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Switching of Saccharomyces mating type by replacement of sequences at the MAT locus involves a choice
between two donors, HML and HMR. MAT« cells inhibit recombination along the entire left arm of
chromosome 111, including HML, whereas MATa cells activate this same region. MATa-dependent activation
of HML depends on a small, cis-acting DNA sequence designated the recombination enhancer (RE), located 17
kb centromere-proximal to HML. A comparison of RE sequences interchangeable between Saccharomyces
cerevisiae and Saccharomyces carlsbergensis defines a minimum RE of 244 bp. RE activity is repressed in
MATa cells by binding of the Mata2-Mcm1 corepressor to a site within the RE. Mutation of the two Mata2
binding sites removes most, but not all, of this repression, and RE chromatin structure in MAT« cells
becomes indistinguishable from that seen in MATa. Surprisingly, a 2-bp mutation in the Mcm1 binding site
completely abolishes RE activity in MATa cells; moreover, RE chromatin structure in the MATa mutant
becomes very similar to that seen in MAT« cells with a normal RE, displaying highly ordered nucleosomes
despite the absence of Mata2. Further, a mutation that alters the ability of Mcm1 to act with Mata?2 in
repressing a-specific genes also alters donor preference in either mating type. Thus, McmL1 is critically
responsible for the activation as well as the Mata2-Mcm1-mediated repression of RE activity.
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Saccharomyces cerevisiae is able to change its mating
type as often as every cell division by a highly choreo-
graphed recombination mechanism. The induction of
the HO endonuclease creates a double-strand break
(DSB) at the MAT locus. This initiates the excision of
(0700 bp of the Ya or Ya-specific sequences that define
MATa or MATa, respectively, and to initiate their re-
placement by sequences of the opposite mating type,
provided by one of two donor loci, HML or HMR (Fig. 1).
These two donors, located near the ends of chromosome
111, are unexpressed and maintained in a chromatin struc-
ture that prevents their cleavage by HO (for review, see
Strathern 1989; Haber 1992; Laurenson and Rine 1994).
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Normally, HML carries Y, whereas HMR carries Ya, but
each donor may harbor either mating-type allele.

One of the most remarkable features of this system is
that MATa cells select the HML donor [90% of the time,
whereas 90% of MAT« cells select HMR, independent of
whether the donor carries Ya or Ya (Klar et al. 1982;
Weiler and Broach 1992; Wu and Haber 1995; Wu et al.
1996). Donor preference is not influenced by sequences
immediately surrounding HML and HMR, as either locus
can be replaced by a cloned copy of the other without
altering the outcome (Weiler and Broach 1992). Donor
choice is accomplished by two different mechanisms. In
MATa cells, HML—in fact the entire 112-kb left arm of
chromosome lll—is rendered inaccessible, so that cells
use HMR by default (Wu et al. 1996). However, in MATa
cells, this unusually cold state is reversed and the entire
left arm of the chromosome becomes activated, so that
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Figure 1. (A) MATa switching to MATq,
with HMLa as a donor. Expression of the
HO endonuclease creates a DSB in the
MAT locus, promoting repair by gene con-
version with the donor HMLa. The two
donor loci are maintained in a transcrip-
tionally inactive chromatin structure
whose maintenance depends on adjacent E
and | silencer sequences. The preferential
use of HML in MATa cells depends on the
presence of a cis-acting RE, located 17 kb

Ep i : ;an centromere-proximal to HML and which

MATa 4

stimulates the use of a donor anywhere on
the left arm of chromosome Ill. In MAT«
cells, the use of HML is actively repressed
by an unknown mechanism, leaving HMR
as the only available donor. Donor prefer-
ence does not depend on the sequences
present at HML or HMR. The alternative
product of switching, with HMRa-B as a
donor, would yield MAT«-B, carrying a
BamHI site. (B) Donor preference assayed
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HML outcompetes HMR (Wu and Haber 1996; Wu et al.
1997). The activation of HML in MATa also occurs dur-
ing spontaneous recombination between two alleles of
leu2 when one of the leu2 alleles is located in place of
HML (Wu and Haber 1996). There is little or no mating
type-dependent difference in the use of HMR (Wu and
Haber 1996; Wu et al. 1997).

Activation of the left arm requires a small, cis-acting
DNA sequence that we have termed the recombination
enhancer (RE) (Wu and Haber 1996). The RE was initially
defined as a 700-bp orientation independent sequence,
although a 361-bp segment retained much of the activity
(Wu and Haber 1996). The RE region contains several
distinctive features. First, there are no apparent ORFs in
the RE or in the surrounding 2-kb region. Second, the
DNA sequence of the RE contains a highly conserved
binding site for the Mata2-Mcm1 repressor complex as
well as an unusual stretch of TTT(A/G) repeats (Wu and
Haber 1996). In MAT« cells, there is strong evidence that
RE activity is directly and negatively regulated by the
binding of the Mata2-Mcm1 repressor complex to the
site within the RE (Tanaka et al. 1984; Szeto and Broach
1997; Szeto et al. 1997; Weiss and Simpson 1997). In
MATa cells (i.e., in the absence of Mata2 protein), the RE
is distinguished by an unusual micrococcal nuclease-hy-

5

in populations of cells induced to switch
from MATa to either MATa or MATa-B.
Normal donor preference in S. cerevisiae
is shown in lane 1 (XW641) and
in lane 4 (WX652). (Lane 2) 2.5-kb deletion
of RE replaced by 753-bp REcer (CWU150).
(Lane 3) 2.5-kb deletion re-placed by 813-
bp REcarl (CWUG61). (Lane 5) Identical to
lane 2 except with a 2-bp GG > CC muta-
tion of the Mcm1 binding site of REcer
(CWU56). (Lane 6) Identical to lane 5 ex-
cept the 753-bp fragment carrying the
Mcml1 binding site mutation is in the in-
verted orientation.

persensitive region flanked by two protein-binding foot-
prints. In MATa cells, these features are lost, and the
region is covered by highly phased nucleosomes extend-
ing from the site in which Mata2-Mcm1 is bound (Weiss
and Simpson 1997). When the sites in which the two
Mata?2 proteins bind are mutated, this repression is par-
tially lost (Szeto et al. 1997; see below). This result sug-
gests that the activation of recombination does not ab-
solutely depend on a-specific genes, as these genes
should still be repressed in a MAT« cell. There are two
sterile (noncoding) transcripts in the activated RE region
that are repressed in MATa. Szeto et al. (1997) further
demonstrated that binding of Mcm1l protein to the
Mata2-Mcm1 binding region of RE functions in reporter
gene constructs as a transcriptional activator, as Mcm1
does at other sites (Elble and Tye 1991; Althoefer et al.
1995; Mclnerny et al. 1997). Thus, Mcm1 may be impor-
tant, not only as a corepressor of RE activiy in MATa
cells, but as a key activator in MATa.

When the RE is deleted, donor preference does not be-
come 50:50 between HML and HMR; instead, MATa
cells use the wrong donor, HMR, 90% of the time (Wu
and Haber 1996; Wu et al. 1997). Thus, there is a consti-
tutively cold state on the left arm of chromosome Ill, in
MATa as well as in MAT«, against which RE works to
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activate HML in MATa cells. At present, nothing is
known about how the left arm is rendered inaccessible
for recombination in MATa cells, or in MATa when the
RE is deleted. The unavailability of HML in MAT« is
seen even when this donor is not silenced (Wu et al.
1995), so its lack of accessibility is unlikely to involve a
change in the local chromatin structure around HML.
Moreover, although there is a profound effect on recom-
bination involving a leu2 gene situated in place of HML,
there is no detectable mating-type dependent difference
in its transcription (Wu and Haber 1996), nor are there
any evident changes in the chromatin structure of the
HML donor itself (K. Weiss and R.T. Simpson, unpubl.).
We have suggested that the left arm of chromosome Ill in
MATa may be folded into a higher-order chromatin
structure or attached to the nuclear envelope in a way
that makes it difficult to contact MAT (Wu and Haber
1996). An alternative model, based on the spreading of a
change in chromosome structure, has been advanced by
Szeto et al. (1997).

Very little information is available presently to ex-
plain what proteins activate the RE in MATa cells. De-
letion of the CHL1 gene, which causes a general increase
in mitotic chromosome instability (Liras et al. 1976;
Gerring et al. 1990), modestly reduces MATa donor pref-
erence but has no detectable effect on MATa switching
(Weiler et al. 1995). chll does not alter HMLa or RE
chromatin structures (K. Weiss and R.T. Simpson, un-

publ.). However, no genes have been identified yet that
are essential either for the activation of RE in MATa or
for the inactivation of chromosome III's left arm in
MATa. In this report, we present evidence that the
Mcm1 binding site is essential for MATa donor prefer-
ence.

Results
The RE from S. carlsbergensis functions in S. cerevisiae

The DNA sequence from part of the left arm of chromo-
some Il of S. carlsbergensis was determined as described
in Materials and Methods. Two ORFs flanking the RE
region, YCLO55 (KAR4) and YCLO052c, share [(B5% se-
quence identity, whereas the sequences of the 700-bp RE
regions were only 60% identical between the two species
(Fig. 2). However, four parts of this region, designated A,
B, C, and D, were much more highly conserved. Included
in the C region is a 29/31 match in the Mata2-Mcm1
consensus binding site (Smith and Johnson 1994). The D
region contains many TTT(A/G) repeats, in which there
were several A~ G transitions. The conserved regions
were limited to a 244-bp region.

An 813-bp RE-homologous region of S. carlsbergensis
(REcarl) was inserted into S. cerevisiae at the site of a
2.5-kb deletion that completely removes the endogenous
RE (REcer). To assess donor preference, MATa cells car-

54 . .GCATGCCTTTTTGCTAAGCTTCATCARATAAATAANTAAACARATAANTAAATANG 151
T ] IHIIIII]IIIIIII IIII L S S At
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Figure 2. Comparison of REcer and RE- RN

525 CTTTTTGTTIGGAAGTTTTTTGCTTTCAA

TTTACGTTGTTTGITGACCATACCTTTIGT 624

\TATACATTTTCT. T
[ Y L
TTTGIIGATTTGTTT:

carl. ldentical residues in the a”gnment of 29297 GTTTTGGAT: AGATTTTTAGAAATATTTTATCATAGTTTTTTGTT . TATTTATTTGTTTATTTA ATT 29395
the DNA sequences of REcarl (top) and RE-

cer (bottom) are indicated by vertical lines, 2 1O e TR SR P e oo e 4
The four most conserved subregions 29396 T ATTT? AATARACARAACAATATTTCCAAGCCATTGAAAACTTTGTAMATTIGTTTGAGR . . . . . ATTT 29490
(A,B,C,D) are underlined. Region C con-

tains the Mata2-Mcm1 consensus binding 722 TR e RS aR SRR R a R en R e e 24
site (double underlined). Several of the 29491 TGAARATT; AT AATICICT: TGTATTTTICACT 29590
TTT(A/G) repeats in region D differ in the 813 REcarl

purine position. The more highly con- "5 JRAmmemsiuesmaaiime il T |'Wﬁﬁ TR
served 3’ end of the YCLO55 (KAR4) ORF is 29591 AGGA......... TGGGACTACAGT TTARRATTOGTAGGTAATANTAACCCAT! TTGTAGCAGTAC 29681

also shown. The beginning and end of the
753- and 270-bp REcer and the beginnings
and ends of the 813- and 244-bp REcarl are
also indicated.

24 TTATGOGAATAATAAATATTTTTACAAAATCTGAT

29682 TTTOGTTAATAAAATGGATATTGTTGT.

TAAAAATACAATCTCTTCTTTGACCACACAGTTATGTTTTACAAACGC 1023

. [P I i
. AGGGACGGTTTCCAAAGAT 29779

[ 11 I
Aﬂzrmmmm TAAAGAGTTAAATTATCCAATTCCAAATTCT!
753 REcer
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rying a galactose-inducible HO gene were grown in ga-
lactose medium for 1.5 hr to induce gene conversion of
MATa by use of sequences from wild-type HMLa or from
HMRa-B. The latter carries a single base pair mutation
that creates a BamHlI site (Wu and Haber 1996). REcarl
has comparable activity, in either orientation, to REcer
in MATa cells (Table 1A). As shown in Figure 1B, HML«
is used 75% of the time. In strains lacking the RE, HML
is used only 5% of the time. Moreover, in MAT«, RE-
carl was nearly as completely repressed as REcer. When
the C in the center of the Mata2-Mcm1-binding site of
REcarl was changed to the T found in the S. cerevisiae
sequence, the repression was indistinguishable (Table
1A).

In a similar fashion, smaller DNA segments contain-
ing primarily the conserved sequences were introduced
in place of the normal RE: a 270-bp region from REcer or
a 244-bp segment from REcarl. We conclude that these
small RE segments, from either species, retained most of
the donor preference activity, because strains carrying
these inserts used HML [b0% of the time, whereas
strains with only the 1.8-kb deletion of RE used HML 5%
of the time (Table 1B). Thus, the 270-bp region of REcer
and the 244 bp REcarl define a minimum enhancer re-

Table 1. Effect of RE sequence on donor preference

Mcm1 controls yeast MAT switching donor preference

gion that is amenable to further mutational analysis (see
below).

Deletion analysis of the 270-bp REcer

To investigate the importance of each of the four highly
conserved regions of the RE, we deleted each of the re-
gions, as described in Materials and Methods. As shown
in Table 1C, region B is dispensable for MATa’s use of
HML, whereas deletion of either region A, C, or D re-
sulted in a complete loss of RE activity. In addition, we
found that regions C and D could be inverted relative to
A and B without loss of RE activity.

Chromatin structure of REcer and REcarl

We compared the chromatin structure of the 813-bp RE-
carl with that of the 753-bp REcer, in both MATa and
MATa cells (Fig. 3). The chromatin structure of the 753-
bp REcer is identical to the organization of the chromo-
somal RE in wild-type cells (Fig. 3B) (Weiss and Simpson
1997). In MATa cells, the uniquely nuclease hypersensi-
tive region (HS), with a cleavage pattern distinct from
protein-free DNA digests, is flanked by areas less suscep-
tible to nuclease cutting, FP1 and FP2. Two regions, HS

Percent HML usage

Strain Allele MATa MAT«a
A.

XW641/XW643 wild type 85 15
XW663/XW683% 2.5-kb A 5 5
CWU150/CWU151 753-bp REcer 75 15
CWU61/CWU67 813-bp REcarl 75 24
CWu109/CwWuU111° 813-bp REcarl w/1-bp change 75 16
B.

CwWu123/Cwu122° 1.8-kb A 5 5
Cwus81/Cwu101 270-bp REcer 45 8
cwul41/CcwuUl47 244-bp REcarl 50 20
C.

CWU70 270-bp REcer ABCD® 45

Cwusg1/Cwu101 270-bp REcer ABCD*® 45 8
CwWuU71/CwWuU115 270-bp REcer ABAD 45 12
CWwWu83/CwWuU103 270-bp REcer ACD 45 12
Cwu118/CwWuU119 270-bp REcer BCD® 20 2
CwWu120/CwWuU121 270-bp REcer ABD® 10 10
CWu82/CwuU102 270-bp REcer ABC® 12 2
CWu72 270-bp REcer ABC 10

Donor preference was analyzed as described in Materials and Methods and as illustrated in Fig. 1. The percentage usage of HML is based
on an average of at least three independent measurements.

2As described in Wu and Haber (1996) the 2.5-kb deletion of the RE region in strains XW641 and XW643 is lethal; hence, these strains
carry either the complementing TRP1-marked plasmid XW261 with a large segment of the left arm of chromosome Ill or URA3-
marked plasmid pJR1684 (Loo et al. 1995) that complements the essential gene YCL054 that lies at the right end of the deletion. All
sequences were inserted in the wild-type orientation.

PA 1-bp C- T change in the middle of the Mata2-Mcm1 binding site of REcarl converts this sequence to that found in REcer.
°Strains carrying a 1.8-kb deletion (see Materials and Methods) are viable and carry no additional plasmids containing DNA sequences
in the RE region.

9The four highly conserved domains shared by REcer and REcarl are designated A, B, C, and D (Fig. 2). Deletions removing one or more
of these regions and the inversion of two regions relative to each other are described in Materials and Methods.

¢ABCD are in opposite orientation relative to wild type.
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Figure 3. Chromatin structure of REcer and REcarl. (A) Chro-
matin structure of the S. carlsbergensis 813-bp RE fragment
inserted in place of the S. cerevisiae RE at location 28.8 kb of
chromosome Ill. Chromatin structure was mapped by primer
extension analysis of micrococcal nuclease cleavage sites with
primer 111. MATa and MATa cells are as indicated (CWU61,
CWUG67). Coordinates correspond to the inserted fragment of
REcarl with increasing values for centromere-proximal se-
guences. Extensions of undigested chromatin (0) and chromatin
digested by use of two levels of micrococcal nuclease are pre-
sented. (D) Protein-free DNA digests to control for micrococcal
nuclease sequence specificity. (M) $X174 DNA digested with
Hinfll kinased fragments as size standards. The Mata2-Mcm1
binding site («2) is represented by a shaded box. Inferred posi-
tions for nucleosomes in MATa cells are identified by ellipses.
(B) Chromatin structure of the wild-type S. cerevisiae 753-bp RE
fragment (WT) and the same region containing a 2-bp mutation
(GT > G at positions 29198-29199) in Mata2 binding site A.
Chromatin structure was mapped by primer extension analysis
of micrococcal nuclease cleavage sites with primer b297. MATa
and MATa cells (CWU150 and CWU151 for wild type and
CWU51 and CWU54 for the Mata2 binding site A mutant) are
as indicated. Coordinates correspond to the published sequence
of chromosome 1l (Oliver et al. 1992). Structural elements of
the wild-type MATa RE are shown, including two footprints
(FP1 and FP2) and a hypersensitive region (HS), both correspond-
ing to DNA regions having numerous repeats of the TTT(A/G)
sequence (Weiss and Simpson 1997), are depicted by open boxes.
Inferred positions for nucleosomes in wild-type MATa cells are
indicated by ellipses.

and FP1, containing multiple repeats of the TTT(G/A)
sequence, have distinctive structures. In contrast, in
MATa cells, these regions are protected from nuclease
cleavage. Regions of strong protection extending (1150 bp
alternate with nuclease hypersensitive sites. This pat-
tern suggests arrays of precisely positioned nucleosomes
flanking the Mata2 binding site on both sides. The
highly organized chromatin structure in MAT«a cells
may exclude factors that can access the RE in MATa.
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Chromatin organization of the 813-bp REcarl is also
notably different in the two cell types (Fig. 3A). Some
features are similar to the structural elements character-
izing the RE in S. cerevisiae. In MATa cells, two posi-
tioned nucleosomes abut the Mata2-Mcm1 binding site,
although the precision of their location is reproducibly
not as high as in REcer. One of them, protecting the area
between 378 bp and 537 bp of the S. carlsbergensis se-
quences, protects the highly conserved TTT(G/A) se-
quence repeat from nuclease cleavage. In contrast to the
S. cerevisiae chromatin in MATa cells, the region around
471 bp of the S. carlsbergensis RE is readily accessible to
nuclease cleavage. In fact, higher resolution analysis
(data not shown) reveals a cut at every T/A step. How-
ever, the region flanking this repeat is rather protected
and could, in combination with the hypersensitivity of
site 653, reflect protein binding. The structure of REcarl
in MATa cells has a less extensive hypersensitive region
than REcer; the region between 572 and 653 encom-
passes most of the nuclease sensitive sites.

Mutations in the Mata2 binding sites relieve
RE repression

On the basis of the analysis of the Mata2-Mcm1 tran-
scriptional repression site in the promoter of the STE6
gene (Smith and Johnson 1994), we created site-directed
mutations of the Mata2 binding sites in the 753-bp seg-
ment of REcer (Table 2A). Two-base pair alterations of
either Mata2 site A or Mata?2 site B resulted in a similar
phenotype: There was no effect on MATa donor prefer-
ence, but there was a distinct weakening of repression in
MATa (Table 2B), so that HML was used [(135% of the
time instead of 15%. A double mutation of both sites A
and B increased HML usage to 55%. This is still less than
the 75% usage of HML in a MATa strain and leaves open
the possibility that there is a contribution to MATa do-
nor preference by one or more a-specific genes that are
still repressed in MATa cells.

As expected, mutation of one of the Mata2p binding
half-sites abolished the phased nucleosome array in «
cells (Fig. 3B). In fact, the nuclease digestion pattern of
this mutated RE in both cell types is very similar to the
pattern mapped in wild-type MATa cells. The hypersen-
sitive region between 29403 and 29510 flanked by re-
gions protected from nuclease cleavage is present. The
absence of the nucleosome array, even when there is still
some repression exerted by an intact second half-site,
may mean that the RE fluctuates between an on and off
state under these conditions, which cannot be detected
by the analysis of chromatin structure in the average
population. The wild-type RE map of micrococcal nucle-
ase digests of MATa and MATa cell nuclei mixed 1:1
exhibits a largely MATa-like pattern (data not shown).

Mutation of the Mcm1 binding site abolishes MATa
donor preference

In contrast to altering the Mata2 binding sites, mutation
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Table 2. Effect on donor preference of Mata2 and Mcm1 binding to the RE
A. Sequence of the Mata2-Mcm1 operator in REcer and mutations
CATGTAATTACTTAAATAGGAAGTTTACACG
Mutation TG CcC TA
Mata?2 site A Mcml site  Mata?2 site B
Percent HML usage
Strain Allele MATa MATa
B. Mutations in Mata2 binding sites®
CWU150/CWU151 wild type 75 15
CWU51/CWU54 GT - TG Mata2 site A 75 35
CWU79/CWU95 AC - TA Mata2 site B 75 35
CWuU128/CWU134 GT - TG, AC - TA 75 55
Mata2 sites A and B

C. Mutations in Mcm1 binding site in RE subfragments
CWU56/CWU93 GG - CC 753-bp REcer 15 12
CWU137/CWU143 GG - CC 270-bp REcer 3 5
CWU139/CWU145 GG - CC 244-bp REcarl 4 5

D. Mutation of Mcm1 binding site in the complete RE®
XW652 wild type 85
CWuU157 GG - CC 20

Donor preference was analyzed as described in Table 1.
Mutations were introduced into the 753-bp REcer.

®An Mcm1 binding site mutation was introduced into chromosome Il containing no other modifications of the chromosome.

of the Mcm1 binding site in the 753-bp REcer had a pro-
found effect on MATa switching. A GG to CC mutation
of the Mcm1 binding site (Smith and Johnston 1994) had
no effect in MATa cells (Table 2C); however, this muta-
tion severely impaired MATa’s use of HML (15%). This
holds true when this 2-bp mutation was introduced into
the 753-bp and the 270-bp REcer, in either orientation, as
well as into the 244-bp REcarl region (Table 2C).

The same 2-bp mutation in the Mcm1 binding site was
also introduced into an otherwise unmodified chromo-
some lll (Table 2D). In the context of the entire RE, this
small change was sufficient to reduce MATa’s use of
HML from 85% to 20%. MATa cells used HML as a
donor 5% of the time. Thus, although MATa cells
might lose Mata2-Mcm1 repression, there is no activa-
tion in either mating type in this mutant. The effect of
the 2-bp mutation in the Mcm1 binding site thus re-
sembles that of deleting the entire RE.

In keeping with these results, the chromatin structure
of the 753-bp REcer carrying the 2-bp mutation in the
Mcm1 binding site has lost all of its distinctive MATa
features. In fact, the region is identical to the pattern
seen in MATa cells. The RE near the mutated Mata2—
Mcm1 operator exhibits a pattern of nucleosome-length
areas of protection alternating with nuclease hypersen-
sitive sites (Fig. 4A). A nucleosome array covers this in-
active RE. Positioning appears less precise than in the
wild-type MATa chromatin as some cutting can be seen
inside areas protected by nucleosomes (central two
nucleosomes, panel B). However, the pattern of DNasel-

digested chromatin between positions 29545 and 29425
(panel A) is reminiscent of the 10-bp repeat observed pre-
viously with bands decreasing in intensity from the edge
of the region toward the center.

Surprisingly, the Mata2-Mcm1 binding site is still
nuclease sensitive and appears to lie in the linker region
between two nucleosomes. The general pattern of
nucleosome positions in MATa is similar to the one
found in MATa for this mutant and—more surpris-
ingly—very similar to the nucleosome array mapped in
wild-type MATa cells. However, the nucleosome adja-
cent to the mutated Mata2-McmL1 site (panel A) adopts
a different position than when the original operator is in
MATa: The protected region is between 29210 and
29403, whereas in the presence of a functional operator,
a nucleosome is located between 29210 and 29365. This
shift in nucleosome placement likely reflects inherent
nucleosome positioning ability of underlying sequences
that is overruled by binding of the Mata2-Mcm1 com-
plex to the operator, which locks the nucleosome in a
position closer to the Mata2 site. Such a shift actively
caused by Mata2p binding has been observed previously
(Simpson 1990). This suggests that the second centro-
mere-proximal nucleosome from the «2 site has the
same translational and rotational position in wild type
and Mcml-operator mutant cells.

We also examined the chromatin structure of the 270-
bp minimum REcer (Fig. 4B, WT). The 270-bp wild type
REcer shows similar features to the 753-bp REcer (Fig.
3B). In MATq, the Mata?2 binding site, which is nuclease
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Figure 4. Effect of Mcml binding site A
mutation on RE chromatin structure. (A) a
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indicated (CWU81 and CWU101 for wild-type 270 bp, CWU137 and CWU143 for Mcm1 binding site mutation, respectively). Exten-
sions of undigested chromatin (0) and two levels of micrococcal nuclease-digested chromatin are presented. (D1) DNase I-digested
chromatin. (*) The position of the mutation in the Mcm1 binding sequence. The limits of the 270-bp fragment are indicated by a
bracket. The ellipse corresponds to the inferred position of a nucleosome. The vertical black stripe emphasizes the area of increased
nuclease cleavage in wild-type MATa vs. MATa cells. The 3’ end of the LEUZ2 transcript is indicated by an arrow. The positions of the
sequences were determined by four dideoxy sequencing reactions with the same primer (lanes A, T, G, and C).

sensitive, is flanked by a region protected from MNase
cleavage and delimited by a site of strong sensitivity to
cleavage (28979). We interpret this as being the footprint
of a positioned nucleosome in MATa cells. In MATa,
MNase cleavage sites of varying frequency can be seen
throughout the region, yet no hypersensitive sites are
observed. Hence, the nucleosome is disrupted when the
RE is active. Because the 2-bp mutation of the Mcml
binding site abolishes RE activity, the chromatin be-
comes identical in MATa and MATa: It resembles the
inactive state with large areas of protection abutting the
mutated Mata2-Mcm1 binding site (Fig 4B, Mcm1 bind-
ing site mut). The pattern is very different from the wild-
type chromatin in MATa cells and is very similar to the
one mapped in wild-type MAT« cells. Nevertheless, the
hypersensitivity of site 28979 is lost and adjacent sites
are more readily cleaved. If a nucleosome is present in
MATa cells, the mutation of the operator causes its po-
sition to be less precise. This observation is consistent
with the nucleosome shift in the 753-bp Mcm1 binding
site mutant analyzed above.

A mutant Mcml1 protein is unable to activate MATa
donor preference

The site-directed mcm1-5 mutation, R87A, was shown
to be defective in its ability repress an a-specific reporter
gene in MATa cells (M.A. Harris and B.-K. Tye, unpubl.).
Residues near this site have been implicated in other
Mcm1 protein interactions (Mueller and Nordheim
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1991; Primig et al. 1991) and the recent crystal structure
of Mata2/Mcm1/DNA ternary complex shows that this
residue is in close proximity to Mata2 (Tan and Rich-
mond 1998). mcm1-5 MATa cells are sterile at 37°C,
apparently because a-specific genes are expressed and/or
because a-specific gene expression is reduced (Elble and
Tye 1991; Bruhn et al. 1994). The 2-bp mcm1-5 mutation
was introduced into strains CWU116 (HMLa MATa
HMRa-B GAL:HO) and CWU117 (HMRa-Bglll(X)
MATa-B HMRa GAL::HO) and assayed for its effect on
MAT switching at 37°C, as described previously (Wu and
Haber 1996). HO endonuclease induction was normal
and >75% of cells switched. The mcm1-5 MATa cells
used HML only 50% of the time, whereas mcm1-5
MATa cells used HML 30% of the time. Wild-type cells
showed no change at 37°C, using HML >85% of the time
in MATa and <15% in MATa. Thus, the mcm1-5 mutant
reduces donor selectivity in both MATa and MAT« cells.
Qualitatively, the results are similar to what we ob-
served for MATa cells lacking the Mcm1 DNA binding
site and for MAT« cells with a reduced ability to bind the
Mata—Mcm1l repressor. These results strongly suggest
that it is the Mcm1 protein itself and not some other
protein that competes for an overlapping site that acti-
vates RE in MATa cells.

The chromatin of the RE was analyzed in the mcm1-5
mutant strains grown at 37°C (Fig. 5). In MATq, nucleo-
somes are positioned as in wild-type MATa cells. How-
ever, a slight increase in cutting within nucleosome-pro-
tected regions can be noticed. A more fragile chromatin



structure could be the result of a defect in the binding
ability of the mutated Mcm1 protein or to the effect of
higher temperature on nucleosome stability. The struc-
ture in mecm1-5 MATa cells is intermediate between
wild-type MATa and MATa chromatin. This differs from
the chromatin structure of the mutated Mcm1 binding
site in the RE, which is much more similar to the wild-
type MATa RE structure (see above), or to the mutation
of Mata2 binding site A, which resembles wild-type
MATa structure. At 37°C, the mcm1-5 mutation causes
the hypersensitive region to be less pronounced. In addi-
tion, certain sites are identical in MATa and MATa and
correlate with nucleosome linker regions. Possibly,
nucleosomes are slightly disrupted in MATa, but not suf-
ficiently disturbed to allow much RE activation.
Finally, we assayed protein binding to the RE by UV
photofootprinting in vivo. Protein binding to Mata2-
Mcm1 operator was determined by comparing the for-
mation of thymidine dimers in mutants with the pattern
seen in wild-type cells (Fig. 6). By the same means, we
examined the effect of the mcm1-5 mutant protein in
protein binding to wild-type RE sequences. As shown
previously (Murphy et al. 1993), three sites inside the
Mata2-Mcm1 operator are subject to thymidine dimer

MATa  MATR
0 180 1B

i“ free é

i
i

Figure 5. Chromatin structure of the S. cerevisiae 753-bp RE
fragment in the mecm1-5 mutant strain grown at 37°C mapped
by primer extension analysis of micrococcal nuclease cleavage
sites using primer a290. MATa and MAT« cells (CWU116 and
CWU117) are as indicated. Extensions of undigested chromatin
(0) and chromatin digested using two or three levels of micro-
coccal nuclease are presented. (D) Protein-free DNA digests.
Coordinates refer to the published sequence of chromosome IlI.
The Mcm1-Mata?2 binding site (a2) is represented by a shaded
box. DNA regions containing TTT(A/G) repeats are depicted in
open boxes.
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formation. In wild-type cells, the three thymidine repeat
(site 3) in Mata2 binding site B is more strongly pro-
tected in MATa than in MATa (lane 21 vs. lane 22) This
site serves as an indicator of Mata2 protein binding. As
expected, in the Mata2 binding site A mutant, site 3
becomes equally modified in MATa and MAT« cells, in-
dicating that Mata2 protein binding is impaired (lane 16
vs. lane 17). There is a small effect of the mcm1-5 mu-
tation at this site, at both 30°C and 37°C.

The level of modification of site 2 is a good indicator of
Mcm1 binding. Mcm1 is a MADS box protein that bends
the DNA of its recognition sequence such that the thy-
midine dimer of site 2 is in an extended major groove
away from the protein-DNA contact (Acton et al. 1997),
a situation that favors pyrimidine dimer formation
(Pehrson and Cohen 1992). In wild-type cells, this site is
apparently occupied in both MATa and MATa. In the
Mata2 binding site A mutant, occupancy of Mcm1 is
essentially normal, supporting the idea that Mcm1 binds
to this site in the absence of Mata2 (in MATa cells) or
when Mata2 cannot bind. This is consistent with the
activation of HML usage in MATa cells with the Mata?2
binding site mutation. In mcm1-5 strains at 37°C, there
is not much change relative to the wild type, suggesting
that the mutant Mcm1-5 protein may be able to bind,
but not interact properly with other proteins that inter-
act with RE.

Discussion

The results we present here represent a major advance in
understanding the structure and activity of the donor
preference RE in Saccharomyces. First, we show that
this sequence is functionally conserved in another Sac-
charomyces species, thus defining a region of only 244
bp that harbors the essential sequences for RE activity.
Three of four highly conserved subregions are essential
for RE activity. Surprisingly, even within this small re-
gion, the sequence orientation of some elements can be
inverted with no deleterious effect.

Second, we confirm and extend previous observations
(Szeto et al. 1997) that the absence of Mata2 binding
allows HML usage in a MATa strain by removing the
ordered nucleosomal positioning that appears to repress
RE activity. Although the alteration of one of the two
Mata2 binding sites is sufficient to abolish the ordered
chromatin structure of this region and create a MATa-
like pattern, it only partially relieves Mata?2 repression.
This suggests that, with a single Mata2 binding site, the
RE may exist in a mixed population of both MATa and
MATa chromatin structures. When both Mata2 binding
sites are mutated, usage of HML is 55% compared with
75% for MATa cells. The remaining preference for MATa
versus MATa could suggest the action of an a-specific
gene, which would still be repressed in MAT« cells. The
difference could also be caused by a change in the
amount of free Mcm1 that can associate with its activa-
tion site when no Mata2 protein is present.

Third, and most significant, we show that a 2-bp mu-
tation abolishes RE activity on an otherwise unaltered
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Figure 6. UV photofootprint of the wild-type and mutant Mata2-Mcm1
binding site. a2 operator (29194-29224) occupancy was assessed by primer a . moem -5, 30°C
extension analysis of UV-induced thymidine dimers using primer b294. (B) A fanes 2 and 5
Scans of the operator region directly comparing levels of modifications in .
MATa and MATa cells in wild-type and selected mutants. The different E:f'm 10

strains and the temperature of culture are as indicated: mcm1-5 is a Mcm1
protein mutant with a more severe mating defect at 37°C (CWU116,

12 3 4

CWU117); a2mut(GT-TG) carries a mutation in Mata2 binding site A in-

dicated (*) next to the sequence (CWU51, CWU54); Mcm1 binding site mut (GG-CC) carries a mutation in the Mcm1 binding site
indicated (*) next to the sequence (CWU57, CWU94). (O) Non-UV-treated chromatin to control for DNA degradation and primer
extension artifacts. MATa and MAT« cells are as indicated (a and «). (1,2,3) Modifiable thymidine pairs inside the operator sequence.
Site 4 flanks the operator. The Mcm1 recognition sequence is underlined. Solid lines correspond to scans of MATa photofootprints;
broken lines to MATa scans. Data are taken from two identical, but independent experiments.

chromosome 1ll. This strongly suggests that Mcm1 is
itself the essential activator of MATa donor preference,
though one could not entirely rule out that some other
protein occupies this site in MATa cells. However, the
fact that a single amino acid substitution in the Mcm1
protein itself causes a reduction in HML usage in MATa
cells leads us to conclude that Mcm1 is an essential ac-
tivator of the RE. Previous studies have found that
Mcm1l protein is a transcriptional activator of both a-
and a-specific genes as well as of other, essential genes
(Elble and Tye 1991; Althoefer et al. 1995; Mclnerny et
al. 1997). In MATa cells, the Matal protein acts as a
coactivator with Mcm1 protein. Whether Mcm1 has a
coactivator for a-specific genes has not yet been estab-
lished. We note that the sequences necessary for Mcm1’s
activation of a-specific genes are apparently only 14 bp
(Elble and Tye 1991) compared with the 244 bp of the RE
operator needed to activate HML in a MATa cell.
Previously, Szeto et al. (1997) showed that the RE
could act as a transcriptional activator when placed in
front of a reporter gene and that this activity depended
on the Mata2-Mcm1 binding site. They suggested that
RE’s activation of HML might depend on two apparently
sterile (noncoding) transcripts of 500 and 800 bp that
extend rightward from subregion D. Although the Mcm1
binding and the act of transcription may be a key feature
of RE regulation, it seems unlikely that the nucleotide
sequence of the transcript is significant. First, the tran-
scribed region is nearly 50% diverged in REcer and RE-
carl. Second, both of the two transcripts extend much
further than the border of the 270-bp minimum REcer
that we have defined. In fact, the smaller transcript be-
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gins outside of the 270 (or 244) minimum RE we have
defined and the larger would begin within the D region,
which can be inverted relative to regions A and B. Nev-
ertheless, binding of transcription factors and initiation
of transcription might be an important aspect of RE ac-
tivation. Mcm1 protein could remodel or disrupt the re-
pressed, inactive RE, thus allowing other proteins access
to binding sites in other regions of the RE.

Nucleosome positioning in the RE

The fourth, very surprising result is that a very ordered
nucleosome organization is found when the Mcm1 bind-
ing site is ablated, even in the absence of Mata2. How-
ever, we note that nucleosomes are more precisely posi-
tioned in a wild-type MATa cell than in MATa or MATa
cells with the 2-bp Mcm1 binding site mutation. In ad-
dition, in the wild-type RE, the nucleosome flanking the
operator centromere proximal is 155-bp long, whereas
the protected region in the Mcml binding site mutant
extends over 190 bp. The second nucleosome adopts an
identical position in both wild-type and mutant RE. This
argues that other sequences of the RE may have the ca-
pacity to impart nucleosome positioning. Other, uniden-
tified proteins may bind to the RE (and to the mutated
Mata2-Mcm1 operator) and contribute to nucleosome
phasing. It is possible that some of the important orga-
nizing sequences lie within the Mata2-Mcm21 operator
region itself, because a 31-bp deletion of the entire op-
erator (Szeto et al. 1997; C. Wu et al., unpubl.) has a
much less profound effect on donor preference than does
the 2-bp mutation of the Mcm1 binding site. We suggest



that the Mata2-Mcm1 repressor complex plays a role in
locking in the highly ordered nucleosome structure that
is found in the wild-type RE in MATa cells. Inactivation
would then be further stabilized by binding of the core-
pressor protein Tupl (Szeto and Broach 1997).

A complete understanding of the action of RE to pro-
mote recombination on the left arm of chromosome IlI
will depend on solving a number of riddles. What makes
the region so cold in MATa cells or in MATa when the
RE is deleted? How does the RE reverse this inactivation,
which extends over 100 kb? Is it chromosome Il spe-
cific? What trans-acting gene products are required both
to activate and inactivate this region? And finally, what
is the relation of this remarkably complex mechanism to
other examples of regulation at a distance of gene expres-
sion, and even the initiation of DNA replication in other
organisms (Kim et al. 1992; Capone et al. 1993; Bone et
al. 1994; Brown and Willard 1994; Chuang et al. 1994;
Aladjem et al. 1995).

Materials and methods
Strains

All strains were derived from DBY745 (HMLa MATa HMRa
adel ura3-52 leu2-3,112). Strains used to monitor MATa donor
preference carried HMRa-B, containing a single base pair sub-
stitution that creates a BamHI site (Wu and Haber 1995, 1996).
In all the strains used in these experiments, a galactose-induc-
ible HO endonuclease gene (Jensen and Herskowitz 1984) was
inserted at the ADE3 locus (Sandell and Zakian 1993). Internal
chromosomal deletions were accomplished by gene replace-
ment of linearized DNA fragments (Rothstein 1983; Surosky
and Tye 1985; Scheistl and Geitz 1989), which contained DNA
homologous to two sites on chromosome Il flanking a select-
able marker such as URA3. These linearized fragments were
constructed as described previously (Wu and Haber 1996).

Reintroduction of subfragments into a deletion
of the recombination enhancer

Plasmids pXW279 and pCWU155, each of which contains two
PCR fragments, each of (500 bp, that define the boundaries of
either a 2.5-kb (nucleotides 28904-31409) or a 1.8-kb (nucleo-
tides 29031-30878) deletion of the recombination enhancer, re-
placed by a LEUZ2 gene. A unique Sall site at the junction of the
left end of the deletion and the LEU2 insert provides a site into
which PCR-amplified subregions could be inserted by virtue of
Sall or Xhol sites included in the PCR primers. The modified
deletion was then liberated from pXW279 or pCWU155 deriva-
tive by digestion at BamHI and Hindlll sites that border the
entire construct, and the fragment was then transformed into a
strain carrying a URA3-marked 2.5-kb or 1.8-kb deletion. Leu*
Ura™ transformants were recovered.

Site-directed mutagenesis

Point mutations were introduced into the recombination en-
hancer by sequential PCR steps. Synthetic oligonucleotides
were designed to incorporate a 2-bp change at one end of the two
amplified fragments. Following first PCR, the two fragments
encompassing the mutation were annealed with each other and
extended by mutually primed synthesis. This fragment was
then amplified by another PCR step. PCR products were sub-
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cloned into pXW279. The modified RE was then liberated from
pXW279 and transformed into a strain of a 2.5-kb deletion. All
point mutations were confirmed by sequencing. For the
GG > CC introduced in chromosome lll, the fragment was in-
serted into the Sall site of pJH18 (YIp30). The derivative plasmid
(pPCWU190) was then digested with BstXI to target integration
to the RE locus and transformed into XW652. Transformants
were counter-selected on media containing 5-FOA (Boeke et al.
1987) to identify cells retaining a single copy of RE. RE with the
mutation was identified by sequencing.

The mcm1-5 mutation was constructed by site-directed mu-
tagenesis with an oligonucleotide: 5-ACGCAGCAGG(A/
C)AGGTGCAAACCTGATC-3'. Oligonucleotide-mediated site-
specific mutagenesis was carried out by use of the Mut-a-Gene
kit from Bio-Rad. The template plasmid pMH1 was constructed
by adding the yeast selectable marker URA3 to KS-MCM1-
Ndel (C. Christ and B.-K. Tye, unpubl.). A 1.5-kb BamHI-Spel
fragment bearing URAS3 was isolated from YEp24 and ligated to
KS-MCM1-Ndel digested with BamHI and Xbal. Escherichia
coli strain CJ236 was transformed with pMH1 and single-
stranded DNA containing uracil residues was isolated by infec-
tion with helper phage CVSM13. The presence of the GC mu-
tation in codon 87 and the absence of a mutation at codon 85
was confirmed by double-strand dideoxy sequencing. The plas-
mid containing the mcm1-5 allele was digested with Sphl to
target integration to the MCML1 locus and transformed into
XW643b(a). Single colony transformants were counterselected
on medium containing 5-FOA to identify cells retaining a single
copy of MCML. Isolates retaining the mecm1-5 allele were iden-
tified by assaying mating at 37°C, a temperature restrictive for
mating in mcm1-5 cells. The derivative strain CWU117 (MAT«
mcm1-5) was switched to MATa, to get isogenic CWU116
(MATa mcm1-5).

Analysis of S. carlsbergensis DNA

A library of BamHI fragments prepared from gel-purified S.
carlsbergensis chromosome Il was constructed in the vector
pRS306. This library was screened by hybridization at low strin-
gency with the 5.2-kb S. cerevisiae BamHI fragment (D10B,
Newlon et al. 1991) that contains the RE and ARS304. The
screen identified a plasmid, 8BH2, carrying a 6.7-kb S. carlsber-
gensis BamHI fragment. The ends of the fragment were se-
quenced and shown to have strong homology to portions of the
YCLO56 and YCLO052 ORFs of S. cerevisiae. The RE of S. cer-
evisiae lies between YCLO055 and ARS304. To determine the
DNA sequence of the corresponding region in clone 8BH2,
primers were designed beginning centromere distal to the EcoRlI
fragment that contains S. carlsbergensis ARS304 (C. Yang and
C.S. Newlon, in prep.). Nine primers (sequences available upon
request) were used to sequence both strands of a 1061-bp frag-
ment shown in Figure 2A that extended from the edge of the
EcoRI fragment into the YCLO55 ORF.

Measurement of donor preference

MATa cells carrying HMLa and HMRa-B, or MATa cells carry-
ing HMRa-Bglll(X) and HMRa, or MATa-B cells carrying HML«
and HMRa, were induced to switch mating type by adding 2%
galactose to cells grown in YEP-lactate medium, thus express-
ing a galactose-inducible HO gene (Wu and Haber 1995, 1996).
After 1.5 hr, cells were washed and either plated or grown for a
longer period of time in YEPD. When individual colonies were
assayed, 40 MATa (or MATa-B), or 20 MATa [or MATa-BgllI(X)]
colonies resulting from switching were analyzed by Southern
blot, as described previously (Wu and Haber 1995, 1996). The
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proportion of cells switching mating type was also analyzed by
examining the entire population of cells. For MATa cells
switching to MATa or MATa-B, DNA was digested with HindllI
and BamHlI, and probed with a Ya-specific probe. For MAT«
cells switching to MATa or MATa-BgllI(X), DNA was digested
with Hindlll and Bglll, and probed with a Ya-specific probe. For
MATa-B cells switching to MATa or MATa, DNA was digested
with BamHI and Styl, and probed with a MAT distal probe. The
proportion of fragments corresponding to the switch products
was then analyzed as described previously (Wu and Haber 1995,
1996).

Nuclei isolation, micrococcal nuclease digestion, DNA
purification, and multiple cycle primer extension

Yeast were routinely grown in YEPD at 30°C to mid-log phase
(ODggol). mecm1-5 mutant strains CWU116 and 117 were
grown at 37°C to mid-log phase (ODgqo = 0.8). Cells grown at
37°C were subsequently treated with 0.015% sodium azide for
10 min. Nuclei were isolated, digested with micrococcal nucle-
ase or DNasel (Worthington), and DNA was purified as de-
scribed (Szent-Gyorgyi and Isenberg 1983; Roth and Simpson
1991) with modifications detailed in Weiss and Simpson (1997).
Naked DNA controls were obtained by digesting a PCR product.
About 3 kb of the sequences including the RE constructs were
amplified by use of oligonucleotides a288 and b318 (see below)
as primers. Approximately 100 ng of the PCR product was di-
gested with 0.5 U/ml MNase or 0.05 U/ml DNasel at 37°C for
3 min in the presence of 36 pg carrier DNA (calf thymus). After
ethanol precipitation, DNA was resuspended in 50 pl of 0.1X
TE.

MNase and DNasel cleavage sites were located by primer
extension assays with Taq polymerase as described (Shimizu et
al. 1991) with minor modifications (Weiss and Simpson 1997).
Oligonucleotides used as primers include [coordinates are base
pair positions in the published sequence of S. cerevisiae chro-
mosome Il (Oliver et al. 1992)]: a288, 28766-28789; a290,
20031-29053; a292, 29242-29264; b294, 29376-29352; b297,
29710-29687; b318, 31829-31796. Primer 111 contains bases
905-804 of the S. carlsbergensis sequence shown in Figure 2.

UV photofootprinting

Yeast were grown in 10 ml YEPD at 30°C overnight, then rein-
oculated in 5 ml fresh medium and allowed to reach mid-log
phase (ODgqo = 1.5; 3 hr). Cells were pelleted and resuspended in
15 ml ice cold UV resuspension buffer (0.2 m NaCl, 2.7 mm KClI,
15.3 mm Na,HPO,, 1.5 mm KH,PO,, 0.7 mm CaCl,, and 0.5 mm
MgCl,). Five milliliter samples were UV irradiated on ice in a
Stratalinker for 0, 6, or 24 sec at 5 cm from the light source.
Cells were pelleted, resuspended in 1 ml Sorbitol buffer (see
nuclei preparation) and treated with 0.5 mg/ml zymolyase 100T
(Seikagaku) for 90 min. Cells were pelleted, resuspended in 500
pl TE, vigorously mixed with a vortex and treated with 100 ng
Proteinase K in 2% Sarkosyl, and 200 mm NaClO, at 50°C for 1
hr. Two hundred microliters of 5 M potassium acetate was
added, and precipitation was allowed to proceed on ice over-
night. The precipitate was pelleted by centrifugation at 14,000
rpm for 5 min. Nucleic acids were precipitated by adding 700 pl
isopropanol to the supernatant, followed by centrifugation. The
pellet was washed with 70% ethanol and resuspended in 250 pl
TE. DNA was purified by the following extractions (1/1 vol/
vol): phenol/chloroform/isoamyl alcohol (25:24:1); chloroform/
isoamyl alcohol (24:1); isobutanol; ether. After precipitation,
nucleic acid was resuspended in 15 pl 0.1X TE for primer ex-
tension analysis (see above).
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