radioactivity 3H-Thd. Autora- 
diography reveals two types of radioactive tracks: 
dark heavy tracks, generated by the incorporation 
of high specific radioactivity label, followed on 
the same fiber by lighter tracks corresponding to 
the pulse with low specific radioactivity .4' If rep- 
lication is bidirectional, two tracks will lie in 
register separated by a gap. If replication is uni- 
directional, only one track will appear. The ten- 
ter of the unlabeled spacer between two dark 
tracks indicates the position of the origin of bi- 
directional replication. The distance between two 
neighboring origins reveals the size of a particular 
replication unit. 

2. Advantages 

The results are easily interpretable, and allow 
detection of clusters of tandemly arranged rep- 
lication origins that function during a given time 
interval. It is the only technique that permits anal- 
ysis of the overall organization pattern of repli- 
cation units on long stretches of chromosomal 
DNA, regardless of the frequency of replication 
bubbles. In principle, electron microscopy can 
also be used for this purpose, but it requires a 
high frequency of replication bubbles (e.g., Dro- 
sophila embryos4). Fiber autoradiography is use- 
ful for estimating the average replicon size. It 
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can distinguish between unidirectional and bi- 
directional DNA replication origins, and it can 
be applied to virtually any cell undergoing pro- 
liferation in vivo (i.e., cell culture conditions). 

3. Limitations 

The major problems are that replication 
origins cannot be related to specific DNA se- 
quences, and that collection of data requires from 
one to several months. 

B. Earliest Labeled DNA Fragment 

1. Rationale 

In synchronized cell populations, nascent 
DNA synthesized at the beginning of S-phase 
should come from those replication origins that 
are activated first . 33  Therefore, DNA fragments 
that are closest to an origin of DNA replication 
should be labeled first as cells pass from GI into 
S-phase. These fragments can be identified by 
synchronizing mammalian cells in culture at their 
GUS border and then releasing them into S-phase 
in the presence of a radiolabeled DNA precursor 
such as I4C or 3H-Thd. After 10 to 30 min, the 
cells are lysed and their DNA digested with one 
or more restriction endonucleases to generate 
specific DNA fragments (Figure 1). DNA re- 
striction fragments are fractionated by gel elec- 
trophoresis, and those containing nascent DNA 
are identified by autoradiography . 33 Alterna- 
tively, pulse-labeled nascent 3H-DNA can be used 
as a radioactive probe to identify the earliest rep- 
licating sequences by hybridizing the ’H-DNA to 
cloned DNA fragments.I3 Both of these methods 
have been applied to the amplified DHFR locus 
in CHO C400 cells, a cell line containing 500 
tandem copies of an approximately 200 kb long 
genomic region. 13*33 

Cultured cells are collected at their G 11s bor- 
der by isoleucine deprivation followed by an 
aphidicolin block. The earliest replicated se- 
quences appear as dark radioactive DNA bands 
against a strong background of heterogeneous la- 
beled total DNA. Much of this background can 
be eliminated using the in-gel renaturation tech- 

n i q ~ e . ’ ~  For this purpose, in vivo labeled early 
replicated genomic DNA sequences are mixed 
prior to electrophoresis with an excess of unla- 
beled cloned DNA sequences of interest (e.g., 
DHFR region). The separated DNA fragments 
are subjected to two rounds of denaturation- 
renaturation, followed by digestion with an endo- 
nuclease that digests single-stranded DNA spe- 
cifically (e.g., Sl) .  Most of the single-copy gen- 
omic DNA sequences remain single-stranded after 
such treatment and are subsequently eliminated 
by digestion with single-strand specific S 1 endo- 
nuclease. In contrast, repeated DNA sequences, 
such as those from the amplified DHFR region, 
renature with the added cloned DHFR DNA se- 
quences and thus become resistant to S1 nu- 
clease. This technical improvement increases the 
resolution of origin mapping in the DHFR locus 
to approximately 2 kb.54 

2. Advantages 

The earliest labeled fragment strategy is one 
of the simplest methods for locating specific 
origins of replication. 

3. Limitations 

This method requires several hundred copies 
per genome of the DNA region of interest. 0th- 
erwise, it is difficult, if not impossible, to detect 
specific DNA fragments among the background 
of single copy sequences. The method works only 
with highly synchronized populations of cells that 
can be radiolabeled with DNA synthesis precur- 
sors. Thus, this method is limited to sequences 
that replicate at the beginning of S-phase, and 
because cell synchrony is never perfect, resolu- 
tion is limited to several kilobases. Moreover, 
synchronization procedures are not only labori- 
ous, but may alter the normal pattern of initiation 
events. The presence of repeated sequences in 
the vicinity of the origin will interfere with ac- 
curately mapping an origin by hybridization un- 
less restriction fragments are carefully selected 
to avoid such repeats. This is frequently difficult 
to do. Finally, this method does not provide any 
information as to the mechanism by which rep- 
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Origin of Bidirectional Replication v 
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FIGURE 1. Earliest labeled DNA fragment strategy for localization 
of replication initiation sites in cells synchronized at the G1 /S border. 
A, B, C, D, and E designate DNA fragments that can be generated 
by digestion with restriction enzymes. Dashed lines in the replication 
bubbles represent nascent DNA strands. 

lication occurs at a particular DNA region. If 
nascent DNA is hybridized to cloned DNA seg- 
ments, then one must take special precautions to 
avoid repeated sequence elements in the DNA 
fragments chosen (see following section on lim- 
itations for replication origin trap method). 

C. Replication Origin Trap 

7. Rationale 

Psoralen derivatives can penetrate living cells 
and, on irradiation with long wave UV light, 

covalently cross-link their DNA. Even after rel- 
atively heavy cross-linking of DNA, cells to some 
extent retain their ability to incorporate radio- 
active precursors into nascent DNA. This allows 
one to trap nascent DNA at newly activated rep- 
lication origins located between two neighboring 
cross-links (Figure 2).77 Nascent DNA that re- 
sults from replication initiated at an origin of 
replication positioned between two psoralen cross- 
links can be separated from bulk DNA by de- 
naturation. Nascent DNA resulting from repair 
of damaged DNA is ligated to long DNA strands 
that are cross-linked with psoralen and therefore 
cannot be separated from bulk DNA by denatur- 
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Origin of Bidirectional Replication 

f = DNA 

Psoralen Crosslinking (-1-2 kb-I) 

Alkaline Suciose Gradient 
5, i 

High MW Low MW 

lmmunoprecipitation of Nascent DNA Strands 

1. Generate Library of Genomic Origin Sequences 
or 

2. Map Origins by Hybridizing to Cloned DNA Fragments 

FIGURE 2. Replication origin trap strategy for isola- 
tion of origin-enriched DNA fraction from unsynchron- 
ized mammalian cells. Solid rectangles symbolize co- 
valent psoralen cross-links in cellular DNA. Dashed 
lines represent nascent DNA strands synthesized be- 
tween cross-links. Shaded area of the low molecular 
weight peak of the sucrose gradient is collected for 
further purification of nascent DNA chains. 

ation. Nascent DNA resulting from extension of 
replication bubbles that are initiated prior to psor- 
alen cross-linking will contain at least one cross- 
link and also cannot be separated from bulk DNA 
by denaturation. 

Cellular DNA is cross-linked in vivo at ap- 
proximately 2 kb intervals. The density of cross- 
links is determined either by electron microscopy 
or reassociation kinetics of fragmented cellular 
DNA.77 Cells are then allowed to resume DNA 
synthesis in the presence of 3H-dC and BrdU in 
order to label newly initiated DNA strands. Short 
nascent DNA synthesized between cross-links, 
which are enriched in origin sequences, is sep- 

arated from the bulk of high-molecular-weight 
genomic DNA by centrifugation through an al- 
kaline sucrose gradient. At this point, there are 
two pathways that one can follow. First, the nas- 
cent DNA fraction containing 1 to 2 kb long DNA 
can be converted into double stranded DNA and 
then cloned in order to generate a library of or- 
igin-enriched sequences. For that purpose, nas- 
cent BrdU-DNA is purified from contaminating 
DNA fragments in the same size group by immu- 
noprecipitation with anti-BrdU antibodies.% Oligo 
(dAlo-20) tails are added to the purified nascent 
DNA strands. This permits synthesis of the com- 
plementary strand by annealing oligo (dTl,,-20) 
primers and extending them with E.  coli DNA 
polymerase I Klenow fragment. Following S 1 
nuclease treatment they were cloned in pBR322 
as described in Sambrook et al.78 (L. Vassilev 
and G. Russev, unpublished results). 

Alternatively, the short nascent DNA frac- 
tion can be used as a radioactive probe to detect 
replication initiation sites by hybridization to 
cloned genomic DNA fragments. This method 
was applied to CHO C400 cells by Anachkova 
and Hamlin’ to localize origins of replication in 
the amplified DHFR gene domain. 

2. Advantages 

This approach is applicable to any cultured 
cell line, and is the only available method for 
isolating a representative population of chro- 
mosomal origins that are activated throughout S- 
phase. It does not require cell synchronization, 
and therefore all cellular origins are equally rep- 
resented in the isolated fraction of short nascent 
DNA, although cell synchronization can serve to 
enrich for a particular origin that fires at the be- 
ginning of S-phase (e.g., DHFR origin’). This 
method allows for physical isolation and cloning 
of origin-enriched DNA as well as identification 
of their specific genomic locations. 

3. Limitations 

If the DNA fragment chosen for hybridiza- 
tion with nascent DNA contains repeated DNA 
sequence elements (e.g., Alu sequences), an in- 
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creased hybridization signal will occur, regard- 
less of whether or not this DNA fragment con- 
tains an origin of replication. This is because 
repeated elements are distributed widely through- 
out the genome and the nascent DNA fraction 
will contain many copies of them. Therefore, 
nascent DNA synthesized at one genomic loca- 
tion can adventitiously hybridize to other sites in 
the genome. To avoid this artifact, the DNA frag- 
ment chosen for hybridization should not contain 
repeated elements. The alternative is to prehy- 
bridize the labeled nascent DNA fraction with 
unlabeled repeated sequences (e.g., A h )  in order 
to decrease their effect in the total hybridization 
signal. I Another potential problem is that psor- 
alen treatment,of living cells may alter their phys- 
iology, causing DNA replication to initiate at 
sites not normally used. DNA sequences cloned 
by this method as putative origin sequences should 
be screened by one of the other methods de- 
scribed in this review in order to identify true 
origins from possible contaminating DNA 
sequences. 

D. Nascent Strand Extrusion 

1. Rationale 

Replication bubbles in nicked or linear SV40 
DNA are unstable at elevated temperatures, '02 

and therefore, under appropriate conditions, nas- 
cent DNA strands can be extruded selectively 
from replication bubbles. Extrusion is a type of 
branch migration in which nascent DNA strands 
within replication bubbles are transiently released 
from their templates and anneal with one another 
to form double-stranded DNA fragments. If nas- 
cent DNA is extruded from small replication bub- 
bles, a substantial amount of its sequence should 
represent the origin of replication. One way to 
enrich for such early replication intermediates is 
to isolate DNA from synchronized cells that have 
just entered S-phase. Purification of the extruded 
DNA from the vast excess of total contaminating 
DNA would make possible its cloning and gen- 
eration of a library of replication initiation 
sequences. 

An experimental protocol (Figure 3) has been 
designed that allows for isolation and cloning of 
short extruded origin-enriched DNA fractions 
from mammalian cells.46 Cells are first collected 
at their Gl/S  border by a combination of serum 
deprivation and arresting DNA synthesis with 
aphidicolin, and then released into S-phase for 1 
min in the presence of 3H-Thd to label newly 
synthesized DNA. Nuclei are then isolated and 
DNA synthesis continued in the presence of Hg- 
dCTP to add an affinity label to the nascent DNA 
strands. Since synthesis in v i m  is inefficient rel- 
ative to synthesis in vivo, Hg-dCTP is generally 
incorporated for an additional 10 min. Thus, DNA 
chains that were initiated at origins activated at 
the beginning of S-phase should now contain both 
a radiolabel for easy identification as well as an 
affinity label for easy purification by affinity 
chromatography on sulfhydryl-sepharose col- 
umn. Extrusion is carried out for 4 to 6 h at 50°C 
in 0.2 M Tris-HCI (pH 7.5) and 20 mM EDTA. 

isolate 0.5 - 2 kb 3H-DNA by Velocity Sedimentation 
Purify Hg-DNA by Affinity Chromatography 
Clone Isolated DNA 

FIGURE 3. Nascent strand extrusion strategy for iso- 
lation and cloning of origin-enriched mammalian DNA 
fraction. 
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Nascent DNA chains extruded from replication 
bubbles are complementary and therefore should 
produce double-stranded linear DNA molecules. 
Small-molecular-weight DNA (average size 0.5 
to 2 kb), which should be enriched for origins, 
is isolated by sucrose gradient centrifugation. This 
fraction is then treated with a single strand spe- 
cific endonuclease (e.g., S1) to produce double 
stranded DNA with blunt ends. These molecules 
are cloned,46 and several such cloned DNA seg- 
ments have been reported to support autonomous 
replication in human cell lines.25 

A modification of this technique has been 
used to map the replication initiation region of 
the chicken a-globin gene.” In this study nascent 
DNA strands are labeled with BrdU so that after 
extrusion they can be purified from unreplicated 
DNA by centrifugation to equilibrium in a CsCl 
gradient. Short (3 to 5 kb) nascent BrdU-DNA, 
derived from relatively small replication bubbles 
and thus enriched in origins of replication, are 
end-labeled with 32P in vitro and used as a hy- 
bridization probe to screen cloned DNA frag- 
ments from the a-globin gene locus. This puta- 
tive initiation locus is localized within a 5-kb 
DNA fragment upstream of the transcription start 
site. 

2. Advantages 

This method allows isolation of origin se- 
quences from virtually any cultured mammalian 
cell line. 

3. Limitations 

This method is limited to initiation sequences 
active at the onset of S-phase. As with the rep- 
lication origin trap method, it is impossible to 
distinguish between cloned fragments containing 
genuine initiation sites and fragments containing 
contaminating genomic DNA. Therefore, it is 
necessary to demonstrate that the cloned DNA 
sequences exhibit origin function. One potential 
problem with this method is incorporation of Hg- 
dCTP by repair during in vitro DNA synthesis. 

E. Nascent DNA Strand Length 

1. PCR Approach 

a. Rationale 

In an asynchronous population of prolifer- 
ating mammalian cells, the size of replication 
bubbles generated by each origin of replication 
will vary from small bubbles that had just been 
initiated to large bubbles that are about to com- 
plete replication. If one can identify the shortest 
nascent DNA strands that contain a unique DNA 
sequence, then one can map the origin of repli- 
cation for those nascent strands .92 If replication 
is bidirectional, the origin of replication is at the 
center of the strands. If replication is unidirec- 
tional, then the origin is at one end. 

To map an origin, a minimum of three unique 
DNA segments are selected that are distributed 
across the putative origin region (e.g., segments 
A, B, and C in Figure 4). These segments should 
not contain repeated DNA elements. Nascent 
DNA chains are then radiolabeled for 10 min in 
vivo with 3H-dC to allow their convenient detec- 
tion and with BrdU to allow their isolation from 
unreplicated DNA. This is sufficient time to pro- 
duce BrdU-labeled regions at least 20 kb in length. 
Nascent DNA is then fractionated according to 
length under denaturing conditions. This can be 
done either by sedimentation through alkaline su- 
crose gradientsg2 or by electrophoresis in alkaline 
agarose gels (V. Virta-Pearlman and C. Chinault, 
unpublished data). Newly replicated BrdU-DNA 
in each fraction can be purified from contami- 
nating unreplicated DNA by immunoprecipita- 
tion with anti-BrdU a n t i b o d i e ~ . ~ ~  Alternatively, 
the whole population of nascent BrdU-DNA 
strands can be purified prior to fractionation ac- 
cording to chain length by sedimentation to equi- 
librium in an alkaline CsCl gradient (V. Virta- 
Pearlman and C. Chinault, unpublished data). 

To detect single-copy sequences, oligonu- 
cleotides are synthesized complementary to each 
of the unique DNA segments selected. These will 
serve as primers for specific amplification of the 
designated segments by the polymerase chain re- 
action (PCR) technique. PCR amplification in the 
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Origin of Bidirectional Replication 

B 
DNA= 

A v c  
:>, > ( ?  

Replication in vivo*[&dU + 3H-dC (----)I 
' p 

;* sb 

Alkaline Sucrose Gradient Fractionation 
'J  

lmmunoprecipitation of Nascent DNA Strands 
PCR Amplification of Segments A, B and C 

Blot & Hybridize with 32P es for Segments A, B and C 

FIGURE 4. Nascent DNA strand length PCR approach for map- 
ping origins of DNA replication. Adapted from Vassilev et al., 1990. 

presence of all the primers will raise the concen- 
tration of the selected DNA segments to easily 
detectable levels. The size of the PCR products 
should be checked by gel electrophoresis to con- 
firm their expected lengths. Detection is usually 
done by transferring the PCR products to a mem- 
brane and then hybridizing with synthetic oligo- 
nucleotide 3 2 P - p r ~ b e ~  complementary to the 
unique DNA segments. However, if the sequence 
under examination is already amplified several 
hundred fold (e.g., cells that contain an amplified 
gene), then the PCR products may be visualized 
by subjecting them to gel electrophoresis and 
staining with ethidium bromide (V. Virta-Pearl- 
man and C. Chinault, unpublished data). 

Depending on their initial length, nascent 
DNA strands will contain one or all of the unique 
sequences selected. If the origin lies outside all 
of the segments, then the number of copies of 
each segment present in the PCR products will 
reveal forks progressing from one end to the other. 
In that case, a new set of unique sequence mark- 
ers must be selected further upstream. If the or- 
igin lies between two segments (as shown in Fig- 
ure 4), then the shortest nascent chains will contain 
only that segment closest to the origin, while the 
longer nascent chains will contain the segment 
closest to the origin plus one or more of the other 
segments selected. If replication is bidirectional, 
the nascent DNA chains will contain DNA seg- 
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ments from both sides of the origin with the ratio 
of B/A and B/C decreasing as shorter chains grow 
into longer chains. The size of the shortest DNA 
fraction that contains a given segment is deter- 
mined as described by Vassilev et al. ,” and from 
this distance the location of the origin is calcu- 
lated. 

This mapping approach has localized an or- 
igin of bidirectional replication in single copy 
sequences of the c-myc gene locus in human 
cells,y3 the DHFR gene locus in CHO cells,95 and 
the ADA gene locus in mouse cells (V. Virta- 
Pearlman and C. Chinault, unpublished data). 

size classes. If a PCR segment lies too close 
to repeated genomic elements (e.g., Alu se- 
quences), then the rate of reannealing BrdU-nas- 
cent DNA chains with unreplicated DNA of the 
same sequence will be increased during the time 
required for immunoprecipitation. This artifact 
could produce a higher PCR signal from that 

This problem can be avoided by proper 
selection of amplification segments or use of the 
equilibrium density centrifugation step for puri- 
fication of BrdU-DNA (V. Virta-Pearlman and 
C. Chinault, unpublished results). 

2. Kinetic Approach 
6. Advantages 

This is the most sensitive origin mapping 
technique developed so far. It is generally ap- 
plicable to any single copy locus in randomly 
proliferating mammalian cells. It can detect both 
bidirectional and unidirectional origins of repli- 
cation. The technique avoids the use of metabolic 
inhibitors and cell synchronization allowing or- 
igin function to be studied under physiological 
conditions. If an origin has repeated sequences 
nearby, one can still apply this technique by sim- 
ply selecting PCR primer sites that lie outside of 
these repeats. Origins can be mapped within 2 to 
3 kb. Because this method only isolates nascent 
DNA strands <10 kb, it does not detect repli- 
cation forks from neighboring replicons that might 
be traveling through the region of interest. There- 
fore, this method is capable of mapping origins 
that fire less than once per cell cycle. 

c. Limitations 

This method is too laborious for exploring 
long genomic DNA regions for origins. It is most 
suitable for mapping an origin in DNA regions 
< 10 kb where the existence of an origin has been 
suggested previously by other data. Sequence in- 
formation is required for the synthesis of appro- 
priate PCR primers. This technique is limited to 
DNA segments not farther than 5 to 6 kb from 
an origin because of the light sensitivity of nas- 
cent BrdU-DNA chains and the inaccuracy in 
fractionation of long DNA chains into distinct 

A second variation of the nascent strand length 
strategy is to synchronize cells in order to mea- 
sure nascent DNA length growth as a function 
of time. Then the size of the shortest nascent 
DNA fragment detected by a specific probe in- 
dicates the approximate distance between that 
probe and the origin of replication. This approach 
has been applied to Physarum polycephalum3 
(Figure 5). Physarum plasmodia contain many 
nuclei that are naturally synchronized, and its 
genome complexity is near 100-fold less than 
mammals that allows detection of replication in- 
termediates from single copy sequences by hy- 
bridization without first amplifying the sequences 
using PCR. Unlabeled nascent DNA synthesized 
in the first minutes of S-phase can be separated 
from the bulk of cellular DNA by denaturing gel 
electrophoresis. DNA template strands as well as 
unreplicated regions of DNA will remain at the 
top of the gel because of their length, whereas 
short nascent DNA chains from newly initiated 
origins will migrate into the gel. Nascent DNA 
is distinguished from template DNA and from 
unreplicated DNA because nascent DNA is short 
enough to enter the gel, and its length increases 
with time after the cells have entered S-phase, 
whereas template and unreplicated DNA are too 
long to enter the gel at any time during S-phase. 
Following gel electrophoresis, DNA is trans- 
ferred to a membrane and then hybridized with 
specific 32P-DNA segments representing unique 
sequences in the region of the putative origin. 
The probe that anneals with the shortest DNA 
chains is the probe that lies closest to the origin 
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Origin of Bidirectional Replication 

r B i  r A i  
DNA= 

I \,A I 
Cells Synchronized at Gl/S Border I '  Replication in vivo 

'r x 

Alkaline Gel Eledirophoresis 
Blotting-Hybridization with 32P-Segrnent (A, B) 

FIGURE 5. Nascent DNA strand length kinetic approach for map- 
ping origins of DNA replication (adapted from Benard and Pierron, 
1990). Locating an origin of replication by measuring growth of 
nascent DNA chains in synchronous plasmodia of Physarurn. Nas- 
cent DNA chains are represented by dashed lines. Solid rectangles 
symbolize unreplicated DNA in the high molecular weight region of 
the agarose gel. 

of replication. Using this method, an origin of 
replication was detected within about 5 kb of a 
DNA fragment containing the LAV1-2 gene.) 

a. Advantages 

The technique is relatively simple. 

b. Limitations 

This approach can be applied only to highly 
synchronous cells with genomes of low com- 
plexity such as the plasmodium of Physarum. 

Any slight asynchrony will significantly decrease 
the resolution and will make the  technique 
impractical. 

3. Run-Off Replication Approach 

a. Rationale 

Initiation of DNA replication does not appear 
to occur in isolated nuclei, although replication 
bubbles that are initiated in vivo can continue 
replication following cell lysis. Therefore, when 
nuclei are isolated from an asynchronous popu- 
lation of proliferating cells, they contain sets of 
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replication bubbles of various sizes that were in- 
itiated at particular origins. At any given origin, 
the smallest bubbles have replication forks clos- 
est to the origin, while those bubbles that have 
reached the ends of the replicon will be the larg- 
est. Thus, the direction of replication through a 
unique DNA sequence can be determined by ex- 
tending nascent DNA chains in this region in the 
presence of BUdR. The direction of replication 
is deduced based on the relative amount of DNA 
synthesis at several different In the ab- 
sence of initiation, those fragments furthest from 
the origin will incorporate the greatest amounts 
of density label. The amount of incorporated la- 
bel complementary for a unique DNA sequence 
will increase proportionally as the distance be- 
tween this sequence and the origin of replication 
increases because the number of nascent DNA 
chains that can be extended through this sequence 
will be greater. 

Isolated nuclei from exponentially prolifer- 
ating mammalian cells are digested with an ap- 
propriate restriction enzyme and incubated in vi- 
tro in the presence of BrdUTP under conditions 
permitting the completion of the elongation of 
those replication bubbles, initiated in viva, that 
had passed the restriction site. All the nascent 
DNA strands from the replication bubbles that 
have not reached the restriction sites will run off 
the cleaved template. Thus, restriction digestion 
prior to in vitro labeling emphasizes the differ- 
ence in the labeling of two segments, one located 
in the vicinity of origin and the other further 
away. Cellular DNA is then digested to comple- 
tion by appropriate restriction endonucleases 
fragmenting the unique sequence of interest. 
BrdU-labeled (heavy) fragments are separated 
from the unreplicated (light) DNA by equilibrium 
CsCl gradient centrifugation. Blotting and hy- 
bridization with each 32P-labeled restriction frag- 
ment is used to determine its relative concentra- 
tion in the fraction of BrdU-DNA, and therefore 
the polarity of replication through the locus. Re- 
striction fragments showing relative enrichment 
in the fraction of in vitro added DNA chains are 
distal to an active origin of replication. The po- 
larity of replication and approximate location of 
the initiation site can be deduced by examining 
pairs of DNA segments divided by a restriction 
cut and introduced in the template DNA prior to 

in v i m  extension, spanning several kilobases in 
both directions from it.62 

The method has been used to measure rep- 
lication polarity in the avian a-globin locus4’ and 
the results are consistent with the a-globin origin 
mapped by the nascent strand extrusion described 
previously.” This method has also been used to 
map an origin upstream of the human c-myc locus 
to within 3.5 kb,62 consistent with results from 
the PCR approach described p r e v i o ~ s l y . ~ ~  

b. Advantages 

The method is applicable to any cell line. It 
is sufficiently sensitive to detect replication inter- 
mediates of single copy sequences in asynchron- 
ous mammalian cells. Replication is initiated in 
viva under normal physiological conditions. 

c. Limifations 

Although useful for determination of the di- 
rection of replication through single-copy DNA 
loci, this technique has not yet proven practical 
for mapping initiation sites. Hybridization sig- 
nals from single copy mammalian loci are weak 
and resolution is low. 

F. Replication-Fork Polarity 

7. Okazaki Fragment Distribution 
Approach 

a. Rationale 

Assuming that DNA replication in mam- 
malian chromosomes is initiated bidirectionally 
at a specific site using the replication fork model, 
an origin of bidirectional DNA replication (OBR) 
can be identified by the transition from discon- 
tinuous to continuous DNA synthesis that must 
occur on each template strand at the site where 
replication forks originate. 3 1  This results from 
synthesis of Okazaki fragments predominantly, 
if not exclusively, on the retrograde arms of forks 
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(Figure 6). In discontinuous DNA synthesis, 
Okazaki fragments are repeatedly initiated, elon- 
gated, and joined to the 5'-ends of long nascent 
DNA strands. Usually the ligation step occurs 
within 1 min of completing ~ y n t h e s i s , ~ ~  resulting 
in long nascent DNA strands labeled at both ends. 
Therefore, when DNA is sonicated prior to hy- 
bridization, the labeled 3'-end of long DNA chains 
will hybridize to one template strand, while the 
labeled 5'-end will hybridize to the other template 
strand. In contrast, the replication fork model 
predicts that Okazaki fragments will anneal pre- 
dominantly, if not exclusively, to the retrograde 
arm under all conditions of labeling. In addition, 
Okazaki fragments are easily separated from the 
large excess of unlabeled DNA that interferes 
with hybridization of 32P-DNA to immobilized 
DNA by annealing with the 32P-DNA in solution. 
Thus, hybridization of Okazaki fragments to 
cloned strand-specific DNA templates that span 
the initiation site will reveal the expected tran- 
sitions between discontinuous and continuous 
DNA synthesis, and thus can be used to identify 
an OBR. 

Cells must be synchronized at their Gl/S bor- 
der in order to accumulate a large number of 
replication forks within the initiation zone. In an 
asynchronous population of mammalian cells, the 
quantity of Okazaki fragments that could be iso- 
lated from a reasonable number of cells is in- 
sufficient to detect a hybridization signal. Oka- 
zaki fragments are labeled for 1.5 min by treating 
the cells with NP-40 to make them permeable to 
dNTPs, and then they are released into S-phase 
in the presence of [ C Y - ~ ~ P I ~ A T P  and BrdUTP un- 
der conditions that permit faithful continuation 
of DNA replication events initiated in vivo. " The 
same early labeled fragment observed by labeling 
nascent DNA in intact cells33 is also labeled first 
in NP-40 treated and in isolated nuclei.34 

Okazaki fragments are distinguished from 
DNA repair products in four ways:19-21 (1) Oka- 
zaki fragments are short nascent DNA fragments 
with a mean length of 100 to 150 nucleotides; 
(2) Okazaki fragments are rapidly joined to long, 
growing nascent DNA strands; (3) Okazaki frag- 
ments have RNA primers (oligoribonucleotides 
8 to 12 residues long) covalently attached to 

Origin of Bidirectional Replication 

mtinuous 8 Discontinuous 
DNA Synthesis @ DNA Synthesis 

5' 3' 
3' 5' 

Experimental Protocol 
Synchronize cells at Gl/S border 
Perrneabilize cells 
Label nascent DNA for 1.5 min with [a-32 PIdATP & BrdUTP 
Fractionate DNA by denaturing gel electophoresis 
Electroelute Okazaki fragments and high MW DNA 
lmmunoprecipitate nascent DNA wih anti-BrdU antibodies 
Hybridize nascent DNA to cloned ssDNA templates 
Quantify autoradiographs by densitometry 

FIGURE 6. Okazaki fragment distribution strategy for mapping 
origins of bidirectional DNA replication. (Adapted from Burhans et 
al., 1990.) 
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their 5'-ends; (4) Okazaki fragments anneal 
predominantly, if not exclusively, to DNA tem- 
plates representing the retrograde arms of repli- 
cation forks. All four criteria have been dem- 
onstrated for the Okazaki fragments used to map 
SV40,3' p o l y o m a ~ i r u s , ~ ~  and the hamster cell 
DHFR OBRs. 

At least three factors are critical in obtaining 
a significant amount of radiolabeled Okazaki 
fragments. The labeling period must be equal to 
or less than the time required to synthesize an 
Okazaki fragment and ligate it to the 5'-end of 
a growing nascent DNA strand. The rate of DNA 
synthesis and ligation is strongly temperature de- 
pendent. Ligation of Okazaki fragments is 
strongly inhibited in nuclei that have been washed 
free of cytoplasm, although excision of their RNA 
primers continues. 19-21 Purified Okazaki frag- 
ments can be radiolabeled specifically at their 
RNA-p-DNA j ~ n c t i o n , ~ '  but it is unlikely that 
this approach will yield sufficient 32P-labeled 
Okazaki fragments to map an OBR in mammalian 
chromosomes. 

To obtain highly purified populations of Oka- 
zaki fragments, DNA is fractionated according 
to its size by gel electrophoresis, recovered by 
electroelution, and 32P-DNA is separated from 
unlabeled parental DNA by immunoprecipitating 
single-stranded Br-DNA with anti-BrdU antibod- 
i e ~ . ~ ~  This purification scheme eliminates unla- 
beled parental DNA strands that could interfere 
with subsequent hybridization. Nascent DNA is 
then hybridized to individual complementary 
template strands that are cloned into single- 
stranded bacteriophage M13 DNA and immobi- 
lized on membranes (dot-blots). The orientation 
of template strands is determined both from the 
directionality of restriction fragments used in 
cloning and through confirmation by sequence 
analysis of the cloned DNA. Hybridization sig- 
nals are quantified either by scanning densito- 
metry of autoradiograms or by scanning the mem- 
brane directly with a radiation detection 
instrument such as the Betascope 603 blot ana- 
lyzer (Betagen). Remember that densitometry of 
autoradiograms requires that the intensity of the 
image on the autoradiogram be proportional to 
the amount of radiation. Therefore, scanning must 
be done on several different film exposures, and 
known amounts of 32P should be included as to 
generate a standard curve that ensures accuracy. 

With high-energy-emitting isotopes such as 32P, 
it is not necessary to preexpose film to achieve 
a linear response, although preexposing film in 
addition to using an intensifying screen may in- 
crease s e n ~ i t i v i t y . ~ ~  

Results from this approach identified an OBR 
within a 450-bp region 17 kb downstream from 
the DHFR gene in both single copy CHO cells 
and CHO C400 cells containing amplified DHFR 
genes (Figure 6). l 2  At least 80% of the replication 
forks in a 27-kb region emanated from this OBR. 
We refer to this site as DHFR OBR-I. Similar 
results have been obtained at the amplified CAD 
gene complex in mouse cellsi4 (R. Kelly and G. 
Wahl, unpublished data). This same strategy for 
locating an OBR, when combined with cutting 
the Okazaki fragment 32P-DNA:template DNA 
hybrids at a unique restriction site, has been used 
to map the OBR with single nucleotide resolution 
in SV40,28*3* p o l y ~ m a v i r u s , ~ ~  E.  culi,48.74*82 and 
bacteriophage Lioi In each case, the viral and 
bacterial OBRs were found close to or coincident 
with their genetically required origin sequences. 
Thus, initiation of DNA replication in mamma- 
lian chromosomes uses the same replication fork 
mechanism described previously in a variety of 
prokaryotic and eukaryotic genomes, suggesting 
that mammalian chromosomes also utilize spe- 
cific cis-acting sequences as origins of replica- 
tion. 

b. Advantages 

This technique is arguably the most well 
understood in terms of its theoretical basis, and 
it offers the greatest precision for mapping an 
OBR. That, however, depends on availability of 
unique probes and appropriate restriction sites in 
the vicinity of the origin. The resolution achieved 
so far in mammalian cells is 450 bp. This tech- 
nique can also be used as an assay for origin 
function. Unique hybridization probes from any 
segment within a given replicon should work 
equally well. 

c. Limitations 

This technique only applies to genomes using 
the replication fork mechanism, and is applicable 
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only when Okazaki fragments can be shown to 
anneal preferentially to one template strand. If 
replication forks from origins that lie in adjacent 
regions pass through the region of interest, then 
the predicted strand bias for Okazaki fragments 
will be erased. This problem will be most serious 
in populations of unsynchronized cells. This, to- 
gether with limitations on detecting Okazaki frag- 
ments from a unique single-copy sequence, limits 
application of the method to mammalian repli- 
cation origins that are activated at the onset of 
S-phase. Therefore, cells must be synchronized 
with the help of metabolic inhibitors such as aphi- 
dicolin and DNA radiolabeled in cell lysates. 
These treatments may alter the process of DNA 
replication. 

2. Imbalanced DNA Synthesis Approach 

a. Rationale 

Handeli et al.30 reported a method for map- 
ping an OBR by analyzing DNA synthesis on 
forward arms of replication forks after treating 
exponentially proliferating cells with emetine, a 
potent inhibitor of protein synthesis. Early stud- 
ies suggested that, in the absence of histone syn- 
thesis, histone octamers in front of replication 
forks segregate exclusively to forward arms of 
replication forks, leaving nascent DNA on retro- 
grade arms unprotected by histones and therefore 
sensitive to nonspecific endonucleases .72,75.80 If 
this were true, then an OBR could be recognized 
by the transition from nuclease protected to nu- 
clease sensitive nascent DNA on each template 
strand, analogous to measuring the transition from 
continuous to discontinuous DNA synthesis. 
When Handeli et al.30 applied this approach to 
the DHFR locus, they concluded that the bulk of 
replication forks downstream of the DHFR gene 
in CHO cells emanated from an OBR somewhere 
within the 14-kb region residing between the two 
probes flanking the DHFR OBR identified by 
Burhans et al.12 and the DHFR initiation zone 
identified by Vassilev et al.95 A more recent study 
has confirmed this result and therefore the valid- 
ity of this method for mapping origins. However, 

the mechanism does not involve nuclesome seg- 
regation, but rather imbalanced DNA synthesis. 

In the presence of emetine, nascent DNA on 
forward arms of replication forks in hamster cell 
lines containing either single or amplified copies 
of the DHFR gene region was enriched 5- to 7- 
fold over nascent DNA on retrograde arrns.'O This 
forward-arm bias was observed on both sides of 
the specific OBR located 17 kb downstream of 
the hamster DHFR gene,12 consistent with at least 
85% of replication forks within this region em- 
anating from this site. These results were entirely 
consistent with those of Handeli et al.30 However, 
the replication fork asymmetry induced by eme- 
tine does not result from conservative nucleo- 
some segregation, as previously believed,30 but 
from preferentially inhibiting Okazaki fragment 
synthesis on retrograde arms of forks to produce 
imbalanced DNA synthesis. Three lines of evi- 
dence support this conclusion. First, the bias ex- 
isted in long nascent DNA strands prior to nu- 
clease digestion of nonnucleosomal DNA. 
Second, the fraction of RNA-primed Okazaki 
fragments was rapidly diminished. Third, elec- 
tron microscopic analysis of SV40 DNA repli- 
cating in the presence of emetine revealed forks 
with single-stranded DNA on one arm, and nu- 
cleosomes randomly distributed to both arms. 
Thus, as with cycloheximide, w4 nucleosome 
segregation in the presence of emetine is 
distributive. 

The imbalanced DNA synthesis method be- 
gins by incubating randomly proliferating mam- 
malian cells with emetine to inhibit protein syn- 
thesis and BrdU to label DNA synthesized in the 
absence of protein synthesis. Under these con- 
ditions, synthesis of Okazaki fragments is inhib- 
ited 90% in the first 1 h of incubation, and total 
DNA synthesis is inhibited 90% by 10 h of in- 
cubation. Cellular DNA is then isolated and son- 
icated in order to separate labeled (heavy) from 
unlabeled (light) regions on the same DNA strand. 
Heavy DNA is separated from light DNA by 
equilibrium centrifugation in alkaline Cs,S04 
gradients. Heavy DNA and light DNA are then 
immobilized on a membrane and hybridized with 
strand-specific 32P-labeled RNA probes repre- 
senting specific segments of DNA throughout the 
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genomic region of interest. As with the Okazaki 
fragment method, the OBR is recognized by the 
transition from forward to retrograde template on 
each DNA strand (Figure 7). On one side of the 
OBR, heavy DNA representing DNA synthesis 
on forward-arm templates will anneal to the Wat- 
son strand while on the other side of the OBR, 
it will anneal to the Crick strand. 

b. Advantages 

This method is technically easier to execute 
than the Okazaki fragment distribution method. 
It does not require cell synchronization, and 
therefore can be used with virtually any origin 
regardless of when it is activated during S-phase. 
Nascent DNA is labeled in vivo. The method 

works with single copy sequences. This method 
can be used to assay for origin activity with probes 
located far away from the origin as long as the 
probes lie within the same replicon (i.e., as long 
as forks from other origins do not pass through 
the probes). The technique is useful for mapping 
the boundaries of replication units on long 
stretches of chromosomal DNA. 

c. Limitations 

The technique requires inhibition of protein 
synthesis for extended periods of time, which 
might alter the pattern or mechanism of DNA 
replication. Furthermore, if emetine blocks ini- 
tiation of replication, then the amount of nascent 
DNA available will decrease as one probes closer 

Origin of Bidirection Replication v 
Forward Arm 

5' 
5' 

Retrograde Arm 

Block Protein Synihesis (Emetine) 
Label Nascent DNA (BrdU 

B 
~ ~ 'f\&," 

Purify Total DNA 
Sonicate 
Isolate Nascent DNA in Alkaline Cs2SOq Gradients 
Immobilize Nascent DNA to Membrane 
Hybridize Nascent DNA to Strand-Specific 32P-Probes 
Quantify 32P-Hybrids 

FIGURE 7. Imbalanced DNA synthesis strategy for mapping 
origins of bidirectional DNA replication. Small rectangles in the 
replication bubble represent retrograde (lagging) DNA strands 
formed by repeated ligation of Okazaki fragments. (Adapted from 
Burhans et al., 1991 .) 
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to the origin. This will limit the sensitivity of 
detection. The best resolution reported so far is 
-6 kb at the hamster APRT locus.3o 

111. METHODS FOR IDENTIFICATION 
OF ORIGINS BASED ON ANALYSIS 
OFDNASTRUCTURES 

A. Electron Microscopy 

I .  Rationale 

Replication bubbles are relatively simple to 
identify by electron microscopy. By examining 
two or more restriction fragments, one can map 
the center of the bubble relative to a unique DNA 
site. In this way, it can be determined if the 
bubbles are expanding in one or both directions. 
If the center of the bubble is associated with a 
specific sequence, then replication is bidirec- 
tional. If the center of the bubble changes posi- 
tion, then replication is occurring only in the 
direction in which the center of the bubble is 
moving. In the case of plasmid, bacteriophage, 
and animal virus DNA, this mapping strategy has 
proven capable of locating origins of replication 
within k 100 bp.49 Electron microscopy has been 
used to identify the sites where DNA replication 
originates in the tandemly repeated ribosomal 
DNA gene loci (rDNA) in Tetruhymenu, m8 Phy- 
s ~ r u m , ~ ~  Xenopus,’ and sea ~ r c h i n . ~  These origins 
are all localized within the nontranscribed spacer 
regions. 

2. Advantages 

Electron microscopy allows direct visualiz- 
ation of initiation sites (replication bubbles) and 
their precise localization in a DNA molecule. 

3. Limitations 

Replication bubbles in most eukaryotic cells 
are difficult to find because their frequency is 
low (-1 1% of total mammalian cell DNA*), most 

of the larger bubbles will be lost when DNA is 
digested with restriction enzymes, and many of 
the smaller bubbles will be lost during purifica- 
tion of cellular DNA by extrusion of nascent DNA 
strands. ‘02 Electron microscopic mapping of 
origins may be feasible in Drosophilu cleavage 
stage embryos4 or yeast cells6* where the fraction 
of replication bubbles is greater. In general, elec- 
tron microscopy appears to be practical only in 
the case of repeated DNA sequences that can be 
isolated from total DNA. For example, rDNA 
genes are multiple tandem repeats (more than 
200) with a higher than average GC content that 
allows them to be separated from total DNA by 
equilibrium density gradient centrifugation. Var- 
iation of the repeated length could create prob- 
lems, and replication structures frequently are 
difficult to interpret due to possible artifacts that 
might occur during DNA spreading. Microbub- 
bles (1 to 3 pm replication bubbles) may rep- 
resent one example of such an artifact.63 

B. Two-Dimensional Gel Electrophoresis 

1. Rationale 

The object of 2-D gel electrophoresis meth- 
ods is to cut the total population of cellular DNA 
into unique restriction fragments and then to frac- 
tionate these fragments on the basis of their size 
and shape. Unique DNA sequences are identified 
by hybridization with specific 32P-DNA probes. 
Replication intermediates are identified on the 
basis of theoretical considerations together with 
analysis of simple model systems such as repli- 
cating plasmid DNA. 

Appropriate electrophoretic conditions can 
increase the contribution of the shape of a mol- 
ecule to its mobility in agarose In lower 
concentrations of gel and at lower voltage, the 
mobility of DNA depends primarily on its mass. 
These conditions constitute the first dimension 
of electrophoresis. In higher concentrations of gel 
and at higher voltage, the mobility of DNA de- 
pends primarily on its. shape. These conditions 
constitute the second dimension. Control exper- 
iments have shown that each type replication in- 

* If there are -4000 bubbles with a mean size of 50 p. present at any one time during S-phase,” ?’) then (50 p./bubble)(cell/ 
1.8 m DNA)(m/lOh ~)(4000 bubbles/cell)( 100) = - 1 1 %. 
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termediate is characterized by a specific 2-D gel 
electrophoretic pattern. In neutral-neutral gels, 
DNA fragments containing ( 1 )  a single replica- 
tion fork, (2) a replication bubble, (3) two rep- 
lication forks, or (4) a replication bubble that 
eventually runs past the restriction site give char- 
acteristic patterns (Figure 8). These patterns are 
commonly referred to as (1) fork arcs, (2) bubble 
arcs, and (3) double Y. Fork arcs represent rep- 
lication forks. Bubble arcs should contain an or- 
igin of replication. Double Y fragments are di- 
agnostic for a termination site. Asymmetric bubble 
arks (panel 4) could indicate the position of the 
replicon initiation site relative to different restric- 
tion sites. 

A different version of the 2-D gel meth0d~O3~~ 
separates replication intermediates by mass in the 
first dimension (neutral pH) and by nascent DNA 
strand length in the second dimension (alkaline 
pH). In this method (neutral-alkaline gels), nas- 
cent DNA strands form characteristic ark patterns 
that are diagnostic of the position of each restric- 
tion fragment relative to an active origin of rep- 
lication (Figure 9). Fragments close to the origin 
give a complete ark composed of nascent strands 
of all sizes, while fragments distal to it would 
give a small ark in the high molecular weight 
region of the gel. Using several probes one can 

1 st Dimension 
c 

determine the direction of fork travel through the 
DNA locus. 

The 2-D gel method has been reviewed re- 
cently in detai1.9.24 A modification has been de- 
veloped that allows enrichment for replication 
intermediates from mammalian cells. 22 Replica- 
tion intermediates can be enriched significantly 
in the cellular DNA by isolating the nuclear ma- 
trix fraction. This modification permits mapping 
of initiation sites in higher eukaryotes at the level 
of single copy sequences. 

The 2-D gel methods have been used in a 
number of studies for mapping origins of repli- 
cation in plasm id^,^^^^*^^ Epstein-Barr virus,26 Bo- 
vine papilloma yeast chromosomes , 9 3 4 2 9 5 6  

Drosophila chorion gene loci, '8.32-83 and hamster 
DHFR gene loci. 22*96-97 

2. Advantages 

2-D gel methods are techniques of choice for 
mapping origins of replication in genomes with 
low complexity and genomes that do not take up 
DNA synthesis precursors readily. They do not 
involve labeling of nascent DNA. Cells do not 
have to be synchronized and therefore replication 
intermediates are isolated from cells replicating 

-< 

Unreplicated + 
DNA 3kb 

~~~~~ ~ ~~ ~ 

Replication Forks Replication Bubbles Replication Forks Bubble - Fork 
(Single) (Double) 

FIGURE 8. Two-dimensional gel electrophoresis strategy for mapping origins of DNA replication 
using neutral pH in both dimensions (adapted from Brewer and Fangman, 1987). Four typical 
groups of replication intermediates and their corresponding gel patterns are represented by solid 
lines. Dashed lines show the position of unreplicated total DNA fragmented with restriction enzymes. 
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RE 
I 

RE 
I 

DNA 

DNA Re on in vivo 

probe 1 probe 2 probe 3 

Digest with Restricti 
Purify Replicating DNA on BND-Cellulose 
2-Dimensional Gel rophoresis 

Non replicat i ng DNA - Neutral I 

r 

probe 1 probe 2 probe 3 

FIGURE 9. Two-dimensional gel electrophoresis strategy for mapping 
origins of DNA replication using neutral pH in one dimension and alkaline 
pH in the other. (Adapted from Nowotka and Huberman, 1988.) 

under normal cell culture conditions. In BPV,99 
the origin of replication was localized to -+: 100 
bp. In yeast cellular DNA, origins have been 
mapped to several hundred base pairs, depending 
on the size of the DNA restriction fragments that 
can be produced. The appearance of replication 
bubbles in the 2-D gel can also be used simply 
as an assay for origin function in plasmids or 
cellular chromosomes. 

3. Limitations 

The 2-D gel method searches for structures 
that migrate as replication intermediates regard- 
less of whether or not they contain nascent DNA. 
Therefore, it is possible to imagine artifacts in 
which unusual DNA structures may be misiden- 

tified as replication bubbles. For example, rep- 
lication forks in which the DNA remains bound 
to cellular material may migrate anomalously slow 
during gel electrophoresis, and thus appear as 
replication bubbles. One problem with applica- 
tion of this method to eukaryotes with a genome 
complexity higher than that of Drosophila is that 
replication bubbles are undetectable unless rep- 
licating DNA is enriched first by isolating nuclear 
matrix DNA associated with nuclear 
matrix material may enrich for replication forks 
in which two arms are adventitiously associated 
by some cellular material. These structures could 
masquerade as replication bubbles in the neutral- 
neutral 2-D gel method. Perhaps they would be 
detectable by comparing results from neutral- 
neutral gels with those from neutral-alkaline gels. 
In any event, enrichment for replication bubbles 
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by association with nuclear matrix complicates 
interpretation of the data because of a limited 
understanding of DNA-matrix interactions and 
their relevance to DNA replication. 

It appears difficult to quantify the number of 
initiation events in any given DNA region of the 
gel. First, it is important to adjust the conditions 
of electrophoresis for DNA fragments >5 kb be- 
cause of artifactually distorted Y-arcs and unre- 
cognizable bubble arcs.42 While the ratio of bub- 
bles to forks observed in yeast experiments is 
close to unity, the ratio observed in mammalian 
cell experiments varied from - 1 to -30%. Breaks 
in the replication bubbles introduced during DNA 
preparation could result in an underestimation of 
active origins of replication in the neutral-neutral 
2-D t e ~ h n i q u e . ~ ~ , ~ ~  It is also difficult to distin- 
guish a symmetrically located origin of bidirec- 
tional replication from an asymmetrically located 
unidirectional origin, and fragments containing a 
stalled replication fork can produce a pattern with 
an inflection point indicative of a termination 
site.60 The neutral-alkaline gel method readily 
reveals the direction of fork travel through a given 
DNA but it has the drawback that any 
nicking of parental strands during DNA isolation 
can obscure the diagonal display of nascent DNA. 
Furthermore, it is difficult to detect the end of 
the diagonal that corresponds to the shortest nas- 
cent fragment length that is used to determine 
the position of the origin. Finally, 2-D gel hy- 
bridization patterns in higher eukaryotes appear 
more complex than would be expected from the- 
ory. These difficulties tend to increase with the 
genome complexity, and may involve other types 
of DNA rearrangements such as branch migration 
at replication forks. 22 

IV. METHODS FOR IDENTIFICATION OF 
ORIGINS BASED ON FUNCTIONALITY 

Functional assays for replication origins have 
been reviewed recently for their application to 
y e a ~ t . ~ ~ . ~ ~  Their applicability to higher eukaryotes 
remains questionable. If cis-acting sequences 
are required for origin function in cellular chro- 
mosomes, then any segment of DNA that con- 
tains these sequences would be expected to confer 
on plasmids the ability to replicate autonomously 

as extrachromosomal elements in homologous 
cells. This is the rationale that led to identifica- 
tion of plasmids containing autonomously rep- 
licating sequence (ARS) elements from yeast. 86*87 

A. ARS Assays in Yeast 

The first and most widely used yeast ARS 
assay is the high-frequency transformation as- 
say.86,87 Plasmids containing a selectable yeast 
marker gene are used as vectors to clone DNA 
sequences of interest and then to transform yeast 
cells. Colonies of transformed cells are counted 
and the frequency of transformation for each plas- 
mids is calculated. ARS-containing plasmids in- 
crease the efficiency of transformation of yeast 
cells by 100- to 10,000-fold. Because, on aver- 
age, 25% of autonomously replicating plasmids 
are lost during each cell division,I7 ARS screen- 
ing vectors must also include a yeast centromere. 
The centromere allows normal segregation and 
mitotic stability. Addition of a reporter gene such 
as P-galactosidase permits easier identification 
of the transformed yeast cells.85 ARS-selection 
vectors are also used with genes whose expres- 
sion alters cellular metabolism and produces a 
red pigment corresponding in intensity to the 
plasmid copy number.’O Centromere-containing 
vectors have been used in two general selection 
schemes: (1) measurement of plasmid loss rates 
under relaxed selective p r e ~ s u r e l ~ * ~ ~  and (2) mea- 
surement of the number of colonies with plasmids 
under full selective pressure (mitotic stability 
assay64.86). 

High-frequency transformation assays per- 
mitted functional identification of the first eu- 
karyotic chromosomal origin of replication, the 
ARS 1 sequence, and later of many other yeast 
ARS elements as well as ARS elements present 
in DNA from other This assay also 
has been used in conjunction with mutational 
analysis for precise identification of the cis-acting 
sequence elements important for ARS function.59 

1. Advantages 

The high-frequency transformation assay is 
a fast, easy, and reliable test for identification of 
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cis-acting DNA sequences involved in initiation 
of replication in yeast cells. 

2. Limitations 

The high-frequency transformation assay is 
applicable only to yeast. It is limited in its ability 
to quantify ARS function because ARS activity 
and transformation efficiency are not quantita- 
tively related. In addition, integration of plas- 
mids, which is difficult to avoid, contributes to 
errors when the rate of ARS-plasmid loss is used 
as a quantitative measure. It also appears that, 
while all yeast chromosomal origins are ARS 
elements, not all ARS elements function as origins 
in the yeast c h r o m ~ s o m e . ~ ~  Thus, ARS assays 
alone are not sufficient to identify chromosomal 
origins of DNA replication. Therefore, one of 
the other methods for mapping initiation sites on 
chromosomal DNA described earlier (e.g., 2-D 
gel method) must be applied on the genomic copy 
of each ARS element. Moreover, the ARS assay 
could be misleading by identifying as ARS ele- 
ments, sequences that only mimic structurally the 
ARS consensus and other elements important for 
ARS function in yeast. This led in the early 1980s 
to the identification of a large number of se- 
quences from different heterologous organisms 
active as ARS in yeast cells as origins of repli- 
cation.65 In fact, active ARS elements can be 
created within the vector sequences by selecting 
for mutations that support autonomous plasmid 
replication in yeast .47 

B. ARS Assay in Mammalian Cells 

1. Long-Term Assays 

Specific plasmid vectors have been created 
from the Epstein-Barr virus (EBV) that allow 
isolation of ARS plasmids in mammalian 
 cell^.^'^^^ EBV maintains a low copy number (10 
to 100 copies per cell) in human cells. These 
plasmid vectors lack the dyad symmetry element 
of the EBV oriP that is required for the virus to 

replicate in human cells. However, the plasmids 
do contain the family of repeats that binds EBNA- 
1 as well as the EBNA-1 gene that provide a 
nuclear retention capability. They also contain a 
hygromycin resistance gene that allows for se- 
lection of transfected cells. These vectors have 
allowed isolation of human DNA sequences that 
function as mammalian ARS. Under hygromycin 
selection they are maintained as episomes for at 
least 2 months. Human DNA sequences are much 
more efficient than prokaryotic sequences at 
maintaining plasmid replication, and longer frag- 
ments are more efficient than smaller ones.35 
However, specific origins of replication have not 
yet been identified.52 

Another long-term ARS assay relies entirely 
on selective pressure to maintain the plasmid in 
the cell nucleus.62 For that purpose, a selectable 
gene is included in the vector such as the bacterial 
neomycin resistance gene. After several cell di- 
visions in the presence of G418, replicationally 
incompetent plasmids are lost and, in the absence 
of neomycin gene product, those cells die. Only 
plasmids that both replicate and are transmitted 
from one cell generation to the next can confer 
drug resistance. Selective pressure can be applied 
to cells for an unlimited time. Plasmids carrying 
the neomycin resistance gene and a 2.5 kb DNA 
fragment upstream of the human c-myc gene have 
been maintained for more than 300 cell genera- 
tions in HeLa cells under G418. 

A third approach is based on the use of a 
specific plasmid vector containing a selectable 
marker gene, the herpes simplex virus thymidine 
kinase (tk) gene driven by a truncated promoter 
to reduce its a~tivity.~’ Under these conditions, 
viral thymidine kinase is produced at subthres- 
hold levels in the transfected tk- cells, and these 
cells die when cultured in HAT medium. How- 
ever, if one of the fragments of cellular DNA 
cloned into this vector carries a mammalian ARS 
element, then plasmid replication will lead to an 
increased number of plasmids per cell and the 
level of viral thymidine kinase will increase. These 
cells should survive in HAT medium. Using this 
approach, 19 putative mouse ARS containing 
DNA fragments were isolated.39 However, it was 
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later found that all of these plasmids had inte- 
grated into cellular chromosomes as tandem 
repeats. 27 

2. Short-Term Assays 

In mammalian cells, plasmids containing a 
putative ARS elements are transfected or injected 
into cell nuclei by a variety of techniques, and 
their ability to replicate assayed 24 to 96 h later 
using one or both of the following approaches. 

a. Dpn I/Mbol Assay 

Plasmids are grown in bacteria containing 
deoxyadenosine methylase (dam+) in order to 
methylate Dpn I restriction sites and make them 
sensitive to cleavage by Dpn I. However, since 
mammalian cells lack this methylase, these plas- 
mids become hemimethylated and then nonme- 
thylated if they undergo one or more rounds of 
replication in a mammalian cell. This results in 
resistance to Dpn I (Figure 10). Mbo I has the 
same recognition sequence as Dpn I, but Mbo I 
cleaves only unmethylated DNA. Thus, by com- 
paring results of Dpn I digestion with those from 

DNA replication in E. coli 
(dam+ ) 

DNA replication in mammalian cells 
(dam - ) 

Mbo I digestion, one round of plasmid DNA 
replication (hemimethylated) can be distin- 
guished from two or more rounds of replication 
(nonmethylated) in mammalian cells (Figure 10). 

Plasmids carrying a putative mammalian or- 
igin are used to transfect cultured mammalian 
cells by one of several available  technique^.^^ 
Most of these plasmids lack sequences that may 
inhibit plasmid replication in mammalian cells .58 

The vector itself should be cotransfected with the 
test plasmid in order to provide an ‘‘ori-” in- 
ternal standard. Transfected cells are incubated 
for 24 to 96 h before plasmid DNA is recovered, 
usually by the procedure of H i ~ t . ~ *  The purified 
DNA is then cut at a single restriction site in 
order to convert all replication products into lin- 
ear DNA molecules of unit length. This serves 
to collect all Dpn I resistant plasmid molecules 
into a single DNA band that is more easily de- 
tected following gel electrophoresis. DNA is then 
digested with either Dpn I or Mbo I. Dpn I diges- 
tion converts unreplicated DNA to smaller frag- 
ments, while Mbo I converts replicated DNA to 
smaller fragments. DNA is then fractionated by 
gel electrophoresis and detected by blotting-hy- 
bridization using appropriate 32P-DNA probes. 

The optimal conditions for digestion of rep- 
licated plasmid DNA with Dpn I has been rein- 

DpnI MboI = gig = sensitive resistant 

MI -- 
I 

I 
Me 

M I  
I - GATC - - CTAG - resistant resistant 

resistant sensitive - GATC - - CTAG - 
Cut DNA at single restriction site to convert all products into linear monomers. 
Digest DNA with Dpn I to eliminate non-replicated DNA 

- Fractionate DNA by gel electrophoresis. 
Detect DNA by blotting-hybridization using 32P-plasmid DNA probe. 

(plasmid should contain many Dpnl sites). 

FIGURE 10. Principle of the Dpn VMbo I assay for plasmid DNA replication 
in mammalian cells. (Adapted from Peden et at., 1980.) 
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vestigated recently.79 Maximum enzyme activity 
is found at salt concentrations - 3 0  mM NaCl, 
but Dpn I can also digest a portion of the hem- 
imethylated DNA. At salt concentration > 150 
mM NaCl, Dpn I does not cleave hemimethylated 
DNA, but the enzyme also does not digest un- 
methylated DNA to completion. Thus, the op- 
timal salt concentration is 100 mM. Addition of 
the polycation spermidine appears to be essential 
for complete digestion of plasmids recovered from 
mammalian cells. 6m .79 

Short-term Dpn I resistance ARS assays have 
been developed and used widely in studying cis- 
acting sequence elements important for origin 
function in animal viruses. I '  They have also been 
applied to studying putative mammalian chromo- 
somal origins of r e p l i c a t i ~ n . ~ ~ . ~ ~ . ~ ~  

An alternative method for detecting Dpn I 
resistant plasmid DNA following transfection of 
mammalian cells is to measure its ability to re- 
establish itself as a plasmid in bacterial  cell^.^' 
If the putative ARS element is cloned into an 
ampicillin resistant pBR vector, it can be cotrans- 
fected into competent bacterial cells together with 
a control vector that is both ampicillin and tetra- 
cyclin resistant. Following transformation, bac- 
teria are plated onto agar containing both anti- 
biotics. The number of bacterial colonies that 
form are proportional to the number of plasmid 
molecules recovered from mammalian cells that 
survived Dpn I digestion. A modification of this 
approach uses pUC These simplify col- 
ony counting by producing blue (vector alone) 
and white (vector plus recombinant DNA) col- 
onies on the same plate. Using highly transfor- 
mation-competent cells, one can detect levels of 
Dpn I-resistant plasmids that are not easily de- 
tectable by blotting-hybridization. 

b. Density Substitution Assay 

One round of semiconservative replication in 
the presence of BrdU produces plasmid DNA 
containing one light strand with Thd and one 
heavy strand substituted with BrdU. Multiple 
rounds of replication produce DNA molecules 
with two heavy strands. Transfected eukaryotic 
cells are grown in the presence of BrdU to den- 

sity-label replicating plasmids. Plasmids are re- 
covered and partially purified from cellular DNA 
by the method of H i ~ t . ~ '  They are usually li- 
nearized by appropriate restriction enzymes and 
fractionated according to their density by cen- 
trifugation to equilibrium in CsCl gradients. Plas- 
mid sequences are detected by blotting-hybridi- 
zation using vector-specific 32P-labeled probes. 
This technique has been used to characterize pu- 
tative mammalian origins,25 as well as DNA rep- 
lication in a large number of plasmid and viral 
DNA molecules. 

c. Advantages 

ARS assays are the simplest and most direct 
approach to identifying cis-acting DNA se- 
quences that can function as origins of replication 
in metazoan organisms. A large number of plas- 
mids carrying putative replication origins or dele- 
tion mutants can be tested in a single experiment. 
Retransformation of bacteria provides an easy 
method for quantitation, as well as accurate in- 
ternal control for completion of Dpn I digestion, 
because retransformation measures primarily form 
I plasmid DNA. It has been reported that Dpn I 
resistant form I is a more accurate assessment of 
replication than Dpn I-resistant linear DNA.70 
The most important advantage of ARS assays is 
their ability to identify eukaryotic origins that 
function at low efficiency. 

d. Limitations 

Although used successfully in studying rep- 
lication origins of animal viruses, ARS assays 
have generated mixed results in detecting se- 
quence-specific origin activity in metazoan or- 
ganisms. The pros and cons of various reports of 
ARS elements that function in mammalian cells 
are discussed by Umek et and Burhans et 
al.'I Theoretically, the ability of a given DNA 
sequence to support autonomous replication 
should reflect origin function. In practice, how- 
ever, with selective pressure one can expect that 
sequences inactive as origins in the chromosomes 
can be forced to act as origins on plasmids. 
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V. CHOOSING AN APPROPRIATE 
METHOD 

One dark night, a policeman found a man 
walking around under a street lamp searching for 
his lost keys. When asked where he thought he 
had lost them, the man pointed across the street. 
If you lost them over there, asked the policeman, 
then why are you looking for them here? Because 
this is where the light is, the man replied. As this 
anecdote suggests, there are basically two ap- 
proaches to the identification and isolation of 
origins of DNA replication: one can look where 
there is already light or one can search the unex- 
plored regions of the genome. 

Many regions of eukaryotic DNA have al- 
ready been cloned and partially sequenced. These 
regions may or may not contain origins of rep- 
lication. In such cases, the choice of mapping 
techniques depends on several parameters: 

Number of copies per genome 
0 Size of the genomic locus 
0 Replication time during S-phase 
0 Ability to synchronize cells 
0 

0 Availability of sequence information 

Ability of the cell to take up DNA synthesis 
precursors 

If one is studying lower eukaryotic cells, such 
as yeast or Physarum, that contain a small gen- 
ome and do not allow efficient uptake of DNA 
precursors, then the most suitable methods are 
2-D gel electrophoresis or the kinetic approach 
for measuring nascent DNA strand length. If one 
is studying higher eukaryotic cells, such as those 
from mammals whose genome is at least 200- 
fold more complex than yeast and whose DNA 
can be readily labeled with a variety of DNA 
synthesis precursors, then we suggest analysis of 
newly synthesized DNA based on nascent DNA 
strand length or replication fork polarity. The 
matrix enrichment variant of the 2-D gel electro- 
phoresis method is also applicable. However, in 
one experimental system (the DHFR region in 
CHO cells), the 2-D gel electrophoresis method22 
gave results that appear to be in contradiction to 
results from five different methods for identifi- 
cation of origins based on analysis of newly syn- 

thesized DNA strands (earliest labeled DNA frag- 
ment, replication origin trap, PCR approach to 
measuring nascent DNA strand length, Okazaki 
fragment distribution, and imbalanced DNA syn- 
thesis methods). If one is studying a single-copy 
sequence rather than a naturally occurring multi- 
copy sequence (e.g., rDNA genes), and if one 
does not have available cell lines in which the 
single-copy sequence has been amplified (e. g., 
DHFR region in CHO C400 cells), then one is 
limited to the nascent DNA strand length, rep- 
lication fork polarity, and 2-D gel electrophoresis 
methods. 

When >10 kb of sequence is to be searched 
for origins, replication fork polarity methods al- 
low one to identify forward (leading) and retro- 
grade (lagging) template strands at a single site, 
and thus reveal on which side of this site the 
origin is located. Of the two replication fork po- 
larity approaches, the imbalanced DNA synthesis 
approach is the simpler technique for estimating 
where an origin of bidirectional replication is lo- 
cated and the outer limits of its replication unit. 
However, the resolution of this technique is lim- 
ited. If the origin is activated at the onset of S -  
phase, then one can apply the Okazaki fragment 
distribution approach. This method provides 
higher resolution and stronger evidence for the 
existence of an origin of bidirectional replication, 
although it is technically more laborious. If one 
is not sure when their sequence of interest is 
replicated, a relatively simple method for deter- 
mining time of replication during S-phase has 
been developed recently.*' If the origin is not 
activated at the onset of S-phase, then one should 
apply the PCR approach for measuring nascent 
strand length. Of all the available methods, only 
two are capable of examining single-copy se- 
quences without cell synchronization or treat- 
ment of cells with metabolic inhibitors: the PCR 
approach for measuring nascent strand lengths, 
and 2-D gel electrophoresis. 

How does one search for origins in the unex- 
plored regions of the genome? Each mammalian 
cell contains tens of thousands of replication 
origins that might differ in their structure and 
regulation. Therefore, analysis of a single rep- 
lication origin may fall short of understanding 
how most replication origins function. Here we 

467 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

M
al

m
o 

H
og

sk
ol

a 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



suggest a general strategy for identification and 
mapping of unknown replication origins from the 
same organism. 

Instead of walking along hundreds of kilo- 
bases of DNA in search of an origin, one can 
apply an origin selection method. The replication 
origin trap and nascent DNA strand extrusion 
methods produce a library of origin-enriched se- 
quences. Unique clones from this library can be 
used as probes to isolate the corresponding gen- 
omic copies in which the origins reside in their 
natural chromosomal environment. Initiation 
sites can then be localized as described previ- 
ously. Alternatively, functional assays for origins 
can be applied in the hope of finding an ARS 
sequence. 

The following specific examples serve to il- 
lustrate strategies for origin identification. 

Example 1 : Assume circumstantial evidence 
suggests that a replication initiation site is located 
within several kilobases upstream of a known 
single-copy mammalian gene. Assume - 10 kb 
of sequence flanking the gene is also available, 
but that its replication timing is unknown. The 
most appropriate method to apply is the PCR 
approach of the nascent DNA strand method. 

Example 2:  Assume DNA clones and partial 
sequence information is available for a 100-kb 
single copy mammalian DNA locus replicating 
at the beginning of the S-phase. Assume there is 
no evidence for initiation of replication within 
this locus, but probability suggests that at least 
one origin will be found (average origin to origin 
distance is 30 to 300 kb). One approach is to use 
either of the replication fork polarity methods to 
first establish the direction of fork travel at one 
DNA site. Then one can spot-check DNA seg- 
ments every -10 kb or so in order to flank the 
nearest origin of bidirectional replication. 

Example 3: Assume an origin of replication 
is located somewhere within each of the 200 tan- 
dem copies of mammalian rDNA, probably in 
the nontranscribed spacer region, as suggested 
for rDNA in other organisms. The repeated unit 
is approximately 50 kb and DNA clones are avail- 
able for most of its length. The high copy number 
of the repeated locus permits most of the tech- 
niques described in this review to be applied. 
However, in our experience, the Okazaki frag- 
ment distribution method is most likely to iden- 
tify the origin with greatest precision. 

Example 4:  Assume an origin of replication 
has been mapped in a single copy mammalian 
chromosomal DNA locus that does not replicate 
at the beginning of S-phase. The objective is to 
identify all neighboring origins and the organi- 
zation of the whole cluster of replication units. 
For this purpose at least several kilobases of DNA 
on both sides of the origin should be mapped and 
clones should be made that at least partially cover 
the locus. The only practical technique for map- 
ping the boundaries of replication units and the 
approximate location of their origins is the im- 
balanced DNA synthesis method. After some of 
the origins in the locus are located within several 
kilobases of DNA, additional sequence infor- 
mation can be obtained and the initiation site can 
be mapped more precisely using the PCR ap- 
proach of the nascent DNA strand length method. 

VI. SOME FINAL THOUGHTS 

Even with this new arsenal of methods, iden- 
tification of replication origins in eukaryotic 
chromosomes is not a trivial task. While ARS 
elements are now well established as origins in 
yeast chromosomes, site-specific origins of bi- 
directional DNA replication have only been iden- 
tified recently in higher eukaryotes, and the ques- 
tion remains as to their relationship with specific 
cis-acting sequences such as those found in the 
chromosomes of bacteria, yeast, and animal vi- 
ruses." It is likely that initiation of replication 
in animal cells that require one and only one 
duplication of their genes each cell cycle is reg- 
ulated differently than in simpler cells and vi- 
ruses. Therefore, at present one cannot be certain 
whether the initiation zones identified by the var- 
ious methods described above actually occupy 
several kilobases of sequence or simply reflect 
either low resolution or some artifact in the map- 
ping technique. The answer will require a 
thoughtful, critical application of more than one 
method to the same system. 
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