
ATRflox/2 cells, which already had reduced
ATRIP expression. Transfection of siRNA in
HCT116 cells effectively reduced ATRIP
expression (17). Transfection of control
siRNAs in ATRflox/2 cells, Ad-Cre infection
of ATR1/1 cells, or Ad-GFP infection of
ATRflox/2 cells had no effect on the ability of
these cells to delay entry into mitosis after
ionizing radiation. However, transfection of
siRNAs against ATRIP yielded a profound
g-irradiation–induced G2-M checkpoint de-
fect that was similar to that seen in the
ATRflox/2 cells treated with Ad-Cre (Fig.
4D). About 40% of Cre-infected or ATRIP
siRNA-transfected ATRflox/2 cells enter mi-
tosis 16 hours after irradiation compared with
20% of control cells. These results are con-
sistent with checkpoint defects of cells over-
expressing catalytically inactive ATR protein
(6). Thus, ATR and ATRIP are essential for
a normal DNA-damage–induced delay of mi-
tosis initiated by ionizing radiation.

These data strongly suggest that ATRIP
is the functional human homolog of the
Rad26 family of genes. ATRIP associates
with ATR, is a substrate of ATR in vitro
and a phosphoprotein in vivo, and colocal-
izes with ATR to sites of DNA synthesis
and repair after treatment of cells with
DNA-damaging agents or replication inhib-
itors. Furthermore, interference with ATRIP
function generates the same G2-M checkpoint
defect as observed after deletion of ATR.
ATRIP expression is dependent on ATR, and
ATR expression is dependent on ATRIP.
This mutual dependency for expression sug-
gests that the amount of ATR and ATRIP in
cells is tightly coordinated and may indicate
that these proteins form a stable complex
with each other at a fixed stoichiometry.

ATR function is required for the viability
of undamaged, proliferating cells and in cells
exposed to DNA-damaging agents. In this
respect, ATR is similar to MEC1, which is
essential for viability because of difficulties
in the proper coordination of DNA replica-
tion (19, 20). We did observe an increase in
the percentage of S phase cells after Ad-Cre
infection of the ATRflox/2 cells (see Fig. 3C),
perhaps reflecting a requirement for ATR and
ATRIP signaling to ensure successful DNA
replication.
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Two Essential DNA Polymerases
at the Bacterial Replication Fork
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DNA replication in bacteria is carried out by a multiprotein complex, which is
thought to contain only one essential DNA polymerase, specified by the dnaE
gene in Escherichia coli and the polC gene in Bacillus subtilis. Bacillus subtilis
genome analysis has revealed another DNA polymerase gene, dnaEBS, which is
homologous to dnaE. We show that, in B. subtilis, dnaEBS is essential for cell
viability and for the elongation step of DNA replication, as is polC, and we
conclude that there are two different essential DNA polymerases at the rep-
lication fork of B. subtilis, as was previously observed in eukaryotes. dnaEBS

appears to be involved in the synthesis of the lagging DNA strand and to be
associated with the replication factory, which suggests that two different
polymerases carry out synthesis of the two DNA strands in B. subtilis and in
many other bacteria that contain both polC and dnaE genes.

The paradigm of the bacterial replication fork
is that of Escherichia coli (1). The fork in-
cludes the DNA polymerase III holoenzyme,
which contains 10 different subunits. One of
the subunits, a, is the catalytic DNA poly-
merase. There are two a molecules in the
holoenzyme, each of which copies a different
DNA strand. The holoenzyme from B. subti-
lis is not as well characterized, but was re-
ported to contain a similar number of
polypeptides, including a catalytic DNA
polymerase subunit (2). The E. coli and B.
subtilis catalytic subunits of the holoenzyme,
encoded by dnaE and polC genes, respective-
ly, are prototypes of two different DNA poly-
merase classes within the so-called family C,
which groups replicate DNA polymerases

from eubacteria (3). The B. subtilis genome
sequence (4) indicated the existence of two
other genes encoding family C DNA poly-
merases, in addition to polC, both of the E.
coli class. One of these genes, yorl, is carried
on a prophage that can be eliminated from B.
subtilis (5) and thus is not essential for cell
growth. The other gene, referred to here as
dnaEBS, is encoded chromosomally. Genes
homologous to polC and dnaEBS are present
in all fully sequenced genomes of bacteria
belonging to the Bacillus/Clostridium group
and in the genome of a thermophilic micro-
organism species called Thermotoga mariti-
ma. dnaEBS encodes a protein with DNA
polymerase activity (6), as does its homolog
from Streptococcus pyogenes (7).

The polC gene is essential for B. subtilis
cell growth (8). We show here that dnaEBS is
also essential. First, inactivation of the gene
by recombination with an insertional plasmid
vector, pMUTIN (9), carrying an internal
segment of the gene, was not successful. The
failure was not due to a polar effect of inser-
tion, which we know because a downstream
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gene (ytsJ; Fig. 1, top) could be inactivated.
Similar results were obtained with the polC
gene and the downstream ylxS gene (Fig. 1,
top). Second, it was possible to place the
dnaEBS gene under the control of the Pspac

promoter, which is regulated by the LacI
repressor and is therefore induced by isopro-
pyl-b-D-thiogalactopyranoside (IPTG), by
insertion of pMUTIN carrying a DNA seg-
ment overlapping the 59-end of the gene (Fig.
1, top). However, the resulting strain required
IPTG for growth (Fig. 1, middle) (10). Anal-
ogous observations were obtained with the
polC gene (Fig. 1, middle). Third, we isolated
11 different thermosensitive dnaEBS mutants
(10).

To test whether dnaEBS is required for
DNA synthesis, we cultivated cells having
the gene under Pspac control, with or without
IPTG, and monitored incorporation of [3H]-
thymidine into acid-insoluble material (11).
DNA synthesis was inhibited by depletion of
DnaEBS whereas RNA and protein syntheses
were not (Fig. 1, bottom). Analogous results
were obtained for the polC gene (Fig. 1,
bottom). We conclude that because both
genes are required for DNA synthesis, their
products must not have the same role in this
process.

Because PolC is required for elongation
(8), it seemed possible that DnaEBS might be
required for initiation. Two lines of evidence
show that DnaEBS is essential for elongation.
First, incorporation of labeled thymidine was
arrested immediately upon a shift of a ther-
mosensitive dnaEBS mutant from 30° to 47°C
(Fig. 2, left). Second, the relative abundance

of chromosomal markers close to the origin
and terminus of replication did not change
upon depletion of DnaE or PolC (Fig. 2,
right). The origin-to-terminus ratio is be-
tween 2:1 and 4:1 in B. subtilis cells during
exponential growth (12). We would expect
this ratio to remain constant if the elongation
of replication were arrested, whereas it would
change to 1:1 if the elongation continued but
the initiation ceased. We derived two conclu-
sions from these observations. First, deple-
tion of the unaltered catalytic subunit of the
B. subtilis holoenzyme PolC interferes with
elongation of DNA replication. This suggests
that the polymerase is frequently lost from
and then reloaded onto the progressing repli-
cation fork, which might explain the presence
of high PolC levels in B. subtilis, revealed by
the analysis of cells carrying the protein fused
to green fluorescent protein (GFP) (13). Sec-
ond, depletion of DnaEBS also arrests elon-
gation, indicating that DnaEBS is required for
this replication step.

Because both PolC and DnaEBS are re-
quired for the elongation step of DNA repli-
cation, they must have different roles in this
process. We considered that each might be
involved in the synthesis of a different DNA
strand, and so we used a pAMb1-derived
plasmid to test this possibility. Replication of
pAMb1 is initiated by DNA polymerase I,
which progresses for about 200 base pairs,
thus generating a D loop intermediate (14). A
PriA-dependent primosome then assembles at
a specific site present within the single-
stranded part of the D loop (15–17) and
promotes assembly of the holoenzyme, which

completes the replication of the plasmid. This
process mimics the restart of the arrested
replication fork. pAMb1 replication is unidi-
rectional, and the leading and lagging strands
are thus known (18). A derivative plasmid
was introduced into dnaEBS or polC thermo-
sensitive mutants, and the resulting strains
were propagated at 37°C, the temperature at
which we speculated the polymerase activity
might already be affected. Total cell DNA
was prepared and hybridized with probes spe-
cific for one or the other of the plasmid
strands (Fig. 3). As expected, only the dou-
ble-stranded plasmid DNA was detected in
the control wild-type strain. In contrast, in the
dnaEBS mutant, the probe complementary to
the leading strand revealed, in addition to
double-stranded DNA, a fast-migrating DNA
form. This form did not hybridize with the
probe specific for the other strand, which
shows that it was single stranded and corre-
sponded to only one DNA strand. The
amount of single-stranded DNA was relative-
ly low (about 3%), possibly for two reasons.
One is that inactivation of DnaEBS at 37°C
was incomplete, because sufficient polymer-
ase activity had to be maintained to allow cell
viability, and thus the uncoupling of the syn-
thesis of the two strands may have taken
place in only a fraction of molecules. The
other is that the conversion of plasmid single-
stranded DNA into a double-stranded form is
efficient in B. subtilis. For instance, rolling
circle plasmids, in which leading and lagging
strand synthesis are fully uncoupled, often
accumulate no more than 10% of single-
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stranded DNA (19). We conclude that syn-
thesis of the lagging strand of the plasmid is
affected in the dnaEBS mutant. A different
plasmid phenotype was observed in the polC
mutant, in which the plasmid copy number
was drastically reduced (Fig. 3). A low level
of single-stranded plasmid DNA could have
therefore escaped detection. However, ineffi-
cient synthesis of the leading DNA strand
could reduce the plasmid copy number, with-
out any accumulation of single-stranded
DNA. A simple explanation of these obser-
vations is that the plasmid replication fork
normally contains two polymerases, PolC
and DnaEBS, each of which synthesizes one
DNA strand. We suggest that an incomplete
fork can assemble without DnaEBS and
progress far enough to allow formation of a
full plasmid single-stranded DNA (about 5
kb). Formation of a fork containing only one
catalytic polymerase subunit has been report-
ed for E. coli (20).

Is the fork that assembles on plasmid
pAMb1, in a process that mimics the restart
of replication, identical to that which normal-
ly replicates the B. subtilis chromosome? An
argument in favor of this hypothesis is that, in
B. subtilis, the process that leads to holoen-
zyme assembly during restart of the replica-
tion fork and initiation of chromosomal rep-
lication involves the same four proteins
(DnaB, DnaC, DnaD, and DnaI) and only one
specific protein [PriA, involved in restart, or
DnaA, in initiation at the origin, (16, 17, 21)].
It has been predicted, then, that PolC and
DnaE should both be present within the rep-
lication factory (13). We therefore examined
the localization of the two proteins in the cell,
using functional polymerase-GFP protein fu-
sions (10). As shown in Fig. 4, A and B, cells
containing a PolC-GFP fusion protein usually
exhibited a single discrete focus localized at

about mid-cell (lines in Fig. 4A), as reported
previously (13). The foci were frequently
offset from the central long axis of the cell,
which is suggestive of a submembrane local-
ization. In some cells (33%), generally the
longer ones, there were two foci, one on
either side of mid-cell (arrowheads in Fig.
4A). Under the conditions used, most cells
would be expected to have a single ongoing
round of DNA replication, with initiation of
new rounds occurring just before cell division
(22). The localization of a DnaE-GFP fusion
was similar to that of a PolC-GFP fusion
(Fig. 4, C and D). Most cells showed a single
mid-cell focus (lines), with a minor propor-
tion (30%) showing two foci (arrowheads).
Again, the foci were often offset from the
central long axis of the cell, and the dual foci
were spaced out on either side of mid-cell.
The low levels of fluorescence associated
with the fusions prevented us from testing for
colocalization directly. However, the striking
similarity of the distributions of the two fu-
sion proteins indicate that the PolC and DnaE
proteins colocalize in the replication factory.

The B. subtilis replication fork thus ap-
pears to contain two different polymerases.
This is similar to the situation regarding the
eukaryotic replication fork, which also con-
tains two polymerases—delta and epsilon—
which have been proposed to be involved in
the synthesis of different DNA strands (23,
24). However, the catalytic domain of the
latter polymerase is not essential, indicating
that, if missing, it can be replaced by another
polymerase, whereas a noncatalytic domain
has an essential structural role (25). Further
work should clarify whether an analogous
situation holds true for B. subtilis. It was

recently reported that the E. coli holoenzyme
is asymmetric, with distinguishable leading
and lagging polymerases (26). The need for
the difference between the leading and lag-
ging polymerase may thus be universal, the
latter being more amenable to recycling than
the former (26); and only the means to
achieve the difference may vary, relying ei-
ther on holoenzyme properties, as in E. coli,
or on two different enzymes, as appears to be
the case in B. subtilis, phylogenetically relat-
ed bacteria, and eukaryotes.

Our results do not rule out additional non-
essential roles of DnaEBS in the cell, such as
mismatch correction or DNA repair [B. sub-
tilis mutants strongly affected in these pro-
cesses are viable (27)]. In particular, the B.
subtilis genome sequence indicates that DNA
polymerase II is absent, and DnaEBS could
possibly fulfill the role this enzyme plays in
E. coli (28).
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Blocks of Limited Haplotype
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Global patterns of human DNA sequence variation (haplotypes) defined by
common single nucleotide polymorphisms (SNPs) have important implica-
tions for identifying disease associations and human traits. We have used
high-density oligonucleotide arrays, in combination with somatic cell ge-
netics, to identify a large fraction of all common human chromosome 21 SNPs
and to directly observe the haplotype structure defined by these SNPs. This
structure reveals blocks of limited haplotype diversity in which more than 80%
of a global human sample can typically be characterized by only three common
haplotypes.

Human DNA sequence variation accounts for
a large fraction of observed differences be-
tween individuals, including susceptibility to
disease. The majority of human sequence
variation is due to substitutions that occurred
once in the history of mankind at individual
base pairs, called single nucleotide polymor-
phisms (SNPs) (1–3). Although most of these
biallelic SNPs are rare, it has been estimated
that 5.3 million common SNPs, each with a
frequency of 10 to 50%, account for the bulk
of the DNA sequence difference between hu-
mans. Such SNPs are present in the human
genome once every 600 base pairs (4). Al-
leles making up blocks of such SNPs in close
physical proximity are often correlated, re-
sulting in reduced genetic variability and de-
fining a limited number of “SNP haplotypes,”

each of which reflects descent from a single,
ancient ancestral chromosome (5). Although
a block of N independent biallelic SNPs
could in theory generate 2N different haplo-
types, in the absence of recurrent mutation
and/or recombination the number of observed
haplotypes should be no greater than (N 1 1).
The complexity of local haplotype structure
in the human genome and the distance over
which individual haplotypes extend is poorly
defined. Empirical studies investigating dif-
ferent segments of the human genome in
different populations have revealed tremen-
dous variability in local haplotype structure.
These studies indicate that the relative con-
tributions of mutation, recombination, selec-
tion, population history, and stochastic events
to haplotype structure vary in an unpredict-
able manner, resulting in some haplotypes
that extend for only a few kilobases (kb) and
others that extend for greater than 100 kb
(6–8). These findings suggest that any com-
prehensive description of the haplotype struc-

ture of the human genome, defined by com-
mon SNPs, will require empirical analysis of
a dense set of SNPs in many independent
copies of the human genome. As a first step
toward achieving this goal, we have used
high-density oligonucleotide arrays, in com-
bination with somatic cell genetics, to iden-
tify a large fraction of all common human
chromosome 21 SNPs and to directly observe
the haplotype structure they define.

SNPs were discovered by using a publicly
available panel of 24 ethnically diverse individ-
uals (9). We physically separated the two cop-
ies of chromosome 21 from each individual
using a rodent-human somatic cell hybrid tech-
nique (10). Twenty independent copies of chro-
mosome 21, representing African, Asian, and
Caucasian chromosomes, were analyzed for
SNP discovery and haplotype structure. Fin-
ished human chromosome 21 genomic DNA
sequence consisting of 32,397,439 bases was
masked for repetitive sequences and the result-
ing 21,676,868 bases (67%) of unique sequence
were assayed for variation with high-density
oligonucleotide arrays (11). In total, we synthe-
sized 3.4 3 109 oligonucleotides on 160 wafers
to scan 20 independent copies of human chro-
mosome 21 for DNA sequence variation. Each
unique chromosome 21 was amplified from a
rodent-human hybrid cell line by using long
range–polymerase chain reaction (LR-PCR)
(12). We designed unique oligonucleotides to
generate 3253 minimally overlapping LR-PCR
products of 10-kb average length spanning 32.4
Mb of contiguous chromosome 21 DNA. LR-
PCR products corresponding to the bases
present on a single wafer were pooled and
hybridized to the wafer as a single reaction (13).
SNPs were detected as altered hybridization by
using a pattern recognition algorithm (14). In
total, we identified 35,989 SNPs in our sample
of 20 chromosomes. The position and sequence
of these human polymorphisms have been de-
posited in the National Center for Biotechnol-
ogy Information (NCBI) dbSNP database,
accession numbers ss#3995623 through
ss#4020948. We used dideoxy sequencing to
assess a random sample of 227 of these SNPs in
the original DNA samples and confirmed 220
(97%) of the SNPs assayed. In order to achieve
this low rate of 3% false-positive SNPs, we
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