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The silent mating-type loci of Saccharomyces cerevisiae, HML and HMR, are flanked by transcriptional
silencers that have ARS activity (i.e., they function as replication origins when in plasmids). To test whether
these ARS elements are chromosomal origins, we mapped origins near HML (close to the left telomere of
chromosome III). Our results indicate that the HML-associated ARS elements either do not function as
chromosomal replication origins or do so at a frequency below our detection level, suggesting that replication
from a silencer-associated origin in each S phase is not essential for the maintenance of transcriptional
repression at HML. Our results also imply that the ability of a DNA fragment to function as an ARS element
in a plasmid does not ensure its ability to function as an efficient chromosomal replication origin. Telomere
proximity is not responsible for inactivating these ARS elements, because they are not detectably functional as
chromosomal origins even in genetically modified strains in which they are far from the telomere.

The complex process of chromosomal DNA replication in
eukaryotes is poorly understood, partly because origins of
DNA replication are not well characterized. In Saccharomy-
ces cerevisiae, autonomously replicating sequences (ARS
elements) promote efficient plasmid replication and thus
permit plasmids containing them to transform yeast cells at
high frequency without integration into the genome. ARS
elements can be classified as strong or weak, depending on
the mitotic stabilities of plasmids containing them. Strong
ARS elements promote high mitotic stabilities, and weak
ARS elements promote lower mitotic stabilities. The prop-
erties of ARS elements suggest that they may serve as
replication origins (7, 47). Indeed, two-dimensional (2D) gel
electrophoretic replicon mapping techniques have permitted
the direct demonstration that ARS elements are active as
replication origins in the yeast 2,im plasmid and in an
ARSI-containing plasmid (4, 24). Results obtained by these
techniques have also revealed that four strong ARS elements
on yeast chromosome III-ARS305 (A6C [25]), ARS306
(ClG [12, 52]), ARS307 (C2G1 [19]), and ARS309 (JllD [19];
see references 40 and 40a for the locations of these ARS
elements on chromosome III)-and a weak ARS in tandemly
repeated ribosomal DNA (31) are all active as chromosomal
replication origins. In ribosomal DNA, however, only 5 to
30% of available ARS elements are active as origins in each
cell cycle (31). Whether all the ARS elements in nonrepeated
chromosomal DNA are active as replication origins was,
until recently, unknown. The experiments described in this
paper reveal that some ARS elements in unique DNA do not
detectably function as origins in their normal chromosomal
environment.

In S. cerevisiae, there are two mating types, a and a.
Information specifying mating types is present at three
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locations on chromosome III, the HML, MAT, and HMR
loci (Fig. 1). Under normal conditions, only the information
at the MAT locus (either a or a) is expressed. Haploid yeast
cells can switch mating type by replacing the MAT informa-
tion with a copy of either the information present at HML
(usually a) or the information present at HMR (usually a)
(reviewed by Herskowitz [22]). The HML and HMR loci are
located near the left and right telomeres of chromosome III,
and information present at HML and HMR is usually re-
pressed. Products of four trans-acting SIR genes are re-
quired for this repression (26, 43). In addition, both HML
and HMR are flanked by cis-acting "silencer" sequences, E
and I, which are necessary for their SIR-mediated repres-
sion. These silencers have strong ARS activity when in
plasmids, and they share sequence properties (1, 3, 15, 33).
An additional ARS element is located near the HML I
silencer within a 1.4-kbp HindIII-BamHI fragment (Fig. 1,
lower panel) (40, 40a).

In a comprehensive study of the HMR E silencer, Brand et
al. (3) identified three functional domains: A, E, and B.
Domain A contains an 11-bp match to the ARS consensus
sequence. Domains E and B have binding sites for the RAP1
and ABF1 proteins, respectively, and are required for SIR-
dependent plasmid stability (3, 29). Since all four silencers
(HML E, HML I, HMR E, and HMR I) have strong ARS
activity, and a round of replication is required to establish
repression at HML and HMR (36), DNA replication initiated
at these loci has been assumed to play an important role in
their function as transcriptional repressors (3, 15, 36).

In higher eukaryotes, the processes of DNA replication
and transcription are correlated so that most actively tran-
scribed genes are replicated early in S phase (17, 21). In
addition, transcriptional elements are closely associated
with replication origins in several viral systems (reviewed by
DePamphilis [11]). While transcription near oriC seems to
activate replication in Escherichia coli (2), transcription into
ARSJ has an adverse effect on its activity in S. cerevisiae
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FIG. 1. Relationship of the yeast HML silent mating-type region to other relevant loci on chromosome III. Upper portion: diagram of
chromosome III showing the HML, MAT, and HMR mating-type loci, the A6C origin, and the centromere. E and I silencers flank the HML
and HMR loci. The blocks labeled W, X, Ya or Ya, and Z indicate regions of identical sequence at HML, MAT, and HMR. Lower portion:
enlargement of the HML region showing restriction sites (E, EcoRI; B, BamHI; H, HindIlI; X, XhoI), distances from the telomere, directions
of transcription at HML (normally repressed), and the boundaries of the two EcoRl fragments, TelB and TelC. The diagonally slashed
HindIII-BamHI restriction fragment (about 16 kbp from the telomere) and the E and I silencers each contain an ARS element (see text).

(44). It would be interesting to see whether there is a
relationship between transcription and replication at HML,
where ARS elements (possible replication origins) are inte-
gral parts of transcriptional repressors. In addition, it has
recently been demonstrated that proximity to yeast telo-
meres can repress the transcription of genes (18). Therefore,
it is also of interest to determine whether proximity to a
telomere can affect replication origin function.
To answer these questions, we have used 2D gel electro-

phoresis to test the chromosomal origin function of the ARS
elements that flank HML. Our results suggest that none of
these ARS elements functions detectably in vivo as a chro-
mosomal replication origin regardless of the transcriptional
status of HML. In addition, their proximity to a telomere
does not appear to be responsible for their inability to
function as origins. Finally, our results also suggest that this
region of chromosome III is replicated by a fork moving
toward the telomere from the distant ARS305 origin (A6C
origin [25]).

MATERIALS AND METHODS

Strains and cell growth. The yeast strains used in this study
are listed in Table 1. 4910-3-3 cells (from L. Hartwell,
University of Washington) and the other cells used were

grown at 23 and 30°C, respectively, in YPD medium to a final
density of -1.5 x 107 cells per ml.

Strain Y903 was constructed by transforming strain
DMY53 (MATa ura3-52 leu2-3,112 ade2-1 lysl-l his5-2 canl-
100 [33]) to uracil prototrophy with HpaI-digested pDM33
DNA. Plasmid pDM33 consists of plasmid YIpl9 (plasmid
pUC19 containing the 1.1-kbp HindIII fragment spanning
URA3 inserted at the HindIII site) carrying a 1.1-kbp XbaI
fragment encompassing the HML E site and the adjacent 0.5
kbp of the HML W region. Digestion of plasmid pDM33 with
HpaI prior to the transformation of S. cerevisiae directs
circular integration of the plasmid into theW region of either
HML or MAT. Accordingly, Ura+ transformants were ex-

amined by Southern analysis for the location of the integra-
tion site, and one such transformant in which the plasmid
had been inserted at MAT was retained as strain Y903. A
map of this strain's altered MAT locus is provided in Fig. 8.

Strain Y574 (referred to in this paper as BJ2169sir4-) was
constructed by transforming strain BJ2169 to leucine pro-
totrophy with a linearized SIR4 gene (35) into whose BglII
site was inserted the LEU2 gene. BJ2169 is a direct descen-
dant of S288C (27).

Strain Y554 (referred to in this paper as S150-2Bsir4-) was
constructed as previously described (35).
DNA isolation and purification. DNA from logarithmically

growing cells was isolated and purified as described previ-
ously (24). For strains XJ24-24A, K45, and K191, the initial
solution of nuclear DNA was extracted three times with

TABLE 1. Genotypes of yeast strains

Name Genotype Source Background Referencestrain

A364A MATa adel ade2 ural tyrl his7 lys2 gall L. Hartwell A364A 20
4910-3-3 MATa his7 ural cdc7-4 bar] L. Hartwell A364A 41
XJ24-24A MATa ade6 arg4-17 trpl-l aro7-1 C. Newlon S288Ca 46
BJ2169 MATa leu2 trpl ura3-52 prbl-1122 prcl407 pep4-3 E. Jones S288C 28
BJ2169sir4- (Y574) BJ2169 sir4::LEU2 A. Rose and J. Broach S288C This paper
S150-2B MATa leu2-3,112 ura3-52 trpl-289 his3A gal2 J. Broach S288C 35
S150-2Bsir4- (Y554) S150-2B sir4A-2::HIS3 A. Rose and J. Broach S288C This paper
Y903 E' MATa ade2-1 lysl-1 hisS-2 leu2-3,112 canl-100 D. Mahoney and J. Broach S288C This paper
K45 MATa HMLa HMRa sirl ho trpl-l thri arg4-17 lysl- A. Klar S288C 30

I ade8-10 his2 ural
K191 Like K45, but with large circular chromosome III A. Klar S288C 30

derived by HML-HMR fusion
a Other strains, in addition to S288C, may have contributed to the background of XJ24-24A (45).
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phenol-chloroform-isoamyl alcohol (25:24:1) instead of being
purified in a CsCl gradient.

BND-cellulose fractionation. Samples of isolated, purified
DNA (100 to 500 ,ug) were digested to completion with the
restriction enzymes indicated in the figure legends. In most
experiments, replication-fork-containing fragments were
then enriched with 250 to 500 RIu of packed BND (benzoyl-
ated, naphthoylated DEAE)-cellulose as described previ-
ously (24, 25). Where noted in the figure legends, such
enrichment was omitted.
2D gel electrophoresis. Both the neutral/neutral (4) and

neutral/alkaline (38) techniques were used as previously
described (24, 25).

Transfer to nylon membranes and hybridization. Alkaline
capillary transfer, probe preparation, and hybridization were
carried out as described previously (24, 25). The probes used
are described in the text and figure legends.

Transfer to nitrocellulose membranes and hybridization.
Where noted in the figure legends, DNA was transferred to
nitrocellulose membranes as previously described (13). Hy-
bridizations were carried out in 5x SSC (lx SSC is 0.15 M
NaCl plus 0.015 M sodium citrate)-0.1% sodium pyrophos-
phate-5x Denhardt's solution-0.5% sodium dodecyl sulfate
(SDS)-100 p.g of sonicated, denatured calf thymus DNA per
ml at 65°C overnight. Membranes were washed in three to
four changes of 1 x SSC-0.1% SDS at 65°C. The probes used
are described in the text and were labeled by using a Multi
Prime kit (Amersham) according to the manufacturer's in-
structions.

RESULTS

2D gel replicon mapping techniques. For the studies de-
scribed in this paper, we used both the neutral/alkaline (24,
38) and neutral/neutral (4) 2D gel electrophoresis techniques.
The advantages of using both techniques have been dis-
cussed elsewhere (32, 49). In both techniques, restriction
fragments from replicating DNA are separated according to
the extent of replication in the first (neutral) dimension of
electrophoresis. During the alkaline second dimension of the
neutral/alkaline technique, nascent strands are separated
from full-size parental strands and fractionated according to
size. The combination of first and second dimensions leads
to the separation of nascent strands from other strands so
that the sizes of nascent strands able to hybridize with any
probe sequence can be measured. By sequential hybridiza-
tion with probes from different portions of the restriction
fragment of interest, the direction(s) of replication through
any restriction fragment can be determined, and the loca-
tions of origins and termination sites can also be determined
(38). The location of the origin in the yeast 2,um plasmid was
measured with an error of ±+100 bp (24), and the errors for
chromosomal origins have been only slightly larger (ca.
±250 bp [25, 31]).

In the neutral/neutral technique, second-dimension elec-
trophoresis is carried out by using elevated agarose and
ethidium bromide concentrations at high voltage and low
temperature. These conditions maximize the dependence of
second-dimension mobility on DNA structure: nonlinear
structures migrate more slowly than linear structures, and
different types of nonlinear structures migrate at character-
istically different rates (4). The consequence is that the
family of replicating molecules generated when a replication
fork traverses a restriction fragment from one end to the
other ("simple Y's") produces an arc in the final 2D gel that
can easily be distinguished from the arc produced by the

replicating forms of a restriction fragment containing an
internal origin near its center ("bubbles" [4]).

Replication forks move leftward through the HML-contain-
ing BamHI fragment. A map of the left end of chromosome
III, which contains HML, is shown in the lower portion of
Fig. 1. Clones containing this region have been isolated from
chromosome III in at least four different yeast strains and
analyzed for ARS function on plasmids. The results from all
of these analyses are in agreement, not only with regard to
the location of ARS elements but also concerning details of
the restriction map of this region. The strains used for these
analyses were DC56 (7, 23), XJ24-24A (source of the ring
chromosome in strain XG1#24 [40, 46]), A364A (48), and
DMY1 (34). The complete ancestries of strains DC56 and
XJ24-24A cannot easily be determined because of uncertain-
ties about the backgrounds of many of the strains (contrib-
uted by numerous laboratories) which went into their con-
struction (45), but the genomes of both strains contain large
contributions from the commonly used strain S288C (37).
DMY1 is an immediate descendent of S150-2B, which is
employed in this study (Table 1). Both DMY1 and S150-2B
are derived from S288C. A364A is another commonly used
strain (20) that appears to be related to S288C (37). It is
important to note that the strains used in this study for
analysis of origin function (Table 1) are the same as or
closely related to the strains used for ARS analyses.
The two EcoRI fragments referred to as TelB and TelC in

Fig. 1 were derived from strain A364A and were cloned into
the yeast shuttle vector YIp5 (47) by Synn and Newlon (48).
The locations of ARS elements in clones derived from both
A364A and XJ24-24A were determined. In addition to the
previously identified ARS elements coinciding with the E
and I silencers, a new ARS element was detected in the
indicated HindIII-BamHI fragment (Fig. 1) (40, 40a).
As shown in Fig. 1, a 6.8-kbp BamHI fragment contains

HML, the E and I silencers, and the new ARS element.
Replication of this fragment by initiation at any one of its
three ARS elements would lead to predictable patterns after
neutral/alkaline electrophoresis, as diagrammed in Fig. 2.

In drawing Fig. 2, we have used a new convention for
naming ARS elements (8) in which each ARS element is
assigned a three- or four-digit number. The first one or two
digits correspond to the number of the chromosome on
which the element is located, and the last two digits identify
the element uniquely. Since most or all of the ARS elements
at the left end of yeast chromosome III have been identified
and mapped, they have been numbered serially from left to
right.
The upper part of Fig. 2 is a magnified drawing of the

6.8-kbp HML-containing BamHI fragment (also shown in
Fig. 1) illustrating the two subfragments used as hybridiza-
tion probes for neutral/alkaline 2D analysis. The lower part
of Fig. 2 diagrams the autoradiographic signals predicted if
each of the ARS elements in this BamHI fragment were to
serve as the sole bidirectional origin responsible for replicat-
ing the entire fragment. In each cartoon, the large round spot
indicates the signal from the nonreplicating intact fragment,
the horizontal line extending to the left from this spot
indicates the signal from parental strands, the vertical line
below this spot indicates the signal from occasional ran-
domly nicked strands in nonreplicating DNA, and the diag-
onal line indicates the signal from nascent strands. In each
cartoon, the minimum detectable nascent strand length is
determined by the distance from the origin to the probe. See
reference 24 for further explanation. Note that identical
results are predicted for origin function by ARS303 and for
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FIG. 2. Neutral/alkaline 2D gel electrophoresis results predicted, assuming origin activity of the HML-flanking ARS elements. The upper
portion is an enlargement of the 6.8-kbp HML-containing BamHI fragment shown in Fig. 1. The ARS elements are numbered as described
in the text. For use as hybridization probes, the indicated XhoI-EcoRI and XhoI-BamHI fragments were purified by electrophoresis in
low-gelling-temperature agarose and labeled to high specific activity with [32P]dTTP as described previously (24). The lower portion presents,
in cartoon form, the results expected if each of the indicated ARS elements were to serve as the sole origin responsible for replicating the
entire fragment. The upper (diagonally striped) diagram in each pair represents the pattern expected after hybridization with the left probe;
the lower (shaded) diagram shows the results predicted with the right probe. See text for details. This cartoon was drawn assuming
first-dimension electrophoresis from left to right.

replication forks entering this BamHI fragment from the
right end and moving all the way through to the left end, with
no initiations anywhere within the fragment.
When BamHI-digested DNA from the yeast strain 4910-

3-3 (derived from A364A; Table 1) was subjected to neutral/
alkaline 2D gel electrophoresis and then hybridized sequen-
tially with the two probe fragments indicated in Fig. 2, the
results shown in Fig. 3 were obtained: the right probe
detected nascent strands of all sizes, while the left probe
detected only the very longest nascent strands (which were
not resolved from the 6.8-kbp parental strands). These
results show clearly that neither ARS301 nor ARS302 (the
silencer-associated ARS elements) functions as the sole
replication origin responsible for replicating this region.
Although the results are consistent with the view that
ARS303 functions as the sole origin or that ARS302 and
ARS303 function in combination, they are equally consistent
with the possibility that ARS301, ARS302, and ARS303 are
all nonfunctional and that this BamHI fragment is replicated
by an external origin located to its right (Fig. 2). The results
of other experiments, some of which will be presented
below, favor the latter possibility.

To further test the possibility that the HML region is
replicated by an external origin, we applied the neutral!
neutral 2D technique to DNA isolated from both strain
4910-3-3 (Fig. 4A and B) and strain XJ24-24A (Fig. 4C and
D). Both the 5.4-kbp HML-containing EcoRI fragment (TelC
in Fig. 1) and the 6.8-kbp HML-containing BamHI fragment
(Fig. 1 and 2) carry ARS302 and ARS303. The BamHI
fragment also contains ARS301. The arcs of replicating
molecules identified by probes recognizing these fragments
in neutral/neutral gels of both EcoRI- and BamHI-digested
DNA (Fig. 4A to C) rise upwards and leftwards from the
major spot of nonreplicating DNA and then curve down-
wards and end at the line formed by double-stranded linear
fragments. This is the type of arc predicted for restriction
fragments that are replicated as simple Y's (4) by forks
passing from one end to the other. There is no evidence of
the type of arc that would be produced by a restriction
fragment containing an internal origin or bubble, i.e., an arc
that rises more steeply away from the nonreplicating mono-
mer fragments and that does not return to the line of linear
fragments (4) (see example in Fig. 4D).
The absence of bubble arcs in Fig. 4A and C is not a

I
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FIG. 3. Replication forks enter the HML-containing BamHI
fragment from the right or initiate at ARS303. The probes indicated
in Fig. 2 were incubated under hybridization conditions with a
membrane containing BamHI-digested DNA from cell strain 4910-
3-3 that had been enriched for replicating molecules and then
subjected to neutral/alkaline 2D gel electrophoresis. Comparison of
these results with those predicted in Fig. 2 shows that the detected
BamHI fragment must be replicated via initiation at ARS303 or by
replication forks entering from the right end. b, bases.

consequence of damage suffered by the DNA during isola-
tion. When these membranes were rehybridized with probes
able to detect the known yeast chromosomal replication
origin at ARS305 (the A6C origin [25]), clear bubble arcs
were obtained (strain 4910-3-3 [25]; strain XJ24-24A in Fig.
4D). In each case, fainter arcs, resembling those generated
by simple Y's, were also obtained. Such faint Y-like arcs are
consistently observed when the 5.8-kbp EcoRI fragment
containing the A6C origin is analyzed by the neutral/neutral
2D technique and may be due to occasional nicks at repli-
cation forks which convert bubbles to Y-like structures (32).
Because the autoradiogram in Fig. 4D was photographed at
reduced (64%) magnification compared with the autoradio-
gram in Fig. 4C, the Y-like arc in Fig. 4D appears smaller
than the simple Y arc in Fig. 4C. In the original autoradio-
grams, however, the two arcs are nearly superimposable, as
would be expected since the two restriction fragments are
about the same size (the Y-like arc does not rise quite as high
as the simple Y arc).

Quantitations of weak bubble arc or nascent strand signals
detected in previous investigations (19, 31) suggest that weak
arcs representing as little as 5% of the total signal from
replicating structures can be detected. Arcs containing about
15% of the total signal are routinely detected in our experi-
ments. Therefore we conclude, conservatively, that if DNA
replication were initiating in the investigated region in more
than 15% of the cells in the experimental cultures, we would
detect evidence of a bubble arc in Fig. 4B (if ARS301 were
active) or in Fig. 4A to C (if ARS302 were active).
The evidence suggesting that ARS303 is not an efficient

origin is less complete because it is not yet known where
ARS303 is located within the HindIII-BamHI fragment (Fig.
1 and 2). A bubble arc is usually difficult to detect unless the
origin is located within the central portion of the fragment,
i.e., more than about 20% of the fragment length from the
end (32, 50). If ARS303 is located between the HindlIl and

XJ24-24A XJ24-24A
TeiC probe AOC ori prohe

FIG. 4. The HML-containing EcoRI and BamHI fragments rep-
licate predominantly as simple Y's. DNA from growing 4910-3-3 (A
and B) or XJ24-24A (C and D) cells was digested to completion with
EcoRI or BamHI, enriched for replicating fragments (A and B only),
subjected to neutral/neutral 2D gel electrophoresis, and transferred
to nylon (A and B) or nitrocellulose (C and D) membranes. The
membranes were incubated under hybridization conditions with the
right probe from Fig. 2 (A and B), the adjacent 0.7-kbp HindIII-XhoI
fragment (C), or the 1.9-kbp BamHI-PstI fragment encompassing
the A6C origin (D) (25). In panel D, both the large spot below the
dense signal from the monomeric nonreplicating fragment and the
small spot and streak just above and parallel to the faint line of linear
molecules are spurious background and are nonreproducible.

XhoI sites, then it is greater than 20% of the fragment length
from the right end of the fragment and would be expected to
produce a detectable bubble arc in Fig. 4A and C if active as
an origin. No bubble arc is detected. Similarly, if there were
a functional origin between the XhoI and BamHI sites,
examination of the HindIlI fragment to the right of HML
(Fig. 1) would be expected to reveal a bubble arc. However,
when HindIII digests of DNA from strain XJ24-24A or
4910-3-3 were probed with the right probe shown in Fig. 2,
only simple Y arcs were revealed (data not shown for
XJ24-24A; Fig. 6, left panel, for 4910-3-3). Thus, these
results confirm that neither ARS301, ARS302, nor ARS303
functions detectably as a chromosomal replication origin.
The overall conclusion that replication forks move from

right to left through the HML region and that there are no
functional origins in this region is further confirmed by
neutral/alkaline analyses of the TelB and TelC EcoRI frag-
ments and of the J1OA BamHI fragment (the 10.9-kbp
BamHI fragment whose left terminus is the rightmost
BamHI site shown in Fig. 1 and 2; see references 40 and 40a
for the location of this fragment relative to others on
chromosome III) and by neutral/neutral analyses of the TelB
and J10A fragments (10).
The HML-flankingARS elements are inactive as origins even

when the HML locus is transcribed. To test whether the
inability of the HML-flanking ARS elements to function as
chromosomal origins was related to repression of transcrip-
tion from HML in the 4910-3-3 cell strain, two pairs of
isogenic strains were constructed that differed from each
other only in one of the trans-acting genes required for the
repression of HML (the SIR genes; see the introduction). In
both cases, the SIR4 gene was disrupted by the insertion of

Left probe Right probe

-- 6800 b-b.-

_- 1600 bh-o..
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FIG. 5. The HML-containing BamHI fragment is replicated from right to left whether or not transcription at HML is repressed. This
experiment was carried out identically to that in Fig. 3, except that DNA was isolated from BJ2169 cells with repressed (SIR') or derepressed
(sir-) HML loci. The left-probe autoradiograms were exposed for a much longer time than the right-probe autoradiograms to increase the
probability of detecting signals from short nascent strands. Minor back-smearing in the first dimension in this experiment led to the presence
of a horizontal line at 3,300 bases, detected by the left probe. This signal is due to back-smearing from the spot of nonreplicating DNA of a
3,300-base fragment that has partial sequence homology with the left probe.

a selectable marker (see Materials and Methods and geno-
types in Table 1). That disruption of the SIR4 gene led to the
expression ofHML was confirmed for both strains by mating
tests and by Northern (RNA) analyses (data not shown).
BamHI-digested DNA from these strains was analyzed by

the neutral/alkaline technique as in Fig. 2 and 3. Identical
results were obtained in one experiment with S150-2B and in
two experiments with BJ2169. The autoradiograms from one
of the BJ2169 experiments are shown in Fig. 5. These
autoradiograms are not as clear as those of Fig. 3 because of
minor artifactual back-smearing (trailing due to weak ad-
sorption of the migrating DNA molecules to the agarose gel
matrix) in the first dimension. This back-smearing produced
an extended horizontal streak from a 3,300-base fragment
detected by the left probe. Nevertheless, it is clear that,
regardless of whether the HML locus is transcribed (Fig. 5,
right panels) or not transcribed (left panels), only the right
probe detects a diagonal signal due to nascent strands of all
sizes (Fig. 5), just as observed with strain 4910-3-3 (Fig. 3).
Thus, neither the HML E- nor I-associated ARS element
functions as the sole replication origin in this region, even in
cells actively transcribing the HML locus.

This conclusion was further tested and confirmed by
neutral/alkaline analyses of the TelC EcoRI fragment and by
neutral/neutral analyses of the HML-containing BamHI frag-
ment and of the TelC EcoRI fragment in these strains as well
as in strain K45 (Table 1), which, due to a defect in the SIR]
gene, also permits transcription from HML (most data not
shown; data for strain K45 shown in Fig. 7B). As in Fig. 4A
and C, the absence of detectable bubble arcs in the neutral/
neutral EcoRI analyses suggested that ARS303 is not func-
tional in any of these strains if it is located in the left portion
of its HindIII-BamHI fragment.
To examine the possibility that ARS303 is present and

functional in the right portion of its HindIII-BamHI frag-
ment, neutral/neutral analyses of HindlIl-digested BJ2169
and K45 DNA were carried out (Fig. 6, center and right
panels, and Fig. 7D). Again, no hints of bubble arcs were
detected. Thus, like ARS301 and ARS302, ARS303 is not
detectably functional as a chromosomal replication origin
even when transcription is permitted at HML.
Removal of ARS301, ARS302, and ARS303 from near the

telomere does not convert these ARS elements to active chro-
mosomal origins. The three HML-flanking ARS elements
shown to be not detectably active as chromosomal origins in
the experiments described above are all located within 17
kbp of the left telomere of chromosome III, whereas the
most telomere-proximal ARS element known to function as
a chromosomal origin, ARS305 (formerly the A6C ARS [25,
40, 40a]), is located about 40 kbp from the telomere. To test
whether the inability of these ARS elements to function as
chromosomal origins is due to their proximity to a telomere,
we performed two experiments.

First, we used a strain carrying a ring derivative of
chromosome III, resulting from an intrachromosomal re-
combination between HML and HMR. The ring chromo-
some lacks telomeres but does contain ARS302 and ARS303.
This strain, K191, was isolated from K45 by selecting for
cells capable of mating and has been shown to carry a ring
chromosome (30, 39). The recombination event restored the
ability of the sirl parent to mate by deleting the MATa
information at HMR and replacing it with a hybrid HML-
HMR cassette carrying MATot information. Figures 7A and
C show that in K191, which lacks chromosome III telomeres

4910-3-3 BJ2169 SIR+ BJ2169 sir4

FIG. 6. The ARS303-containing HindIl fragment is replicated
predominantly as a simple Y regardless of the transcriptional status
of HML. DNA from growing 4910-3-3 or BJ2169 cells (SIR' or
sir4-) was digested to completion with HindIll, enriched for repli-
cating fragments, subjected to neutral/neutral 2D gel electrophore-
sis, and transferred to nylon membranes. The membranes were
incubated under hybridization conditions with the right probe from
Fig. 2. The elongated spot above the dense signal from the nonrep-
licating monomeric fragment in the center panel is spurious back-
ground and is nonreproducible.
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FIG. 7. ARS302 and ARS303 are inactive as chromosomal on-
gins in a sirl strain, regardless of the presence of a flanking
telomere. DNA from growing cells of strain K45 (B and D) or K191
(A and C) was digested to completion with EcoRI (A and B) or
HindIll (C and D), subjected to neutral/neutral 2D gel electropho-
resis (without prior enrichment for replicating DNA), and trans-
ferred to nitrocellulose membranes. The membranes were incubated
under hybridization conditions with the right probe from Fig. 2.
Subsequently, the membranes bearing EcoRI-digested DNA were
rehybridized with the same probe used in Fig. 4D, and, as in Fig.
4D, strong bubble arcs were obtained (data not shown).

and expresses the hybrid HML-HMR locus, both the EcoRI
fragment carrying the hybrid cassette and the HindIII frag-
ment to its right are replicated as simple Y's. Therefore,
neither ARS302 nor ARS303 is detectably active as a chro-
mosomal replication origin even when removed from a
telomere.

Second, to test whether the inability of ARS301 to func-
tion as an origin is due to its proximity to a telomere, we took
advantage of a yeast strain, Y903 (see Materials and Meth-
ods and Table 1), in which the E silencer with its associated
ARS301 had been moved to the left of the MAT locus in the
interior of the chromosome. The translocated E silencer in
Y903 was shown to effectively repress transcription from the
MAT locus. A map of the modified MAT locus is provided in
the top portion of Fig. 8. In this map, the thin horizontal line
represents DNA from the plasmid pUC19, while the thicker
boxes represent yeast-derived DNA. The E silencer and its
associated ARS element are located 34% of fragment length
from the right end of a 6.2-kbp EcoRV restriction fragment.
If the ARS element is active as an origin in its new chromo-
somal location, then neutral/neutral analysis of EcoRV-
digested replicating DNA should reveal a partial bubble arc.
As shown in the lower portion of Fig. 8, only a simple Y arc
is visible. Thus, even when ARS301 is far from a telomere, it
does not detectably serve as an origin.
The E- and I-silencer-associated ARS elements (ARS301 and

ARS302) function as replication origins when in plasmids. One
possible explanation for the failure of the ARS elements
studied in this paper to function as origins in their normal
chromosomal environment is that they do not function as
origins even when located in plasmids. ARS elements pro-
mote efficient replication of plasmids containing them, and,
in theory, there are several ways to improve replication
efficiency. For example, an ARS element might simply
provide an entry site for proteins that would initiate replica-
tion at some other position on the plasmid.
To test this possibility, we have used both 2D gel electro-

phoretic techniques to map replication origins in the plas-
mids constructed earlier (48), consisting of the TelB and

FIG. 8. The E-silencer-associated ARS element, ARS301, does
not function as an origin even when transposed to the MAT region in
the interior of chromosome III. The upper portion shows a map of
the modified MAT region in strain Y903. As a consequence of the
manipulations described in Materials and Methods, the MAT se-
quences to the left ofW in Y903 have been rendered identical to the
corresponding sequences at HML for an additional 0.6 kbp, a region
that encompasses the entire E silencer. The thin line represents
DNA derived from pUC19 (the orientation of ,B-lactamase transcrip-
tion is indicated). Note that Y903 contains a second copy of the E
silencer at its normal HML-flanking position. The lower portion of
the figure shows the results of probing EcoRV-digested, replication-
fork-enriched, neutral/neutral-2D-gel-electrophoresed Y903 DNA
with pBR322 DNA. The pBR322 probe detects only the indicated E-
and MAT-containing EcoRV fragment. The fragment containing the
HML-flanking copy of the E silencer is not detected by this probe.

TelC EcoRI restriction fragments (Fig. 1) cloned into the
yeast shuttle vector YIp5. Results obtained for the TelB
clone (pTeiB) are shown in Fig. 9. DNA from yeast cells
containing pTelB was digested with EcoRI, which cuts
pTelB into two linear fragments: the TelB fragment (Fig. 1)
and the YIp5 vector. The EcoRI fragments were subjected to
both neutral/alkaline and neutral/neutral 2D gel electropho-
resis, blotted to membranes, and then probed with the short
fragments indicated in Fig. 9. The neutral/alkaline gel elec-
trophoretic data presented in the lower portion of Fig. 9
show that replication within both the TelB fragment and the
YIp5 fragment proceeds from right to left, indicating that the
origin responsible for replicating these fragments must be
located near their right-hand junction (at or near ARS301).
The neutral/neutral gel electrophoretic data in the upper
portion of Fig. 9 show that both the TelB fragment and the
YIp5 fragment are replicated predominantly as simple Y's,
from one end to the other. However, the weaker, upturned,
smeared signal at the far end (left end) of the YIp5 arc
suggests (on the basis of similarity to results obtained by
other laboratories [5, 6, 16]) that a second fork frequently
enters this fragment after the first fork has nearly traversed
it, leading to termination near the far end of the fragment.
Termination near the left end of the YIp5 fragment is
anticipated if bidirectional replication initiates at ARS301
and if both forks move at the same rate.

Similar data (not shown) reveal that in the TelC plasmid
(which contains both ARS302 and ARS303), ARS302 serves
as origin most or all of the time. We have not yet tested a
plasmid containing only ARS303, but the results obtained so
far show that, at least for ARS301 and ARS302, failure to

A.

C.e

B.

D.
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FIG. 9. ARS301 functions as a replication origin when in a plasmid. The plasmid, pTelB, was constructed (48) by cloning the TelB EcoRI
fragment from chromosome III, which contains ARS301 (Fig. 1), into the EcoRI site of the vector YIp5 (pBR322 containing the yeast URA3
gene [47]). pTelB was then introduced into BJ2169 yeast cells by selecting for uracil prototrophy. Southern blotting of undigested and
ApaI-digested DNA from transformed cells confirmed that the introduced plasmid was not integrated into the chromosomal DNA of the
transformed cells. Total DNA was isolated from the transformed yeast cells, digested with EcoRI, enriched for replication intermediates,
subjected to 2D gel electrophoresis, blotted to a nylon membrane, and then hybridized with the probes indicated in the figure. Top left and
top right: neutral/neutral electrophoresis; the membrane was hybridized first with the "YIp5 right" probe, which detects the YIp5 EcoRI
fragment (top left), and then with the "TelB right" probe, which detects the TelB EcoRI fragment (top right). Bottom panels: neutral/alkaline
electrophoresis; the membrane was hybridized sequentially with the indicated probes. The TelB right and YIp5 right probes detect short
nascent strands, while the TelB left and YIp5 left probes detect only the longest nascent strands, suggesting that replication forks move from
right to left through both restriction fragments and that the origin must be at or near their right-hand junction in pTelB.

function as an origin in plasmids is not the reason for failure
to function as an origin in the chromosome.

DISCUSSION

Replication forks move from right to left through the HML
region. The results described above show that the HML-
containing 7 kbp of chromosome III diagrammed in Fig. 1
and 2 (the HML region) are replicated as a simple Y from
right to left. Additional measurements (10) reveal that repli-
cation forks initiated at the A6C origin (25) move leftwards
for 23 kbp to the right-hand boundary of the HML region and
continue leftwards past the HML region to at least 2 kbp
from the telomere, probably all the way to the telomere.
Taken together, these results suggest that the A6C origin is
responsible for replicating most or all of the leftmost 40 kbp
of chromosome III.
These observations are consistent with replication timing

studies which show that the centromere and other internal
regions of yeast chromosome III replicate early whereas
telomeres replicate late and that a gradient of replication
timing exists between ARS305 (formerly the A6C ARS),
which replicates early, and the left telomere, which repli-
cates late (42).
What is surprising about these results is the implication

that the three ARS elements located in the HML region do
not detectably function as chromosomal replication origins.
Efficient origin activity of ARS301 and ARS302 is clearly
ruled out by both neutral/alkaline (Fig. 3 and 5) and neutral/
neutral (Fig. 4) analyses. Although both analyses employ 2D
electrophoresis, the rationales of the two analyses are dif-
ferent and independent. Consequently, when the identical
conclusion is suggested by the two analyses, that conclusion
is likely to be correct. Although the precise location of
ARS303 is not known, our results strongly suggest that this
ARS element, too, does not normally serve as a chromo-
somal origin. Neutral/alkaline analyses provide no evidence
for rightward fork movement in any of the restriction frag-
ments containing ARS303 or within 23 kbp to the right of it
(Fig. 3 and 5) (10), and neutral/neutral analyses of restriction
fragments containing ARS303 (Fig. 4, 6, and 7) show no
evidence of bubble arcs.
We considered the possibility that the repression of po-

tential origin function for the three ARS elements in the
HML region might be related to the normal repression of
transcriptional activity in that region. We tested strains with
altered SIR] or SIR4 genes (genes whose products are
essential for the establishment and/or maintenance of tran-
scriptional repression at HML), demonstrated that the mu-
tations had abolished such repression, and then searched for

VOL. 11, 1991 5353



5354 DUBEY ET AL.

HML-proximal origins in the mutant strains. No origins were
found. Therefore, inactivity of the three ARS elements is not
a consequence of transcriptional repression at HML.

Origin activity of the silencer-associated ARS elements is not
required for maintenance of repression of HML. The facts
that all four mating-type silencers have ARS activity in
plasmids and that a round of replication is required for the
reestablishment of repression in mutant yeast strains (36) led
many investigators to suspect that DNA replication initiated
at these silencers is essential for repression. The results
presented in this paper show directly that the ARS elements
associated with the HML E and I silencers, ARS301 and
ARS302, do not function as efficient chromosomal origins.
Therefore, the origin activity of these silencer ARS elements
cannot be required in every S phase for the maintenance of
transcriptional repression. This conclusion is reinforced by
the recent independent observation (34) of mutations in the
HML E silencer which inactivate the silencer's ARS activity
but have little effect on its ability to repress transcription.
What, then, is the significance of the ARS activity of the

HML E and I silencers? Several possibilities exist. First, we
did not test the origin function of these ARS elements during
an S phase in which repression was being reestablished (36).
It is possible that they are used as origins under these
conditions. Second, they may function as origins during
mating-type switching. The mechanism of mating-type
switching is not yet known. One possible mechanism would
involve replicative transposition of HML or HMR to the
MAT locus. If replication is a part of the mating-type
switching mechanism, the silencer-associated ARS elements
may serve as origins for such replication. Third, silencers
may exhibit ARS activity in plasmids only coincidentally.
This plasmid ARS activity may be completely irrelevant to
the normal function of silencers in chromosomes.
Absence of correlation between transcription and replica-

tion at HML. Despite multiple examples of correlations
between replication and transcription in other cases (see the
introduction), this study provided no evidence for such a
correlation at HML. Instead, the data presented in this paper
and additional data (10) show that replication forks move
through the chromosomal copy of HML from right to left
regardless of whether HML is being transcribed or not. In
addition, earlier studies (15) demonstrated that silencers are
competent to repress transcription from HML even when
they are present on plasmids and thus, presumably, are
functioning as replication origins. It is interesting, however,
that repression ofHML in these earlier plasmid studies (15)
was not as complete as it is when the HML locus is present
in its normal chromosomal environment (33), raising the
possibility that the origin function of the HML silencers may
interfere somewhat with their ability to repress transcrip-
tion.

Possible explanations for the inability of the HML-flanking
ARS elements to function as chromosomal origins. We have
considered several possible explanations for the surprising
failure of the HML-flanking ARS elements to detectably
function as origins in their normal chromosomal environ-
ment. For example, abundant transcription into the vicinity
of an ARS element has been found to abolish its activity (44).
However, Northern analyses reveal slight (51) or undetect-
able (14) transcription near ARS301 and ARS302. Moderate
transcription is detectable near ARS303 (14, 51). Conse-
quently, this potential explanation is excluded for ARS301
and ARS302 but not for ARS303.
One interesting feature common to all three inactive ARS

elements is that they are closer to a telomere than are all

ARS elements that are known to be active as origins (known
telomeric ARS elements [9] have not yet been tested for
origin function). It is possible that proximity to a telomere
might prevent chromosomal ARS function, perhaps by forc-
ing the telomere-proximal ARS into a region of the nucleus
unfavorable for the initiation of replication. However, circu-
larization of chromosome III to remove telomeres failed to
activate ARS302 or ARS303 as origins (Fig. 7), and transpo-
sition of ARS301 to the MAT region failed to activate it (Fig.
8). Although these results suggest that closeness to the
telomere is not the only factor able to prevent origin function
for these ARS elements, they are "negative" results and are
not completely conclusive given the absence of understand-
ing of other features of the new locations for these ARS
elements, e.g., their distances from other active chromo-
somal origins and the structure and transcriptional activity of
the flanking chromatin.

Additional possible explanations for the inactivity of the
three HML-flanking ARS elements include unfavorable
chromatin structure for the HML region, unfavorable posi-
tion within the nucleus of the HML region, and the existence
of cis-acting origin suppressor elements near HML. Further
experiments are under way to distinguish between these
possibilities.
The experiments described here demonstrate the exist-

ence of a class ofARS elements that do not detectably serve
as replication origins in their normal chromosomal locations.
Therefore, ARS elements cannot be considered equivalent to
chromosomal replication origins; each ARS element must be
tested for origin function in its normal chromosomal loca-
tion. All chromosomal replication origins characterized in
yeast strains to date colocalize, within experimental error,
with ARS elements, but only a few examples of replication
origins are known. It will be necessary to identify and
characterize numerous additional yeast replication origins
before one can have confidence in the validity of the gener-
alization that all yeast origins are ARS elements.
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