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FIG. 3. Levels of HML-specific transcripts in strains containing
various deletions of the regulatory sites flanking HML carrying
a-mating information. RNA samples from MATa strains containing
the HML or HMR allele indicated (Table 1; Fig. 1) were prepared
and analyzed as described in the legend to Fig. 2. For strain YAB61,
which is not isogenic with the other strains, the major protected
fragment corresponding to the a2 transcript migrates just ahead of
the that corresponding to the a] unspliced transcript. Relevant strain
genotypes: DMY53, MATca HMLaE+I+; DMY112, MATa HMLa
E+I+; DMY108, MATa HMLaE+I-; DMY110, MATa HMLaE-I+;
DMY113, MATot HMLaE-I-; YAB61, MATa HMRaE-I+; DMY2,
MATa HMLaE+I+ sir3.

relative contribution to HML repression by the two silencer
regions, definition of the location of the silencer regions
remains unaltered.
HML has a different regulatory organization than HMR.

The results presented above suggest that the HML locus, at
which deletion of both flanking regions is required for
derepression, has a different organization of its regulatory
sites than HMR, at which deletion of the centromere-
proximal, or E, site yields nearly complete derepression.
However, a major difference in the two sets of observations
is that the HML locus we have examined carries a-mating
information, whereas the HMR locus examined previously
carries a-mating information. This difference is potentially
significant, since the a-allele-specific information contains a
RAP1 binding site that is not present in the a-allele-specific
information (8). Since RAP1 binding within E is associated
with repression at HMR, we were interested in determining
whether the observed differences in regulatory organization
of HML versus HMR could be attributed to the differences
in the mating information present at the two tested loci.
By the procedure described in Materials and Methods, we

converted the a-mating information resident at the HML
locus to a-mating information. We then examined the effect
of deletion of flanking sequences on expression of the
resident a-mating information by both mating assays and
RNase protection assay. Results of this analysis (Fig. 3;
Table 3) show that effects of deletion of flanking sequence on
regulation of HML is independent of the mating information
present at the locus. The ability of a MATa HMLaE-I + or a
MATa HMLaE+I- strain to mate as an a is undiminished

MOL. CELL. BIOL.

TABLE 3. Quantitative mating assays of HMLa strains
with E and I mutations

Straina Mating efficiency

DMY53 HMLaE+I+ 1.0
DMY112 HMLaE+I+ 1.0
DMY108 HMLaE+I- 0.98
DMYllO HMLaE-l+ 0.87
DMY113 HMLaE-1- 6 x 10-6
YAB61 HMRaE-l' 2 x 10-6

a All strains are MATa and carry the indicated HML or HMR allele. The full
genotypes are provided in Table 1, and the HML alleles are diagrammed in
Fig. 1.

b Quantitative mating assays were performed with tester strain DC14a.
Assays were performed as described in Materials and Methods and are
expressed as percent mating-competent cells relative to DMY53 (HMLacE+I+
MATO).

compared with a MATa HMLaE+I+ strain, whereas a
MATa HMLaE-1- strain is completely sterile. In addition,
no a-specific mRNA is detectable in our HMLaE+I+ (DMY
112), HMLaE+I- (DMY108), or HMLaE-I' (DMY110)
strains, while full levels of a] mRNA are present in an
HMLaE-I- strain (DMY113). In contrast to these results
with HML and consistent with previous studies of HMR,
data in Fig. 3 confirm that deletion of the E site from HMRa
yields full production of aJ mRNA, even though the HMR I
site is still intact (strain YAB61). Thus, we conclude that the
regulatory organizations of HML and HMR are different.
The HML E and I regulatory domains can function as

silencers of heterologous gene expression. One hallmark of a
silencer region is its ability to repress expression of a
heterologous gene placed in its vicinity. To examine the
silencer properties of the E and I regions of HML, we
inserted URA3 at various sites within the HML locus and
measured its level of expression as a function of the presence
of either of the two regulatory regions (Fig. 4). Expression of
the inserted URA3 gene was assessed by determining the
specific activity of OMP-DCase in the various strains and by
examining the phenotype of the strains. Both assays of
URA3 expression were consistent: strains that were sensi-
tive to the analog FOA always had high levels of OMP-
DCase specific activity and strains that were FOA resistant
had low but measurable levels of OMP-DCase activity.
The effects of the E and I regions on URA3 expression are

summarized in Fig. 4. Insertion of the URA3 gene at the
HindIlI site centromere proximal of HML placed the gene
under control of the I site but not the E site. In those strains
in which the I site was intact, URA3 expression was dimin-
ished. In those strains in which the I site was deleted, URA3
was expressed at high levels. Expression of the URA3 gene
at this location proved to be unaffected by the E site. The
presence of an intact E site at its normal position to the left
of the HML did not repress expression in an I- background
of URA3 inserted to the right of HML (compare strains
DMY5 and DMY9). Similarly, deletion of the E site in an I'
background does not alleviate repression of URA3 located at
the rightward HindIII site (compare strains DMY7 and
DMY10).

In contrast to these results, URA3 positioned centromere
distal ofHML is responsive to regulation by both E and I. In
these constructions, the URA3 gene is expressed at high
levels only when both E and I sites are deleted. In strains in
which either the E or the I site is intact, expression from the
leftward URA3 gene is diminished. Thus, each silencer can
influence expression of a heterologous gene placed in its
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FIG. 4. Repression of heterologous gene expression by the E and
I silencers at HML. The expression of URA3 inserted at various
sites flanking different HML alleles was determined by direct assay
of the encoded product, OMP-DCase, and by examination of
resistance or sensitivity to the analog FOA. Normal levels of URA3
expression result in FOA sensitivity (S), and reduced expression
yields resistance (R). The structure of the HML allele in each strain
is diagrammed on the left, showing the position of insertion of URA3
(stippled box), SUP4 (hatched box), and relevant restriction sites
and deletion endpoints (Fig. 1). The orientation of the URA3 insert
is the same in each construction, with transcription of the URA3
gene proceeding from left to right. Deletions within E in strains
DMY92 and DMY95 render the locus fully E- (Mahoney and
Broach, unpublished observations). Values for OMP-DCase activity
are averages of assays performed in triplicate. In all cases, individ-
ual vales differed from the average value by <10%. Restriction
abbreviations are as in the legend to Fig. 1.

immediate vicinity. In addition, I, but not E, can exert its
influence on a gene even when it is placed on the opposite
side of HML.
As is true of the HMR E site, the silencers associated with

HML can affect expression from genes transcribed by RNA
polymerase III as well as those, like URA3, transcribed by
RNA polymerase II. These results are presented in Fig. 5.
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FIG. 5. Repression of SUP40 expression by the E and I silencers
at HML. The expression of SUP40 inserted at various sites flanking
different HML alleles was determined indirectly by examining
colony color of the indicated strains after growth for 4 days on
YEPD. In the absence of suppressor activity, colonies are red. Full
activity of the SUP40 yields white colonies, and intermediate
suppressor levels yield pink colonies. The structure of the HML
allele in each strain is diagrammed on the left, showing the position
of SUP4 (hatched box) and relevant restriction sites and deletion
endpoints (Fig. 1). Restriction abbreviations are as in the legend to
Fig. 1.

We inserted centromere distal to HML a fragment spanning
the SUP40 gene, which encodes a tyrosine-inserting ochre
suppressor tRNA. To monitor SUP40 expression, the strains
we constructed contained the ochre ade2-1 allele. In the
absence of nonsense suppressor activity, strains carrying
ade2-1 are Ade- and produce red colonies when plated on
rich medium, due to formation of a chromogenic substrate
derived from an intermediate in purine biosynthesis that
accumulates in ade2 strains. Efficient suppression of ade2-1
yields Ade+, white colonies, while partial suppression of
ade2-1 yields Ade+, pink colonies. Thus, the level of expres-
sion of SUP40 could be assessed by the color of the resulting
colonies.
The effect of the I-silencer domains on expression of

SUP40 mirror those obtained with URA3. Efficient expres-
sion of SUP40 inserted in an E deletion occurs only in the
absence of I-silencer activity. The presence of I reduces
efficiency of suppression of ade2-1, as indicated by the pink
color of colonies of the strain. Thus, the I-silencer domain
can reduce expression from a RNA polymerase III-tran-
scribed gene and can do so over the distance of the inter-
vening HML locus.

DISCUSSION

HML in the chromosome is regulated differently than it is on
a plasmid. We have shown in this- report that HML, the silent
yeast mating-type cassette resident on the left arm of chro-
mosome III, is repressed by two separate silencers, each
possessing full silencer activity. These results are quite
distinct from those of a previously reported study. In the
previous study of HML repression, silencer activity was
evaluated by examining the expression of a set of plasmid-
borne copies of HML, carrying more or less HML flanking
sequences (13). In the current study, the activities of the
silencers were assessed by examining the effects on expres-
sion of HML, situated in its normal chromosomal location,
of deletion of sequences flanking the locus. The definitions of
the boundaries of the silencer regions were identical in the
two studies. However, the two silencers appear substantially
more potent by the assays in the current study than they
appeared in the previous study. Given that the current study
involved minimal disturbance of the usual setting of HML,
we think that the current results reflect the actual regulatory
configuration of the locus more accurately.
The results we present are also at odds with observations

regarding in vivo expression of a hybrid MATIHML locus
(56). This hybrid locus was recovered following selection for
an a-mating derivative of a heterothallic MATa strain.
Among the isolates Strathern et al. (56) recovered from this
screen was one that carried a ring chromosome, the origin of
which could be explained as an intrachromosomal homolo-
gous recombination event between the W-X regions of
MATa and HMLa. This yielded a hybrid mating-type locus
containing a information and with left-hand flanking se-
quences from MAT and right-hand flanking sequences from
HML. Thus, the hybrid locus carries the HML I region but
not the E region. By several phenotypic criteria, the a
information at this hybrid cassette is fully expressed. This
indicates that, within this context, the I silencer is not
capable of repressing expression of the associated mating-
type locus.

Several explanations could account for the discrepancy,
between results obtained with the plasmid-borne copy of
HML and those obtained with the chromosomal copy. One
possibility is that the vector sequences flanking the copy of
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HML carried on a plasmid interfere with, and thereby
diminish, silencer activity. A second possibility is that the
topological constraints of a circular plasmid versus a linear
chromosome are responsible for reduced silencer activity on
a plasmid. This might be significant if, as has been suggested,
supercoiling or loop formation contributes to silencer func-
tion (1). However, these explanations do not account for
expression of the hybrid cassette isolated by Strathern et al.
(56). A third possibility is that the HML silencers do not
function efficiently when taken out of their usual context.
For instance, silencers could be optimally efficient only
when resident at telomeres. Alternatively, all sequences
required for optimum silencer function might not be con-
tained within the fragment cloned onto the plasmid used in
the previous studies to analyze silencer activity. A second-
ary silencer, or some sequence that facilitates silencing,
located telomere proximal to HML E could account for the
difference between the results presented here and those
obtained with either the ring chromosome or plasmid-borne
copies of HML.
What comprises a silencer? Three different regions of S.

cerevisiae have now been shown to possess silencer activity:
the E site of HMR and the E and I sites of HML. Those
features of the HMR E site required for silencer function
have been identified by extensive mutational analysis. Ex-
amination of the sequences of the silencers flanking HML
suggest that a functional silencer can be composed of a
variety of sets of elements, some distinct from those identi-
fied at the HMR silencer.
To a first approximation, the composition of the two HML

silencers is consistent with what is required at HMR for
silencer function. As mentioned in the introduction, three
recognizable domains are present within the HMR silencer:
an 11-bp ARS consensus sequence and two separate binding
sites, one for each of two abundant DNA-binding proteins,
RAP1 and ABF1. Inactivation of any one of these elements
does not significantly diminish the silencing capacity of the
locus, but inactivation of any two of these elements yields
essentially complete derepression ofHMR. Thus, two of the
identified elements are necessary at HMR for imparting
silencer activity, although any combination of two of the
elements is sufficient (6, 24). Each of the two silencer regions
ofHML contains two of the three elements present at HMR
E. The HML E site encompasses an ARS consensus se-
quence and a RAP1 binding site, while HML I spans an ARS
consensus sequence and an ABF1 binding site (7, 8, 13).
Thus, it would seem that any two of three defined compo-
nents are sufficient to confer silencer activity.
Although composition of the two HML silencers and the

mutational analysis of HMR appear to yield consistent
results, further examination reveals several inconsistencies.
First, although the RAP1 binding site can be deleted from
HMR E without causing complete derepression, HMR E
silencers lacking the RAP1 binding site are not fully func-
tional. Deletion of the RAP1 binding site from HMR yields
partial expression of the resident a-mating information, as
judged by assessing phenotypic expression ofHMRa (24) or
by measuring al transcript levels from the mutant locus (6).
This would suggest that RAP1 binding is indispensable for
efficient silencer function at HMR. The same is not true for
HML I. As shown in this study, HML I acts as an efficient
silencer even though it lacks a RAP1 binding site. Accord-
ingly, at HML I, but not HMR E, silencer function is
completely independent of RAP1 activity. A second distinc-
tion between HML and HMR silencers is evident from a
comparison of the composition of the I sites at HML and

HMR. Both sites encompass an ARS consensus sequence
and an ABF1 binding site in close proximity. However, the
I site at HML functions as an efficient silencer, while that at
HMR does not.
These results could be explained in a number of ways.

Hofmann et al. (20) detected weak RAP1 binding to a
fragment encompassing HML I, an activity not seen in
earlier studies. The presence of this RAP1 site, albeit feeble,
at HML I but not HMR I might account for the difference in
the activities of the two elements. Alternatively, our results
could suggest that silencer elements might in some cases
comprise other components in addition to those identified
within HMR E or that features other than the mere juxtapo-
sition of identified sequence motifs underlie silencer activity.
In this light, it is worth noting that Buchman et al. (8)
detected a binding site for a yeast nuclear protein distinct
from ABF1 and RAP1 within the HML I site. Mutational
analysis should indicate whether this binding protein con-
tributes to silencer function at HML I.
HML and HMR are regulated differently. We have shown

that the organization of cis-acting sites required for SIR-
mediated repression at HML is unexpectedly but markedly
distinct from that at HMR. HML is flanked by two separate
and independent silencers, each capable of exerting full
repression of the locus. In contrast, HMR is repressed by a
single silencer. In addition, each of the HML silencers
encompasses only two of the three elements that contribute
to silencer activity at the HMR E site. Thus, either the HML
silencers lack the internal redundancy of the HMR E site or
they are composed of unidentified elements in addition to
those found at HMR.

Several other apparent differences in the regulation of
HML and HMR have been reported recently. First, HML
and HMR exhibit differential sensitivity to inactivation of
ARD1 or NAT] (36, 58, 59). These two genes apparently
encode two heterologous subunits of an N-terminal acetyl-
transferase that is responsible for N-terminal acetylation of a
large number of yeast proteins. Inactivation of either gene
yields essentially complete phenotypic derepression ofHML
but causes no detectable derepression of HMR. Similarly,
Kayne et al. (23) have reported that specific deletions of the
amino-terminal region of histone H4 (encoded by HHFI and
HHF2) cause derepression of the silent mating-type cas-
settes. However, as measured by phenotypic expression, the
effect on HML of such deletions is substantially more
dramatic than their effects on HMR. In neither of these cases
has it been shown that the differential effects are exclusively
at the level of transcription and not, for example, a conse-
quence of the different levels of a-cassette expression versus
a-cassette expression necessary to yield a phenotypic
change in the mating pattern of the cell. However, if these
differences in phenotypic expression are due to differences
in transcriptional activation attendant on mutation ofARDI,
NATi, or HHF, then the distinct regulatory organizations of
the two loci could provide a source for their differential
sensitivity to these mutations.
Looped domains and silencing activity. One model that has

been proposed to account for silencer action postulates
formation of a loop of the DNA spanning HML, anchored by
attachments through the E and I sites. Such a loop would, on
the one hand, serve to restrict repression to the region lying
between the two anchor sites and could, on the other hand,
be an integral component of the mechanism of silencing. For
instance, subsequent supercoiling of the looped domain,
made possible by restricting rotation through attachment at
the base of the loop, could limit access of the region to

MOL. CELL. BIOL.
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proteins such as RNA polymerases. Some evidence has been
presented for differential in vivo supercoiling of an HMR
plasmid in Sir' versus Sir- strains, and recently loop
formation of DNA spanning HML, promoted by proteins
present in a yeast nuclear scaffold fraction, has been ob-
served (1, 20).
The results presented in this report are not readily accom-

modated by a DNA loop model for silencer action. First,
deletion of either E or I alone does not yield derepression of
the locus. If these served as anchor points of a loop, then
elimination of either site should preclude loop formation and
yield derepression. Second, repression of URA3 by the I
silencer is no more pronounced when URA3 is situated
between E and I than when the gene is located outside the
E-to-I interval. Accordingly, repression by the HML silenc-
ers is not restricted to the region lying between them, as
would be expected from a model involving loop formation.
The regulatory capacity of the HML silencers is more

consistent with models suggesting that these sites provide
points of attachment of proteins that serve to constrain
expression of the adjacent sequences. A number of different
mechanisms can be proposed to suggest how such tethered
proteins could suppress expression of the local genes. The
process could be primarily a matter of nuclear architecture,
in which the silencer-associated proteins restrict the DNA to
a portion of the nucleus inaccessible to transcriptional com-
plexes. Altematively, the tethered proteins could modify
local chromatin structure by specific modification of histones
in the vicinity of the silencers. Finally, the tethered proteins
could serve as nonproductive sinks for factors necessary for
transcription activation. This could create a locally dimin-
ished concentration of essential transcription factors. Distin-
guishing among these models obviously requires further
analysis.
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