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ABSTRACT

Expression of the GAL genes of Saccharomyces cerevisiae is subject to glucose repression, a global
regulatory mechanism that requires several gene products. We have isolated GAL83, one of these
genes required for glucose repression. The sequence of the predicted Gal83 protein is homologous
to two other yeast proteins, Siplp and Sip2p, which are known to interact with the SNF1 gene
product, a protein kinase required for expression of the GAL genes. High-copy clones of SIP1 and
§IP2 cross-complement the GAL83-2000 mutation (as well as GAL82-1, a mutation in another gene
involved in glucose repression), suggesting that these four genes may perform similar functions in
glucose repression. Consistent with this hypothesis, a gal83 null mutation does not affect glucose
repression, and only dominant or partially dominant mutations exist in GAL83 (and GAL82). Two
other observations were made that suggests that GAL83 functions interdependently with GAL82 and
REGI1 (another gene involved in glucose repression) to effect glucose repression: 1) REGI on a low-
copy plasmid cross-complements GAL82-1 and GAL83-2000 mutations, and 2) all pairwise combina-
tions of regl, GAL82-1 and GAL83-2000 fail to complement one another. Such unlinked noncomple-
mentation suggests that Gal83p, Gal82p and Reglp may interact with one another. Possible roles for

GAL83, GAL82 and REG]1 are discussed in relation to SNF1, SIP1 and SIP2.

HE expression of many genes involved in utili-
zation of alternate carbon sources, such as ga-
lactose, sucrose and maltose, is repressed in yeast
growing on glucose. This global regulatory mecha-
nism, referred to as glucose repression, causes cells to
use glucose preferentially when presented with a va-
riety of carbon sources.

Studies of the GAL genes have revealed that glucose
repression occurs by three mechanisms. First, glucose
reduces the level and function of the inducer of the
GAL genes by repressing expression the GAL2 [encod-
ing the galactose permease (TSCHOPP et al. 1986)] and
GAL3 [encoding a protein required for inducer func-
tion (TORCHIA and HOPPER 1986)]. The lower func-
tional inducer levels leads to increased activity of
Gal80p, the inhibitor of Gal4p function, thereby low-
ering GAL gene expression. Because all strains used
in this study are deleted for GAL80, we do not need
to consider this mode of regulation in the experiments
described here. Second, expression of GAL4, which
encodes the positive activator of GAL gene expression,
is transcriptionally repressed about fivefold in cells
growing on glucose (GRIGGS and JoHNsTON 1991;
NEHLIN, CARLBERG and RONNE, 1991; LAMPHIER and
PTASHNE 1992). This modest reduction in Gal4p lev-
els results in approximately a 50-fold reduction in
expression of GALI (GRIGGS and JOHNSTON 1991)
because several Gal4ps activate GAL gene transcrip-
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tion cooperatively (GINIGER and PTASHNE 1988).
Third, glucose repression acts directly on the pro-
moter of the GALI gene at sites located between the
Gal4p binding sites (UASgaL) and the TATA box
(FLICK and JOHNSTON 1991a, 1992). A key component
of the latter two mechanisms of repression is Miglp,
a DNA binding protein that binds to the GALI and
GAL4 promoters (NEHLIN and RONNE 1990; NEHLIN,
CARLBERG and RONNE .1991). Neither the nature of
the signal for glucose repression nor the mechanism
by which it is transduced to Miglp is known.

Several genes are required for glucose repression
of the GAL genes. In addition to MIG1, these genes
include HXK2, GRRI1, REG1, GAL82, GAL83, TUP1
and SSN6 (NEHLIN and RONNE 1990; ZIMMERMAN
and SCHEEL 1977; BAILEY and WOODWARD 1984;
MATsuMOTO, Yoshimatsu and OsHiMA 1983; Wick-
NER 1974; NEIGEBORN and CARLSON 1987, reviewed
in TRUMBLY 1992; GANCEDO 1992; JOHNSTON and
CARLSON 1993). S§N6 and TUP1 encode proteins that
probably associate with Miglp to form the actual
repressor complex (KELEHER et al. 1992). HXK2 en-
codes a hexokinase, but its role in glucose repression
is unclear (ENTIAN and FrROLICH 1984; MA and BoT-
STEIN 1986; WALSH et al. 1991). REGI and GRRI
have been cloned (NIEDERACHER and ENTIAN 1987,
1991; FLick and JOHNSTON 1991b), but no biochem-
ical functions have been assigned to them. Analysis of
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these genes will be essential for understanding the
mechanism of glucose repression.

GAL82 and GALS3 are unusual because mutations
in these genes appear to affect glucose repression of
the GAL genes, but not other glucose repressed genes
(MaTsuMoTO, Toh-E and OsHiMA 1981; MATSU-
MOTO, YOSHIMATSU and OsHIMA 1983) and all exist-
ing alleles of these genes are dominant or partially
dominant. Because isolation of GAL83 by conven-
tional procedures proved difficult, we developed a
method to recover DNA inserts from genomic lambda
clones by homologous recombination with yeast cen-
tromere plasmids (ERICKSON and JOHNSTON 1993). By
testing recombinant lambda phage clones from the
region of chromosome V to which GAL83 maps (RILES
et al. 1993) for their ability to complement the par-
tially dominant GAL&3-2000 mutation, a single
lambda clone that contained the GAL83 gene was
identified.

We report here our analysis of GAL83. The pre-
dicted sequence of Gal83p revealed that it is similar
to Siplp and Sip2p, two proteins that are known to
interact physically with the SNF1 gene product (YANG,
ALBERT-HUBBARD and CARLSON 1992; X. YaNG, R.
Ji1aNG and M. CARLSON, manuscript submitted for
publication). Our results suggest that the function of
Gal83p may be redundant with Siplp and Sip2p, and
that Gal83p functionally interacts with Reglp and
Gal83p.

MATERIALS AND METHODS

Strains and growth medium: The yeast strains used are
listed in Table 1. Most strains carrying glucose repression
mutants are isogenic. The GAL83-2000 mutant obtained
from Oshima (MATSUMOTO, Yoshimatsu and OsSHIMA 1983)
was backcrossed to our wild-type strain twice to yield
YM3033. Yeast were grown on standard YEP or SD syn-
thetic medium (ROSE, WINSTON and HIETER 1990). 2-deoxy-
D-galactose (2dGal; PLATT 1984) was added to 0.5% to
score the expression of the GALI gene on 2% glucose plates.
Yeast was made competent for transformation with lithium
acetate (ITo et al. 1983). To determine the phenotype of
snfl mutants, strains were grown anaerobically in a gas pack
(BBL) on YP + 2% sucrose or 2% raffinose. Eschericiha coli
strain DH5«a was used as a host for all plasmids.

Plasmids: Yeast genomic DNA encompassing the GAL83
gene was originally recovered from lambda clone APM5083
(RILES et al. 1993) by recombination with pBM2240 as
previously described (ERICksON and JoHNsSTON 1993). All
plasmids were constructed using standard techniques (MAN-
1ATIS, FRITSCH and SAMBROOK 1982). An 11-kb Xbal frag-
ment containing the GAL83 gene was subcloned into
pRS316 (S1KoRrsk1 and HIETER 1989) to generate pBM2385
(see Figure 1). pBM2424 was constructed by subcloning the
6-kb EcoRI-fragment from pBM2385 into the EcoR1 site of
YCp50. pBM2431 was constructed by subcloning a 2.5-kb
EcoRI-HindIII fragment that contained the GAL83 gene
(from pBM2424, see Figure 1) into the EcoRI-HindIII site
of a pRS316-derived vector in which the Clall-Xhol sites
were deleted. All other subclones were made with pRS316
using the indicated restriction sites (see Figure 1). pPBM2439

was constructed by subcloning the 2.5-kb EcoRI-HindlIl
fragment from pBM2431 (see Figure 1) into the 2 pm-based
vector, pR§426 (CHRISTIANSON et al. 1992). pBM2452 was
constructed by digesting pBM2431 with Xko! and religating
to delete the 536 base pairs between the two Xhol sites.

Plasmids containing cloned copies of genes involved in
glucose repression are as follows: pBM1624 contains GRRI
(FLICK and JoHNSTON 1991b), pBM1962 contains REGI (].
ERICKSON and M. JOHNSTON, UNPUBLISHED DATA), pJH3
(pBM2453) and pXY28 (pBM2454) contain SIPI and SIP2
respectively (generously provided by X. YANG and M. CARL-
SON). To determine linkage between GAL82-1 and SIP2, the
ADES5 locus was disrupted with the URA3 gene using the
ADES5 disruption plasmid pBM2441.

Sequencing GALS83: DNA sequence analysis was per-
formed with the dideoxynucleotide chain termination
method (SANGER, NICKLEN and COULSON 1977) using dou-
ble strand DNA and sequenase (United States Biochemical).
DNA sequence data was analyzed using the Geneworks
(Intelligenetics) software package.

Construction of gene disruptions: A GAL83::URA3 dis-
ruption was constructed by inserting the 1.8-kb Clall-Sall
fragment containing URA3 from YEp24 between the Clall
and Xhol sites of pPBM2431. This construction deletes amino
acids 99-278 from the GAL83 coding region. The resultant
plasmid (pBM2460) was digested with EcoRI and Kpnl, and
the 3.8-kb gal83::URA3 containing fragment was gel puri-
fied and used to transform YM2169 to Ura*. Since Ura*
transformants were obtained in this haploid at high fre-
quency, we assumed that the disruption mutant was viable.
PCR analysis on genomic DNA using primers that flank the
disrupted region of GAL83 confirmed that proper insertion
had occurred (data not shown). Transformants were scored
for sensitivity to 2-deoxygalactose and assayed for $-galac-
tosidase activity from the integrated GAL1-lacZ fusion con-
tained in pRY181 (YOoCcUM et al. 1984). Disruptions of SIP!
and SIP2 were made and provided by X. YANG and M.
CARLSON (YANG, ALBERT-HUBBARD and CARLSON 1992; X.
YANG, R. JIANG and M. CARLSON, unpublished data). Dis-
ruptions were confirmed by Southern blots.

Enzyme assays: §-galactosidase expressed from a GALI-
lacZ fusion (contained in pRY181) intergrated into the
chromosome at LEU2 was assayed as described previously
(YocuM et al. 1984; FLICK and JOHNSTON 1991a). All 3-
galactosidase assays are reported as Miller units and are the
average of at least two assays. Assays for each table were
performed on the same day. The highest variance for the
assays in each table (typically 14%) is reported in the foot-
note. Yeast strains were grown on YEP + 2% glucose
(repressing) or 2% raffinose (or 2% galactose) (nonrepress-
ing). Yeast strains transformed with a plasmid were grown
on SD-Uracil media containing either 2% glucose or 2%
raffinose. Invertase was assayed as described previously
(GOLDSTEIN and LAMPEN 1975; NEIGEBORN and CARLSON
1984).

Sequencing the GAL83-2000 allele: A 2.2-kb PCR prod-
uct was generated from genomic DNA from YM3033
(GAL83-2000). To eliminate the possibility of PCR-induced
errors, products from four separate PCR reactions were
pooled and subcloned using the TA cloning system (Invitro-
gen). Ten independent subclones were pooled and se-
quenced using the same oligonucleotide primers that were
used to sequence GAL83-2000. To confirm the identity of
the missense mutations, the GAL83-2000 allele was also
recovered by gapped plasmid rescue as follows: pBM2431
was digested with Xhol and Clall and used to transform
YM3033 to Ura*. Ura* transformants were scored for the
ability to complement the GAL83-2000 mutations. Noncom-
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TABLE 1

List of yeast strains®

Strain Genotype
YM2169 MATa met™
YM2170 MATa tyr1-501
YM2180 MATa GALS82-1
YM2201 MATa met™ regl-547
YM2213 MATa san‘A3
YM3032 MATa URA3 GAL83-2000
YM3033 MATa GAL83-2000
YM3196 MATa regl A:LEU2
YM3205 MATa met™ regl A::LEU2
YM2957 MATa grr1A1829
YM4237 MATa/MATa URA3/ura3-52 tyr1/tyr ] met/met GAL83/GAL83-2000 REG1/regl A::LEU2
YM4237 MATa/MATo MET/met GAL83/GAL83-2000 REG1/reglA
YM4239 MATa/MATa GAL83/GAL83-2000 REG1[regl-547
YM4240 MATa/MATa TYR1/tyr]1 MET/met REG1/reglA::LEU2
YM4241 MATa/MATa REG1/regl-547
YM4245 MATa/MATa GAL82/GAL82-1
YM4246 MATa/MATa GAL82/GAL82-1 GAL83/GAL83-2000
YM4247 MATa/MATa GAL82/GAL82-1 regl-547/REG1
YM4248 MATa/MATo GAL82/GAL82-1 regl A/REG1
YM4266 MATa gal83::URA3
YM4268 MATA sip1::URA3
YM4270 MATa URA3::GAL1/lacZ leu2™ sip2::LEU2
YM4310 MATa URA3::GALI1/lacZ gal83::URA3 sip2::LEU2
YM4312 MATa gal83::URA3 sip1::URA3
YM4313 MATa URA3::GALI1/lacZ sipl1::URA3 sip2::LEU2
YM4314 MATa URA3::GAL1/lacZ gal83::URA3 sip1::HIS3 sip2::LEU2

@ All strains carry the ura3-52 his3A200 ade2-101 lys2-801 gal80A-542 and LEU2::pRY181 alleles unless otherwise noted.

GAL83 CHO1 GCD11

il T ——L_ = H < H <= H (+) paM23ss

Xb R H H CXhXh R Xb
' ) pBM2390
. 1 () pBM2432
1 (+) pBM2424
—_ (4 pBM2431
—— () pBM2452
pBM2460

— 1 kb

FIGURE 1.—Restriction map of the GAL83 containing fragment
from X clone APM5083. The boxes represent the open reading
frames of GAL83, CHOI and GCD11. The symbol in parentheses
indicates the ability of the particular restriction fragment to com-
plement the GAL83-2000 mutation, scored by sensitivity to 2-deoxy-
galactose and by assaying GAL1/lacZ expression. Restriction sites:
R = EcoRI; H = HindIll; C = Clall; Xh = Xhol; Xb = Xbal.

plementing plasmids were recovered into Escherichia coli
and sequenced as before. To determine which missense
mutation was responsible for the GAL83-2000 phenotype,
the GAL83-2000 gene was recovered from FM133 (GAL82-
1), (a congenic GALS83 strain from Y. Oshima), by PCR and
sequenced.

RESULTS

Molecular analysis of GAL83: We isolated the wild-
type GALS3 gene by a genetic technique that con-

verted the lambda clone that contains GALS3 into a
yeast centromere plasmid (ERICKSON and JOHNSTON
1993; RiLES et al. 1993). The lambda clone that
carried GAL83 contained approximately 15 kb of
yeast sequence. To delimit the location of the GALS3
coding sequences, restriction fragments were sub-
cloned and tested for the ability to complement the
partially recessive character of GAL83-2000 by plating
transformants carrying various subclones onto plates
containing glucose + 2-deoxygalactose. 2-deoxygalac-
tose (2dGal) is a galactose analog that is converted to
a form that is toxic to yeast by the action of galacto-
kinase, the GAL! gene product. A wild-type strain is
resistant to 2dGal in the presence of glucose because
of glucose repression of GALI expression; a GAL83-
2000 mutant is sensitive to 2dGal in the presence of
glucose because it expresses the GALI gene. Results
of plate assays were confirmed by assaying §-galacto-
sidase expressed from a GAL1/lacZ fusion present in
our strains. As summarized in Figure 1 and Table 2,
the smallest complementing fragment was the 2.5-kb
EcoRI-HindIll fragment in pBM2431. The cloned
GALS83 gene never restored completely wild-type lev-
els of GALI-lacZ expression, consistent with the par-
tially dominant character of the GAL83-2000 allele
used in these experiments (MATSUMOTO, YOSHIMATSU
and OsHIMA 1983; compare lines 1-3 in Table 2). A
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TABLE 2
Complementation of GAL83-2000

GALI-lacZ
activity® Growth on

p ) 2-deoxy-

Yeast strain Plasmid Glucose Galactose galactose
1. GALS3 None 9.5 630 +
2. GAL83-2000 None 200 600 -
3. GAL83-2000/GALS83 None 135 715 +
4. GAL83-2000 pRS316 (vector) 313 872 -
5. GAL83-2000 pBM2384 113 568 +
6. GAL83-2000 pBM2431 104 527 +
7. GAL83-2000 pBM2439¢ 66.0 563 +
8. GALS83-2000 pBM2452 312 909 -

4 Maximum error for values in this table is £14%.

b Wild-type strain = YM2169; GAL83-20000 = YM3033; heterozygous diploid is the a/a diploid of YM2169 X YM3033.

¢ High-copy plasmid.

high-copy plasmid containing the 2.5-kb EcoRI-
HindIll fragment (pBM2439) was able to restore
glucose repression closer to wild-type levels (Table 2,
line 7).

The DNA sequence of the 2.5-kb EcoRI-HindIII
insert in pBM2431 was determined on both strands.
This fragment contained a single, long open reading
frame of 1251 bp that can encode a protein of 417
amino acids. We confirmed that this reading frame is
indeed GAL83 by deleting the sequences between the
two Xhol sites contained within the putative open
reading frame (see Figure 1). This plasmid, pPBM2452,
failed to complement the GAL83-2000 mutation
(Table 2, line 8). The complete nucleotide sequence
of GAL83 and the predicted amino acid sequence of
its encoded protein are shown in Figure 2. Partial
sequence analysis of the large 11-kb Xbal insert in
pBM2385 revealed that is also contains two genes,
CHO! (NIKAWA et al. 1987) and GCD11 (HARASHIMA
and HINNEBUSCH 1986), which are known to be tightly
linked to GAL83-2000. This confirms that the cloned
piece of DNA that complemented GAL&3-2000 is
from the correct genetic locus. GAL83 is identical to
SPM1, a gene identified as a high-copy suppressor of
a mutation in the zinc-finger of the largest subunit of
RNA polymerase II (J. Friessen, unpublished data).

Predicted protein sequence of GALS3 reveals ho-
mology with two functionally related yeast proteins:
The predicted sequence of Gal83p did not reveal any
notable motifs. The sequence of Gal83p has homology
with two other yeast proteins, Siplp and Sip2p (YANG,
Albert-Hubbard and CarrLsoN 1992; X. YANG, R.
JiaNc and M. CARLSON, manuscript submitted for
publication). Both SIPI and SIP2 were identified as
genes whose products physically interact with Snflp
(YANG, Albert-Hubbard and CARLSON 1992), a pro-
tein kinase that is required for derepression of several
glucose repressed genes, including the GAL genes
(CARLSON, OsMOND and BOTSTEIN 1981; CELENZA

and CARLSON 1984). Alignment of Gal83p with Siplp
and Sip2p revealed that these three proteins have
significant homology with each other over much of
the Gal83 protein sequence (see Figure 3). The Gal83
and Sip2 protein sequences are 45% identical, with
the majority of the homology in the C-terminal 60%
of the gene; the homology between Gal83p and Siplp
is limited to two regions, one approximately in the
center of the Gal83p sequence and the other near the
C-terminus of Gal83p (see Figure 3). A high-copy
clone of SIP2 was able to cross complement GAL83-
2000, raising the possibility that these two genes have
similar functions. Despite its more limited homology
to Gal83p, a cloned copy of SIPI was also able to cross
complement GAL83-2000 on a high-copy plasmid (see
below).

A gal83 disruption allele allows normal glucose
repression: To determine the null phenotype of
GALS83, the gene was disrupted with URA3, deleting
amino acids 97-181. Surprisingly, the null mutant
exhibited normal glucose repression of GALI expres-
sion (see Table 3, line 3). Null mutations in SIP1 and
SIP2 (disruption plasmids generously supplied by X.
YANG, R. JIANG and M. CARLSON) also had no effect
on GALI expression (Table 3, lines 4 and 5).

Since null mutations in GAL83, SIP1 and SIP2 do
not affect regulation of the GALI gene, it was of
interest to determine if combinations of these three
mutations would cause a glucose repression pheno-
type. Double mutants were constructed by genetic
crosses of single null mutants, and the gal83A, sipl1A,
sip2A triple mutant was constructed by a subsequent
cross of two double mutants. As shown in Table 3, no
combination of gal83, sipl and sip2 had a significant
effect on the regulation of the GALI/lacZ reporter
gene. This suggests that these three genes are redun-
dant, and that other members of this gene family
remain to be identified.

Recovery of the GAL83-2000 mutation: Since the
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TCGAAATTAACCCTCACTAAAGGGAACAARAGCTGGTACCGGGCCCCCCCTCGCGATAAGCTTGCAGGAGCAATCATAAGTACAAGGTTA
ATGCTGTTAGCAGAGGGAGACAACATGAAAGGGCACAATTTCATATATCTGGAGATGATGAGGACAGTAACGTTCACCGCCAAGAATCAA
GAGCATCCAACACAAGTCCCAATGTATCATTGCCTCCGATAAAGAGCATTTTGCGACAAATTGATAATTTCAACAGTCGTCCTTCGTTAC
TTCAGTAAATAAACAAGCAGTAAATAAAACGTATAGAATATAAGAAGGAARATAACAATGGGTTCTTGAAACTTGATATACTTTTTCCTS
GAATGAAGACGCAAAGAAAACCTTTGGAGAAAATCATTGCAAATTTAAAAGCTGTGCTTCAAAAAACCCATGTGAGACTGAAACATGGTC
CAGTGGTCTTCATCCGGACCGGTTCAARAGTCCTGCTCTACCTTCAATAATTTGTCTTTACCGTTAAAACACAGGCCACGCTATTTTTTTT

GTTGCACTAATTTTCATCCTTAAGCGACCAATTTGCTCCCCTTTGGAAAAGCTCACGAAAAAACGTGGCAAAGAAAACAATACCGATCTC

GTAGGATTTGGGCCACTGTTGTAATCGCAAGTAGAGAGCATCCTAGATAAGAGCTACTATATTTTGTATAAGGTCGTTTCCTGCACAATA

ATAAATTATCTACACTGAAATATGGCTGICGACAACCCTGAAAACAAGGATGCTTCCATGTTAGATGTCAGTGACGCAGCTAGCAACACT
M A G D NUPEWNIZ KD ASMTLTUDUV s DAASNT

ACGATTAATGGTAAACATAGCGCCGATTCAACTAATGAGGCTTCCCTGGCGTACACTTTTTCTCAAATGAACGTAGATAATCCTAATGAA
T I N G K H S A DS TWNZEWA ASLAYTT F S QMNJVIDNUPNE

TTAGAGCCTCAGCATCCTTTAAGACATAAATCGAGTTTAATTTTTAACGACGATGATGACGATGAAATACCTCCATATTCAAACCATGCG
L EP QH PLRUHIEK S SLIF NDUDUDODUDETITZ®PZPTYSNUHA

GAAAATGGTTCTGGGGAGACCTTTGATTCTGATGATGATATCGATGCTAGCAGCTCGAGTAGTATCGACAGCAACGAAGGCGATATCCAC
E NG S G ETVFD SDODDTIDAS S S S S I DSNZEGTDTIH

GATGCAGATATGACAGGAAATACCTTGCAAAAAATGGATTATCAACCATCTCAGCAGCCTGACTCACTTCAAAATCAAGGCTTTCAACAG
D ADMTS GNTILGQI KMDYQQP S Q QP D S L QNIOQGTF Q Q

CAACAAGAACAGCAACAGGGCACTGTGGAAGGCAAGAAAGGAAGAGCTATGATGTTTCCAGTTGACATCACTTGGCAACAGGGGGGTAAT
Q Q E Q Q Q 6GTV EG K K GRAMMTFZPV DITWQOQG G N

AAAGTGTACGTTACTGGGTCTTTTACGGGATGGAGAAAGATGATCGGGTTAGTACCAGTCCCTGGACAGCCTGGACTTATGCATGTARAA
K vy v T G S F T GWURIEKMIGLV PV P GQPGLMUHUVK

TTACAGCTGCCTCCAGGTACTCATCGTTTCAGATTTATTGTTGACAATGAGTTAAGATTCAGTGATTATTTACCTACCGCAACCGACCAA
L QL PP GTHRT FRT FTIUVDNETLZRTFSDYTLPTA ATTDOQ

ATGGGAAACTTCGTCAACTATATGGAAGTGAGCGCACCGCCTGATTGGGGGAATGAACCTCAGCAGCATCTGGCTGAAAAAAAAGCGAAT
M G N F V NY M EV S A PZPUDWGNEUPUQQHTLAEIKIKA AN

CATGTAGATGATAGCAAATTGAGTAAGAGACCTATGAGCGCTCGCTCGAGAATCGCATTGGAGATAGAAAAGGAACCAGATGACATGGGC
HV DD S KL S KRPMSARSURTIALTETIETZ KTETPUDTUDMG

GATGGTTACACTCGTTTTCACGATGAGACCCCCGCTAAACCTAATTTAGAGTACACTCAAGATATACCTGCTGTGTTCACCGACCCAAAT
D GY TRFHUDETU®PATZ KU PNTILETYTOQDTIU®PA AV FTUDZ®PN

GTAATGGAACAATATTATTTGACACTTGATCAGCAGCAAAATAATCACCAAAATATGGCCTGGTTGACTCCTCCACAACTGCCACCTCAT
vV M E QY Y L TULDUG Q QQ NNUHQNMAWTULTU®PUPOQTULP P H

TTAGAAAACGTCATTTTGAATAGTTACTCAAACGCGCAAACTGATAATACGTCTGGCGCCCTTCCCATTCCGAACCATGTTATATTGAAC
LENVYILWNZSYSNAQTUDNTSGATLUPTIUPNUHVYVILN

CATCTGGCGACAAGCAGTATTAAGCATAATACATTATGTGTCGCATCCATTGTTAGGTATAAACAAAAATACGTGACCCAAATACTGTAT
H L A TS S I KHNTULOCUVASTIVR RYZXOQEKTYVTOQTITLY

ACACCATTGCAATAGATATGATTATAGAGCTTATAGCTACATCTTTTTAGATAAAAGCGAAGATGTTTCTGCGATTTTTCCATTATAGCT
T P L Q
CTCCTCGATACTAAATATCAAGGTCTACATGTAAGTATTTGTATATATGGGTTGGAATGTATATACGTATATACGTACGTACGTAGCTAT

ATGCACATAATTGTTACGGGATGTATATATAAATTAGTAGCATTATAGAAGATA 1472
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FIGURE 2.—DNA sequence of GALS83
and predicted amino acid sequence of the
protein product.

gal83 null mutation produced no glucose repression
phenotype, it was of interest to identify the nature of
the GAL83-2000 allele. To identify the mutation, a
2.2-kb PCR product that contains the GAL83-2000
coding region was subcloned and sequenced (see Ma-
TERIALS AND METHODS for details). Two differences
between our wild-type allele (S288C derived) and the
GAL83-2000 allele (obtained from Y. OsHIMA) were
found. First, a C to T transition was identified that
results in a glycine to arginine substitution at position
235. This residue lies in a region that is conserved
between Gal83p, Siplp and Sip2p (see Figure 3). The
second mutation is a T to C transition that results in
a leucine to serine change at position 270. This amino
acid lies in a region that is not conserved with Siplp
or Sip2p. To determine which of these mutations
contribute to the GAL83-2000 phenotype, we deter-
mined the sequence of this region of GAL83 in a wild-

type strain congenic for GALS83 (a GAL82-1 mutant
from Y. OsuiMA). This strain carries the L270—S
mutation, but possesses the G235 residue present in
our wild-type strain. Therefore, it seems likely that
the G235—R mutation is responsible for the GAL83-
2000 phenotype; the L270—S change is probably a
phenotypically silent sequence polymorphism between
our strains and OSHIMA’s strains, although it is possible
that both missense mutations are necessary to confer
the observed phenotype.

snfl is epistatic to GAL82-1 and GAL83-2000: Mu-
tations in SNF1 cause a phenotype opposite to glucose
repression resistant mutations: snfl mutants are una-
ble to derepress GALI in the absence of glucose (CARL-
SON, OsMOND and BoTsTEIN 1981). Since Gal83p is
so similar to two proteins known to interact with
Snflp, it was of interest to determine the epistatic
relationship of snfl and GAL83-2000. A diploid het-
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A
206 243 371 415
Galis3 37a.a. 1268 8. 44a.a. 47
207 244 367 412
Sip2 | —
p 95% | 50% ] 95% |44
e
571 608 807 851
St —. sea
B
GAL83 MAGDNPENKD ASMLOVSDAA SNTTINGKHS -ADSTNEASL AYTFSQM-NV 48
sIP2 MGTTSHPAQK XQTTKKCRAP IMSDVREKPS NAGUCEPQEM DAVSKKVTEL 50
SIP1  sceeemeeen ememeeeees o PRIR---= -==~--oo s 557
Consensus Mot e AL IR.K.S -A....... MYl
GAL83 DNPNELEPQH PLREKSSLIF NDDDDDEIPP YSNHAENGSG ETFDSDODID 98
s1p2 SLNKCSDSQD AGQPSREGSI TKKKSTLLUR DEDEPTMPKL SVMETAVOTO 100
SIP1  mememmmeee e o il e 557
Consensus ... ... Qe e e e e D.B
GALSB3 ASSSSSIDSN HDADMT GNTLQKMDYQ PSQQPDSLQN QGFQQOQEQQ 148
s1P2 SGSSSTSDDE IAQ'rn: PKQDASPDDD RSGHSSP-RE EGQOQIRAKE 149
SIPL e SO H- - = mmmmmm e e KE 563
Consensus ..§§5..D.. H D.. .S G.QQ...KE
GALE3 QGTVEGKKGR AMMFPVDITH DOGGN GYfpawRKMI GLVPVPGOPG 198
SIP2 ASGGPSEIKS SLMVPVEIRY DOGGSI =ty iy MI GLIPDSDNNG 199
4 S e S o
Consensus M.PV.T | !JDQGG- . GHEr. WRKMI GL.P.. ... G
R
cAL83 LuevKLGPP Ex [LP TATORMGNEV —me- 243
sIP2 SFHVKLHALLP RSPHLP TATDDMGNFV ——— 244
- -2 H 'y IN rt hHLP TATOEEGNFV PGYH 513
consensus P VD NELR SDRLP TATUOMGNFV NI JEv)----
GALBI oo SAPPD WGNEPQQHLA ETKANHVDDS KL---SKRPM ------ [ 279
E £ RQP-- -EKNP----T NEKIRSKEAD SM----RPPT -----= sRE 272
SIP1 TIEPFRNEAD IDSQVEPTLD EELPKRPELK RFPSSSRKSS YYSAKGV. 663
Consensus ~ ~e--- R.P.D ....P...L. EEK....E.. ..-«-SR.P. =~-n-- S.BE
GAL83 RIAL----EI EKEPD-DM: HD--- ET--PAHR-N ﬂmu—ﬁw 318
SIP2 SIAL-~--QL GKDPD-DF! FHE-~- DL--SPRe-P epv 311
SIP1 STPFSDYRGL SRSSSINMI LKASSL DLM; BREIENL 713
Consensus SIAL----.L .K.PD-DM H.--- DL--..Hg}. [LRYr.dishv

GAL83 - --EQYYL 337
SIP2 T ~ERYYY RQ 330
SIP1 3 DCNQDDL}'A occmm 763
Consensus  [Ffl-----ee- meme—e-ana -E.YY.

GALB3 NHQNMAWTT - ~SNAQ---TD NTSCAL- TP 377
s1p2 NTDT- SWdr- Y—» -ymoomz KNEAL-dIP 372
s1P1 ETAEAVHLER SSYLMRILN ROFATNHIT 813
Consensus NT.... - L ENVILN. Y-- -SN.Q....E .A.EAL-rLP

GAL83 QT sSTkenTLgY AT ) RIS 7. SEE 117
SIP2 VMLRHUIT SSIKHNTEGQY ASTVRYK] T I - - --1E----85 414
sIP1 IT SSIRDEIIV ACTIRY] Ir Y YKTOKSQISN 863
c i Ir_ssihkrre TVRYKG Hﬂ - --.Q----S.

FIGURE 3.—(A) Schematic of homologous regions of Gal83, Sipl
and Sip2. Gal83, Sipl and Sip2 contain two regions of homology
that are designated by shaded boxes. The length of the region is
shown in the Gal83 box and the homology to Gal83 is shown in the
Sip1 and Sip2 boxes. A third region of homology between Gal83
and Sip2 is represented by the open box. Amino acid residue
numbers above boxes indicate limits of homologous regions. (B)
Comparison of the sequences of Gal83p with Sip1p and Sip2p. The
comparison was made with the complete sequences of Gal83p and
Sip2p but only the C-terminal 313 amino acids of Sip1p were shown.
Only identical amino acids are blocked. Sequence for Sipl was
previously published (YANG, Albert-Hubbard and CARLSON 1992)
and the Sip2 sequence was provided by R. JIaNG and M. CARLSON.
The numbers on the right are the numbers of the last amino acid
residue for each protein. The mutation that is present in the GAL83-
2000 allele is indicated at position 235.

erozygous for snf1A3 and GAL83-2000 was sporulated
and tetrads were dissected. The GAL83-2000 pheno-
type was scored by its sensitivity to glucose + 2-
deoxygalactose; the snfI phenotype was indicated by
the inability to grow on sucrose or raffinose. Analysis
of tetrads showed that resistance to 2dGal predomi-
nantly segregated 3": 1°, suggesting that snfl is epis-
tatic to GAL83-2000. This was confirmed by assaying

TABLE 3
Effects of null mutations in GAL83, SIPI and SIP2 on GAL1
regulation
GAL1/lacZ

L a
actuvity Growth

S E— on
Glu-  Galac-  2-deoxy-

Strain genotype Strain cose tose  galactose
1. Wild-type (YM2169) 45 670 +
2. GAL83-2000 (YM3033) 191 605 -
3. gal83A:URA3 (YM4266) 34 400 +
4. siplAURA3 (YM4268) 38 595 +
5. sip20nLEU2 (YM4270) 13 642 +
6. gal83A; sipl A (YM4312) 42 608 +
7. gal834; sip2A (YM4310) 17 565 +
8. siplA; sip2A (YM4313) 54 537 +
9. gal834; siplA; sip2A (YM4314) 10 443 +

% Maximum error for values in this table is +14%.

GALI-lacZ expression. Data from two sample tetrads
(a tetratype and a nonparental ditype) is shown in
Table 4. Similar results were obtained for epistasis of
GAL82-1 and snfl (see Table 4). These results suggest
that Gal83p and Gal82p may act “upstream” of Snflp
in the glucose signaling pathway.

GALS? is not allelic to SIP1 or SIP2: Mutants of
GAL82 and GAL83 share several genetic properties.
First, mutations isolated in both genes confer resist-
ance to glucose repression that is GAL gene specific.
Second, both GAL82-1 and GALS83-2000 are cross-
complemented by a cloned copy of REGI (see below;
Table 5). Since Gal83p and Siplp and Sip2p appear
related, we considered the possibility that GAL82 may
be allelic to SIP1 or SIP2. Indeed, both SIP! and SIP2
on high-copy plasmids cross-complement the GAL82-
I mutation (see Table 5). To test for genetic linkage
between GAL82-1 and SIP2, we examined the linkage
between GALS2-1 and ade5 (ADES5 is approximately
16 cM from the predicted position of SIP2). An
ade5::URA3 disruption strain was crossed to a GAL82-
I mutant and tetrads were dissected. Results from this
cross demonstrated that GAL82-1 and ade5 are un-
linked (7PD; 6NPD; 20T). Thus, GAL82-1 and SIP2
are different genes. To determine linkage between
GAL82-1and SIP1, a sip1::URA3 strain (YM4268) was
crossed to the GAL82-1 mutant. Tetrad analysis
showed that sipl (Ura™) and GAL82-1 (sensitivity to
2dGal) segregated independently and are therefore
unlinked (1PD; 2NPD; 5T)

Cross-complementation by GAL83 and REGI: In
our attempts to clone GAL83 by complementation
from genomic plasmid libraries, another gene in-
volved in glucose repression, REG1, was isolated sev-
eral times. As shown in Table 5 and summarized in
Table 6, REG! on a CEN plasmid cross-complements
the GAL83-2000 allele (Table 5, line 3). REG] on a
CEN plasmid also cross complements GAL82-1 to the
same extent as the GAL83-2000 allele (Table 5, line
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TABLE 4

Epistatic relationship of snfI to GAL82-1 and GAL83-2000

Growth on
GAL1/lacZ expresson
Cross and inferred genotype Glucose Raffinose 2dGal on glucose?
snfl X GAL83-2000

Tetratype

a snfl, GAL83 (or GAL83-2000) + - + 28
b SNF1, GAL83-2000 + + - 176
¢ SNFI1, GALS3 + + + 18
d snfl, GAL83-2000 (or GAL83) + - + 42
Nonparental ditype

a SNF1, GAL83 + + + 37
b SNF1, GALS3 + + + 17
c snfl, GAL83-2000 + - + 21
d snfl, GAL83-2000 + - + 40

snfl X GAL82-1

Tetratype

a snfl, GAL82 (or GAL82-1) + + + 16
b snfl, GAL82-1 (or GAL82) + - + 34
¢ SNF1, GAL82-1 + + - 186
d SNF1, GAL82 + + + 54
YM2213 snflA3 + - + 25
YM3033 GAL83-2000 + + - 212
YM2180 GAL82-1 + + - 201
YM2169 w.t. + + + 22

4 Maximum error for values in this table is £15%.

9). A cloned copy of REG 1 does not cross-complement
other glucose repression mutations including grrl,
hxk2 and migl (data not shown). This suggests that
REG! may be functionally related to the GAL82 and
GALS3 gene products.

To test if GAL83 is able to cross-complement other
mutations, high-copy GAL83 (pBM2439) was used to
transform regl and GAL82-1 mutants. The results
shown in Table 5 indicate that GAL83 was not able to
cross-complement either mutant. Since both SIP1 and
SIP2 cross-complement GAL83-2000 or GAL82-1, but
GAL83 does not cross-complement GAL82-1, the func-
tion of GALS3 is not strictly equivalent to SIP1 or
SIP2 (see Table 6).

Unlinked, noncomplementation between regl,
GAL82-1 and GAL83-2000: To further examine the
relationship between REGI, GAL82 and GAL83, a
series of isogenic diploids heterozygous for each of
the mutations was made and assayed for glucose
repression. Since the diploids heterozygous for both
GAL83-2000 and regl (Table 7, lines 10 and 11)
exhibit much less glucose repression than diploids
heterozygous for either mutation alone (lines 6 and
8), the two mutations are genetically defined as non-
complementing, unlinked alleles. Note that a reglA
allele gave the same noncomplementing phenotype as
a reg1-547 point mutation. To test the gene specificity
of noncomplementation, heterozygous diploids were
made between GAL82-1 and regl-547, reglA and
GAL83-2000. Like GAL83-2000, GAL82-1 also failed

to complement regl (line 13 and 14). Furthermore,
GAL82-1 and GAL83-2000 also failed to complement
each other (line 12). Although the effect was not as
substantial as with regl, the trans-heterozygote con-
ferred enough resistance to glucose repression to con-
fer sensitivity to 2-deoxygalactose. This noncomple-
menting phenotype is suggestive of an interaction
between the GAL82, GAL83 and REG1 gene products.

DISCUSSION

GALS3 as well as GAL82 are exceptional among the
several genes required for glucose repression in that
they seem specific for the GAL genes (MATSUMOTO,
ToH-E and OsHIMA 1981; our unpublished data).
This specificity may reflect a GAL gene specific branch
of the glucose repression pathway, or may simply be
a property of the particular GAL82-1 and GALS3-
2000 mutations obtained by the GAL-specific genetic
screen used by MATsumoTo, TOH-E and OsHIMA
(1981). Mutations in GAL82 and GALS83 indeed seem
rare, as exhaustive mutant hunts in our laboratory
using GAL1 as the reporter failed to uncover any new
alleles of these two genes. Since the gal83 null muta-
tion causes no glucose repression phenotype and three
different genes can cross complement the GAL83-
2000 mutation, we believe that the GAL specificity of
GALS82-1 and GAL83-2000 is unique to these alleles.

Gal83p may be involved in the function of the SNF1
gene product, because its sequence is similar to two
proteins (Siplp and Sip2p) known to interact physi-
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TABLE 5

Cross complementation of glucose repression genes

GALI-lacZ
activity® after
growth on
Cloned ———————— % Fully
Yeast strain gene  Glucose Galactose induced

1. GAL83-2000 (YM3033) None® 313 589 33

2. GAL83° 66.0 574 11

3 REGI 57.3 642 8.9

4. SIP1¢ 57.5 548 10.5

5. SIP2¢ 56.4 532 10.6

6. GRR1? 224 608 37

7. GAL82-1 (YM2180) None? 197 589 33

8. GAL83 233 772 30

9. REGI 25.6 725 3.5
10. SIP1 55.8 675 8.3
11. SIP2 44.0 700 6.2
12. GRRI 268 844 32
13. reglA (YM3205) Nonet 511 622 82
14. GALS83 437 493 89
15. REG1 10.3 475 4.3
16. SIP1 346 472 73
17. SIp2 226 379 60
18. GRR1 465 563 83
19. Wild-type (YM2169) None? 9.5 630 1.5
20. GAL83 14.8 596 2.5
21, REG1 13.1 955 1.4
22. SIP1 33.5 571 5.8
23, Sip2 346 681 5.3
20. GRR1 17.0 600 2.8

¢ Maximum error for values in this table is £14%.

b Vector (pRS316) only.

¢ GAL83, SIP1 and SIP2 clones for these experiments are all
high-copy clones.

cally with Snflp. Interestingly, high-copy clones of
SIP] and SIP2 are able to cross-complement GALS3-
2000, suggesting that these gene products may have
a similar function with respect to Snflp activity (see
Table 5). High-copy clones of SIP1 and SIP2 also
cross-complement GAL82-1. This suggests that these
four proteins may associate with the Snflp kinase and
affect its function. However, since a cloned copy of
GAL83 does not cross-complement GAL82-1, the func-
tion of Gal82p may be distinct from that of Gal83p
(see Table 6 for summary).

Genetic analysis has shown that snfI is epistatic to
GAL83-2000 and GAL82-1 (Table 4). This suggests
that GAL83 and GALS2 act upstream of SNFI in the
glucose repression pathway. However, we state this
conclusion with caution because the gal83 null mutant
exhibits no phenotype with respect to glucose repres-
sion of GAL gene expression. The only GAL82-1 and
GAL83-2000 mutations we possess are partially domi-
nant. Since SIP1 and SIP2 cross-complement GAL82-
I and GAL83-2000 and encode proteins similar to
Gal83p, it seems reasonable also to place SIP! and
SIP2 at a position upstream of the SNFI-encoded
kinase. Our data are consistent with a model in which
Gal82p, Gal83p, Siplp and Sip2p may act in a redun-

TABLE 6

Summary of complementation of glucose repression mutants
with cloned copies of glucose repression genes

Complementation by cloned gene

Mutation GAL83  SIPI SIP2  REGI GRRI
1. GAL83-2000 + + + + -
2. GAL82-1 - + + + -
3. regl-547 - - - + -
4. grr1-1121 - - - - +

dant fashion to regulate Snflp activity, as opposed to
acting as downstream targets of Snflp. However, SIP1
was shown to suppress a defect in the snf¢ gene (a
positive activator of Snflp kinase) apparently without
stimulating Snflp kinase activity. This result is con-
sistent with the possibility that Siplp acts downstream
of Snflp (YANG, ALBERT-HUBBARD and CARLSON
1992).

The GAL83 and GALS2 gene products seem to
interact or function closely with the REGI gene prod-
uct. This hypothesis is based on two observations:
First, a cloned copy of REGI, on a low copy plasmid,
significantly cross-complements the effects of GAL82-
I and GAL83-2000 mutations (Table 5). Cross-com-
plementation of particular mutations by high copy
clones has been a successful approach to identifying
genes in the same regulatory pathway (ANDREWS and
HerskowIiTZ 1989; NEWMAN, SHIM and FERRO-NoOV-
IcK 1990; BENDER and PRINGLE 1989, 1991). The
rationale behind such experiments is that many reg-
ulatory pathways require a balance of positive and
negative factors that combine to produce a specific
signal. The reduction or loss of one factor may be
compensated for by an increased amount of another
factor. In the case of GAL82-1 and GAL83-2000, a
modest increase in the REG1 gene dosage can restore
nearly wild-type levels of glucose repression. How-
ever, a cloned copy of GAL83 does not reciprocally
complement regl. This result, along with the fact that
a regl null mutation almost completely relieves glu-
cose repression (see Table 5), suggests that REGI has
a more significant role than GAL82 or GAL83 in
effecting glucose repression. Interestingly, REG I also
appears to be involved in RNA processing (TUNG et
al. 1992). The observation that REGI has pleiotropic
effects beyond glucose repression suggests that its
function in not limited to glucose repression.

The second observation that suggests GALS2,
GAL83 and REG]I interact is that mutations in these
genes do not complement one another. This unlinked,
noncomplementing phenotype is often interpreted as
suggestive of a protein-protein interaction. Noncom-
plementation is thought to occur for either of two
reasons: 1) either specific alleles combine with each
other to produce a complex that has a dominant
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TABLE 7
Unlinked, noncomplementation between GAL82-1, GAL83-
20000 and regl
GALl-lacZ
activity?® after
growth on
————————— %Fully
Yeast strain Relevant genotype Glucose Galactose induced
1. YM2169 Wild-type 35.4 635 5.5
2. YM3033 GAL83-2000 449 992 45
3. YM2180 GALS82-1 339 839 40
4. YM2201 regl-547 615 1158 53
5. YM3205 reglA 683 696 98
6. YM4238 GAL83-2000/wild-type 135 715 19
7. YM4245 GAL82-1/wild-type 116 1143 10
8. YM4241 regl-547/wild-type 53.8 707 7.6
9. YM4240 reglA/wild-type 39.0 840 4.6
10. YM4239 GAL83-2000/regl-547 350 450 78
11. YM4237 GAL83-2000/reglA 359 652 55
12. YM4246 GAL82-1/GAL83-2000 241 950 25
13. YM4247 GAL82-1/regl-547 365 1270 29
14. YM4248 GAL82-1/reglA 233 600 39

4 Maximum error for values in this table is +11%.

inhibitory effect (poisoned subunits), or 2) the relative
amounts of active complex fall below a threshold level
due to reduced levels of functional proteins in the
heterozygote (STEARNS and BOTSTEIN 1990; HAYs &
al. 1988). Because the noncomplementation is allele
independent with respect to REG 1, we favor the latter
explanation (insufficient complex formation) for this
case of noncomplementation. Genetic analysis of other
regulatory systems in yeast have revealed similar pat-
terns of interplay between mutations. For example,
SwaNsoN and WINSTON (1992) demonstrated that
mutations in SPT4, SPT5 and SPT6 fail to complement
one another and that the SPT5 and SPT6 gene prod-
ucts physically interact in co-immunoprecipitation ex-
periments. Our data, together with the observation
that mutations in a single gene will suppress the glu-
cose repression defect of all three of these mutants (J.
ERICKSON and M. JOHNSTON, unpublished data), sug-
gests that the protein products of GAL82, GAL83 and
REGI act in concert or at the same level in the
regulatory hierarchy to effect glucose repression. It is
also possible that these results are due to altered
GALS83 (and GAL82) expression in reg]l mutants.

The genetic and molecular analysis suggests that
the mechanism of glucose repression is indeed com-
plex. Other regulatory phenomena in yeast are simi-
larly complex. For example, mutations in CDC24, a
putative calcium binding protein involved in bud site
assembly is complemented by three heterologous
genes, BUDI/RSR1, MSBI and MSB2 (BENDER and
PRINGLE 1989, 1991; for review, see DrRUBIN 1991),
some of which display unlinked, noncomplementa-
tion. While sequence analysis of GAL83 failed to sug-
gest its biochemical function, our results suggest that
GALS3 is directly associated with a signaling pathway

involving the SNFI-encoded protein kinase and the
REG]1 gene product. Understanding how these several
proteins functionally interact will be essential for de-
termining their roles in the complex process of glucose
repression.
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