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Saccharomyces cerevisiae chromosome III encodes 11 autonomously replicating sequence (ARS) elements that
function as chromosomal replicators. The essential 11-bp ARS consensus sequence (ACS) that binds the origin
recognition complex (ORC) has been experimentally defined for most of these replicators but not for ARS318
(HMR-I), which is one of the HMR silencers. In this study, we performed a comprehensive linker scan analysis
of ARS318. Unexpectedly, this replicator depends on a 9/11-bp match to the ACS that positions the ORC
binding site only 6 bp away from an Abflp binding site. Although a largely inactive replicator on the
chromosome, ARS318 becomes active if the nearby HMR-E silencer is deleted. We also performed a multiple
sequence alignment of confirmed replicators on chromosomes III, VI, and VII. This analysis revealed a highly
conserved WITW motif 17 to 19 bp from the ACS that is functionally important and is apparent in the 228
phylogenetically conserved ARS elements among the six sensu stricto Saccharomyces species.

Chromosomal origins of DNA replication in budding yeast
are called autonomously replicating sequence (ARS) elements
and were identified about 30 years ago by their ability to confer
autonomous replication to originless plasmids (30). A con-
served 11-bp sequence called the ARS consensus sequence
(ACS) was initially identified by the analysis of the DNA se-
quences of four ARS elements (8). The ACS is now known to
comprise a binding site for the origin recognition complex
(ORC), the essential initiator protein in all eukaryotes (re-
viewed in reference 2). The consensus sequence of the AT-rich
ACS element (WTTTAYRTTTW) is degenerate, and bona
fide ARSs sometimes contain only a 10/11- or 9/11-bp match to
this sequence. A W indicates the base A or T. When additional
ACSs were identified experimentally, a 17-bp extended ACS
(EACS) was defined and reflected that the bases flanking the
ACS were often A’s or T's (WWW-ACS-[G/T|WW) (47). Al-
though the ACS is essential for replicator activity, it cannot be
the sole determinant of ORC binding and/or origin specifica-
tion. By pattern matching, there are 860 exact matches to the
11-bp ACS and 13,978 ACSs, allowing one mismatch in the
yeast nuclear genome (http:/seq.yeastgenome.org/cgi-bin
/PATMATCH/nph-patmatch). Since there are only ~350 func-
tional ARS elements in Saccharomyces cerevisiae, excluding the
ribosomal DNA locus (25), additional sequences, chromatin
environment, active transcription units, higher-order nucleo-
some structure, and/or nuclear organization might further re-
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strict the locations of functional ARS elements. In agreement
with one of these predictions, genome-wide studies of ORC
and MCM binding sites revealed that >90% of putative ARSs
are intergenic (50, 51). Furthermore, additional sequences in
the B region adjacent to the ACS (Fig. 1) are known to con-
tribute to ORC binding and origin activity in S. cerevisiae (26,
37, 41, 46).

Detailed analysis of ARSI (26) and ARS307 (37, 46) showed
that they have modular structures (Fig. 1). In addition to the
ACS (A element), they also contain B1 and B2 elements 3’ to
the T-rich strand of the ACS. The ARSI B region additionally
contains an Abflp binding site, also called the B3 element.
ARS302 (43), ARS305 (12, 22), and ARS315 (12) contain B1
and B2 elements as well, and studies of several chromosome
VI ARS elements also defined domain B elements that were
important for origin activity (39). The B1 sequences at ARS?
and ARS307 include sequences important for ORC binding
(38, 41), and it is now recognized that ORC contacts a bipartite
DNA sequence consisting of nucleotides in the ACS and Bl
elements (21). Some ARS elements also contain stimulatory
sequences 5’ to the T-rich strand of the ACS in domain C. For
several of these ARS elements, domain C contains transcrip-
tion factor binding sites for Abflp (49), Raplp (43), Mcmlp
(11), or Sumlp (20) that stimulate, but are not required for,
origin activity. Recently, an ARS inhibitory element that likely
influences local chromatin structure was discovered 3’ to the
B2 element in ARS305 and ARS315 (12).

Because the sequence characteristics of the B1 and B2 ele-
ments have not been experimentally defined at multiple repli-
cators and because there may be as-yet-undefined regulatory
elements, we are analyzing additional replicators on chromo-
some III to identify their functional sequences. Chromosomes
IIT and VI were the first entire chromosomes to be analyzed
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FIG. 1. Structure of yeast replicators. ARSI (26), ARS307 (37, 46),
and ARS315 (12) are diagrammed, highlighting the A, B, and C regions
important for replicator activity. Region A contains the ACS, and
region B is further defined by modular B1, B2, and B3 (Abfl) ele-
ments. ACS and B1 together comprise the ORC binding site. IS depicts
an inhibitory element within a positioned nucleosome. Some replica-
tors contain transcription factor binding sites in region C that stimulate
their activity (not shown).

systematically for the presence of ARS elements. ARS ele-
ments were identified by their ability to confer autonomous
plasmid replication and then confirmed as chromosomal rep-
licators by neutral-neutral two-dimensional (2D) gel analysis to
detect origin activity at their endogenous chromosomal loca-
tions (18, 29, 36, 44, 52). Chromosome III contains 11 active
replicators, and chromosome VI contains 10.

Here, we have completed the identification of the essential
ACS(s) of the replicators on chromosome III by analyzing
ARS313, ARS316, ARS317, ARS318, and ARS319 and have
determined the detailed structure of the silent mating-type
replicator ARS318 (HMR-I). ARS318 has an A-B1-B2 structure
but also contains an Abflp binding site 6 bp 5 to the ACS that
contributes to its activity. Although ARS318 is largely inactive
on the chromosome, we found that ARS3/8 becomes active
when the adjacent HMR-E silencer is deleted. Furthermore,
although the 11/11-bp match to the ACS of ARS317 is a well-
studied ORC binding site, we identified a redundant ACS that
functions in its absence. ARS313, ARS316, and ARS319 each
contained a single essential ACS. Analysis of multiple active
origins on chromosomes III, VI, and VII revealed a conserved
and highly significant WTW motif present within the B1 ele-
ment that is very important for replicator function. This se-
quence is also conserved (P =< 1 X 10~ '°) within the 228 ARS
elements phylogenetically conserved among the six sensu
stricto Saccharomyces species (32). Previous studies have noted
a bias toward AT base pairs in this region (6, 30, 51). There-
fore, when comparative analysis was confined to active or phy-
logenetically conserved replicators, the conserved WTW motif
was revealed to be highly significant. This conserved sequence
within B1 likely makes important ORC-DNA contacts at many
replicators based on previous ORC-4ARSI and ORC-ARS307
binding studies (21, 38, 41) and our phenotypic analysis of
WTW mutants. The ACSs for all active replicators on chro-
mosome III have now been defined experimentally, with the
exception of ARS308, which overlaps the CEN3 centromere. In
addition, the detailed structures of ARSI (26), ARS305 (12,
22), ARS307 (37, 46), ARS315 (12), and ARS318 are now
known, allowing for some generalization about replicator
structure.
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MATERIALS AND METHODS

Yeast strains and methods. The yeast strains used in this study were W303-1A
(MATa ade2-1 trpl-1 ura3-1 leu2-3,112 his3-11,15 canl-100), W303-1B (MAT«
ade2-1 trpI-1 ura3-1 leu2-3,112 his3-11,15 canl-100) (48), and CFY2133, which is
‘W303-1B containing an 800-bp deletion of the HMR-E locus (10, 28). Yeast
transformation and culturing were performed according to standard methods.
YPD medium contains 20 g yeast extract, 10 g peptone, and 20 g dextrose per
liter. Synthetic complete medium (SCM) contains 50 g dextrose and 6.7 g yeast
nitrogen base without amino acids (Difco) per liter and is supplemented with 20
pg/ml uracil and adenine and the 20 amino acids.

Plasmid construction. All wild-type chromosome IIT ARS elements were
cloned into the pARS1-WT (CEN4 URA3) backbone (26), replacing ARSI, and
were described previously (12), with the exception of pFJ23 and pRF23. A
318-bp ARS316 fragment (chromosomal coordinates 272768 to 273085) was
amplified with EcoRI-HindIII sites and cloned into the same sites of pARS1-WT
to give pFJ23. pRF23 similarly has ARS318 chromosomal coordinates 294567 to
295148 cloned on an EcoRI-HindIII fragment into pARS1-WT. The deletion
derivatives within ARS318 (Fig. 2) were made by QuikChange mutagenesis as
follows: pFJ10 (A1) deletes 94 bp from the EcoRI site of pRF23, pVMHA40 (A2)
deletes 194 bp from the EcoRI site of pRF23, pVMH42 (A3) deletes 252 bp from
the EcoRI site of pRF23, pFJ12 (A4) deletes 294 bp from the EcoRI site of
pRF23, pFJ14 (A5) deletes 143 bp from the HindIII site of pVMHA40, and pFJ13
(A6) deletes 185 bp from the HindIII site of pVMH40. pFJ157 contains chro-
mosomal coordinates 292134 to 292652 directly to the left (centromere proximal
region) of HMR-E on an EcoRI-HindIII fragment in pARS1-WT. pFJ166 is
pFJ157 containing an Xhol linker (CCTCGAG) that eliminates the two over-
lapping 9/11-bp matches to the ACS in site A of Fig. 5B. All other plasmid
derivatives used in the study deviate from the wild-type sequence as shown in the
figures.

Plasmid stability assay. We performed the plasmid stability assays essentially
as described previously (35). At least six independent cultures were inoculated
from single colonies and grown overnight at 25°C in SCM without uracil for ~18
h. The cultures were diluted 1:2,000 into SCM and grown for 24 h at 25°C, during
which time they underwent approximately 10 doublings in the absence of selec-
tion for the ARS plasmid. Dilutions of both overnight cultures were plated onto
SCM and SCM-Ura plates, and colonies were counted 72 h later. Generational
loss rates were calculated, and standard errors of the mean (SEM) are reported
for each assay.

Alig! t of chr eq es and statistical analysis. Active origins
on chromosomes III, VI, and VII were compiled with the ACS elements aligned,
and the sequence logos were generated using a web-based application, WebLogo
(13) (http://weblogo.berkeley.edu/). The WebLogo sequences of 228 confirmed
ARS elements identified by Nieduszynski et al. (32) were also generated using
the aligned ACS elements. The statistical significance of the proportion of WTW
hits in the 228 ARS elements at positions 19 to 21 distal to the ACS was
estimated by first creating 1 million samples, each containing 228 random 31-mer
sequences selected from the whole genome. For each sample, the proportion of
the 228 sequences containing WTW in the equivalent position was calculated.
The mean and standard deviation for these million samples approximates the
mean and standard error for the expected proportion. The P value was estimated
based on a normal approximation for the proportions, which was reasonable
based on a visual inspection of the distribution for the random samples.

Determining conservation of WI'W motif across the sensu stricto species.
Forty-two phylogenetically conserved and confirmed S. cerevisiae replicators that
had at least 12 out of 15 base identities within the proposed 15-bp ACS motif
(proACS) (32) as determined by comparing Saccharomyces paradoxus, S. mika-
tae, S. kudriavzevii, and S. bayanus to S. cerevisiae were selected (see Fig. S2 in the
supplemental material). The alignments among the sensu stricto species for each
of these ACS elements can be seen at OriDB (Origin Database) (31). For each
replicator and for each species, the proACS motif was retrieved with the addition
of 30 bp 5" and 30 bp 3'. For each species, the resulting 42 sequences were used
to generate the WebLogo diagrams in Fig. S3 in the supplemental material.

Analysis of replication intermediates. DNA was extracted from log-phase
cultures of W303-1B and CFY2133 as described previously (7). Sixty micrograms
of DNA was then digested with Xbal-EcoRV and subjected to BND-cellulose
(Sigma) chromatography as described in reference 15, except that volumes were
cut in half. Neutral-neutral 2D agarose gels were blotted to Nytran SPC (What-
man) and hybridized as described previously (46). Membranes were probed with
the 1-kb Xbal-BgIIT fragment of pYND70 (36), which was labeled with
[«-32P]dATP (Perkin Elmer), using the Megaprime DNA-labeling system (GE
Healthcare).




VoL. 28, 2008

ACS?

ARS318

ANALYSIS OF ARS318 AND CONSERVED ARSs 5073

Plasmid Loss per Generation

> >

Plasmid ABF1 HFT (%)
pRF23 [ | =+ —
pFJ10 Al [ | =+ —
pVMH40 A2 [ | + —
pVMH42 A3 [ + =l
pFJ12 A4 | -
pFJ14 A5 [ ] + —
pFJ13 A6  E—— + =~
pFJ26  abfl~ —— + —
pFJ32  acs 9/11° e e -
pFJ33  acs 9/11° & + —
pFJ27  acs 9/11~ B S e + — ]
pFJ31  acs 10/11° + —

91 —>
pFJ13 CCAﬁLATTTTCGTATATGGCGATAT AATTTATCATGTTTTGGTATGATAATTTAATTTTT:

pFJ26 CGAC:

911 —>

1011 —>
TTTAATTGACCTCATTAATTAATATTTATTAATACCTTTARATGTTGA

<« |9/11

pFJ32 GTCGAC:

pFJ33 TCGAC

pFJI27

PFJ31

'TCGAC

GTCGAC:

FIG. 2. Identifying the ACS for ARS318. Various deletions and point mutations within ARS318 sequences were constructed and tested for their
ability to confer ARS activity by transformation into W303-1A. HFT indicates high frequency transformation. The loss rates of these same plasmids
were quantitated using a plasmid loss assay (right). The sequence at bottom indicates the positions of the Sall linker mutations as well as deletions
A3 and A4 within ARS318. The shaded sequence represents the DNase I Abflp footprint from reference 9, and the arrows indicate the 9/11- and

10/11-bp matches to the ACS.

RESULTS

Identifying the ACS for 4RS318. We cloned 14 ARS ele-
ments from chromosome III into the same CEN4 URA3 re-
porter plasmid (12) and determined their loss rates in
W303-1A (Table 1). Most loss rates varied from ~3 to 8% per
generation except that ARS302, ARS306, ARS314, and ARS316
were lost at higher rates, from 12 to 30% per generation.
ARS318, which coincides with the HMR-I silencer near the
right end of chromosome 111, is largely inactive as a chromo-

TABLE 1. Loss rates for chromosome III ARS plasmids

Loss
Replicator Plasmid rate/generation
(mean % * SEM)

ARS301 pRF12 58=*15
ARS302 pAC28 283 * 1.6
ARS305 pRF4 3708
ARS306 pDP153 15.0 = 0.7
ARS307 pRF11 74 *+0.6
ARS309 pDP166 3.0x23
ARS310 pDP172 48=*+29
ARS313 pFI25 43 £0.5
ARS314 pPMWS561 12.6 £ 1.0
ARS315 pAC25 55*04
ARS316 pRF32 13.0 £ 0.6

pFI23 16.8 = 0.5
ARS317 pFJ11 54*+14
ARS318 pFJ10 54x09
ARS319 pFI9 43*+14

somal replicator (40). However, a plasmid carrying a 583-bp
insert containing ARS318 was lost at ~4.5% per generation
(Fig. 2), indicating that ARS318 is an efficient replicator when
removed from its native chromosomal context (1, 8). Highly
efficient chromosomal replicators, such as ARSI, which are
active in nearly every cell cycle, have similar low plasmid loss
rates. Successive ~50-bp deletions from the left (telomere
distal) end of the 583-bp ARS318 fragment did not alter plas-
mid stability (Fig. 2, A1 and A2). However, further deletion of
the Abflp binding site (9) caused a fourfold increase in the
plasmid loss rate (Fig. 2, A3). Removal of an additional 41 bp
eliminated replicator activity (Fig. 2, A4), indicating that se-
quences within this 41-bp region were essential for ARS318
function. We then deleted telomere-proximal sequences and
defined a ~200-bp fragment that was maintained as well as the
original 583-bp ARS318 fragment (Fig. 2, A6).

There are three 9/11-bp matches and one 10/11-bp match to
the ACS within the smaller ARS318 plasmid pFJ13. To deter-
mine sequences important for ARS activity, we made 7-bp Sall
linker substitution mutations (GGTCGAC) within each poten-
tial ACS and in the Abflp binding site (Fig. 2). Mutation of the
Abfl1p site increased the plasmid loss rate approximately three-
fold, indicating that this site, which is known to bind Abflp,
contributes significantly to ARS activity. The 9/11-bp match
directly adjacent to the Abflp site was essential for ARS func-
tion, as shown by the failure of plasmids carrying this mutation
to produce Ura®’ transformants. In contrast, mutation of the
three remaining putative ACSs caused at most a twofold in-
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FIG. 3. Structure of ARS318. The structure of ARS318 was determined by assaying 29 derivatives of pFJ13 carrying 7-bp Sall linker scan
mutations for their ability to transform W303-1A and also for their plasmid loss rate. Wild-type (WT) ARS318 was lost at a rate of about 4.5%
per generation. The boxed regions within the DNA sequence indicate the functional regions delimited by the linker scan mutations and correspond
to the Abflp binding site, the ACS (A), and the B1 and B2 elements. Plasmids containing mutations in the ACS could not be assayed, since they
fail to yield transformants. Plasmid loss rates represent the averages = SEM of results from at least six independent measurements.

crease in the plasmid loss rate. Thus, the 10/11-bp match to the
ACS is not essential for ARS activity, as was suggested based
on its higher degree of similarity to the ACS (8). However,
sequences within the 10/11-bp match to the ACS likely con-
tribute to ARS function by encoding the B2 element (next
section).

ARS318 has a modular Abfl-A-B1-B2 structure. Since the
organization of the ARS318 replicator appeared to be different
from that of known ARS elements, we performed a linker scan
analysis of ARS318 in pFJ13 to determine the positions of its
functional elements. We created a series of 29 plasmids that
contained ordered 7-bp Sall linker mutations and tested their
ability to transform W303-1A to Ura" (Fig. 3). All of the
plasmids transformed the wild-type strain with high frequen-
cies except for pFJ32 and pFJ42, which carry mutations in the
9/11-bp match to the ACS described above. We conclude that
the TATCATGTTTT sequence corresponds to the functional
ACS at ARS318. Another sequence located between 16 and 26
bp 3’ to the ACS was also important for ARS function (Fig. 3).
However, mutation of sequences from base pairs +16 to +22
had a much greater effect on ARS activity (41% loss rate) than
mutation of base pairs +23 to +26, which increased the loss
rate about twofold, to 10%. The positions of the sequences 16

to 26 bp from the ACS correspond to the B1 elements of ARSI,
ARS305, ARS307, and ARS315. Two additional linker scan
mutations 23 bp and 30 bp distal to Bl caused a twofold
decrease in plasmid stability. These overlap the 10/11-bp match
to the ACS and correspond to the B2 elements defined in the
four replicators cited above. Finally, mutations in the Abflp
binding site increased the plasmid loss rate two- to threefold
(Fig. 3). There were no other sequences surrounding ARS318
that promoted or inhibited ARS activity.

ARS318 is an active chromosomal replicator in the absence
of the HMR-E silencer. Since ARS318 was an efficient replica-
tor in a plasmid context but largely inactive on the chromo-
some, we thought its chromosomal position might render it
inactive. ARS317 and ARS318 flank the transcriptionally silent
a-type mating genes on the right end of chromosome III about
22 kb from the telomere. ARS318 is proximal to the telomere,
and the entire HMR region is replicated in ~90% of cell cycles
from leftward-moving forks that originate from the subtelo-
meric replicator ARS319 (36) (Fig. 4A). ARS317 replicates this
region in the remaining 10% of cell cycles. Therefore, proxim-
ity to the telomere, the nearby highly active ARS319 replicator,
the local heterochromatin at the HMR silencer, or the adjacent
ARS317 replicator could potentially inhibit ARS318 activity.
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FIG. 4. ARS318 is an active replicator in the absence of ARS317.
(A) The right end of chromosome III is diagrammed, highlighting the
ARS317, ARS318, and ARS319 replicators. The arrow at the right indi-
cates the direction of forks that replicate this region emanating from
ARS319, and the shaded box indicates the extent of the 800-bp HMR-E
deletion. (B) Southern blots of 2D gels showing ARS318 replicator activity
in the wild-type (W303-1B) and AHMR-E (CFY2133) strains.

We tested the latter two possibilities by deleting HMR-E on the
chromosome and examining ARS318 activity by 2D gel elec-
trophoresis. Under this condition, both the adjacent ARS317
replicator and the heterochromatic environment are elimi-
nated, since HMR-E is essential for heterochromatin formation
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at the HMR locus (42). In the wild type, HMR-I was largely
inactive, as indicated by the strong Y arc (passive replication
from ARS319) and the very faint bubble arc (Fig. 4B), as
previously shown (40). However, when HMR-E was deleted,
ARS318 then became an active replicator, as evidenced by the
strong bubble arc. We estimate that ARS318 is active in more
than 50% of cell cycles. These data suggest that ARS317 or the
heterochromatic environment at HMR (or both) inhibits
ARS318 activity.

Determining the ACSs for ARS313, ARS316, and ARS319.
We cloned ARS313 and ARS319 into the CEN4 URA3 plasmid
on 287-bp and 393-bp fragments, respectively. ARS313 and
ARS319 fragments contain single 10/11-bp and 11/11-bp
matches to the ACS, respectively, and both plasmids were
maintained very efficiently (Table 1). A 7-bp Sall substitution
mutation within each putative ACS resulted in a loss of ARS
activity (Fig. 5A). Thus, these sequences are essential for ARS
activity and likely represent the ACS for these replicators. The
situation for ARS316 was more complex because its sequence
had not been narrowly defined; ARS376 had been mapped to
an ~1,185-bp fragment (36). We cloned ARS316 on a 502-bp
fragment that contained five 9/11-bp matches to the ACS (but
no 10/11- or 11/11-bp matches) (see Fig. S1 in the supplemen-
tal material). The pFJ23 plasmid, carrying a deletion of 184 bp
from one end of this clone, removed three potential ACSs but
retained ARS activity, indicating that pFJ23 contained the
essential ACS. Sequences within this ~184-bp fragment stim-
ulated ARS activity since the loss rate increased from 13% to
16.8%. Mutation of one 9/11-bp-match ACS (TTTCAAAT

A Origin ACS Origin ACS WT ACS-
WTTTAYRTTTW WTTTAYRTTTW

ARS313 ARS318 =
pPFJ25 TTTTACETTTA pFJ13 TaTcATGTTTT §
pPFJ29 T TTTA PFJ32 TC TTTT

ARS316 ARS319 B
pPFJ23 TTTcAaATTTA PFJ9 TTTTATGTTTA & A
pFJ35/46 TTTC PFJ30 T TTTA B

\:
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FIG. 5. Identifying the ACS for ARS313, ARS316, ARS317, ARS318, and ARS319. (A) ARS elements were cloned into a URA3 CEN4 plasmid
(Table 1) and then tested for wild-type (WT) ARS activity by transformation of W303-1A and selection for Ura™ transformants. The same plasmids
containing the indicated Sall linker mutations within the essential ACS (described in the text) eliminated ARS activity by the same ACS™
transformation assay. (B) ARS317 (HMR-E) contains a redundant ACS 3’ to the silencer. pFJ11 (URA3 CEN4) containing the HMR-E silencer
or various mutants (diagrammed at bottom) were transformed into W303-1A and assayed for growth at 30°C. The 11/11-bp match to the ACS (site
E) is defined as the ACS element within the silencer. The five 9/11-bp matches to the ACS within the B-region of the ARS317 replicator are
indicated as arrows, and mutations A to D disrupt these sequences (see the text for additional details).
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TTA) abolished origin activity within pFJ23 (Fig. 5A) and in
the context of the larger, 502-bp fragment in pRF32 (see Fig.
S1 in the supplemental material). Mutation of the other 9/11-
bp-match ACS allowed high efficiency transformation of yeast
and, therefore, was not essential for ARS activity (see Fig. S1
in the supplemental material). Thus, this single 9/11-bp match
to the ACS is required for ARS316 replicator activity. Our data
for ARS313, ARS316, and ARS319 are in agreement with the
results of a recent genome-wide study of phylogenetically con-
served ARS (EACS) elements (32).

Redundancy in the ARS317 replicator. The HMR-E silencer
on the right end of chromosome III has replicator activity
corresponding to ARS317. ARS317 is active in =10% of cell
cycles in its chromosomal context (40) but is an efficient rep-
licator in a plasmid context (Table 1) (1). Therefore, its chro-
mosome position or additional chromosomal sequences con-
tribute to its relative inactivity within its native context. An
11/11-bp match to the ACS in ARS317 binds ORC (3, 34).
However, mutation of the ACS abolishes ARS activity only
within a minimal 138-bp fragment containing the silencer ele-
ments, i.e., the ORC, Raplp, and Abflp binding sites (Fig. 5B)
(19, 28, 33). In other words, if natural sequences flanking this
138-bp minimal fragment are present, the ACS™ mutant re-
tains replicator activity both in the plasmid and on the chro-
mosome. The residual origin activity is due to activation of
redundant nearby origins, which are normally suppressed by
the HMR-E silencer (19, 33).

We cloned a 345-bp fragment containing HMR-E and deter-
mined the sequences required for ARS activity, using Sall
linker mutagenesis as described above. Confirming previous
studies, mutation of the 11/11-bp match to the ACS reduced
but did not eliminate ARS activity, as evidenced by the ap-
pearance of slower-growing Ura™ transformants (Fig. 5B, mu-
tant E). There are five 9/11-bp matches to the ACS within 80
bp of the ORC binding site, corresponding to the B region of
ARS317. We made Sall mutations that eliminated the 9/11-bp
matches; however, none of these mutations (A to D) affected
the transformation frequencies of the plasmids or the sizes of
the resulting Ura™ colonies (data not shown). This indicated
that sites A to E were not essential for ARS activity. In con-
trast, mutations in sites A or B when combined with the site E
mutation caused the formation of tiny Ura™ transformants that
could not be propagated (Fig. 5B). Two overlapping 9/11-bp
matches to the ACS were affected by the A and B mutations;
mutation A affects both potential ACSs but mutation B only
the second. Therefore, the second 9/11-bp match to the ACS
probably confers ARS activity in the absence of the primary
ORC binding site.

A weak ARS activity that functions only in the absence of
ARS317 has been mapped within ~500 bp to the left of
HMR-E (40). Our analogous plasmid clone pFJ157 also had
weak ARS activity, which was eliminated by mutation A, af-
fecting the overlapping 9/11-bp-match ACSs (Fig. 5B, pFJ166).
Therefore, these 9/11-bp ACS matches are required for this
ARS activity. Since plasmid pA173 begins 40 base pairs to the
left of the 9/11-bp matches and lacks ARS activity (1) (Fig. 5B),
this also confirms that the essential sequences for the left ARS
activity map to this region.

Alignment of known chromosomal ARS elements reveals a
WTW motif within B1. Since we determined the ACSs for four
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more ARS elements on chromosome III in this study and also
recently analyzed the structures of ARS305 and ARS315 (12),
we aligned the active chromosome III, VI, and VII ACSs and
looked for additional conserved sequences flanking the ACS by
using WebLogo (13) (Fig. 6A). We numbered the 11-bp ACS
from +1 to +11. As expected, we found a selection for WWW
at residues —1, —2, and —3 from the ACS and (G/T)TT at
positions +12, +13, and +14, which matched the EACS (47).
In addition, we saw a strong selection for WTW beginning 17
bp 3’ to the ACS (positions +28 to +30). This sequence falls
within the B1 elements of ARSI, ARS302, ARS305, ARS307,
ARS315, and ARS318. Interestingly, these nucleotides were
conserved at levels similar to key nucleotides within the EACS.
A bias toward AT base pairs in this region was previously
noted based on alignment of known origins (47) and also
computational prediction and evaluation of ARS elements (6).
However, the enrichment that we observed in these 32 active
chromosomal origins was more highly significant.

This result prompted us to look for the WITW sequence in
the 228 evolutionarily conserved ARS elements within the
sensu stricto Saccharomyces species (32). These six species
diverged within the last 35 million years but retain the ability to
mate with each other, yielding sterile diploids (24). The con-
servation of these ARS elements is a strong indicator that they
are functional replicators across species, and this supposition
was directly demonstrated using a plasmid ARS assay with S.
cerevisiae for the 228 replicators (32). Alignment of the 228 S.
cerevisiae ARS elements showed once again a highly significant
enrichment of WTW 17 to 19 bp distal to the ACS (Fig. 6B),
with no further conserved sequences at least 30 bp 3’ to the
WTW sequence (data not shown). The P value for the chance
occurrence of the WTW sequence was <1 X 107'% in com-
parison to a similar enrichment of this sequence within the
genome. Interestingly, the WTW motif was also apparent
among the 42 most highly conserved ACS elements across the
sensu stricto species (see Fig. S2 and S3 in the supplemental
material).

WTW is important for ARS activity but is not required at
the silencer origin ARS317. The conservation of the WITW
sequence near the ACS, and the fact that nucleotides within
this region affect ORC binding at ARSI and ARS307, strongly
suggested that these nucleotides would bind ORC at other
replicators and influence ARS activity in vivo. We tested this
directly at six chromosome III ARSs by mutating WIW to
WGG (Fig. 7A) and then measuring plasmid loss rates for the
resulting mutants compared to the wild-type levels. For
ARS313, ARS315, ARS316, and ARS318, mutation of this se-
quence dramatically increased the loss rate to 30% per gener-
ation or higher (Fig. 7B). We could not accurately measure the
loss rates for ARS316 mutants, because they grew very poorly
in liquid medium, but the loss rates had to be greater than 35%
since that rate is measurable. The WGG mutation at the sub-
telomeric ARS3719 mutant increased plasmid loss rate twofold
(Fig. 7B). In contrast, mutation of WTW at ARS317 did not
affect its stability. Interestingly, ARS317 binds ORC 10-fold
more tightly than efficient origins such as ARSI (34). Our data
therefore suggest the possibility that mutation of WTW at
ARS317 does not sufficiently disrupt ORC binding (or subse-
quent ORC-dependent steps in origin activation) to alter ori-
gin activity. At the other origins tested, mutation of this site
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CCCTTTAATTTTAGGATATGAAAACAAGAATTTA
ACATATCCTTCGTAAAAATGCAACTTTTGTCGAA
CTGGCAGAAAATAAAGAAGAGAGAGGATCAATAT
GAAAAACATTTAATTGCGAAGTAACATAATGTTA
TATATACATAACATAAATAATGGAATAAAACATC
TCGTCATATATATAAAGTTTAAAAAGGTACAAAG
TACCAAGAGAAAAACAATATAAGGTCTCCTTACT
TTCTTAATTTTGTTTCCATTGCTTGTATCAAAAA
AAAAATCAAACATTGTTTAATAAAAAATTGAAAA
TAAAAAAACAAATTTAATTGACCTCATTAATTAA
TTTCTGTAATATTGACATAAGTGTATATAAATTA
TTTTTGTAATATTGGCATAAGTGTATATAAATTG
CGTAAAAATGATATGATTATTCCGCTCATAAATG
GGTGTATAAAAAAAATTGGTACCGAACCATGATA
GGGACTTCAAAAATTCTAATTTAGCCTCGAAATT
TTTCTTAAACCCTTCTCAACTAAAAACTTGTACT
CAAAGCGTGAAGTCATTGAAAGACGCACTTAATG
TTAATATGTCACAAAAAAAGCGCCCACAGAATTA
TTAAAAAACTAGATCTGGAGTGACCAAAAAAAAA
CACAAAAAAAAAGAGCATAAAGCGAATTGAATTG
TTAATTTTGTGACATGTAAAAATTACGAAGCCTA
IACGTGAAAAATAAAAGAACGCTACCATAAAAATG
TACAAGTCATAATAAACGTTCAAAAACAAACACA
GTGCAGAAAGAAAACAACATCATAAAATATGAAA
GTTTTGTTAGACAATCTCGAAGAACAAAAAAAAA
TATTTACTGGTCGTCAAAAAATAGGAAAGGTAAA
TAATTCGCACAAAAAAAAGCCTGCATTGTCACGA
TCTTATTCTCATCAAGAAAACACAAACTGCCAAG
TTTCCATAAATAACAAAAGGCAAAAAAGTAACAA
GCAGCAAGGTTGAAGCTTCAAATTTGAAAATGAA
GGATGTAAATTAAAATTAAAGAGAGACATTATTT
TCAGAAGAGAAAAAAATTTTATTTGTCACAAGGA

WTW

ARS305 ATCCTTTTTTTTATTGTGTTGG ATGTATTGTTTAT
ARS306 TACTTTTTTCAAATTTTCGAAT AGTACTTCTTGAG
ARS307 TGTGTCCATGTGCTACTGCTTT CTTCACACATGGG
ARS309 ATTTTCGTAATCATTTTTGTAC TTGAAGTTTTAGC
ARS310 CTCCCTCGGTAAGTACCACCTT CTAAGAGTTACG.
ARS313 AAGATGCATAAAATCTACTGC TGTTAAATTTTAG
ARS315 ATAATAGTAGTATCTTGTCAGT,
ARS316 GGCAGTAAATTTTTTTTTTTTT
ARS317 TGGGTTTTTGCAATATAATAAC ATTAAATTGCGAT
ARS318 CATTTTCGTATATGGCGATAT ATGATAATTTAAT
ARS319 GTATTATGGTTGAAGAATAGA. GATTTTAGTGGTG
ARS600 GTATTATTGTTGAAGGATAGA. GATTTTAGTGGTG
ARS601 TTCTTGGTTTAATACGCCTGT GTTTAGGCGGTGC
ARS602 ATTACTAGCAACATAATTGACC TTAACATCATCAC
ARS603 TATTCTGCTTTTAATATTTCC ACAAAATATGAA
ARS603.5 TTCCAGCTTTTATTTCTTTGAT AGATCATTTTCA
ARS605 TGCAATAAAACCTGACCAAAG GCTAAAGGAAACT
ARS606 AATTTATTTATTAACATTCAT TTGCAATTTCGC
ARS607 ATTATATTATTTCGAGCTTTGT ACGTTGGGATCA
ARS609 CAAAATAAAGAATGCATAACC CGGAATTGGCTA.
ARS702 ATTTTGACTTTTTTTTTCCTAC TCTCGTTTTGCCT
ARS704 AAGCTCTAATTACTTGTATATT, CTATTTCAATGC
ARS707 TACTTGTTGAGTTCATTAAAAT GTTACAAACAGT
ARS710 GCCGTTTGATAGAAATTTTGC AAAGAATAAAAGT
ARS714 TTTATATTATGAAAGATATTTT CGTATACTTTTAT
ARS717 GCGTTAAATTATTATTTTTTTT CCTAATTATGTAT
ARS718 ATCCACTCTTTCGGGAACAAG TTGATTAGCTTT
ARS719 ACAAAAAAAGATAAAGTTGTGT, GTAAGATCGATAC
ARS727 GCAAACATTCTTAGTTTTTCTC ATGTTAACCTGC
ARS729 TAAGAGTATACCGTCCTGTTT CCGTTATTGATTT|
ARS731 CTTTTTTTTGAGCGAACTTTTT ACCATTTCCGTAC
ARS737 AAAAAGTGGAGAATTGTTTGTT, CTTTAGTTTTAA
WHWWTTTAYRTTTWGTT
T
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FIG. 6. (A) Alignment of 32 ARS elements on chromosomes III, VI, and VII by use of WebLogo reveals the EACS and a conserved WITW
motif within B1. The ACS is numbered from +1 to +11. See the text for details. (B) WTW is conserved among the 228 phylogenetically conserved
ARS clements. The 228 ARS elements conserved in the six sensu stricto Saccharomyces species (32) were aligned using WebLogo (13) and shown

to conserve a WTW motif within the B1 element.
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ACS WTW
M\ arssi3 GCAATTTTTTACTTTTAGTTTGTTAAATTTTAGEEETCGTCATA
pFJ74 GG
ARS315 AGTTTTTTTTATGTTTTTCTTCGCGCGTCAACTEBETACCAAGA
pFJ75 GG
ARS316 TTTTTTTTTCAAATTTAGTTCTTCGTTGCCTACEEETTCTTAAT
pFJ76 GG
ARS317 AACATTTTTTATATTTAGGTATTAAATTGCGATEBAAAAARATCA
pFJ126 GG
ARS318 ATAATTTATCATGTTTTGGTATGATAATTTAATENTARAAAAR
pFJ66 GG
ARS319 GAATATTTTTATGTTTAGGTGATTTTAGTGGTGEEETTTCTGTA
pFJ77 GG
—_
s 40
B = >35% pn >35%
c 35
L2 ' '
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o 30
c
g 25
O
g 20
o
a 15
3
5 10
£ 5]
)
a 0

313 315

316 317 318 319

FIG. 7. The WTW sequence is important for origin activity at multiple ARS elements. (A) The DNA sequence surrounding the ACS and Bl
elements are shown for six ARS elements. The essential ACS is underlined, and the WTW sequence within B1 is shaded. (B) The wild-type ARS
plasmids (light gray bars) and the corresponding WI'W—WGG derivatives (dark gray bars) were transformed into W303-1A and quantitated for
their plasmid loss rates. Two wild-type ARS316 plasmids (pRF32 and pFJ23) were assayed together with their respective WGG derivatives. Plasmid
loss rates represent the averages = SEM of results from at least six independent measurements.

strongly destabilized origin function, indicating that the con-
servation of this sequence is functionally relevant.

We performed a 2-bp linker scan over the ARS318 B1 region
to determine if there were sequences other than WTW that
were important for replicator activity (Fig. 8). Mutation of the
WTW nucleotides decreased ARS activity from three- to eight-
fold; however, mutation of nucleotides directly adjacent to
WTW had little effect. Mutation of nucleotides 5 to 8 bp distal
to WTW decreased ARS activity modestly (~70 to 80%), but
no other nucleotides were important for ARS activity. Thus, at
ARS318 the WTW sequence is the most important determi-
nant of the Bl element.

ACS plus WTW is a better predictor of ARS element loca-
tion than the ACS alone. We found that the ACS plus the
WTW sequence was a better search string for identifying
known ARSs. We searched chromosome X for matches to
the ACS (including 1 bp on either side) with or without the
WTW sequence in Bl and identified 3,577 matches to the

13-bp ACS (up to 2-bp mismatches) and 994 matches by
including the WTW sequence. Both sets included 15 of the
16 known chromosome X ARS elements with conserved
ACSs (32), indicating that the search strings had good sen-
sitivity but ACS plus WTW improved the stringency since it
eliminated about three-fourths of the false hits. However,
even the ACS-plus-WTW search string was not stringent
enough, because it identified 979 additional matches, most
of which were probably not ARSs. Limiting the search to
intergenic sequences did not improve the stringency (data
not shown); however, it reduced the number of hits, as
expected. Lastly, searching with a 15-bp ACS (including 2 bp
on either side of the ACS) with or without WTW did not
significantly alter the above-described outcome. Therefore,
the ACS plus the WTW sequence is a better predictor of
known replicators but additional genetic or epigenetic in-
formation must determine the positions of ARS elements in
budding yeast.
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FIG. 8. WTW is the critical sequence within the ARS318 B1 ele-
ment. A series of 2-bp linker scan mutations spanning the B1 region of
ARS318 defined by the 7-bp Sall linkers in Fig. 3 were constructed.
Mutation of the WTW base pairs but not adjacent nucleotides sub-
stantially decreased ARS activity as determined by a plasmid stability
assay, as in Fig. 7. WT, wild type.

DISCUSSION

The ACS is conserved at yeast replicators because it is a
binding site for the initiator complex ORC (2). Point mutations
within the ACS or B1 element that disrupt ORC binding also
impair ARS activity. In addition, the spacing of the B1 element
and the ACS is critical for ORC binding. Deletion of one or
more base pairs between the ARS603 ACS and Bl elements
causes impaired ORC binding in vitro (4). Therefore, it is not
surprising that multiple replicators have defined B1 elements
similarly positioned with respect to the ACS. The Bl element
is located within 10 to 31 bp 3’ to the ACS, as defined by 7- or
8-bp linker scan mutations (12, 26, 37, 46). By use of 3-bp
linkers at ARS307, the B1 sequence has been more narrowly
defined and contains critical residues positioned 17 to 19 bp
and 26 to 31 bp from the ACS (38). Similarly, at the ARSI BI
element, single nucleotides 17 to 20 bp distal to the ACS are
important for ARS activity (37). Finally, several studies have
noted a bias toward AT base pairs within the B1 region at
many ARS elements (6, 47, 51).

We showed, using multiple sequence alignment of active or
phylogenetically conserved origins, that a WTW sequence is
conserved within the B1 region at positions 17 to 19 bp from
the ACS (P = 1 X 107'°). We found no other DNA sequence
conservation within multiple ARS elements apart from the
EACS and the WTW sequence; however, there was a small
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bias for AT-rich sequences 8 to 10 bp from the ACS (Fig. 6B).
The WTW sequence is likely to be conserved at multiple rep-
licators because it makes an important contribution to ARS
activity. A double point mutation from WTW to WGG at
ARS313, ARS315, ARS316, and ARS318 caused a six- to eight-
fold increase in the plasmid loss rate, indicating that ARS
function had been substantially impaired. A similar mutation
within ARS319 (a subtelomeric X-element ARS) caused a two-
fold increase in the loss rate. The corresponding nucleotides at
ARS307 are TTA, and mutation of this sequence to GGG
impaired ORC binding in vitro and impairs ARS activity in
vivo (38). Furthermore, in vitro ORC DNA footprinting stud-
ies showed that ORC contacts nucleotides overlapping this
region (21). Thus, we infer that mutations within the WTW
sequence generally impair ORC binding in vivo.

Mutation of the WTW sequence has different effects on
ARS activity that might depend on the strength of the ORC-
DNA interaction at each particular origin. In support of this
idea, mutation of the WTW motif within ARS317, which binds
ORC 10-fold more tightly than at the efficient ARSI origin
(34), had no effect on ARS activity. One explanation for this
finding is that additional nucleotides within ARS317 besides
EACS and WTW contribute to tight ORC binding and, there-
fore, ORC binding is less affected by mutations in the WTW
sequence. In contrast, the principal stabilizing ORC-DNA con-
tacts at ARS313 or ARS315 (for example) are perhaps medi-
ated by the EACS and WTW alone.

We also performed a detailed linker scan analysis of the
HMR-I silencer origin ARS318. Although this ARS element
has little chromosomal replicator activity, it is important for
transcriptional silencing at the HMR silent mating-type locus
(reviewed in reference 42). Deletion of HMR-I has a modest
effect on HMR silencing in the wild-type strain but substantially
impairs silencing when combined with mutations in HMR-E (1,
5, 40). Thus, a detailed analysis of the functional components
of this silencer element provide a starting point for further
studies to test how this element cooperates to determine the
epigenetic state of the silencer. The first surprise was that a
9/11-bp match to the ACS was required for origin activity and
not the 10/11-bp match. This finding highlights the necessity of
empirically determining the ACS at each ARS element, be-
cause these elements still cannot be predicted accurately. Al-
though ARS318 conforms to the A-B1-B2 structure seen for
several origins, it is unusual in that it has an Afb1p binding site
6 bp 5’ to the ACS. The Abflp DNase I footprint at this origin
shows that Abflp protects 21 nucleotides surrounding the
Abflp site (9) (Fig. 2). ORC recognizes the ACS at multiple
origins and protects ~10 to 12 bp 5 to the ACS from DNase
I digestion (3, 14). ORC subunits can also be cross-linked to
DNA within this same interval (21). A DNase I footprint of
ORC at HMR-I revealed a pattern resembling two ORC bind-
ing sites, with the stronger protection adjacent to and overlap-
ping the Abflp binding site (3). This agrees well with our
molecular characterization of ARS318, indicating that the
9/11-bp match adjacent to the Abflp binding site is the essen-
tial ACS that likely binds ORC in vivo. The second region of
DNase I protection seen in vitro is consistent with an ORC-B2
interaction. Furthermore, the Abflp and ORC proteins could
conceivably contact each other at ARS318 or they could bind to
opposite faces of the DNA helix.
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How does Abflp enhance origin or silencer activities? Al-
though Abf1p stimulates silencing at HMR-E and HML-E, it is
thought to do this by its ability to position nucleosomes flank-
ing the silencer and not through recruitment of silencer pro-
teins (17). Abflp has not been shown to make protein-protein
contacts with known heterochromatin proteins. Abflp simi-
larly stimulates ARSI origin activity through its ability to ex-
clude nucleosomes from the B region, which is where prerep-
licative complex assembly occurs (23, 45). Interestingly, ORC
has also been shown to position nucleosomes adjacent to the
silencer and at origins of replication (23). Since ORC can also
position nucleosomes, it is unclear why Abflp would stimulate
origin activity at ARS318 two- to threefold through a similar
activity. We have now defined the functional cis elements at
ARS318 for replicator activity, which will allow the contribu-
tion of the Abflp and ORC binding sites to be determined for
transcriptional silencing. We propose that the ability of Abflp
to bend DNA (27) may alter ORC-DNA interactions to stim-
ulate ORC binding to the origin or, alternatively, stimulate
subsequent steps in origin activation. Abflp-mediated DNA
bending might also facilitate the activity of the silencer. In any
event, defining the functional sequences of ARS318 allows
further investigation of these sites to determine their precise
roles in origin and silencer function. The ARS318 replicator is
inhibited by its chromosomal context since deleting HMR-E
(which includes ARS317) results in substantial ARS318 repli-
cator activity. Since ARS317 is active in only ~10% of cell
cycles, it seems unlikely that the infrequent firing of this rep-
licator inactivates ARS318. It is more likely that the hetero-
chromatic environment at HMR inhibits ARS318 activity. This
contrasts with the ARS301 replicator at HML-E, which is also
active in a plasmid context but inactive on the chromosome,
since the loss of transcriptional silencing does not lead to its
activation (16). Therefore, other positional effects likely inhibit
ARS301.
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