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ABSTRACT

We have postulated that chromosomal replication
origin regions in eukaryotes have in common clusters
of certain modular sequence elements (Benbow, Zhao,
and Larson, BioEssays 14, 661-670, 1992). In this
study, computer analyses of DNA sequences from six
origin regions showed that each contained one or more
potential initiation regions consisting of a putative DUE
(DNA unwinding element) aligned with clusters of SAR
(scaffold associated region), and ARS (autonomously
replicating sequence) consensus sequences, and
pyrimidine tracts. The replication origins analyzed were
from the following loci: Tetrahymena thermophila
macronuclear rDNA gene, Chinese hamster ovary
dihydrofolate reductase amplicon, human c-myc proto-
oncogene, chicken histone H5 gene, Drosophila
melanogaster chorion gene cluster on the third
chromosome, and Chinese hamster ovary rhodopsin
gene. The locations of putative initiation regions
identified by the computer analyses were compared
with published data obtained using diverse methods
to map initiation sites. For at least four loci, the
potential initiation regions identified by sequence
analysis aligned with previously mapped initiation
events. A consensus DNA sequence, WAWTTDDWW-
WDHWGWHMAWTT, was found within the potential
initiation regions in every case. An additional 35 kb of
combined flanking sequences from the six loci were
also analyzed, but no additional copies of this
consensus sequence were found.

INTRODUCTION

Twenty-five years ago, Huberman and Riggs postulated the
existence of fixed sites of initiation of DNA replication (origins)
in eukaryotic chromosomal DNA based on results of DNA fiber
autoradiography experiments performed in mammalian cells (1).
Chromosomal DNA replication was posited to begin at the
origins, and to proceed outward bidirectionally by means of fork-
like growing points—branched structures in which DNA

unwinding and DNA synthesis were tightly coupled. Although
the paradigm of bidirectional replication forks emanating from
a fixed origin has dominated interpretation of most subsequent
studies, data proving the existence of specific origin sequences
in higher eukaryotes are lacking.

The evidence in favor of specific origins of replication in
mammalian and other eukaryotic organisms has recently been
reviewed (2—8). As an alternative, we have proposed that origins
of chromosomal replication in eukaryotes differ significantly from
the well-characterized fixed sites of initiation used by prokaryotes
such as F. coli [ori C] and mammalian tumor viruses such as SV40
[ori sequence] (9). We postulated that localization of initiation
events in eukaryotes is determined by statistical probabilities (10,
11). In this view, any single initiation event in a chromosomal
origin region depends on the joint probabilities of unwinding the
duplex DNA and initiation of strand synthesis within the unwound
region (9). Multiple sites of initiation are possible, but a few sites
will be strongly preferred and thus may appear to be specific
origin sequences (12).

Initiation at multiple sites rather than at one specific site has
been observed in several eukaryotic organisms, including
Drosophila melanogaster (13— 15), Xenopus laevis (16, 17), and
mammalian cells (3, 4, 18—20). However, other studies in the
same organisms report initiation at fixed sites (21—26). The
concept of statistically preferred start sites resolves the paradox
posed by these apparently contradictory observations.

We have used a series of computer programs to analyze the
DNA sequences from six eukaryotic chromosomal origin regions
(and their flanking sequences). Each of these had been identified,
characterized, and sequenced previously by other research groups
(Table 1). The sequences analyzed are from a protozoan, a
protostome, and various deuterostomes, and have widely
divergent AT content. We tested the hypothesis that eukaryotic
origin regions entail clusters of common modular sequence
elements (9, 27, 28). Our analyses showed that each contained
one or more potential initiation regions consisting of a putative
DUE (DNA unwinding element) aligned with clusters of SAR
(scaffold associated region) and ARS (autonomously replicating
sequence) consensus sequences, and pyrimidine tracts. A
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consensus sequence was identified that was unique to the potential
initiation regions. In addition, we have elaborated a proposed
alternative mechanism for initiation at chromosomal origins in
eukaryotes (9).

MATERIALS AND METHODS
Computer analyses of chromosomal DNA sequences

Six chromosomal DNA sequences retrieved from the GenBank/
EMBL Genetic Data Base (Table 1) were analyzed using Oligo
4.0 on a Macintosh IIci (National Biosciences, Wolfgang Rychlik,
1992), the Thermodyn program (kindly provided by Dr David
Kowalski) on an IBM 386 (29), the GentlBen program (kindly
provided by Dr John N.Anderson) on an IBM 386 (30), and the
University of Wisconsin Genetics Computer Group (GCG)
Sequence Analysis Software Package (Version 7.3-UNIX) on a
DEC 3100 workstation (31).

The primer stability analysis program of Oligo 4.0 (National
Biosciences, Wolfgang Rychlik, 1992) was used to identify
putative DNA unwinding elements (DUE-like elements), which
are inherently unstable duplex DNA segments characterized in
part by their hypersensitivity to single-strand-specific nucleases
(32, 33). The program was used to identify the least stable 100
nucleotide long primers (defined as those with negative free
energy values [AG in kcal/mole] closest to zero). Duplex stability
calculations were based on nearest-neighbor dinucleotide free
energy values determined by Breslauer and colleagues (34). The
commercially available Oligo 4.0 program contained additional
software modifications kindly provided by Dr Wolfgang Rychlik
to permit graphic analysis using Microsoft Excel or Delta Graph.
Preliminary analyses indicated that the optimal segment or
window size was 100 nucleotides. Each data point in the DUE-
like element plots in Figures 1B —4B, therefore, corresponds to
the negative free energy of a theoretical primer-template duplex
consisting of the 100 downstream nucleotides. This represents
the magnitude of free energy required to unwind a 100 bp duplex
of the analyzed sequence.

A major DUE-like element was defined as at least 200
contiguous nucleotides with an average AG at least 15 kcal/mole
less negative than the mean for the sequence analyzed. A minor
DUE-like element was defined as at least 400 contiguous
nucleotides with an average AG at least 10 kcal/mole less negative
than the mean for the sequence analyzed. These definitions differ
slightly from our previous definitions (9), but identify the same
elements.

The Thermodyn program of Kowalski and colleagues (29) can
also be used to calculate the free energy difference (AG) between
duplex and single-stranded states for multiple overlapping
segments of DNA sequence. Free energy differences calculated
using Thermodyn were identical to those calculated by Oligo 4.0
(the plots can be overlaid), but absolute free energy values (AG)
differed by about 70 kcal/mole because of assumptions regarding
temperature and ionic strength.

Putative bent DNA sequences were identified from ENDS ratio
plots generated by the GentlBen program (30). A window size
of 120 bp and a step size of 10 bp were used. The ENDS ratio
is a measure of DNA bending and is calculated as the ratio of
the contour length along a given axis to the shortest distance
between the ends (35).

Consensus sequences were identified using the GCG program
Findpatterns with 0, 1, or 2 mismatches as indicated. Results
were graphed using Mapplot. Additional modular elements not

shown in Table 2 were also analyzed. A complete list of all
elements searched for may be obtained by contacting the
corresponding author (D.L.D.). A cluster was designated when
consensus sequences were found within a region (usually a
putative DUE) at least 5-fold more frequently than in the total
remaining sequence.

The putative initiation region consensus sequence was first
detected by visual inspection of an alignment of putative initiation
region sequences generated by the GCG progra Pileup. The
consensus sequence was refined by manual alignment of
sequences with the Pileup consensus, followed by trial and error
replacement of consensus nucleotides at each position. The
locations of the optimized initiation region consensus sequence
were identified using Findpatterns (Table 3).

The statistical significance of the analyses in this study was
validated using shuffle techniques (36). DNA sequences were
randomized using the GCG program Shuffle. No clusters of major
DNA unwinding elements, modular elements, and bent DNA
regions were observed in multiple shuffled versions of any of
the six sequences analyzed. The initiation region consensus
sequence was not found in shuffled versions of any of the six
complete sequences analyzed, and its natural frequency of
occurrence in the rDNA 5'NTS was easily the extreme value
[making it statistically significant, see (36)] relative to 20 shuffled
versions of the 5'NTS (which is the most AT-rich initiation region
of the sequences analyzed).

The statistical significance of the initiation region consensus
sequence was also analyzed by calculating the expected number
of occurrences in the sequences searched. These calculations were
suggested and carried out by Dr David Landsman at NIH.

RESULTS AND DISCUSSION
Rationale

We selected for analysis six chromosomal DNA sequences
representing putative replication origin regions in eukaryotes that
satisfied the following criteria: (i) Preferred DNA replication start
sites or localized initiation events were associated with a defined
gene locus; (ii) High quality annotated DNA sequence was
available in the GenBank/EMBL Genetic Data Base; (iii) The
DNA sequence could be aligned with physical, genetic, or
biochemical data used to map initiation events; (iv) The region
sequenced was small (< 12 kb) and, therefore, less likely to
contain multiple origins; (v) The same locus [for example,
ribosomal genes (rDNA)] from different organisms was not
included to avoid biasing for common elements unrelated to origin
regions; (vi) Diverse species were represented, although there
remains a bias in favor of mammalian origin regions. Origin
regions in the yeasts, Saccharomyces cerevisiae and
Schizosaccharomyces pombe, are analyzed elsewhere (Dobbs and
Benbow, in preparation).

The six chromosomal DNA sequences (Table 1) were searched
for the presence of the modular sequence elements listed in Table
2. Each of these elements might play a role in initiation, either
by facilitating unwinding of the origin region, or by mediating
the initiation of strand synthesis. The rationale for selection of
these elements has been discussed previously (9). In the analyses
that follow, we show that a putative DNA unwinding element
(a DUE-like element) and a cluster of modular elements are
aligned, within the limits of resolution of the localization
techniques, with independently mapped initiation events. The
modular elements that appear to align most frequently are SAR



Table 1. DNA sequences of chromosomal replication origin regions
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GenBank Locus Organism Length A-T References
accession (nt) (%)
number
X54512 macromolecular rDNA gene Tetrahymena thermophila 10,315 64 93)
X52034 dihydrofolate reductase Cricetulus griseus 6,157 59 (56)
(dhfr) amplicon
KO01910 c-myc proto-oncogene Homo sapiens 2,500 48 (58)
X00169 histone H5 gene Gallus gallus 3,868 42 65, 94)
X06257 chorion s18-1 and Drosophila melanogaster 3,850 56 95)
s15-1 gene cluster
X61084 rhodopsin gene (opsin) Cricetulus griseus 11,931 47 (28)
Table 2. Common modular sequence elements
Abbrev. Element DNA sequence or Computer References
structure program
DUE Putative DNA Inherently low helix Oligo 4.0 29, 32, 96, 97)
Unwinding Element stability: —AG (kcal/mole)
Bent DNA Putative bent DNA dA,_4 repeated with a GentlBen (30, 35, 98)
predicted from ENDS ratio 10 to 11 nt periodicity
SAR Al Scaffold Associated Sequence AATAAAYAAA Findpatterns 99)
SAR A2 Scaffold Associated Sequence WADAWAYAWW Findpatterns 99)
SAR T1 Scaffold Associated Sequence TTWTWTTWTT Findpatterns 99)
SAR T2 Scaffold Associated Sequence TWWTDTTWWW Findpatterns 99)
MAR Matrix Attachment Sequence AATATTTTT Findpatterns (100, 101)
PYR Pyrimidine Tract YYYYYYYYYYYY Findpatterns (86, 87, 88, 89)
GAGA Putative triple helices GAGAGAGAGAGA Findpatterns (56, 102, 103, 104)
ARS-Sc ARS (S.cerevisiae) WTTTAYRTTTW Findpatterns (79, 105)
Topoll DNA Topoisomerase IGTNWAYATTNATNNG Findpatterns (106, 107)
binding site
Purl Pur binding sequence GGNNGAGGGAGARRRR Findpatterns (108, 109)

The sequence symbols used are R = AorG, W =AorT,Y=CorT,D=AorGorT,N=AorCorGorT.

and ARS consensus sequences and pyrimidine tracts. We call
each region of alignment a potential initiation region.

Based on these alignments, we propose that the following
algorithm (see Materials and Methods for details) can be used
to identify potential initiation regions. First, each major and minor
DUE-like element is identified. If a DUE-like element contains
a cluster of SAR and ARS consensus sequences and is aligned
with or flanked by pyrimidine tracts, it is designated as a potential
initiation region. Potential initiation regions are shown as gray
areas in Figures 1—4. Note that each DUE-like element extends
100 base pairs beyond its apparent 3’ end because of the search
window used.

Tetrahymena thermophila macronuclear rRNA genes

The amplified rRNA genes ({DNA) in Tetrahymena thermophila
are present in the macronucleus as 21 kb linear palindromic
molecules (Figure 1), each containing two copies of the rRNA
gene in inverted orientation (37). An origin of replication has
been mapped within the 5’ non-transcribed spacer region (5'NTS)
by electron microscopy (38). Restriction fragments that
encompass the 5'NTS support autonomous replication in the
macronucleus (39). We analyzed a 10,315 base pair sequence
corresponding to one half of the palindrome, encompassing the
5'NTS, rRNA coding region and 3'NTS sequences (Figure 1).

The rDNA sequence contains a major DUE-like element in
the 5'NTS extending from nucleotide position 1 (center of
palindrome) to 1,400 (Figure 1B). Two DUE-like elements in
the 3’'NTS extend from 8,500 to 9,150 (minor) and from 9,750

to the end of the sequence (major) [only one telomeric GGGGTT
repeat is included in the analyzed sequence]. Numerous regions
of strongly bent DNA are predicted in the S'NTS: two of these
have ENDS ratios > 1.4, two have ENDS ratios > 1.3 (one of
which is at the center of the palindrome), and several others have
ENDS ratios > 1.2 (Figure 1C). In contrast, the coding region
has no predicted bent DNA segments. The 3’'NTS is predicted
to contain one strongly bent region with an ENDS ratio >1.4.

Scaffold associated region (SAR) consensus sequences are
abundant in both the 5'NTS and 3'NTS, but rare in the coding
region (Figure 1D). Pyrimidine tracts were found in both the
5'NTS and 3'NTS, and are more or less uniformly spaced along
the entire sequence. No (GA), and one Pur motif were
identified. Five perfect ARS consensus sequences were found
in the AT-rich 5'NTS and 3'NTS regions. Allowing two
mismatches to the ARS consensus resulted in identification of
over 200 ARS elements; these are concentrated in the NTS
regions, presumably as a result of the AT-rich sequences localized
there. DNA topoisomerase II cleavage site consensus sequences
are rare in the 5'NTS, but otherwise are scattered throughout
the entire sequence. In this study, a 21 bp consensus sequence
unique to the potential initiation regions was identified (see
Materials and Methods). Six of these initiation region consensus
sequences were found in the IDNA: three in the 5'NTS and three
in the 3'NTS (two originating in opposite orientations from
nucleotide 10,100).

The origin region mapped by electron microscopy lies 650 =+
300 bp from the center of the 21kb palindrome (38) (Figure 1).
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Figure 1. Computer analyses of the Tetrahymena rRNA gene region. (A) Schematic diagram of one half of the 21 kb palindromic rDNA. The center of the palindrome
is shown at 0 kb. Solid boxes indicate exons; open boxes, introns; zig-zag line represents telomeric repeat sequences. The arrowhead indicates the direction of transcription.
Putative replication origin(s) mapped by electron microscopy are indicated as open bars (38, 110). Nuclease hypersensitive regions in chromatin (111) are indicated
as solid horizontal bars. Type I repeat sequence elements conserved among several ciliate species (112, 113) are represented as solid vertical bars. Restriction sites
for Xbal (X) and Taqgl (T) that are relevant to these analyses are shown. (B) Localization of predicted DUE-like elements. Negative free energy (AG) required
to unwind 100 bp windows of duplex DNA was calculated and graphed as a function of nucleotide position. Valleys represent inherently unstable duplex DNA
segments. (C) Predicted regions of intrinsically bent DNA. ENDS ratios were determined for 120 bp windows and graphed as a function of nucleotide position.
Peaks represent regions predicted to display most pronounced DNA bending. (D) Distribution of consensus sequences. Consensus sequences for the elements shown
in Table 2 were identified. Only perfect matches to consensus sequences are shown in the top 8 lines; elements with up to 2 mismatches are plotted in the lower
4 lines. Consensus refers to the putative initiation region consensus sequence identified in this study (see text and Table 3). Potential initiation regions (see text)

based on the analyses in (B—D) are shown in gray.

This region is free of nucleosomes and hypersensitive to nuclease
digestion in chromatin (40, 41), a feature common to viral and
prokaryotic replication origins, as well as to the yeast ARS1 origin
(42, 43). Approximately 400 bp of this origin region and its
nuclease hypersensitivity are duplicated in the 5'NTS, generating
a second potential origin (Figure 1A). Several mutations that
affect replication and/or maintenance of the rDNA in the
macronucleus (44, 45) are also located in the 5'NTS (asterisks
in Figure 1A). All of these data are consistent with initiation
events occurring within the potential initiation region (the leftmost
gray area in Figure 1), as well as with the lack of clusters of
modular sequence elements within the transcribed region. The
existence in the 5'NTS of a DUE (based on sensitivity to mung
bean nuclease digestion), regions of strongly bent DNA, and a

restriction fragment preferentially associated with the nuclear
matrix have been verified experimentally (46). Our computer
analyses suggest that initiation events might also occur in the
3'NTS adjacent to the telomere.

Chinese hamster ovary dihydrofolate reductase locus

The origin region in the dhfr amplicon (Figure 2, left) is the most
heavily studied of any metazoan origin region and has been
reviewed extensively elsewhere (3, 4, 6, 8, 12, 47). Apparently
specific initiation events in the ori-3 region have been mapped
by detection of the earliest labeled DNA fragments (48 —51), by
a replication origin trap (52), by nascent DNA fragment lengths
(26), by the distribution of Okazaki fragment lengths (21), and
by imbalanced DNA synthesis (53, 54). The apparent site of
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Figure 2. (left): Computer analyses of the Chinese hamster ovary dhfr locus. (A) Map of the 240 kb Chinese hamster ovary dihydrofolate reductase amplicon.
Symbols are as in Figure 1. ori-8 and ori-y indicate origin regions mapped in (114). MAR, matrix attachment region (115). Inset: map of the region analyzed in
(B—D). Locations of OBR-1 (origin of bidirectional replication), bent DNA, and triplex DNA are from (56). (B—D) are as in Figure 1. (right): Computer analyses
of the human c¢-myc locus. (A) Map of the c-myc gene and 5’ flanking region. P, and P, are alternative promoter start sites for the c-myc mRNA. The dashed lines
indicate the location of the sequence analyzed in (B—D). The nuclease hypersensitive region in chromatin is indicated by a solid horizontal bar. Inset: map of 5’
flanking region analyzed in (B—D). Arrows indicate nuclease hypersensitive sites; the size of the arrows is a qualitative representation of the intensities (58). (B—D)

are as in Figure 1.

initiation has been designated OBR-1 (origin of bidirectional
replication) (21). In contrast, initiation events have also been
detected throughout a 30 to 70 kb initiation zone using
neutral —neutral two-dimensional gel electrophoresis (18, 19, 55).
The apparent contradiction between assays that detect specific
initiation events localized to a region as small as 450 nucleotides,
and assays that detect initiation events throughout the 70 kb region
has generated considerable controversy (7). We analyzed a 6,157
base pair sequence containing ori-3 and the OBR-1 (Figure 2,
left).

The dhfr sequence contains a major DUE extending from
nucleotide position 3,700 to 3,900 (Figure 2B, left). A minor
DUE-like element extends from 4,350 to 5,100. One region of
bent DNA with an ENDS ratio > 1.2 is predicted at nucleotide
position 3,450 (Figure 2C).

SAR consensus sequences are clustered within the major DUE
(Figure 2D, left). Pyrimidine tracts were found within the major
DUE and are also spaced along the remaining sequence. Two
previously identified (GA), tracts (with associated
complementary strand pyrimidine tracts) were found (56). Pur
motifs were identified associated with the (GA), tracts. No
perfect ARS consensus sequences were found, but allowing two
mismatches to the ARS consensus resulted in clusters in the major
DUE and OBR-1 region. DNA topoisomerase II cleavage site
consensus sequences were found in the major DUE and the
OBR-1 region, and were infrequent in the remainder of the
sequence. One initiation region consensus sequence was identified
in the major DUE.

Initiation events in the dhfr ori-3 region have been mapped
within a 450 bp region called OBR-1 (Figure 2, left). However,
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Figure 3. (left): Computer analyses of the chicken histone HS locus. (A) Map of the chicken histone H5 gene transcript and flanking regions. Restriction enzyme
sites (thin arrows) and endogenous nuclease cleavage sites (thick arrows) used in in vitro nuclear runoff DNA replication assays are indicated (66). Relevant restriction
enzyme cleavage sites for PstI (P), Sacl (S), Nael (N), BamHI (B) are shown; EN1, EN2 are endogenous nuclease cleavage sites. (B—D) are as in Figure 1. (center):
Computer analyses of the D. melanogaster chorion gene cluster. (A) Map of the chorion gene cluster on the third chromosome. Inset: map of the region (containing
s18 and s15 chorion genes and flanking regions) analyzed in (B—D). Amplification control element 3 (ACE 3) or amplification enhancing regions (AER-d, AER-c)
are indicated by cross-hatched horizontal bars. Open bar indicates ori C3 determined in (15). Relevant restriction enzyme cleavage sites for Sall (S), Pvull (P),
Asp 718 (A), HindIlI (H), BamHI (B), XmnlI (X), BglI (Bg) are shown. (B—D) are as in Figure 1. (right): Computer analyses of a shuffled Drosophila melanogaster
chorion gene cluster sequence. The 3.8 kb sequence analyzed in Figure 3 center, was randomized using the Shuffle program as described in Materials and Methods.

(B-D) are as in Figure 1.

our computer analyses predict that unwinding is more likely to
occur in a region about 1.2 to 1.5 kb downstream from OBR-1,
rather than at OBR-1. Caddle and colleagues have shown that
the OBR-1 is relatively refractory to unwinding (56). The
potential initiation region (the gray area in Figure 2, left) contains
a major DUE, a very substantial cluster of modular elements,
and the initiation region consensus sequence. A possible
explanation for the appearance of multiple initiation sites
throughout a 30 to 70 kb region is provided by the strand
separation model: unwinding of an entire chromosomal domain
of duplex DNA would expose numerous sites for independent
initiation of strand synthesis throughout the unwound region (11,
57).

Several features of the dhfr initiation region identified by our
computer analyses have been verified experimentally. The major
DUE was the preferred mung bean nuclease cleavage site in every
context tested (56) confirming its identification as a DUE. The
predicted bent DNA region between nucleotides 3410 to 3460
is within a restriction fragment that migrates anomalously on
polyacrylamide gels, suggesting that it contains a bent region (56).
Finally, pyrimidine tracts, which appear to serve as preferred

start sites for initiation of strand synthesis (see Table 2), flank
OBR-1 and provide a plausible explanation for the strand
switching observed in this region (21).

Human c-myc locus

The c-myc gene is the normal cellular homologue of a
transforming gene associated with tumors such as Burkitt
lymphomas (58). A putative origin region was mapped to the
5' flanking region 1.5 + 2.0 kb upstream of the first exon of
the c-myc gene by three independent methods (see below). We
analyzed a 2,500 base pair sequence containing the 5’ flanking
region and the initiation site of the c-myc primary transcript
(Figure 2A, right).

The c-myc sequence contains a major DUE-like element
extending from nucleotide position 550 to 1,100 (Figure 2B,
right). Another major DUE-like element extends from 1 to 150,
but is not associated with any SAR consensus sequences. There
are no predicted regions of bent DNA with ENDS ratios > 1.2,
but a weakly bent region with an ENDS ratio > 1.15 is predicted
at nucleotide position 1,030 (Figure 2C, right).

SAR consensus sequences are moderately clustered in the major



DUE-like element at 550 to 1,100 (Figure 2C, right). Pyrimidine
tracts were found within this major DUE-like element, and were
also spaced along the remaining sequence. There were no (GA),
tracts and no perfect ARS sequences. Clusters of Pur motifs and
ARS sequences allowing two mismatches were identified in the
major DUE-like element, with a few scattered elsewhere. Only
two DNA topoisomerase II cleavage site consensus sequences
were found, one of which lies within a DUE-like element. One
initiation region consensus sequence was identified within the
major DUE-like element.

Leffak and colleagues (59—61) mapped the origin region to
a location upstream of the c-myc gene by two separate methods.
In an in vitro replication run-off assay, a transcribed c-myc gene
was replicated from the 5'-upstream region in HeLa cells (60).
The initiation region was close to, but upstream of, a cleavage
site located between exon 1 and exon 2 (Figure 2, right). Both
transient and long term replication assays indicate an initiation
region localized to a 2.4 kb restriction fragment of the c-myc
5’ flanking DNA (61, 62). Bisection of this fragment indicated
that the 1.2 kb immediately upstream from the P1 site is sufficient
to confer autonomous replication. Polymerase chain reaction
amplification of nascent DNA fragments indicated an initiation
zone centered about 1.5 kb upstream of exon 1 (25). Both
polymerase chain reaction amplification of nascent DNA
fragments and strand switching analysis of ‘Okazaki’ fragments
showed that there are multiple sites of initiation of strand synthesis
within the region mapped in Figure 2, right (M. Leffak, personal
communication). These data suggest that an initiation region is
centered near the major DUE-like element, but that there are
significant sites of initiation of strand synthesis on both sides as
well as beyond the sequenced region. All of the above
observations are consistent with the potential initiation region
defined by our computer analyses (the gray area in Figure 2,
right), and with the observed distribution of pyrimidine tracts.

Chicken histone H5 locus

The intronless chicken histone H5 gene (Figure 3, left) is a single
copy gene that is not part of a histone gene cluster, and is not
tightly linked to other histone genes (63 —65). Nuclear run-off
assays (66) showed that in avian embryonic erythrocytes where
the H5 gene is transcribed, replication initiates from a zone
located in the 5’ flanking region. In contrast, the inactive histone
HS gene of lymphoblastoid or chicken embryo fibroblast cell lines
is replicated from a downstream origin (66). Transcription may
facilitate use of the 5’ origin region by inducing alterations in
chromatin structure (67). We analyzed a 3,868 base pair sequence
containing the HS gene and flanking 5’ and 3’ sequences (Figure
3A, left).

The histone HS5 sequence contains a major DUE-like element
extending from nucleotide position 2,050 to 2,350 (Figure 3B,
left). Two additional DUE-like elements extend from 600 to 1,250
and from 2,600 to 3,600, but are not associated with clusters
of modular sequence elements. There is one predicted region of
bent DNA with an ENDS ratio >1.2 (Figure 3C, left).

Very few SAR consensus sequences were identified, two of
which (SAR-A2s) were in the major DUE-like element at 2,050
to 2,350 (Figure 3D, left). Pyrimidine tracts were found in the
major DUE-like element, and were also spaced along the
remaining sequence. There are no (GA), tracts and no perfect
ARS sequences. Clusters of ARS sequences allowing two
mismatches were identified in the major DUE-like element, as
was one Pur sequence. Pur sequences were also scattered
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elsewhere. Only one DNA topoisomerase II consensus sequence
was found, and it was not within a DUE-like element. One
initiation region consensus sequence was identified in the major
DUE-like element.

Although the data of Trempe et al. (66) do not allow a precise
localization of initiation events in the 5’ and 3’ flanking regions
of the histone H5 gene, our sequence analyses show that the 3’
flanking sequence contains a putative initiation region (the gray
area in Figure 3, left) and the 5' flanking sequence has a DUE-
like element, pyrimidine tracts, and region of bent DNA.

Drosophila melanogaster chorion gene cluster on the third
chromosome

Amplification of the chorion genes in Drosophila melanogaster
is mediated by defined regulatory regions and initiates at specific
origin regions within a cluster at 66D11-15 on the third
chromosome (Figure 3A, center) (68). These origin regions have
been mapped by genetics (13, 69), by neutral —neutral 2-D gel
electrophoresis (13, 69), and by electron microscopy (70, 71).
We analyzed a 3,850 base pair region containing the s18 and
s15 chorion genes and upstream regions (Figure 3, center).

The chorion sequence contains two major DUE-like elements
extending from nucleotide positions 1,300 to 1,650 and 2,100
to 2,750 (Figure 3B, center). A minor DUE-like element extends
from 400 to 900. One region of bent DNA is predicted with an
ENDS ratio > 1.4 (Figure 3C, center) within the minor DUE-
like element.

SAR consensus sequences (SAR-T1 and SAR-T2) were found
within the DUE-like elements (Figure 3C, center). Pyrimidine
tracts were found in or flanking the major DUE-like elements.
There were no (GA), tracts, no perfect ARS sequences, and no
Pur elements. ARS consensus sequences with two mismatches
were scattered everywhere, particularly in one of the major and
in the minor DUE-like elements. DNA topoisomerase II
consensus sequences were found at either end of the sequence
analyzed. One initiation region consensus sequence was identified
in the major DUE-like element at 2,100 to 2,750.

One region within the chorion gene cluster, ori C3, showed
initiation activity when analyzed by Delidakis and Kafatos using
neutral —neutral 2-D gel electrophoresis (15, 72). Ori C3 (Figure
3, center) is located by a BgIII cleavage site, near the upstream
end of AER-d (15). Another region bounded by a BamHI and
a Sall site was also able to promote a low level of amplification,
whereas the regions between the HindIII and Sall sites and Pvull
and Bgll sites did not function as initiation regions (Figure 3,
center).

Heck and Spradling (13) also used neutral —neutral 2-D gel
electrophoresis (72) to localize origins of amplification in the
chorion cluster. The most frequently used origin mapped within
AER-d and accounted for over 70% of initiation events. AER-d
coincides with the major DUE-like element at 2,100 to 2,750,
the proposed replication origin consensus sequence, and the
cluster of modular elements located immediately downstream
from the Bg/II cleavage site, and thus corresponds to the initiation
region identified by our computer analyses (Figure 3, center).
In apparent contradiction with the absence of initiation events
in the ACE3 region reported by Delidakis and Kafatos (15), a
second, less frequently used origin was localized within the ACE3
region by Heck and Spradling (13). This inconsistency has several
possible resolutions: either the frequency of small replication
bubbles was beneath their threshold of detection, or adjoining
sequences are essential in addition to the ACE3 in order to obtain
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replication origin activity. The ACE3 region is sufficient for
amplification with correct developmental specificity (73), but the
amount of amplification is low, even with many copies of ACE3
in tandem (74). Swimmer et al. (73) have suggested that

amplification elements are functionally redundant throughout the
amplified region, consistent with our redundant modular element
hypothesis. Redundant transcriptional elements often have
multiplicative rather than additive effects (see 15), so it is not
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Figure 4. Computer analysis of the Chinese hamster ovary rhodopsin locus. (A) Map of rhodopsin gene and flanking regions. Region in which early replicating

DNA was not detected is from (28). (B—D) are as in Figure 1.

Table 3. Localization of putative initiation region consensus cequences

Locus Potential Start of Consensus sequence

initiation regions COnsensus sequence WAWTTDDWWWDHWGWHMAWTT
rDNA 1-1,400 428 TATTTTTTAAGAgGTAAATTT

1-1,400 1,301 AATTTTTAAAAATGAAAAALT

9,750—-10,315 10,100 AATTTTTAATTAAaATAATTT

1-1,400 Rev 257 AATTTGTAAATTTGTAAATTT

8,500-9,150 Rev 8,653 TATTTGATAAAATGTAAAATC

9,750-10,315 Rev 10,100 AAATTATTTTAATIAAAAATT
dhfr 3,700-3,900 3,698 AAATTAGTTTTAAGTCCAETT
c-myc 450—-1,200 778 TATaTTAAATATAGATCATTT
histone H5 2,050-2,350 2,162 AATTTTATAAGTTGATCIATT
chorion 400—900

1,300—1,650

2,100-2,750 2,544 AAATTATETTTTTGTAAAATT
rhodopsin 10,050-10,550 10,241 TATTTGTAAAGCTGAAAAAgGT

11,350-11,750

The sequence symbols used are M = AorC, W =AorT,D=AorGorT,and H =AorCorT.

Rev indicates that the consensus sequence was found on the complementary strand.



surprising that ACE3, the AERs, and adjoining sequences may
interact synergistically to increase the frequency of initiation
events.

Chinese hamster ovary rhodopsin locus

The rhodopsin gene from Chinese hamster ovary cell lines is a
single-copy gene replicated very early [3 + 2%] in the cell cycle
(75), suggesting that it may lie close to an origin of DNA
replication. The earliest replicating regions in this locus have been
mapped to within the opsin primary transcript or in nearby 3’
flanking sequences (28). Sequence is available for 12 kb
surrounding the rhodopsin gene, including 6 kb of 5’ flanking
DNA in which no initiation events were detected (Figure 4A).

The rhodopsin sequence contains a major DUE-like element
extending from nucleotide position 11,350 to 11,750 (Figure 4B).
A minor DUE-like element also extends from 10,000 to 10,500.
Another major DUE-like element extends from nucleotide
position 3,100 to 3,500, and another minor DUE-like element
from 1,800 to 2,350, both in the region of few initiation events.
There are no predicted regions of bent DNA with an ENDS ratio
>1.2 (Figure 4C).

A cluster of SAR elements was found in the major DUE-like
element at 11,350 to 11, 750. SAR elements were also found
in the minor DUE-like element at 10,000 to 10, 500 (Figure 4D).
No clusters of sequence elements were found within the upstream
DUE-like elements. Pyrimidine tracts are found in the
downstream major and minor DUE-like elements and are also
spaced along the remaining sequence. A previously identified
(GA),; tract (with associated complementary strand pyrimidine
tract) was found (28). Pur motifs were identified associated with
the (GA),; tract near the major 3’ DUE-like element. No perfect
ARS consensus sequences were found, but allowing two
mismatches to the ARS consensus resulted in clusters in the minor
downstream DUE-like element. One DNA topoisomerase II
consensus sequence was found in the major downstream DUE-
like element and two others elsewhere in the sequence. One
initiation region consensus sequence was identified in the minor
downstream DUE-like element.

Using cloned single copy DNA segments as hybridization
probes to quantify replication of corresponding genomic
segments, Gale and colleagues localized an origin region within
a 6 kb sequence containing the opsin primary transcript and
downstream region (28). Although the low resolution mapping
methods used did not allow precise localization of initiation events
within this 6 kb region, importantly for this study, no early
replicating sequences were detected in the 6 kb region
immediately upstream. We observed a cluster of common
modular sequence elements, which could function as an initiation
region, at the downstream end of the opsin transcript, within the
6 kb region that contained the earliest replicating DNA (Figure 4).

Within the six origin regions analyzed, some modular sequence
elements appeared to be found in clusters associated with DUE-
like elements. A different pattern were found when the 6 kb
region upstream from opsin primary transcript was analyzed. One
major and several minor DUE-like elements were observed, but
modular sequence elements were rare in this region, and no
clusters were found in association with the DUE-like elements.
Thus, we suggest that potential initiation regions entail not only
DUE-like elements, but also associated clusters of modular
sequence elements.
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Shuffled origin region sequences

To further investigate the significance of clusters of modular
elements associated with DUE-like elements, each of the origin
region sequences was randomized using the GCG Shuffle
program and subjected to comparable computer analyses. In no
case did a DUE-like element colocalize with a cluster of modular
sequence elements: as an example, analyses of the shuffled
chorion gene are shown in Figure 3 (right). No major DUE-like
elements, regions of predicted strong bending or pyrimidine tracts
were seen in the shuffled chorion sequence (Figure 3B, right).
Fewer modular sequence elements were found (Figure 3D, right),
with the exception of the DNA topoisomerase II consensus
sequence. We conclude that clusters of modular sequence
elements associated with the DUE-like elements do not arise
randomly, and are statistically significant as defined in (36).

An initiation region consensus sequence

Based on our analyses, we designated the regions in which a
DUE-like element coincided with clusters of common modular
elements as potential initiation regions (the shaded gray areas in
Figures 1 —4). The Pileup program was then used to search for
a consensus sequence within these regions. A 21 base pair
sequence found in the potential initiation regions was identified
as described in Materials and Methods (Table 3). This sequence,
WAWTTDDWWWDHWGWHMAWTT, was not found (with
one mismatch allowed) in any of the remaining 35 kb of sequences
that did not contain potential initiation regions. The probability
of finding the initiation consensus sequence in 40 kb of random
DNA sequence is 0.0011: it was found 11 times in the six putative
origin regions, always within a major DUE-like element and
nowhere else. In a database search of GenBank (R) Release 70.0,
October 15, 1993, 154 occurrences of the initiation consensus
sequence were found in the 143,492 sequences analyzed
(157,152,442 total bases). The expected number of occurrences
in a random sequence of the same size was 4.45. This suggests
there may be functional significance associated with the initiation
consensus sequence.

A model for initiation in higher eukaryotes

We propose that initiation at chromosomal origins in eukaryotes
involves a series of events that may occur with some probability
anywhere, but which are more likely to occur within a cluster
of redundant modular elements associated with a DUE-like
element. DUEs have been implicated functionally at origin
regions in E. coli, yeast, and SV40 (29, 32, 33, 76). The initial
event in initiation in eukaryotes is probably unwinding of a
relatively small (200 to 1,500 base pairs) major DUE-like element
that is in close proximity to the nuclear matrix (77). Whether
there are sequence-specific DNA binding proteins or complexes
(78) that recognize the initiation region consensus sequence or
otherwise participate in this process remains to be determined.
Sequence-specific recognition per se is not an absolute require-
ment, at least for some eukaryotes, because specific origin
sequences are not required in Xenopus laevis, sea urchin, or
Paramecium (9). This is in contrast to a requirement for specific
sequences in Saccharomyces cerevisiae (79), Schizosaccharo-
myces pombe (80), and Physarum polycephalum (Perron,
personal communication).

The next event in initiation is likely to be an expansion of the
unwound region, presumably by DNA helicases, to form clusters
of microbubbles (10, 81 —83) and ‘initiation zones’ (see Figure
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3 in reference (9)). It seems likely that the initial unwinding of
the major DUE facilitates unwinding within adjacent regions (84).
Once an initiation zone is formed, initiation events at multiple
sites may be an inevitable consequence. Conventional replication
forks might be initiated at multiple sites throughout the initiation
zone as proposed by the Jesuit model (47), or might be a
consequence of the unwinding of the duplex throughout an
extended region of the chromosomal domain as postulated by
the strand separation model (10, 11, 85, 57).

Common modular elements in initiation zones

The most conspicuous feature of a potential initiation region is
a DUE-like element. This is consistent with an absolute
requirement to first unwind the duplex in order to obtain initiation.
The alignment of bent regions is far less compelling: regions of
strongly bent DNA are identified in some potential initiation
regions, but not in others.

The individual SAR and MAR sequences do not reliably predict
regions of matrix attachment. Thus, a matrix attachment region
in the histone HS gene region has been mapped to a Sacl —Nael
restriction fragment (Figure 3, left) that overlaps the initiation
region but does not contain any SAR or MAR consensus
sequences. Similarly, a pyrimidine tract cannot be the only
allowable DNA primase start site. Consensus sequences for
initiation by DNA primase are beginning to emerge (86—89),
however. Once these are more stringently defined, it should be
possible to identify more accurately potential sites of initiation
of strand synthesis.

(GA), tracts are found only in the rhodopsin and dhfr gene
regions and are associated with a major DUE-like element only
for rhodopsin. Pur and DNA topoisomerase II consensus
sequences also do not appear to align with potential initiation
regions except in mammalian cells in which Pur sequences were
found near all initiation regions. Recognition sites for a variety
of transcription factors were found within the potential initiation
regions, but were too abundant to include in the analyses reported
here. No energetically favorable, imperfect, inverted repeats (AG
< —7 kcal) were detected in the initiation regions by the LKB
2020 DNAsis sequence analysis software (90, 91) or the available
GCG programs.

Our computer analyses identified clusters of certain modular
elements associated with DUE-like elements in six origin regions
examined. These initiation regions corresponded with previously
mapped DNA replication initiation events. Adjoining regions did
not show these clusters associated with DUE-like elements. The
predictive validity of the algorithm developed in this study was
then tested experimentally in another organism: computer
analyses of the complete Xenopus laevis ribosomal gene repeat
sequence predicted localization of early initiation events in a
cloned Xenopus laevis IDNA gene repeat replicated in cell-free
extracts of Xenopus laevis eggs (92). Although additional features
and elements related to chromatin structure, matrix attachment,
and other requirements for initiation will undoubtedly emerge,
we suggest that the paradigm developed in this study can be used
to identify potential initiation regions in chromosomal DNA of
eukaryotes.
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