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The product of the Saccharomyces cerevisiae SIR4 gene, in conjunction with at least three other gene

products, prevents expression of mating-type genes resident at loci at either end of chromosome III, but not of
the same genes resident at the MAT locus in the middle of the chromosome. To address the mechanism of this
novel position effect regulation, we have conducted a structural and genetic analysis of the SIR4 gene. We have
determined the nucleotide sequence of the gene and found that it encodes a lysine-rich, serine-rich protein of
152 kilodaltons. Expression of the carboxy half of the protein complements a chromosomal nonsense mutation
of sir4 but not a complete deletion of the gene. These results suggest that SIR4 protein activity resides in two
portions of the molecule, but that these domains need not be covalently linked to execute their biological
function. We also found that high-level expression of the carboxy domain of the protein yields dominant
derepression of the silent loci. This anti-Sir activity can be reversed by increased expression of the SIR3 gene,

whose product is normally also required for maintaining repression of the silent loci. These results are

consistent with the hypothesis that SIR3 and SIR4 proteins physically associate to form a multicomponent
complex required for repression of the silent mating-type loci.

Control of mating-type loci in Saccharomyces cerevisiae
presents a striking example of position effect regulation or
altered gene expression as a function of chromosomal posi-
tion. Genes encoding regulatory proteins that determine the
mating type of the cell are present at three different locations
on chromosome III (2, 29, 45) (Fig. 1). The set of genes
resident at the MAT locus are transcribed, and their products
establish the cell's mating type (7, 10, 20, 27, 28, 40). The
same genes resident at either end of the chromosome, at loci
designated HML and HMR, are not transcribed and do not
contribute to the establishment or maintenance of cell type
(18, 27, 30). These silent loci serve solely as repositories of
mating-type information that normally can be activated only
by transposition of a copy of the genes into the MAT locus
(11, 14, 15, 17, 22, 29, 45).

Differential expression of MAT versus HML and HMR
results from repression of expression of the genes residing at
the silent loci HML and HMR. The products of three genes,
SIR2 (or MARI) through SIR4, unlinked to each other or to
the mating-type loci, are required to maintain the silent loci
in a transcriptionally inactive state (8, 16, 31, 32). In the
absence of any one of these products, both silent loci are
expressed at a level equivalent to that of MAT. A fourth
gene, SIR], is required for complete repression of the silent
loci, but its inactivation yields only partial expression of the
otherwise silent genes (13, 31).

Repression of the genes resident at HML and at HMR also
requires the integrity of cis-acting sites adjacent to each
locus. Deletion of a site designated E, which lies to the left
of each locus as they are conventionally represented, yields
full expression of the genes in the adjacent locus (1, 5). Both
E sites are less than 250 base pairs (bp) in length and can
function in cis in an orientation-independent manner to
repress expression from the promoters of the mating-type
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genes lying up to several kilobases away (3). In addition,
placement of an E site adjacent to a gene other than those
normally present at HML and HMR yields SIR-dependent
repression of expression from that gene (3). This is true of
genes transcribed by polymerase III as well as those tran-
scribed by polymerase 11 (35). Several studies have impli-
cated a second site at each locus whose integrity is required
for complete repression of the contiguous genes (1, 5, 12).
This site is designated I and is located on the side opposite E
at each locus (1, 5). As a working model, we assume that the
products of the SIR genes act through the E and I sites to
render the DNA in its vicinity refractory to the activity of
RNA polymerases.
To address the mechanism by which the SIR products

might render DNA refractory to transcription, we have
undertaken a genetic and molecular genetic analysis of the
SIR4 gene. We present here the complete nucleotide se-
quence of the SIR4 gene as well as an analysis of its
predicted protein structure. We also provide genetic evi-
dence demonstrating that the protein contains two separate
and distinct domains that, although normally linked as a
single polypeptide, can act in trans to effect repression of the
silent loci. We also show that one of these domains appar-
ently encompasses a site for direct interaction with the SIR3
protein, an interaction essential for establishing and main-
taining repression. These properties of SIR4 are considered
in terms of possible mechanisms for SIR-mediated repres-
sion of the silent loci.

MATERIALS AND METHODS
Strains and media. Escherichia coli strains used in this

study were C600 (thr pro leuB hsdR hsdM), HB101 (hsdR
hsdM recA13 supE44 lacZ4 leuB proA2 thil), GM33 (dam-3),
and JM101 [A(lac-pro) thil strA endA sbcB15 hsdR4 supE F'
traD36 proAB lacP ZAM15]. Luria-Bertani medium, with or
without 100 ,ug of ampicillin per ml, and M9 medium with
Casamino Acids were prepared as described by Maniatis et
al. (24). S. cerevisiae strains used in this study are listed with
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FIG. 1. Mating-type genes of S. cerevisiae. Schematic diagram of chromosome III of S. cerevisiae, highlighting the organization and
structure of the three mating-type loci, MAT, HML, and HMR. Segments common to all three loci (open boxes) flank allele-specific
sequences, which consist of either a mating information (solid line) or a mating information (jagged line). MAT and HML share additional
homology (hatched boxes) not present at HAMR. Flanking the regions of homology at HML and HMR are sites, E and I, though which the
SIR gene products act to maintain these loci in a transcriptionally silent state. Under the influence of the HO gene product, allele-specific
sequences resident at HML or HMR can be transposed to MAT, where they are transcribed to yield regulatory elements that establish the
mating type of the cell.

their genotypes and sources in Table 1. Strains Y558 and
Y554 were constructed by transforming strain S150-2B to
histidine prototrophy with SphI-plus-ClaI-digested pMM7.1
or pMM10.7 plasmid DNA, respectively (see below), as
described by Rothstein (33). Similarly, strain Y801 was
constructed by transforming strain S150-2B to uracil
prototrophy with pAR59 plasmid DNA, digested with BglII
plus PvuII. Strain JR281B-7C is a segregant from a cross
between strains H027B and S150-2B. Rich medium (YEP)
and minimal media (SC), supplemented with either 2%
glucose or 2% galactose as carbon source, were prepared as
described by Sherman et al. (36).

Plasmids. Genomic SIR3 and SIR4 clones, designated
pKAN63 and pKAN59, were obtained from K. Nasmyth
(37). Their structures are described in Ivy et al. (13).
Plasmids pJH3A and pJH5.1A are also described in Ivy et al.
(13). Vectors YEp51, YEp52, and YEp13 have been previ-
ously described (4).
Random insertions of XhoI octanucleotide linkers into

plasmid pJH5.1A were generated essentially as described by
Shortle and Botstein (38). The approximate position of the
linker insertion in individual plasmids was determined by
restriction analysis after their recovery by transformation of
E. coli to ampicillin resistance. The precise positions of a
number of linker insertions were determined by sequence
analysis as described below.

Plasmids pJHG610 and pJHG745 were constructed by
inserting the XhoI to HindIlI fragment spanning the carboxy
end of SIR4 from linker insertion derivatives 610 and 745 of
plasmid pJH5.1A into Sall-plus-Hindlll-digested YEp51
vector DNA. Similarly, plasmid pSIR4.3 was constructed by
inserting the SmaI to HindlIl fragment from plasmid
pJH3.1A into plasmid YEp51 DNA that had been digested
with Sall, treated with DNA polymerase I Klenow fragment
plus deoxynucleotide triphosphates, and then digested with
HindlIl.

Plasmids containing insertion/deletion mutations of SIR4
were constructed as follows. Plasmid pKAN59 was digested
with EcoRI, ligated at low DNA concentration, and trans-
formed into E. coli C600. The plasmid recovered by this
procedure, pBR-SIR4, consists of plasmid pBR322 contain-
ing the genomic fragment spanning SIR4 formerly present on
pKAN59. A BamHI fragment spanning the yeast HIS3 gene
was inserted into BamHI-plus-BclI-digested pBR-SIR4 DNA
that had been propagated in and isolated from E. coli GM33
(see Fig. 6). The resulting plasmid was designated pMM7.1,
and the allele obtained by its transplacement into yeast cells
was designated sir4AJ :HIS3. Allele sir4A2::HIS3 was ob-
tained by digesting plasmid pMM7.1 with SnaBI, which cuts

TABLE 1. Yeast strains

Strain Genotype Source

DC14 MATa his] CSHLa
DC17 MATTa his] CSHL
H027B HMLLa matal HMRot ade8 his4 gall CSHL

leu2-3,112
IV16-17A MATo his4 leu2-3,112 trpl ura3-52 canl CSHL

sir4-351
S150-2B MATa his3A leu2-3,112 trpl-289 ura3-52 CSHL

gal2
FVY1-1C MATa ade his3 leu2-3,112 F. Volkert
Y558 MATa his3A leu2-3,112 trpl-289 ura3-52 This study

sir4A-1 :HIS3
Y554 MATa his3A leu2-3,112 trpl-289 ura3-52 This study

sir4A-2: :HIS3
Y801 MATa his3A leu2-3,112 trpl-289 ura3-52 This study

sir4A-3:: URA3
JK-1A MATa leu2-3,112 ura3-52 ade2 trpl This study
MS-43a MATot leu2-3,112 ura3-52 ade2 trpl This study
JR281B-7C HMALa matal HMRa leu2-3,112 ura3-52 This study

his3A trpi

aCSHL, Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y.
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uniquely within the 5' portion of the SIR4 gene, and XhoI,
which cuts within the HIS3 BamHI fragment 3' to the HIS3
gene. The digested DNA was incubated with DNA polymer-
ase I Klenow fragment plus deoxynucleotide triphosphates
and then ligated at low DNA concentration. The plasmid
recovered by this procedure was designated pMM10.7.
Plasmid pAR59 consists of vector pSP64 (Promega Biotech)
into which is inserted the HindIIl to NdeI fragment spanning
the URA3 gene, bracketed by the 445-bp BglII to HindIII
fragment from the 5' side of SIR4 and the NdeI to HindIII
fragment from the 3' side of SIR4 (cf. Fig. 2 and 6).

Plasmids pSIR4.6 and pAR42 were designed for galactose-
inducible expression and high-copy propagation of the yeast
SIR4 and SIR3 genes, respectively. Plasmid pSIR4.6 con-
sists of genomic DNA extending from the HindIII site
immediately upstream of the 5' end of the SIR4 coding
region to the first HindlIl site 3' of the coding region,
inserted immediately downstream of the GAL1O promoter in
the yeast expression vector YEp52 (4). It was constructed by
cloning fragments from a partial HindlIl digestion of plasmid
pKAN59 into Hindlll-digested vector DNA. To construct
plasmid pAR42, a Sall site was introduced immediately 5' of
the SIR3 coding region by treating an appropriate subclone
of pKAN63 with Bal3l and reclosing in the presence of
synthetic Sall linkers. The modified SIR3 gene was then
cloned immediately downstream from the GAL1O promoter
in the expression vector YEp53, a derivative of YEp51 in
which the yeast URA3 gene is substituted for LEU2 as the
selectable marker for the plasmid (A. Rose and J. Broach,
unpublished results).

Quantitative mating assays. Tester strains (DC14 and
DC17) and the strain to be tested were grown to mid-log
phase (1 x 107 to 2 x 107 cells per ml) in liquid culture and
then briefly sonicated to disperse clumps. Viable cell count
was determined by serial dilution and plating on YEPD
plates or, for plasmid-bearing strains, on plates selective for
the plasmid-borne marker. Equal numbers (104 to 105) of test
cells and tester cells were mixed and filtered onto a sterile
25-mm nitrocellulose disk. The disk was transferred to an
appropriate agar plate and incubated at 30°C for 6 h. After
incubation, the disk was transferred to 5 ml of sterile water.
Cells were dispersed by vortexing and then plated at appro-
priate dilutions on medium selective for diploids. Mating
efficiency was scored as the number of diploids formed per
viable test cell (or in the case of plasmid-bearing strains, the
number of diploids per plasmid-bearing test cell).
Sequence determination of SIR4. SIR4 sequence was de-

termined by using the chain termination method of Sanger et
al. (34). Templates and primers for sequencing were ob-
tained by one of four procedures. The particular procedure
used for each segment is indicated in Fig. 2.

RESULTS

DNA sequence of the SIR4 gene. We have determined the
complete nucleotide sequence of the SIR4 gene present on
plasmid pKAN59, using the method of Sanger et al. (34), by
the strategy diagrammed in Fig. 2. Nasmyth previously
isolated plasmid pKAN59, consisting of a 5.5-kilobase seg-
ment of yeast genomic DNA inserted into the yeast vector
YEp13, on the basis of its ability to complement a sir4 strain.
Ivy et al. demonstrated that the genomic DNA fragment
carried on this plasmid contains the SIR4 gene by its ability
to complement the sir4-351 ochre mutation and its ability to
direct integration into the SIR4 locus by homologous recom-
bination (13). Within this segment we found only one ex-

Bg H Sn C
HjScj H Sp H Bc Pv Bg Sm B Pv C N Bc C H E

3 i ) -:-:~-SIR4Coding Region _ -<

500 bp

Z_

FIG. 2. Strategy for sequencing SIR4. The region of plasmid
pKAN59 encompassing the yeast genomic fragment spanning SIR4
is diagrammed, showing the positions of various restriction sites, the
location of the extended open coding region (dotted region), and the
flanking vector sequences (hatched region). Arrows beneath the
diagram represent the extent and orientation of sequence informa-
tion derived from individual sequencing reactions. The particular
protocol used to generate template and primer for each reaction is
indicated by the form of the arrow. (Solid arrows) Templates were
obtained by subcloning restriction fragments from pKAN59 onto
phages M13mpll and M13mpl2. Primer was the M13-specific
pentadecamer 5'd(TCCCAGTCACGACGT). (Dashed arrows) Tem-
plates were derived from specific linker insertion derivatives of
plasmid pJH5.1A, inserted into M13mpl2. (Dot-dashed arrows)
Templates were obtained as a set of unidirectional deletions essen-
tially as described by Henikoff (9), starting with phage M13mpll,
into which had been cloned the HindllI fragment spanning most of
the SIR4 gene. (Double-dot-dashed arrows) Template was heat-
denatured pBR-SIR4 duplex DNA. Specific primers were synthe-
sized as dictated by initial sequence information, using phosphor-
amidite chemistry with an Applied Biosystems model 380A DNA
synthesizer. Restriction site abbreviations: B, BamHI; Bc, BcII; Bg,
BglII; C, ClaI; E, EcoRI; H, Hindlll; N, NdeI; Pv, PmuII; Sc, ScaI;
Sm, SmaI; Sn, SnaBI; Sp, SphI.

tended open coding region, the complete nucleotide se-
quence of which is shown in Fig. 3.

Several lines of evidence indicate that the extended open
coding region corresponds to the SIR4 gene. First, this
region is transcribed. Ivy et al. showed that the fragment
completely encompassed a 4.4-kilobase poly(A) transcript
found in yeast cells and that the orientation of this transcript
is the same as that of the extended open coding region (13).
In addition, we have mapped the 5' end of a poly(A)-
containing transcript isolated from yeast cells to a position
approximately 48 bp upstream from the first ATG codon of
the open reading frame (M. Marshall, Ph.D. thesis, Prince-
ton University, Princeton, N.J., 1985). Second, we con-
structed a frameshift mutation within this open coding region
by filling in the BglII site in the middle of the gene (see Fig.
5). This mutant plasmid present in a strain containing the
sir4-351 ochre mutation fails to yield a Sir' phenotype, even
though the parent plasmid yields full complementation.
Finally, transplacement into a SIR' strain of a number of
different constructs carrying interruptions of this coding
region yields sir4- strains (see below).
The SIR4 DNA sequence shares no obvious homology

with either the SIR2 or the SIR3 DNA sequences. A perfect
TACTAAC sequence, essential for mRNA splicing in
yeasts, is present at nucleotide 1484. However, no exact
homologies to GTATGT, the 5' donor site sequence, or any
interruptions in the open reading frame requiring splicing are
evident within the sequence. In addition, S1 nuclease anal-
ysis with a probe overlapping the TACTAAC sequence
showed that none of the SIR4 transcript is spliced at this site
(Marshall, Ph.D. thesis).

Analysis of the predicted amino acid sequence of SIR4. The
open reading frame of SIR4 codes for a protein of 1,358
amino acids with a predicted molecular weight of 151,902.
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10 2' 30 40 50 60 70 80 90 100GC71IlAGTTC AAAGATCIO`A ltrCACM70C:A CAGGC7CC A AGMGCAGAIT AGC7CC?AC CAGCTCMAA CCCAACCAAT TGT`IrACTTT IACAAMAGAA
II() 120 130 140 150 160 170 160 190 200CCoG'lCrIC7 GGCC70GlTCT ATGCTTCCC MACCTCC7C TACTCT71MO GCTGACATCT TGMAArAACT AGGTAAC.OAT TAATGAGCT? GCGCMAI0TC
210 220 230 240 250 260 270 280 290 300T701TAMAAIA Cvrrrclrrs 71I1-MAAAT AMTAAAAITA TAATAAAVI'n "10TA7TCTA GTACATATAT CCCCAOT'ATA CTATAAATCA AATAATAACA

310 320 330 340 350 360 370 380 390 400TMA7GIG71'C TMACIGGCTA TMACGTCCTT AMAGA7CT'GC ACTOCCCATTA AOTA AC7AT rAAI'A71I?r ATGOT?OACA ACCAAGCMCA ATCATATTAC

410 420 430 440 450 460 470 480 490 500
TAMATAOATC AACAMAAGOG CATCACATAA ACAAAMACGC TATAACACTA ATACGTAAGC TIYTATAMA CCTATAAOCA AATMAGCGCT TTTCAGGTTT

510 520 530 540 550 -~ 560 570 580 590 600TATAAITCAG TCAG-AGTTCT MACTCGAGAT OG?T?TGCAG GGGATAAAAA AAAAAAGGMA GCTTCAMCCC ACAATACCAA AAAAGOGAAG AAAACAGCCA

612 624 636 648 660 672 684
A70 CCA MAT GAG MAT MAG ACA CCC MAT AGO TCC AGC ACT CCC MGC TTT ACT MAA MAA CCA CTA ACC CCG MAT CAT MAA AT?i CCTN P N D N K T P N R S S T P K F T K K P V T P N D K I F

696 708 720 732 744 756 768
GMA AGA GM GMA MAA TCC MAT GMA 070 MAG ACA CCT MAA AT? CCA TTA TTC ACGO TTT GCC MAA ACC MAA MAC TAT TCA AGO COGK R K K K S N K V K T P K I P L F T F A K S K N Y S 8 P

780 792 804 816 828 840 852
TCA ACC GCA AT? CAT ACC TCA CCT CAT CMA CCA ACT GAT GTA MAA CCG ACT TCC CAT MAA CAG 730 CMA GAG CCA MAA TCC TCA
S T A I 8 T S P 8 Q P 1 D V K F T S N K Q L Q Q3 P K S S

864 876 888 900 912 924 936
CCA CT MAA MAA MAT MAC TAT MAT TCT TTTO CCT CAC TCA MAT 070 GMA MAA ATA AGO MAC AGO MAA CTA CTC TCC CTT CT? COGGP L K K N N Y N S F P H S N L K K I S N S K L L S L L 8

948 960 972 984 996 1008 1020
TCC MAA AOGO TCA OCA GCOA AGA AT? GMA TCA MAC MAT CC? TCA CAT GA? OCT AGO AGO TOT CTA GCA AGT IT? GMA GMA ACA OGCA
S K 7 S A G R I E S N N F S N D A S R S L A S F K Q 7 A

1032 1044 1056 1068 1080 1092 1104
rrT 1TOC 000 CAT GOGO CAG CMA CAA ACT 70? ACC T?C MAT 70A MGC CC? GTA CGO? ACC ATA GTA CCGO ATA TCA ACA TCA CAA ACC
F 5 R N A Q3(Q Q 7 S 7 F N S K F V R 7 V F I S 7 S Q 7

1116 1128 1140 1152 1164 1176 1188
MAT MAC TCA TTT T?A TCA GOA OTA MAA AGO T?A CTA AG? GMA GAG MAA ATA AGO OAT TAG TO? MAA GAG AT? CTA GGC ATA MOC
N N S F L 1 0 V K S L L V K E K 1 R D Y S K K I L 0 I N

1200 1212 1224 1236 1248 1260 1272
71 "GA MAC GMA GAG CC? 070 T?A GAG AAG CCA CT? MAA MAA GGA TCA 0CA GAC ATC 000 GOC 707 070 AT? 707 710 ACC MAG
L A N K Q F V L K K F L K K G S A D I 0 A S V I S L T7K

1284 1296 1308 1320 1332 1344 1356
GAO AMA 70? ATC AGO MAA GA? AGO CTA GMA GMAAAMAA GMA GMA AAG 710 MAT ATA GO? MAA MAC TTT 0C0 CAT T07 GA? TCA
O K S I R K D 7 V K K K K K K K L N I 0 K N F A N S D S

1368 1380 1392 1404 1416 1428 1440
CTA TCA GT? COGO AAG GT? AG? GCC GGT GAG AG? GO? ATA TCA COGO GAG GAG AGO AAG OCA AGA AG? COT CCA AT? GCA MAA COGO
L S V F K V S A 0 D 1 0 I S F K K S K A R S P G I A K F

1452 1464 1476 1488 1500 1512 1524
MAT 000 A?A CAA ACA GMA 070 TAT GOA ATA MAT GAiG GMA 70? ACT MAC GAG GO?T T?A GMA ATA MAT CAA GMA MAA CCA OTA MAA
N A I Q T E V Y 0 1 N K E S T N E R L K I N Q K K F V K

1536 1548 1560 1572 1584 1596 1608
T?A OAT GAG MAT AG? GCA MAT AG? ACGO 070 CA CGO 00C T?A GA? AGO MAT GOG ACGO TCA 000 ACGO ACA GMA AC? CTA ACA TCA
L D K N s A N 5 7 V A S A L D 7 NOG 7 S A 77 K 7 L 7 5

1620 1632 1644 1656 1668 1680 1692
AAO MOG ATC 0TT CCA TO? CCA MAA MAA 070 GCC AT? OAT CAA GA? MAA ATA ACA 070, CAC GAT GAG MAA ACA CT? GCA CC? TGOC
K K I V F S F K K V A I1 Q D30 1I 7 L N D E8K 7 L A P S

1704 1716 1728 1740 1752 1764 1776
MAG CAT GAG 007 ATA ACA 707 GMA CAA MAA AT0 AAG GMA GAG 000 GAG 070 AA0 AGO ATC GMA ATC T?A MO TCA CCT CAT 710
K N Q F I T 5 K Q K N K K D A D L K R N K I L K S F N L

1788 1800 1812 1824 1836 1848 1860
TCGO MAA AGT CCA GC? GAG AGA 007 CM00GGGOCT AGA MGC AGCOGOA MAT TOT TCC AC? AGA OAT GMA GMA AC? ACA MAA CT? 007
S K S F A D R F 0 0 R R N S R N F S 7 D EK K 7 7K L A

1872 1884 1896 1908 1920 1932 1944
717 CT? GT? GMA TAT GMA 000 CAA GMA MOC MAC TAT MAC TOT AC? TOT CGA AGO ACA GMA MOG MAA MAT OAT A70 G AG?ACTT7
F L V K Y K 0 Q E N N Y N S 7 S 8 S T? 8K K N D N N 7 5

1956 1968 1980 1992 2004 2016 2028
GCA MO MAT MAA MAT GOT GMA MAC MAG MAA AT? GOT MOC AGO COO CCT GMA ATC A70G AGO ACT GMA 007 CAC GTA MOC MAA GTA
A K N K N 0 K N K K I 0 K R F F K I N S 7 K A N V N K V

2040 2052 2064 2076 2088 2100 2112
AGO GM GMA ACC ACA MOC GAG ATA GAiG AG? GTA CGOA ATA GA? GOT CGOA MAA 070 CT? CAA MAA GTA CAA GGA GMA TC0 CAC AT?
7 K K 7 K Q I Q S V R I D 0 R K V L Q K V Q G K S N S

2124 2136 2148 2160 2172 2184 2196
OAT 7CC AGA MAC MAT AGO 070 MAT OT? ACA CCA TCA MOr AGO CCC GAG CTA GGA GMA ATA CCGO MAT COT AT0 MAA MOC CAT MAG
D S R N N 7 L N V 7 F S K R F Q3 L 0 K S F N F N K K H K

2208 2220 2232 2244 2256 2268 2280
CC? MAT GMA 000 GOA AC? OCA MAT ATC TCA MAC GOT ACA ATA MGC ATC CAA MO MAA T?A GAG COT MOG GMA AT? 0TG CGOA OAT
F N K G R 7 F N I S N 0 7 S N I Q K K L K F K K I V R D

2292 2304 2316 2328 2340 2352 2364
AT? 710 CAT AGO MAA GMA TCA TCA MAT GAG 007 MOG MAA ACT AT? CA MGC CC? T?A MAT MAA TCA CAA MAC ACT 007 CT? CCT
I L N 7 N K S S N K A K K 7 I Q3 N F L N K 1 Q3 N 7 A L F

2376 2388 2400 2412 2424 2436 2448
TOG ACA CAT MAA GT? ACA CAA MAA MAA OAT ATA MAA AT? GGA AC? MAT G-AG OT?TTG-AG GT? GMA T07 GOT CCA MAA ATA TC0
S 7 H K V 7 Q K K D I K I G 7 N D L F Q V K S A F K I S

2460 2472 2484 2496 2508 2520 2532
TCA GAG AT? GACGC000 GAG T 0T MAA TCA MOC OAT GMA COG 0TT TOO MOC G07 GT? GMA AGO MAA 707 T?A T?A MAT T0 T?TT
S E D R K N V K S K D F F V S K A V K S K S L L N L 1'

2544 2556 2568 2580 2592 2604 2616
T0A MAC O-TA 070 MOG GOT CCT TIC AT? MAA AG? GMA AGO MAA 007 TOT 70? AG? OAT GOT C70 TcA MA GMA MAA 000 MAT T?T
S N V L K A F F I K S F S K F Y S S D A L S K K K A N F

TTG GMA ACT ATC GCT TCC ACT GM MO CCA GM MT MO ACT GAT MO GTG TCT CTA TCT CAG CCA GTT AG? 0CA AGT MG CAT
L Y. T A S T e K P F. N K T 1) K V S L S Q P V S A S K H
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2712 2724 2736 2748 2760 2772 2764-
CAC. IAI ACC CAT AAT TTT CCA CTT lOCT CTA TCT CMA COT TCA MAC MAA TCT TIC CCA MAT CAT ACA CAC CAT CAC CMA ATT CMA
K Y S D N F P V S L S Q P S K K S F A N H T F D F Q I K

2796 2808 2820 2832 2844 2856 2868
AMA MAr MAC ATC TGC CCT CCC ACA AlTO MT ACC ATA ATA ACT CAC CCC CCA MAA ATC CAGCT070 CTA TAC G70 TCC CAC TCA CAC
K K K I c 8 C R H N T I I T H P C K H K L V Y V S D S D

2880 2892 2904 2916 2928 2940 2952
CAT TOT TOT TCA CAT MAT CAT AGO CTA ACT CAC TTO CMA ACT TTA AGC TOCT CCT CMA TCA MAT CMA ATC AMA GTA ACT MAT CAT
D S S S D 8 10 S L T D I. K S L S S C K S 8 K 1 K V T I. D

2964 2976 2988 3000 3012 3024 3036
T-,A CAT ACA ACT OCT CMA AAG CAC CMA ATT CAC CCA CCC AMA TGO TTT CAT OCT CTA TOO CAT TGG CGA AMA TOT CAT OCT CMA
L D T S A K K D Q I Q A C K W F D F V L D W4 R K S D H K

3048 3060 3072 3084 3096 3108 3120
TTO AOO. AMA MC AlT OTT TOO AMO ATA CCT CAT AMA AOG ACA TAC CAT AMA GAA ACA ATA ACT CAC OTT ATT CMA CMA COO ATC
L T K N I L W R I A D K T T Y D K K T I T D L I 8 Q C I

3132 3144 3156 3168 3180 3192 3204
CCA AMA CAT ACT TAT TTA ACT GGC MAT CCA TTA ACT ACT 010' ACT MAC GAC ATT TOO TOT CTT CM MAC TAT CMA ACA TCA ACGT
P K H S I L S C H P L T S V T N D I C S V F N Y K T S S

3216 3228 3240 3252 3264 3276 3288
OCT TIC TOT TAO CM CMA 070 CAC AAG AAC GAC ACA TTA CMA TAT TOO CCA TTA TAT GCA OTT TOT ACA TTT CMA MAC ACA MAT
A F F Y Q Q V H K K D R L Q1 I L P L Y A V S T F K 8 T 8

3300 3312 3324 3336 3348 3360 3372
MOC ACT CMA AMA MAT OAT 070G ACC MAT AMA MAT ATO MAT ATA GGG AMA CAT AGC CMA CMA CMA MAT TOT TOT TOO OCT AMA CCA
H T K K W D V T 8 K N I 1. I C K H S Q K Q N S S S A K P

3384 3396 3408 3420 3432 3444 3456
TOO CMA ATT CCA ACC 070. TOT TOT CCA TTA CGA TTO CMA CMA ACA MOG OTA ACT ACC ACG OCT ACT AM AGC MAT ACA AGA 070
S Q I F T V S S F L C F K K T K L S 1I T P 1- K S 8 R R V

3468 3480 3492 3504 3516 3528 354.0
TOO CAT ACT CAT ACT MAT TOT AGAACCCAMACOOCAMCMC AAG GAGAACMOCTT TCA AMA AGC TOT 700 AGO CMA CMA 70 OTT GCA
S H S D T 8 S S K P K 8 T I K N L S K S S W R Q K W L A

3552 3564 3576 3588 3600 3612 3624
MAT TO AMA OTT ATT TOO OTT TOO TOO OTT OAT GAG TOO COT TOO GAGCOT-T TOO GAC ACT OAT AGA CMA ATA ATO MAC CMA AMA
N L K L. I S V S L V D K F F s I L S D S D 8 Q I I H K K

3636 3648 3660 3672 3684 3696 37081
ATO CAC TOA OTT AMA CAT ATA 7TO OCT MAC MAC OTT AMA TCA OCA ATO TOO MAT MAT TOT ACA GAG ACT GAC ATO ATO ATA 070G
H Q L L K D I F A WNH L K S A I S H N F R K 5 0 I I I L

3720 3732 3744 3756 3768 3780 3792
AMA CCT CMA ATA CMA OAT TAC OCA A70 ACT TOT CMA ATT MOG ATT TAC TAC MAC CMA TTA CAC MAC AAG OCT OAT GCA AMA AMA
K C K I K DI F H S S I I K I I I N K L Q 8 K F D A K K

3804 3816 3828 3840 3852 3864 3876
GCC ACA TOT 700 TO.A TTT AT0 MOG ACT CAG AGA TOT OTT TOOCCAAC A OC A TTTf OAT ATT CAG AAG TOO TOT CMAOCT OTT TOT
A R F W S F H K T Q 8 F V S 8 H C F I Q K S C K F V S

3888 3900 3912 3924 3936 3948 3960
ATA TOO AOO TOO GTO AMA CCA CAT 070 TOC GAG CCC CAG CAT ATO GCA OAT GCC AMA ATT ATG OCT MOG OAT ATA 070 CMA ATT
I S T S V K F H V V K F K H H A D A K I H F K D 1 L Q 1

3972 3984 3996 4008 4020 4032 4044
ACA AMA AMA CCC 7TA A70 OTT AMA MAT 070 MO COT TOT TOT COO CCA OAT 070 AAG TOT TOO 070 CAC 070 AGCO ACA A70 CMA
T K K F 1. 4q V K N v K F S S F F D V K S L V Q L S T H4 K

4056 4068 4080 4092 4104 4116 4128
ACG AMA ACC CTA CCA cm AAG AAO CMA TOO GAC ACT ATO TTT MAT TOT MAC AMA GCA AMA ATA ATO OCT GGA MAT COO AMO CAC
T K T L F 8. I K Q F D S I F N S H K A K I I F C H C K H

4140 4152 4164 4176 4188 4200 4212
GCA TOA CMA MAC ATC TOA CTO TOT TOC TOA AGA OCT GCOO TOC TAC GCO TAT TO TOT OTT CCA AMA AGG OTT CCA ATO OTT CMA
A S K H I S L S F S R F A S 1 0 I F S V C K R V F I V K

4224 4236 4248 4260 4272 4284 4296
CAT OCT OOA 070 AMA CMA 070 CAC CAT ATA ACA GAC ACT MAT ACA ACA CMA ATT TTA ACT ACT OTT GAC OTT TTA GGA ACA CAT
D R K V K Q L D D 1 T D S N T T E I L T S V 0 V L C T H

4308 4320 4332 4344 4356 4368 4380
TCA CMA ACT OCT ACT CMA CMA TCA MAT ATO TAC ACA TCA ACC CMA AMA ACA CMA OTT CMA ATT OAT MAT AAG OAT ACT GTO ACC
S 0 T C T 0 0 S 14 H Y T S T, 0 1K T F. L K I 0 W K D 5 V T

4392 6404 4416 4428 4440 4452 4464
CMA TOT TOO AAC CAC A70 AMA CMA GAT CCT CTT TOO TOT 070 GAT ATO OTT TOO TOO AMA GCA CCA TOO COO 07 CAT CMA AMO
K C S K D H K E D C L S F V 0 1 V L S K A A s A L D K K

4476 4488 4500 4512 4524 4536 4548
CMA AMA CMATOO OCT OTT CCA MAT CMA ATT ATT CGC TOT TOO TOA CAT CMA OTT AO AGG MAT CMA ATT ACA ATA ACT TCA OTT
K K Q L A V A H K I I H S L S D K V H R N K R 1 T S L

4560 4572 4584 4596 4608 4620 4632
rAM OCT CAT TTA ACT TOT ACA AMO AM TOT OTT CMA MAT COO AGA ACT CMA ATA TOT CMA AMA OAT OCT AMA ATT MAC AMA TOO
Q C 0 L T F T K K C L K H A R S Q I S K K D A K I N K L

4644 4456 4668
AT70 CMA AMA CAT TOT CMA 070 MT AAG CAC ATA AMA COO TAT TGA
HK K D F Q V 11 K 8 I K F 1

4687 4697 4707 4717 4727 4737 4747 4757 4767 4777
(TTTCT'ATCA TOOCTACAAAA GACCAGTMAC GAATOTACC OTOTOTOTOT nTCGTOTOTT CTTCTATMAT GAMCMATTA OTTTACGOTO TTMATOCGAT

4787 4797 4807 4817 4827 4837 4847
TrTMTOATI AC;TOOGOCnI rTGOCACAT ATGTAAAATT ACATA'TMTA TM7T0OACAC ATMOGCAAAA

FIG. 3. Nucleotide sequence of SIR4. The nucleotide sequence of yeast genomic DNA extending from a HindIll site 600 bp upstream of
the initial ATG of the SIR4 coding region to a site 170 bp downstream of the TGA codon terminating the coding region is shown. Beneath
the sequence of the coding region itself is indicated the predicted amino acid sequence of the SJR4 protein. In addition, the location of the
probable cap site of the SIR4 mRNA is marked by the arrow above the sequence.
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TABLE 2. Proteins exhibiting homology to
the yeast SIR4 protein

Proteina Extent of % Identity z score"overlapb in overlap

Myosin heavy chain I, nematode 424d 15 9.2
50S ribosomal protein L23, 87 20 6.8

E. coli
H-2 class 11 histocompatibility 76 21 6.3 (10.9)

antigen AaC
cAMP-dependent protein kinase, 95d 19 4.8

bovine
Coat protein, tobacco mosaic 89d 17 4.3

virus
Gene IV protein, M13, fd, and 92d 19 4.2

fl phages
MATa2 protein, S. cerevisiae 87 21 3.9 (8.4)
MATal protein, S. cerevisiae 96 24 3.5 (5.8)
80S ribosomal protein eL12, 87 14 3.8

shrimp
72K DNA-binding protein, 196 21 3.4 (5.5)

adenovirus 2
50S ribosomal protein Li, 74 31 3.3
Xenopus

Cloacin DF13 protein, E. coli 241 16 3.0 (5.2)
plasmid Cl

Laminin B1, mouse 108 22 3.0 (3.7)
,B-Fibrinogen, bovine/human 162 17 2.7 (9.8)

a Protein homologies were identified by comparison of the predicted amino
acid sequence of SIR4 protein with 3,477 polypeptides in the Dayhoff data
bank, using the algorithm described by Lipman and Pearson (23) at a setting
of Ktup = 2, unless otherwise noted. Polypeptides with an optimized
homology score of >60 were subjected to random shuffle analysis to deter-
mine the statistical significance of the identified homology. Only those
peptides whose homologies are at least possibly significant are shown.

b Number of amino acid residues encompassed by the homology. The
location within SJR4 protein of each of the homologous domains is shown in
Fig. 4.

c Significance of homologies are determined by comparison of the similarity
score of the actual sequence with that of sequences derived by a random
shuffle of the residues within the homologous domain. This is represented as
a z value, which is calculated as follows: (similarity score - mean of random
scores)/standard deviation of random scores. z values of >3 are interpreted to
be possibly significant; those >6, as probably significant; and those >10 as
significant. Statistical analysis of each protein was conducted at the same
Ktup setting as that at which the protein was originally identified. Parenthet-
ical value is the z value based on a comparison of the identified protein to a
truncated version of the SIR4 protein, encompassing that third of the SIR4
protein spanning the region of homology.

d These proteins were identified in the Dayhoff bank, using Ktup = 1 in the
Lipman and Pearson algorithm.

We determined the codon bias to be 0.033, which is virtually
random with respect to codon preference. This is consistent
with the observation that SIR4 is normally transcribed at a
very low level (13). The protein is unusually rich in serine
(12.8%) and lysine (11.6%) and on the average is very
hydrophilic. SIR4 has a predicted pl of 9.7.
We compared the predicted protein sequence of SIR4 for

similarities with 3,477 polypeptide sequences (780,111 resi-
dues) in the Dayhoff amino acid bank. A number of proteins
were identified that exhibited some sequence similarity to
SIR4. The statistical significance of the sequence similarity
of each of these proteins was determined by a random shuffle
analysis, as described by Lipman and Pearson (23). The level
of significance is expressed in terms of a "z score." z scores
of >3 signify possible statistical significance. Proteins exhib-
iting significant homology to SIR4 are listed in Table 2, and
the region of SIR4 to which each of these proteins is
homologous is indicated in Fig. 4. As is evident from this list,
the diversity of function of these proteins makes it difficult to

draw conclusions about the biological significance of these
homologies.
SIR4 mutations exhibit unusual intragenic trans-comple-

mentation. We have observed an unusual intragenic
complementation pattern for various sir4 mutant alleles. Ivy
et al. previously showed that plasmid pJH5.1A (see Fig. 5)
could complement the sir4-351 ochre allele (13). From the
SIR4 DNA sequence, we noted that this plasmid encodes
only the carboxy-terminal 46% of the SIR4 protein. This
implied that either SIR4 activity is encompassed entirely
within the carboxy half of the protein or the carboxy
terminus of SIR4 protein can yield wild-type activity by
acting in trans with a truncated protein produced by the
chromosomal sir4 gene containing the ochre mutation. To
determine which of these possibilities is true, we examined
the ability of various plasmid-borne subfragments of SIR4 to
complement different mutant alleles of SIR4 in the chromo-
some. We examined three chromosomal sir4 alleles in addi-
tion to sir4-351: sir4AJ::HIS3, a deletion/insertion mutation
in which the middle third of the gene is replaced by a
fragment containing the yeast HIS3 gene (see Fig. 6);
sir4A.2: :HIS3, a deletion/insertion mutant in which almost all
the amino portion of the gene is replaced by the same HIS3
fragment in the same orientation as that in sir4AJ::HIS3; and
sir4A3: URA3, a complete deletion of the SIR4 coding region,
replaced by the yeast URA3 gene. We made these null alleles
of SIR4 in vitro and used them to replace the wild-type copy
of SIR4 in vivo in strain S150-2B by homologous recombi-
nation.
We measured SIR4 function by quantitative mating as-

says. Loss of SIR4 activity results in expression of a
mating-type genes, resident at HML in our test strain, in
addition to a mating type genes resident at MAT and HMR.
Concurrent expression of both a and a mating-type genes in
a cell yields a sterile phenotype typical of a/a diploid cells.
Thus, the degree to which the test strain regains its capacity
to mate as an a cell is a direct measure of the degree to which
HML is repressed and, accordingly, a measure of the level of
functional SIR4 activity.
Each of the chromosomal sir4 mutations reduced the

mating of strain S150-2B to between 1/104 and 1/105 that of
the SIR' parent (Table 3). We introduced all or parts of the
SIR4 gene into these sir4- strains on a high-copy LEU2
plasmid and then scored SIR4 function by quantitative
mating assays. The results are summarized in Table 3 and
Fig. 5. Plasmid pKAN59, carrying the intact SIR4 gene,
restores mating competence to that of wild type for all four

Sn
Sp H
\ /!

Bc Pv Bg Sm B
\ /

Pv

NH2 SIR4 Coding Region COOH

rp Li Myos in

cAMP-PK MATal MATe2

rp L23

Ad2 72K Gene IV

Acc Cloacin

rp eL12 Laminin

Fibr inogen

TMV

FIG. 4. Proteins homologous to SIR4. Beneath a diagram of the
SIR4 coding region are shown the locations and extents of the
regions of SIR4 protein exhibiting statistically significant homolo-
gies to each of those proteins listed in Table 2. Restriction site
abbreviations are as indicated in the legend to Fig. 2. Ad2, Adeno-
virus type 2; TMV, tobacco mosaic virus.
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TABLE 3. Complementation of sir4 mutationsa

Plasmid Plasmid-borne No. of diploids formed/haploid plasmid-bearing test cell with given allele:
gene sir4-351 sir4Al::HIS3 sir4A2::HIS3 sir4A3:: URA3

None None 0.00015 0.00003 0.00001 0.00001
pKAN59 SIR4 0.5 0.6 0.6 0.8
pJH5.1A sir4b 0.8 NDC ND 0.009
pSIR4.3d sir4b 0.4 0.3 0.007 0.007
pJH3A sir4b 0.0002 0.00001 ND ND
pKAN69 SIR3 0.03 0.00001 ND ND

a Strain S150-2B containing the indicated chromosomal sir4 allele and harboring the designated plasmid was assayed for restoration of Sir activity by the
quantitative mating assay described in Materials and Methods, using strain DC17 (MA Ta hisl) as mating tester. Under these assay conditions, strain S150-2B
exhibits a mating efficiency of 0.7.

b Plasmids pJH5.1A, pSIR4.3, and pJH3A encode and expresses the carboxy 46. 45, and 12% of SIR4, respectively.
c ND, Not determined.
d Mating assays were performed on glucose-containing media, which permitted only low-level expression from the GALIO-SIR4 fusion resident on the plasmid.

mutant strains. In addition, as previously reported, plasmid
pJH5.1A, a derivative of pKAN59 in which the promoter
and amino-terminal 54% of the SIR4 gene is deleted, yields
wild-type levels of SIR activity in a sir4-351 background.
Plasmid pSIR4.3 carries a construct consisting of the GALIO
promoter fused to the carboxy 45% of the SIR4 gene (at the
SmaI site at position 2831 of the sequence in Fig. 3). We
presume that translation of this truncated gene initiates at
the first available AUG codon within the fused coding
region, at residue 747 of the protein. Both the sir4-351- and
the sir4A1::HIS3-containing strains were complemented by

BgH Sm Pv'
H SnH BcPv B~ ,B C Bc C H Complements Anti-Sir

Plasmid sir4-351 -Gel IGl

pKAN59
pJl.lA

pSIR4.3
pM. 13
p=.I
pJH3A
pJII6lO

pJIG745
pSIR4.6

I~~=

TM

FIG. 5. Biological activity of plasmid-borne fragments of the
SIR4 gene. Beneath a diagram of the genomic region spanning the
SIR4 gene (dotted box) are shown the specific subcloned segments
(heavy lines) carried on each of the plasmids listed to the left.
Cross-hatched boxes represent the GALIO promoter, oriented to
yield galactose-inducible transcription of the cloned SIR4 segment.
For plasmids pJHG610 and pJHG745 the promoter fragment in-
cludes the initial ATG of the GAL1O coding region, which is in-frame
with the SIR4 coding region in the former case and out-of-frame in
the latter case (noted by the TAA codon that terminates the
nonsense peptide expected to be produced from that plasmid).
Plasmid pMM5.1 is identical to plasmid pMM4.13 except that the
BglII site within the coding region was filled in to yield a frameshift
mutation at the site of the "X." The ability of each plasmid to
restore normal mating to a sir4-351 strain, summarizing data pre-
sented in Table 3, is indicated to the right of the diagram of each
plasmid. These complementation tests were performed on glucose-
containing media. As such, for those plasmids carrying GAL1O-SIR4
fusions, the assay results represent the complementing activity of
the SIR4 construct in its transcriptionally repressed state. Anti-Sir
activity of individual plasmids, summarizing results shown in Fig. 7,
is indicated. Anti-Sir activity was determined by the mating pattern
of H027B harboring the indicated plasmid as measured on media
promoting induction (+Gal) or repression (-Gal) of the GAL1O
promoter. Restriction site abbreviations are as in the legend to Fig.
2.

plasmid pSIR4.3 to levels near that obtained with the intact
gene (Table 3). We observe complementation even though
the strains were grown in glucose medium, which yields very
low-level expression from the GALIO promoter (42). In
contrast, plasmid pSIR4.3 fails to complement sir4A2::HIS3
or sir4A3:: URA3 under similar conditions. Thus, SIR4 func-
tion does not reside solely in the carboxy half of the gene.
Rather, these results suggest that two domains of the pro-
tein, one at the amino end and one at the carboxy end, are
required for SIR4 repression of the silent mating-type loci
but that these two domains need not be covalently linked to
establish and maintain repression.

Intragenic complementation obtained with different sir4
alleles is independent of the mating type of the cell. We
crossed strain Y558(pSIR4.3), which carries the sir4A1::
HIS3 allele and plasmid pSIR4.3, to a MATa strain, FVY1-
1C. Upon scoring of the progeny spores from this diploid, we
found that plasmid pSIR4.3 could complement the
sir4M]::HIS3 disruption in both MATa and MATa back-
grounds (data not shown). In a similar fashion, we found that
pSIR4.3 failed to complement sir4A2::HIS3 in either a MATa
or a MATa background. Thus, intragenic complementation
affects expression of HMR in exactly the same fashion as it
does that of HML.

Expression of smaller domains of the carboxy end of SIR4
does not yield complementation of sir4-351. Plasmids pJH3A
and pJHG610, which express the carboxy 12 and 25% of the
SIR4 gene, respectively (see below), do not restore mating
competence to any of the strains harboring chromosomal
sir4 mutations (Fig. 5).

Extragenic complementation of sir4 mutants by excess SIR3
activity. Ivy et al. (13) observed that the SIR3 gene on a
high-copy-number vector (plasmid pKAN63) could comple-
ment strains containing the sir4-351 ochre mutation, al-
though not as efficiently as could the intact SIR4 clone
(plasmid pKAN59). To determine whether SIR3 com-
plementation of sir4-351 is allele specific or results from
bypass suppression, we introduced the multicopy SIR3
plasmid into a strain bearing the null allele sir4AJ::HIS3 and
tested for complementation of the mating defect (Fig. 6). We
found that SIR3 did not complement the sir4AJ::HIS3
deletion/insertion mutation (Table 3). Thus, hyper-ex-
pression of SIR3 does not abrogate the need for some SIR4
activity to maintain repression of the silent loci.

Overexpression of the carboxy end of SIR4 disrupts normal
SIR repression. We have determined that expression of the
carboxy end of the SIR4 protein causes disruption of SIR
repression in vivo. Ivy et al. (13) previously noted that
plasmid pJH3A, which carries a yeast genomic fragment

VOL. 7, 1987
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Bg H Sm N Pv
H HSnHBcPv Be B Pv CBcC\H

SIR4\l-::''' ''::l l/

BgH XS34PvH [HSnH 1HIS3 Pv C BcC H
sir4A1: :HIS3 H JISl

Bg H HIS3 Pv

s ir4A2 :HIS3 , t-'..- .i/

BgH --URA3:L BcCPH
sir4A3::URA3 \/2 Illl

FIG. 6. Deletion alleles of sir4. The structure of three deletion
alleles of sir4, constructed as described in Materials and Methods,
are shown beneath a restriction map of the region spanning the SIR4
gene (dotted box). Restriction sites are as indicated in the legend to
Fig. 2.

spanning the carboxy end ofSIR4 and the adjacent transcrip-
tion unit, induced a dominant Sir- phenotype. From analysis
of the sequence of SIR4, we find that plasmid pJH3A yields
a translational fusion of the carboxy 12% of SIR4 to the
amino portion of a reading frame within the pBR322 moiety
of the plasmid. Thus, we presume that plasmid pJH3A
expresses at some unknown level in yeasts a fusion protein
consisting in part of the carboxy 12% of the SIR4 protein.
To determine whether anti-SIR activity of plasmid pJH3A

is a consequence of the expression of the carboxy end of
SIR4, we fused the GAL1O promoter, including the initial
ATG of the GAL1O gene, to the SIR4 coding region at sites
of two random linker insertions, designated 610 and 745. For

linker 610, this yields an in-frame fusion of the GALIO
coding region to that of SIR4, allowing galactose-inducible
expression of the carboxy 25% of the SIR4 protein. For
linker 745, the fusion is out of frame. We examined anti-Sir
activity of these plasmids in strain H027B (HMLa matal
HMRot SIR'). The null matal allele in strain H027B does
not contribute functional mating-type information to the cell
(40, 43). Strain H027B normally mates as an a, since strains
lacking functional mating-type information behave as a cells
(43). However, if the silent a mating-type genes of strain
H027B are expressed, the strain mates as an a cell, since no
functional a mating-type information is present to cause a
sterile a/a. phenotype. Thus, strain H027B mates as an a cell
when the silent loci are expressed but as an a cell when the
silent loci are repressed.

Results of this analysis are shown in Fig. 7 and summa-
rized in Fig. 5. As previously reported, we find that the
presence of plasmid pJH3A completely converts the mating
type of strain H027B from a to a. We found that strain
H027B carrying the pJHG610 fusion mates as an a strain on
galactose-free media and as an a strain on galactose-
containing medium. On the other hand, strain H027B car-
rying the pJHG745 fusion mates as an a on either medium.
Thus, the presence of the carboxy end of the SIR4 protein in
the cell disrupts normal repression ofHML and HMR by the
SIR products. Consistent with this, we find that plasmid
pSIR4.3, which carries the carboxy 45% of SIR4 under
control of the GALIO promoter and complements sir4-351 at
low-level expression (see above), has anti-SIR activity in
strain H027B when the strain is grown on galactose to
induce high-level expression (Fig. 7). Finally, we have found
that overexpression of the entire SIR4 gene yields disruption
of SIR repression. That is, strain H027B containing the
GAL1O-SIR4 plasmid pSIR4.6 mates as an a when grown on

oc Test er a Tester

-Gal
YEp52 YEpI3 i-

DC 14i
pSIR4. 31 pJBBA

+Gal

FIG. 7. Anti-Sir activity of SIR4 plasmids. Strains 14a, 17a, and H027B containing the indicated plasmids were patched in the designated
pattern on SC minus leucine plates that contained 2% glycerol plus 2% ethanol as carbon source and either contained (lower plates) or lacked
(upper plates) 1% galactose. After incubation for 2 days at 30°C, the master plates were each replicated to two synthetic minimal plus glucose
plates spread with a lawn of either an a leu2 (JK-1A; right) or an ax Ieu2 (KAY5-3B; left) tester strain. The galactose-containing master plate
was replicated to the lower two plates and the galactose-free plate was replicated to the two upper plates. The photograph shows the mating
tester plates after 3 days of incubation at 30°C.
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Ant i -S i r
Plasmid

+

YEp53

Ant i -Si r
Plasmid

+

pAXR42

KT 3< KR4IJ.J-3 I0

YtEp5 I. YEF'p52

FIG. 8. Reversal of SIR4 anti-Sir activity by overexpression of SIR3. Strain JR281B-7C (HMLa matal HMRa) was sequentially
transformed, first with one of the LEU2-sir4 plasmids possessing anti-Sir activity or the control vector YEp51 or YEp52 and then with the
URA3-GALJO-SIR3 plasmid pAR42 or the control vector YEp53. Patches of these doubly transformed strains were grown on SC plus 2%
glycerol-2% ethanol plates lacking uracil and leucine and either containing (+GAL) or lacking (-GAL) 2% galactose. After 2 days of growth,
these master plates were replicated to similar plates lacking also adenine and histidine and spread with a lawn of either an a (JK-1A) or an

a (MS-43) mating-type tester strain. Shown are portions of these replica plates after an additional 2 days of incubation at 30°C. The particular
anti-Sir plasmid present in each strain is indicated in the key at the bottom.

glucose but mates predominantly as an a when grown on

galactose (data not shown). Thus, overexpression of the
carboxy end of SIR4, whether as a partial fragment or as the
intact protein, interferes with SIR repression.
SIR3 overexpression reverses the anti-Sir activity of SIR4

fragments. The observation that the sir4-351 allele is com-

plemented by overexpression of SIR3 while a sir4 gene

disruption is not suggests that SIR3 and SIR4 might interact
to repress HML and HMR. If such an interaction does
occur, it is possible that the anti-SIR effect of the carboxy
terminus of SIR4 is due to disruption of such an interaction.
To test this hypothesis, we examined the mating pattern of
an HMLa matal HMRa strain containing both an anti-SIR
plasmid and a galactose-inducible SIR3 gene. These results
are shown in Fig. 8. Strain JR281B-7C harboring an anti-Sir
plasmid (either plasmid pJH3A or the galactose-inducible
plasmid pSIR4.3 or pJHG610) and plasmid pAR42 (YEp53-
SIR3) or, as control, YEp53, was tested for mating after
growth in the presence or absence of galactose. As described
in the preceding section, an HMLa matal HMRa strain
harboring plasmid JH3A mates as an a cell and such a strain
harboring plasmid pSIR4.3 or pJHG610 mate as a cells when
grown in the absence of galactose but as a cells when grown
in its presence. The concurrent presence of vector YEp53 in
the strain does not alter these mating patterns (Fig. 8). In

contrast, a mating of galactose-grown JR281B-7C containing
either of the anti-SIR plasmids is substantially reduced when
plasmid pAR42 is also present in the strain (top line of Fig.
8, comparing a mating of anti-Sir, YEp53 strains to that of
anti-Sir, pAR42 strains). Thus, although the presence of the
carboxy end of SIR4 disrupts SIR repression to allow
phenotypic expression of a information from HML and
HMR in strain JR281B-7C, such disruption is blocked and
repression of the silent loci is restored by coexpression of
SIR3 at high levels.

DISCUSSION

Intragenic complementation of sir4 mutations. We have
provided evidence that SIR4 activity resides in two separate
domains of the SIR4 protein and that these two domains
need not be physically linked to effect repression. We found
that a subclone expressing only the carboxy-terminal 46% of
the protein could restore near-wild-type SIR4 activity in
strains carrying a sir4-351 mutation (an ochre mutation
located at an undetermined site within the gene) as well as

strains containing the sir4AJ::HIS3 allele, which expresses
only the amino 26% of the SIR4 gene. Since the same

subclone fails to complement strains more extensively de-
leted for SIR4, we conclude that SIR4 activity requires
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protein domains from both amino and carboxy ends of the
normal SIR4 protein.

It should be noted that the level of synthesis in vivo of the
each of the two separate, complementing SIR4 polypeptides
is quite low. Under conditions in which we observed
complementation, synthesis of the amino domain was driven
by the normal SIR4 promoter, which is quite inefficient (13).
Similarly, the carboxy domain was synthesized from the
GALIO promoter under conditions of repressed expression.
Under these conditions, mRNA levels from the promoter are
<0.01 copy per cell (42). Thus, intragenic complementation
is not an artifact of hyperexpression.

Intragenic complementation of SIR4 is reminiscent of
3-galactosidase a-complementation and of fragment com-

plementation seen with staphylococcal nuclease (46). How-
ever, in contrast to P-galactosidase a-complementation, the
complementing SIR4 fragments do not overlap. Comple-
mentation could possibly occur by physical interaction of the
two domains to restore the normal three-dimensional struc-
ture of the native protein. On the other hand, the two
complementing regions of the protein could define two
independent functional domains of SIR4. What might these
two functions be? As yet, no function can be associated
specifically with the amino portion of the protein. However,
as described below, the carboxy domain probably encom-
passes a region involved in interaction with SIR3 protein.
The complementing carboxy domain also includes a portion
of the protein that has homology to a number of nucleic
acid-binding proteins, fostering the possibility that this re-
gion also possess such activity.

Possible DNA-binding domains of SIR4 protein. SIR4 pro-
tein exhibits homology to a number of nucleic acid-binding
proteins. These homologies are loosely clustered in two
domains: one near the center of the molecule and the second
spanning the carboxy third of the protein. We have found
that a fragment of the SIR4 protein encompassing the
carboxy 45% of molecule and produced from plasmid
pSIR4.3 is retained on a single-strand DNA cellulose column
(M. Marshall and J. Broach, unpublished observations).
Thus, we suspect that this portion of the molecule, which
includes the second domain of homology, does in fact
possess DNA-binding activity. We have as yet been unable
to define specific double-strand DNA-binding activity of the
protein, but such studies are in progress.
Model for SIR3-SIR4 interaction in formation of a repressor

complex. Our results suggest that SIR repression of the silent
mating-type loci requires formation of a multicomponent
repressor complex with stringent stoichiometric constraints.
First, we find that overexpression of either all of the SIR4
protein or only the carboxy end of the protein disrupts
repression. This overexpression disruption can be reversed
by coincident overexpression of SIR3 protein. In addition,
overexpression of SIR3 yields allele-specific suppression of
sir4 mutants. That is, overexpression of SIR3 will not bypass
the need for SIR4 activity but it will yield a partial Sir'
phenotype in a strain carrying the sir4-351 ochre allele.
Thus, excess SIR3 protein will both restore function to a
mutant SIR4 protein lacking its carboxy end and mitigate the
loss of Sir repression caused by overexpression of the
carboxy end of SIR4.

Precedent for interpreting these observations emerges
from investigations of bacteriophage morphogenesis and of
suprastructure assembly in yeasts. For example, assembly
of bacteriophage T4 requires interaction of a number of
molecular components, many of which must be present in
reasonably precise stoichiometric amounts. Disproportion-

ate amounts of one component, in either excess or limiting
quantities, can disrupt the normal assembly process (6, 39,
41). In certain cases, disruption caused by the disproportion-
ate presence of one component can be alleviated by a
corresponding modulation of the expression of a second
component. Similarly, Meeks-Wagner and Hartwell (25)
have shown that overexpression in yeasts of a component of
the mitotic apparatus, in this case a histone protein, can
adversely affect the fidelity of mitotic chromosome transmis-
sion. However, balanced overexpression of paired histones
genes does not have a disruptive effect.

In this light, our results could be interpreted to suggest
that SIR3 and SIR4 proteins, if not SIR] and SIR2 proteins
as well, form a stoichiometric complex that is required for
establishing and maintaining repression of the silent loci.
This hypothesis can be further refined on the basis of our
detailed analysis of the effects of overexpression of sub-
domains of SIR4. This proposed model predicts that the
carboxy 12% of the SIR4 protein includes at least a portion
of the SIR3 protein-binding site. Expression of the anti-SIR
fragment provides an excess of the SIR3 binding site,
entrapping a portion of the available SIR3 protein in the cell
in a nonfunctional complex and thus making it unavailable
for productive SIR3-SIR4 interaction. Increasing the expres-
sion or gene dosage of SIR3 in the cell makes additional SIR3
protein available for formation of a productive complex.
Similarly, loss of SIR4 activity arising from mutational
truncation of the SIR4 protein, as would be the case with the
sir4-351 ochre mutation, may be due to deletion of the SIR3
binding domain and the consequent reduced affinity of the
truncated SIR4 protein for SIR3 protein. In this case,
increasing SIR3 expression would promote productive com-
plex formation by compensating for this reduced affinity for
SIR3 protein by providing a substantially increased concen-
tration of SIR3 protein in the cell.
An alternative hypothesis to the structural model pre-

sented above is that SIR3 protein catalyzes some requisite
posttranslational modification of SIR4 protein and that
hyperexpression of the carboxy end of the SIR4 protein
effectively limits available SIR3 activity. Consistent with
this hypothesis is the observation that SIR4 protein is
multiply phosphorylated in vivo (R. Schnell, W. Kimmerly,
and J. Rine, personal communication). However, the pri-
mary structure of SIR3 does not resemble that of known
protein kinases, so it is unlikely that SIR3 functions in this
capacity. In addition, suppression of the sir4 ochre allele by
overexpression of SIR3 is difficult to accommodate in this,
or similar, models. Thus, we favor a model postulating
formation of a multicomponent complex mediating SIR
repression as the most economical explanation of our obser-
vations.

Sir regulation of silent mating-type loci. We have analyzed
the SIR4 gene with the hope of providing some insight into
the mechanism of Sir regulation of the silent mating-type
loci. As described above, products of the SIR2, SIR3, and
SIR4 genes, and to a lesser extent that of the SIR] gene, act
through specific sites flanking HML and HMR to render the
DNA across these loci refractory to transcription by RNA
polymerase II or III (1, 3, 5, 8, 13, 16, 32, 35). In addition,
this system prevents cleavage by HO endonuclease at the
HO cleavage site within each locus (19, 21, 44). Thus, by
several criteria Sir repression acts by making DNA in the
vicinity of the E sites inaccessible to enzymes that normally
should be able to interact with sequences resident there. The
only known activity to which DNA at the silent loci is
accessible is the process of double-strand break-mediated
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recombination in the course of directed transposition of
mating-type sequences to the MAT locus.
The mechanism by which the SIR gene products render

DNA inaccessible is not known, although several character-
istics of the process have been defined. Chromatin structure
across HML or HMR, as measured by the location and
intensity of DNase I and micrococcal nuclease-sensitive
sites of genomic DNA in isolated nuclei, is only minimally
altered in Sir' versus Sir- strains or in comparison with
MAT (27). The only striking difference is the appearance of
a strong DNase I-hypersensitive site at the HO cleavage site
at HML and HMR in conjunction with loss of SIR repres-
sion. In addition, Miller and Nasmyth (26) have shown that
the continued presence of the SIR products is required to
maintain repression. Shifting strains carrying temperature-
sensitive mutations in sir3 or sir4 to the nonpermissive
temperature yielded immediate activation of the silent loci,
even in a-factor-arrested cells. However, the converse was
not true. Repression could be reestablished only if cells
passed through S phase at the permissive temperature.
Shifting a-factor-arrested cells to the permissive tempera-
ture did not yield repression. Thus, it appears that SIR
repression can only be established during the process of
DNA replication.
These observations in conjunction with the results pre-

sented in this report suggest that repression of the silent
mating-type loci involves a rigorous organization of the
components of the repression machinery. Not only may the
protein components need to be present in precise stoichio-
metic amounts, but their interaction with the target site itself
requires its assuming a specific structure, one that occurs
only during DNA replication. One possibility is that the
repressor complex nucleates around a single-stranded ver-
sion of the E sites, a possibility consistent with the similarity
of SIR4 protein to proteins that interact with RNA and with
our observation that a SIR4 fragment binds single-stranded
DNA. Further analysis of the properties of SIR4 protein
should help to clarify the molecular basis of this novel
repression system.
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