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ABSTRACT

Expression of the lactose—galactose regulon in Kluyv-
eromyces lactis isinduced by lactose or galactose and
repressed by glucose. Some components of the
induction and glucose repression pathways have been
identified but many remain unknown. We examined the
role of the SNF1 (KISNF1) and MIG1 (KIMIG1) genes in
the induction and repression pathways. Our data show
that full induction of the regulon requires SNF1; partial
induction occurs ina  Klsnfl -deleted strain, indicating
that a KISNF1-independent pathway(s) also regulates
induction. MIG1 is required for full glucose repression

of the regulon, butthere mustbea  KIMIG1-independent
repression pathway also. The KIMigl protein appears

to act downstream of the KISnf1 protein in the glucose
repression pathway. Most importantly, the KISnf1-KIMig
repression pathway operates by modulating KIGAL1
expression. Regulating KIGAL1 expression in this
manner enables the cell to switch the regulon off in the
presence of glucose. Overall, our data show that, while
the Snfl and Migl proteins play similar roles in
regulating the galactose regulon in Saccharomyces
cerevisiae and K.lactis , the way in which these proteins
are integrated into the regulatory circuits are unique to
each regulon, as is the degree to which each regulon

is controlled by the two proteins.

INTRODUCTION

the way in which the pathway represses expression of the genes
necessary for lactose and galactose utilization—the lactose—
galactose regulord{7). To further our understanding of the
repression pathway, we examined the role oSIKE1(KISNF])

and the MIG1 (KIMIG1) genes in glucose repression and
induction. We show here that at least one glucose repression
pathway contains both théSNF1and th&KIMIG1 gene products

and we identify a way in which this pathway modulates
expression of genes in the lactose—galactose regulon.

Utilization of lactose or galactose requires induction of
transcription oKILACA (3-galactosidase?) andKILAC12 (lactose
permease), which are transcribed in opposite directions from a
common promoter9), and KIGAL1, KIGAL7 and KIGAL10
[coding for galactokinase (EC 2.7.1.6), galactose-1-phosphate
uridylyltransferase (EC 2.7.7.12, transferase) and uridine
diphosploglucose 4-epimerase (EC 5.1.3.2, epimerase), respect-
ively], which are tightly linked, withKIGAL1 and KIGAL10
transcribed in opposite directions from a common promoter
(reviewed inl).

The transcription induction pathway centers around the DNA-
binding protein KiGal4p10,11) whose concentration is tightly
regulated by an autoregulatory loop that produces a 2-3-fold
increase in its concentration, an essential ingredient in the
induction pathway 4,7). Activation of transcription is also
controlled by the negative regulator KIGal80p which is bound to
and modulates the transcription activator activity of KiGal4p
(12). Induction of the regulon also requires an uncharacterized
activity of the KlGall protein that is independent of its
galactokinase activityl(3). This uncharacterized activity may be

Kluyveromyces lactis one of the few yeasts that can use the milkesponsible for the galactose and ATP-dependent binding of
sugar lactose as a carbon and energy source, which suggestsiii@allp to KiGal80p, an interaction that permits KiGal4p to
this yeast may have evolved under different and unique selectientivate transcriptionl@).

pressures, particularly for carbon sources, than have many otheGlucose represses expression of the lactose—galactose regulor

yeasts includingSaccharomyces cerevisigeeviewed in 1).

in some but not all strains df.lactis (3). Repressing and

Kluyveromyces lactigrows slightly more rapidly with lactose as non-repressing strains differ by two bases in KIGAL4

a carbon source than with glucogg but at least in some strains, promoter §). How this region of the promoter modulates glucose
glucose is the preferred carbon source since it repressepression is unknown. The KlGal80 protein is another known
expression of the genes necessary for utilization of lactose component of the glucose repression pathway. Expression of the
galactose3). Few components of the glucose repression pathwagictose—galactose regulon is only slightly (10—20%) repressed in
have been identified and we have only a rudimentary outline afKlgal80 deletion strain 14). Finally, theFOGIGAL83gene
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may be necessary for the glucose repression pat(j\@gybut Table 1.Genotype and origin of yeast strains used in these studies
this inference relies heavily upon what we know atBAiL83in

S.cerevisiae Name Genotype Source

Many genes necessary for glucose repression of the galactosgs MATa ade trpl ura3 3)
regulon inS.cerevisiadave been identified and their role in the gpy» MATa trp1 ura3 lac4 ®)
path""‘."‘y IS becqmlng Clea.‘rer' A Ce_ntra! componeScSNF1 JSD1 Derivative of JA6 carryingnflAl this work
encoding a serine/threonine protein kina%é).(The ScSnfl JSDLUR  Uraderivative of JSD1. this work
protein regulates many cellular functiofig)(and is particularly R ) ) ’
critical for governing carbon metabolism (reviewed . The = ISP2 Derivative of JAG carryingnf1Al miglAl - this work
protein has been conserved in organisms ranging from yeasts18P2/R  Ura derivative of JSD2 this work
plants to man where the ScSnfl homolog, termed the AMPJSD3 MATa ade ura3 migivl this work
dependent protein kinase, plays roles in cellular stress responsgs4 Derivative of JAGarryingsnflAl gall-10 this work
(19) and regulation of cholesterol and fatty acid biosynth&§)s ( ;sps Derivative of JAGarryinggal1-10 this work
Much. of yvhat is _known about ScSnflp function h_as come from;ge JA6 carryin@AL1-11 this work
studying its role in glucose starvation. These studies have show . .

s - - - JA6 carryingnflAl GAL1-11 this work
that the protein kinase activity of ScSnflp is regulated in response
MCY1845 MATa snflA10 ade2-101 ura3-52 SUC2 (44)

to glucose by ScSnf4p and by other proteirid. (
Another key component necessary for glucose repression of th

galactose regulon tB.cerevisiaés the Migl protein (reviewed in ¢ -oin 3SD1. THEIMIG1 gene was obtained by amplification of
18). Mig1p acts to repress transcription of the galactose reguloj\g chromosomal DNA using the PCR and two primers
by binding to GC-boxe2() present in th&cGALIand SCGAL4 5/ ~cGAATTCCGTGCGATTAGGTCAGTTCA and 5CGGA-
promoters(22,23). Cells lacking Miglp show partial derepression srTccGGTGTTCATCGATAGTCGT, which have aBcoRI

of the galactose regulon and this phenotype is epistatic to 10SS@f 5qqed to their&end to facilitate cloning. The sequence of the
ScSnflp, suggesting that ScMiglp acts downstream of ScSnf Rmers was based on the publiskédIG1 DNA sequencels).

(reviewed in18). DNA-bound Mig1p represses transcription byt amplifiedKIMIG1 gene was cloned into tHeeRI site of

forming a complex with Tuplp and Ssni,€5). It is not yet  ,z) yESCRIPT (In Vitrogen, San Diego, CA) to give pBDMIGL.
known how Snflp communicates with the Mig1p-Tup1p-Ssnépne region between the twield sites withinKIMIGL, nucleotides
comp_lex. . . . +87to +1109, was replaced with a 1.4 kb DNA fragment carrying
While a great deal is known $icerevisia@bout the mechanisms e 5cTRPyeneto yield thekimigl Al allele which is carried in
Snflp and Miglp use to regulate galactose and other ge BDmigl. pBDmigl DNA was digested witEcaRI and
expression, it remains to be determined if these proteins functigl «ormed into strain JSD1 with selection for"Tnsformants.

in similar signal transduction pathways and similar mechanistig, ;e plot analysis confirmed that KiBlIG1 locus had been
modes in other fungi and in more complex eucaryotes. Data fro placed by th&imiglAl allele. A Ura derivative of strain

mammals demonstrate that the Snflp homolog, AMP-activatefEn, 35p2/R, was isolated by resistancé-furoorotic acid.
protein kmas_e, pgrforms unique functions and re_gu_lates isoprenoi he’migl mljtant strain JSD3 was constructed by crossing
a”Id fgt‘lésac'd b.'o.sy”thes'ﬂ)l- Although K lactis is Ch'ose'y strains SD12 and JSD2, selecting diploids on medium lacking
related tdS.cerevisiaen an evolutionary time scaled), the tWo ol and adenine2@), sporulating diploids and dissecting
organisms have experienced different selective pressures andt@f?ads. Haploid Trpoffspring were identified and the presence

not likely to use Snflp and Migllp in identical ways, particularlyof theScTRPAmarkedkimiglAl allele was verified by Southern
to regulate galactose metabolic genes, sktactis but not

&he snfl migldouble deletion strain JSD2 was derived from

2 . blot analysis.
S.cerevisia@volved to utilize lactose as a carbon source. Strains JSD6 and JSD7 carry KISAL 1-11allele in which the
putative Migl binding site, the GC-AT-BOX, of tM@AL1
MATERIALS AND METHODS promoter are indivated by multiple mutations (Fid). These
strains were constructed in several steps. First, intermediate
Yeast strains and growth media strains JSD4 and JSD5 were made by replacing the wild-type

KIGAL1 promoter with the&lgall-10allele, having nucleotides
The S.cerevisiadMCY1845) andK.lactis strains used in these —488 to +119 replaced with tlBcURA3gene. This allele was
studies are listed in Table Strain JSD1 was derived from strain made by cloning a 1.4 kiXxbd—BanHl DNA fragment of
JA6 by one step gene replacemeitdf the wild-typeKISNF1  KIGAL1 into the cognate sites of pBLUESCRIPT, yielding
chromosomal allele with tHdsnf1 Al deletion allele, which has pBSKlgal, which was cut at the unigBelll site (+119 relative
nucleotides —143 to +1629 replaced with a 1.1 kb DNA fragmeb theGAL1start codon) and tHgspMI site (—488 relative to the
carrying theS.cerevisiadJRA3 (SCURA3 gene. Th&kisnflA1  GAL1 start codon), treated with Klenow DNA polymerase | to
allele, released from pBDsnfl by cleaving BRI sites, was make the ends blunt, and ligated to a 1.1 kb DNA fragment
transformed into strain JA6 followed by selection for *Ura carryingScCURA3o give pBSKlgalURA3. Thélgall-10allele,
transformants. Because homologous recombination is less freleased from pBSKlgalURA3 as &md and Sadl DNA
guent inK.lactis than inS.cerevisiagUrat transformants were fragment, was transformed into strain JSD1/R with selection for
screened for Latand Gat cells by replica plating and cells with Urat cells, followed by screening for Gdlac™ cells. Only two
these phenotypes were then analyzed by Southern blotting dat of nearly 2000 Utatransformants were Galac-, and one
confirm that theSNF1locus had been replaced by MienflAl  of these was designated strain JSD4. Strain JSD5 was made by
deletion allele. Strain JSD1/R is a Uderivative of strain JSSD1 crossing strains SD12 and JSD4, sporulating diploids, and
isolated for resistance td-Buoroorotic acid 27). identifying Urd Gal~ Lacoffspring. The presence of tkigal1-10
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A GAL70 GAL1 was used for sporulating diploids according to previously published
T i r 7 , , proceduresq9). Plates containing 5-fluoroorotic acid were made
Xbal BspMI Byl BamH! by mixing 500 ml autoclaved 4% agar with 500 ml of a filter
T sterilized solution containing 7 g of yeast nitrogen base (Difco),
362 333 1 g of 5-fluoroorotic acid, 50 mg of uracil and 20 g of glucose.
Wild type DNA sequence  5'- AAAACAAAAAT CTGGGG CAT C%Ggg(cz;CAT- 3
GAL1-11 mutant allele 5'-AAAT(:22XGAT§§:A]\512(<;SCAT gCEGGfAT%’ Gene isolation and reporter plasmids
TheKISNF1gene was selected fronKdactis genomic library
BamH! Avril carried on the multi-copy vector pAB221). Portions of the
Dsal original plasmid carryingISNF1were subcloned into YEp352

(32) and tested for complementation of the Spleenotype of
Figure 1. The KIGAL1-10 promoter. A diagrammatic representation of the strain MCY1845. pBSNF1 carries tkéSNF1gene on a 3.1 kb
KIGAL_l—l_O promoter is shown at the top of the figure with the dlrectl_on of EcoRl DNA fragment inserted into thecaRI site of pBLUE-
transcription indicated by arrows. The wild-type DNA sequence containing a .
putative Miglp binding site composed of an AT-box and GC-boxes is shownoCRIPT. The nUC|e0t_|de sequence of both strands of the 31 kb
between nucleotides —362 and —333 relative to the ATG (+1) start coggh bf fragment was determined using a commercial DNA sequencing
TheGAL1-11promoter allele is shown at the bottom of the figure with the mutated kit (United States Biochemical Corp., Cleveland, OH)_
1o detemmine he presence of e mtantalle n sraing J806 and JSD7. T feporter plasmid pKigaldCAT contains thdGAL4
P ' promoter fused to the coding region of the chloramphenicol acetyl
transferase GAT) gene ). The reporter plasmid pC80GUS

) ) - _contains theKIGAL80 promoter fused to thf-glucuronidase
allele in strains JSD4 and JSD5 was verified by Southern blottinggyg gene (4).

(data not shown).
In the second step of constructing strains J_SD6 a_md \_]SD7, ’@ﬁzyme assays and miscellaneous procedures
KIGAL1-11 allele (Fig. 1) was made by using site-directed
mutagenesis and a two step PCR prot&@l The first PCR used For assaying CAT activity, transformed yeast cells were pre-
pBS0.6kgal as a DNA template, a mutagenic primer correspondi@§own overnight to saturation in defined medium supplemented
to the bases —278 to —218' (® 3) of the GAL1 promoter ~ With the carbon sources indicated in the text. Saturated overnight
(5-CGGAATGAGCGGAAGACTATGCCTAGGATGCCATGG-  cultures were diluted into 10 ml of fresh medium to an optical
ATCCTTGTTTTCTCAGCAGGCAAA-3), and universal primer density at 600 nm (Odag) of 0.25-0.30 and grown to an @3
1211 (New England BioLabs, Beverly, MA) corresponding to base® 0.7-0.8. Cells were centrifuged for 5 min at 5@®4°C, and
in the pBLUESCRIPT vector. suspended in 30Ql of ice-chilled breaking buffer (50 mM
The plasmid pBS0.6kgal contains a 0.6 kb fragment extendirg@dium phosphate, pH 7.5, 5% glycerol, 1 mM EDTA and 1 mM
from theBspMI restriction site just upstream of the GC box in thePMSF; this buffer was found to give more reproducible assays
KIGAL1 promoter to th@glll site in theKIGAL1 coding region  than a previously described buffé).(An equal volume of 0.5 mm
(Fig. 1). The 0.6 kb fragment was made by using the PCR arfiameter acid-washed glass beads was added and the cells were
primers containing afEcdRl or aBanH| site so that the PCR disrupted by vortexing at°€ for 10-15 min. Samples were
product could be cloned into the cognate sites of pBLUESCRIPgentrifuged at 4C for 5 min, and the supernatant fluid was used
The product of the first PCR was cleaved Wifinl to remove  immediately for enzyme assag)(A unit of CAT activity is
the 1211 sequence, and then used in conjunction with universigfined in Table. _
primer 1201 (New England BioLabs) in a second PCR. The GUS activity was measured as described by Jeffefs§n (
second PCR product was cleaved vB#nHI and EcoRl and  using cells and extracts prepared as for the CAT assay. Previously
cloned into the cognate sites of pBLUESCRIPT to givelescribed assays were used to meggalactosidase activity
pBSMO0.6Kgall. Mutation of the putative GC and AT boxes (Big. (4), transferase, epimerase and galactokinase actiA)yapd
was verified by DNA sequence and restriction site analysis dfctose transpor). ) ]
pBSMO0.6Kgall. The 0.6 kBspMI—Bglll fragment in pBSKIgal Yeast cells were transformed using the procedure of &iatz
was replaced with the corresponding fragment fron36).
pBSMO0.6Kgall, containing the mutated bases shown in Figure
to yield pBSMKiIgall. RESULTS
Strain JSD7 was made by cleaving pBSMKIgall attig and
Hindlll sites, transforming the DNA into strain JSD4, and
selecting for transplacement of kigall-10allele (marked with  To isolate th&KISNFL geneS.cerevisiastrainMCY 1845 (relevant
ScURA3with the mutanKIGAL1-11allele. Selection was done featuressnflA10, Suc) was transformed with ld.lactis genomic
by plating cells on plates containing 5-fluoroorotic acid. StraildNA library, Ura transformants were selected, pooled, and
JSD6 was made in the same manner by transforming strain JSB&selected for Sticells. To determine if a plasmid- borne gene was
The correct transplacement event in tract cells was first responsible for Sdc colonies, plasmid DNA from 10 Suc
identified by using the PCR and then verified by Southern bldtansformants was recovered by transformation into and purification
analysis. At least three independent isolates of each strain wéi@m Escherichia coli followed by retransformation into strain
assayed foB-galactosidase, galactokinase and CAT activity ad1CY1845. All MCY1845 Urd transformants were Sydndicat-
described in the text. ing that a plasmid-borne gene was responsible for th& Suc
PYED and defined mediad were supplemented with the phenotype. The plasmids carried the same 10 kb insert as determinec
carbon sources indicated in table and figure legends. ME mediunom restriction endonuclease digestion. The complementing gene

Isolation of a SNF1 homolog from K.lactis
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was localized within a 3.1 kiEcdRl restriction fragment by
subcloning and complementation testing (data not shown).

The DNA sequence of the 3.1 kb fragment was determined and,
when analyzed, showed one open-reading frame, predicted to
encode a protein of 602 amino acids with a mass of 68 463 Da.
This predicted protein is identical to one recently identified as the
K.lactisSnfl protein (KISnf1p)X5). KISnflp shows 75% amino
acid identity with theS.cerevisiaeSnfl protein (ScSnflp),
indicating that the two proteins are structural homologs.

There appears to be only @F1coding sequence ilactis,
since a Southern blot made using genomic DNA cut S&ih
showed one band of hybridization with #ESNFXcontaining Minutes
3.1 kb EccRI DNA fragment radiolabeled witd?P (data not
shown).

120
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Figure 2. Kinetics of lactose accumulation. The amount of lactose transported

; ilization i ; into cells by the Lac12 permease was measured in lactose-induced, log phase
ImpaIrEd carbon utilization in a Kisnf1 mutant strain wild-type JA6 (squares) andisnfl-deleted JSD1 (circles) cells using the

To determine if the KISnf1 protein is necessary for expression dirocedures described in the legend to Table 4.

the lactose—galactose regulon, the growth rat&tsird1deletion
strain (JSD1) was measured in a medium having lactose or ] )
galactose as the carbon source. The deleted strain grew mir@letion ofKisnfl reduces expression of the linke®ALL,
slower than the non-deleted strain on both sugars (Tple GAL7 and GAL10genes

indicating that full expression of the lactose—galactose reguIOf:b

; . ; . begin to understand why tlhéSNF1gene is necessary for
requires KISnflp. Strain JSD1 grew, albeit slower than W”d'typ??fid growth on lactose ar¥d galactosge, we determineréll which

igﬁ;pagf‘% mteh sSiEcJuCz;ggﬁ ?g éztrae\?iaswiggzhsg:gﬁl.liir r}lssurcer(s)glet 'S dtuctural gene(s) in the lactose—galactose regulon requires the
L L S KISnfl protein for normal expression under uninduced (basal),

non-fermenting) is required for utilization of sucroSe)(The ;. 0o and glucose-repressed conditions. RisafL-deleted

Kisnfl mutant strain JSD1, like 8csnflmutant strain, grew strain JSD1 had about the same uninduced level for the three

slightly slower on glucose than did the wild-type strain JA6 .y : :
Strain JSD1 failed to grow at all when sorbitol, raffinose, maltose],‘t‘\en Zggzstgsztg;vﬂ;l/(: %pfh:lir?\',ﬂd{@%ebgﬂg;ﬁ I(r']r(zj;\lg):: grgee\éil e
glycerol or ethanol were used as the carbon source (data gults show thaKISNF1 is essential for full induction of

ﬂ'gg&gﬁ;‘;ﬁ%ﬁgf i?qelr;(ginsst;gtﬁ ;tjhoagssirrglg)epr)é?i/ssi;central r8)5?Jression of these three linked genes. In addition, the activities
' ' ' of the three enzymes are still repressed by glucose in the deletion
strain, implying thatKISNF1is not essential for maintaining
Table 2.Effect of theKlIsnfldeletion on cell growth g|ucose repression of these three genes.

Strains Genotype Doubling time (min} ) )
Glucose  Sucrose  Lactose  Galactose Le€letion ofKisnfl reduces expression dfAC4 and LAC12

JA6 SNF1 102+ 6 88+15 98+6  103:4 We next measured expression oflthe&4 (3-galactosidase) and
JsSp1 snfl 143+11 154+10 318+13 391%25 the LAC12 (lactose permease) genes which are transcribed in
?ipposite direction from the same promo®rDeletion oKlsnfl

aCells were grown in defined medium supplemented with the indicated carbo - P -
source added to a final concentration of 2% (w/v), sonicated to dissocial reatly reducecﬁ-galactogdase activity under both uninduced

clumped cells, and diluted into fresh medium to give a starting)@i»0.2—-0.3. and 'n_duced C(,)ndltlons (Tab#, but the induction mechanism
The doubling time is defined as the time in min for thesg@o double. Mean  Was still operating on tHeAC4gene, although only about half as
values + the standard deviation represent data from three independefiffectively as in wild-type cells (60-fold induction in wild-type
determinations. JAG cells compared with 24-fold in JSD1 cells).

Table 3. GAL1, GAL1GandGAL7expression is controlled by KISnflp and KIMiglp

Strain Relevant genes  Specific activities (nmol product/mg protein/niin)

Galactokinase Epimerase Transferase

(GALJ) (GAL10 (GALD)

U | R ] | R U | R
JAB SNF1IMIG1 10 (100) 190 (100) 22 67 (100) 591 (100) 63 129 (100) 1092 (100) 157
JSD1 snfiIMIG1 10 (100) 43 (23) 16 56 (84) 183 (31) 59 106 (82) 334 (31) 128
JSD2 snfmigl 10 (100) 116 (61) 18 74 (110) 482 (82) 190 101 (78) 577 (53) 194
JSD3 SNF1migl 31 (310) 232 (122) 103 91 (136) 799 (135) 729 367 (284) 1662 (152) 741
JSD6 SNF1GAL1-11 14 (140) 213 (112) 70 ND ND ND ND ND ND

aSpecific activities were determined in cell-free extracts made from log-phase cells grown in defined medium suppleméetediivdtet carbon sources: uninduced
(U), 2% sucrose; induced (1), 2% sucrose plus 2% galactose; repressed (R), 2% sucrose plus 2% galactose plus 2% tllicdseed Bfpresent the average

of at least three independent determinations and the standard deviatiot: 2@% <Numbers in parenthesis represent the percentage of enzyme activity relative
to the value for JA6. ND, not determined.
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Table 4.LAC4 andLAC12expression is controlled by KISnflp and KIMiglp

Strains Relevant genotypes [-Galactosidase activity Permease activity

U | R U | R
JAB SNF1MIG1 75 (100) 4469 (100) 265 1.0 (100) 18.7 (100) 1.9
JSD1 snfiIMIG1 17 (23) 415 (9) 23 0.4 (40) 0.5 (3) 0.4
JSD2 snfimigl 30 (40) 1737 (39) 56 0.5 (50) 3.2(17) 1.0
JSD3 SNF1migl 245 (327) 7546 (169) 2271 1.2 (120) 29.6 (158) 7.1
JSD6 SNF1GAL1-11 85 (113) 5319 (119) 1566 ND ND ND

aCell culture conditions were the same as described in the legend to Table 2. Lactose permease activity ispgebhefilastose accumulated per gjgunit

per 20 min. Cells were grown overnight in defined medium &€36iluted into fresh medium to give an gjgof 0.2—-0.3 and grown to an @gyof 0.7-0.8. After
washing once with cold medium, 1 mM¢C]lactose was added to each culture and the intracellular lactose accumptafidgyo was measured. The values shown
represent the average of at least three independent determinations. The standard deviatians5&ré&lembers in parenthesis represent the percentage of enzyme
activity relative to the value for strain JA6. ND, not determined.

Table 5.KIGAL4 expression in mutant strains

Strain Relevant genes Units of CAT activity?

Uninduced Induced Repressed
JA6 SNFIMIG1 11.4+ 0.9 (100) 71.5+ 5.9 (100) 28.4% 1.5 (100)
JSD1 snfIMIG1 9.6+ 1.2 (84) 15.6- 1.6 (22) 14.% 1.1 (50)
JSD2/R snflmigl 10.7£ 1.0 (94) 40.3 2.2 (56) 40.8 4.1 (144)
JSD3 SNF1migl 10.3+ 0.9 (90) 75.8 5.2 (106) 73.% 7.0 (259)
JSD6 SNF1GAL1-11 13.4% 1.0 (118) 61.7+ 4.8 (86) 48.2+ 5.3 (170)

aStrainsJA6, JSD1, JSD2 and JSD3 were transformed with the reporter plasmid pKlgal4CAT containing the fldl@Agth

promoter fused to the CAT coding region. The transformants were grown in the selective medium with the indicated carbon
source: Uninduced: 2% sucrose; Induced: 2% sucrose + 2% galactose; Repressed: 2% sucrose + 2% galactose + 2% glucose.
Units of CAT activity are % conversion of substrate (c.p.m. measured in the organic phase expressed as a percentage of total
c.p.m.) per mg protein per 45 min. Numbers in parenthesis represent the percentage of enzyme activity relative to tsteamlue for

JA6. Mean values: standard deviation represent at least three independent determinations.

Table 6.KIGAL80expression in mutant strains

Strain Genotypes GUS activity(nmol/mg protein/mif)

Uninduced Induced Repressed
JA6 SNF1MIG1 12+ 2 (100) 575+ 60 (100) 55+ 4
JSD1 snfISNF1 11+ 1 (92) 148t 20 (26) 1742
JSD2/R snflmigl 12+ 1 (100) 162+ 18 (28) 44+ 8
JSD3 SNF1migl 15+ 2 (125) 224+ 16 (39) 39+3

aStrains were transformed with pC80GUS which carrieKtlAL80 promoter fused to theUScoding region. Transformants were grown in
selective medium lacking Trp or Ura and supplemented with the carbon sources as described in the legend to Table 2phiemthesisrepresent
the percentage of enzyme activity relative to the value for JA6. Mean valstesdard deviation represent at least three independent determinations.

TheKlIsnflmutation had its greatest effect on lactose transpoitduced in strain JSD1, glucose repression could not be evaluated
activity; basal activity was reduced and no induction occurre(Table4).
(Table4). To verify that lactose transport was not induced in JSD1
mutant <_:e||s, the_ kineti_cs _of lactose uptake were followed overgact of the Kisnfl deletion on expression oKIGAL4
2 h period. During this time JSD1 cells failed to accumulate
lactose (Fig2), indicating greatly reduced expressioh8C12  Full induction of the lactose—galactose regulon requires autoactiva-
We conclude from the data presented in Tdkded Figure?2  tion of KIGAL4 expression §). To determine ifKISNF1 is
that theKISNF1gene is required for a normal basal levél&€4  necessary for autoactivation we measu&8AL4 expression
and LAC12 expression. Full induction ofEAC4 expression using a reporter gene in which tdE5AL4 promoter is fused to
requires KISNF1 but [(110% of the inducible expression is the coding region of th€AT gene. This reporter gene, when
independent ofKISNF1 Induction of LAC12 expression is carried on a single-coggEN vector, has been shown to be a very
entirely dependent upddISNF1 sensitive way to measure small changéd@AL4 expressionq).
KISNF1 is not necessary for glucose repressionLAC4  Induction of KIGAL4 expression in mutant strain JSD1 was
expression sinc@-galactosidase activity was nearly the sameeduced to 22% of the level seen in wild-type strain JA6 (Eble
under uninduced and glucose repressed conditions iKish&.  Viewed another way, the level ®fIGAL4 expression in the
mutant JSD1 (Tabld). BecauseLAC12 expression was not mutant strain under inducing conditions (15.6 CAT units) was
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only slightly above the uninduced level of the wild-type strain Theklmiglmutation (strain JSD3) had no effect on expression
(11.4 CAT units). We conclude from the data shown in Table of KIGAL4 in the uninduced and induced states but it caused a
that KISNF1is required for activation oKIGAL4 expression complete loss of glucose repression (Tapl&imilar trends were

during induction of the lactose—galactose regulon. seen foKIGAL80expression (Tablg). The implications of these
results will be considered in the Discussion. Lastly, uninduced or
Effect of the KIsnf1 deletion on expression oKIGALS0 basal expression of batiGAL4 andKIGAL80was not changed

significantly by deletion of eithesnfl or migl or both genes
) ) (Tables5 andb6), indicating that basal expressiorkéGAL4 and
KiGal4p binds to two UAS sequences in KISAL8Opromoter  k|GAL80 is regulated in a manner independenSbiF1 and
and regulates its expressid,38). Thus, we expectedkdsnfl

deletion strain to show impair&dGALB0expression. A reporter

plasmid, pC80GUS, containing tKEGAL80 promoter fused to

the B-glucuronidase (GUS) coding region was used to measukdMiglp acts through the GAL1 promoter to govern
the effect oKISNF1onKIGAL8Oexpression. Thidsnfl-deleted expression of the lactose—galactose regulon

strain JSD1 had about the same GUS activity as the wild-type

strain under the uninduced condition, indicating that mutation . .
kisnfLhad no effect on basal expressiorktBALS0 (Table6). FiGAL1 encodes the Leloi pathway enzyme galactokinase,

In contrast, GUS activity was induced only 13-fold in mutanfiécessary for phosphorylation of galactasg. (n addition, the
strain JSD1 compared with the 48-fold induction seen iprotein has a second, independent activity that is necessary for

wild-type strain JA6. We conclude from these data that fyfnduction of the regulonl@). This second activity probably
induction of KIGAL80 expression requires tHSNF1 gene. enables KlGallp to bind KlGal80p, a reaction requiring both

Glucose repressed GUS activity, indicating Ki8NF1lplaysno ~dalactose and ATPLE). One model that explains these data
role in maintaining repression KIGAL80expression (Table). ~ €nvisages KiGallp acting as a molecular sensor of galactose that
switches KlGal4p between transcriptionally inactive and active

i . . forms. In the uninduced state, KIGal80p would complex with
Role of the KIMig1 protein in expression of the KIGal4 (39), thereby preventing transcription activation. During
lactose—galactose regulon induction of the lactose—galactose regulon the inducer galactose
would bind to KlGallp and this complex would then bind to
The data presented thus far show that KISnflp is needed for flllGal80p thereby switching KiGal4p from an inactive to an
induction of the lactose—galactose regulon but they do nective form capable of turning on transcription of genes in the
indicate how the protein is working in the induction pathway. Théactose—galactose regulah?y.
ScSnfl protein is known to exert some of its effects on If this model is correct, it provides an explanation for our
transcription through the ScMigl protein, thought to act bybservation (strain JSD3, Tabland4) that deletion oklmigl
repressing transcription (reviewedli). The ScMigl protein is  increases the basal and induced leveAG—GALgene expression
known to bind théscGAL4and theScGAL1promoters, thereby and partially abrogates glucose repression. We imagine that in the
repressing expression of the galactose reg@an ( uninduced state KIMiglp binding to thKKIGAL1 promoter
We first determined if expression of the lactose—galactogarevents expression. Early during induction, the repressive effect
regulon is regulated by KIMiglp. This was done by measuringf KIMiglp is switched off so that transcriptionkiGAL1 begins,
expression of the lactose—galactose geneskimigyl-deleted followed by production of KiGallp. KiGallp iroojunction with
strain, JSD3. Thkimiglmutation had the same general effect orgalactose and ATP then complexes with KlGal80p, thereby
expression of thEAL1, GAL7, GAL1Q LAC4andLAC12genes; enabling KIGal4p to activate expression of the other genes in the
expression increased under uninduced and induced conditioiegulon.
and glucose did not repress expression as well as in the wild-typéAs first pointed out by Cassaittal (28), theKIGAL1promoter
strain JA6 (Table$ and4). These data indicate that KIMiglp contains a potential Migl binding site consisting of a GC box
normally acts to repress expression of these genes und&/C C/T G G G/A G) preceded on theskle by an A-rich region
uninduced, induced and glucose-repressed growth conditions(21); we found no other promoters in the regulon with a Mig1p
We next determined if KIMig1 acts downstream of KISnfl, asinding site. If this model is correct, it predicts that mutation of
does the ScMig1 protein when it regulates the galactose regulttre KIMig1p binding site in thKIGAL1 promoter (Figl) should
of S.cerevisiagor whether it acts upstream. Action downstreanpartially abrogate glucose repression and cause a small increase
of KISnfl would be indicated if &lmigl mutation restored in basal and induced expression of the regulon. As predicted by
induction of LAC—-GALgene expression inkdsnflstrain 3).  this hypothesis, we found that glucose repressiBryafactosidease
The same trends were observed for expression oGfigl, and galactokinase activity was partially abolished and both basal
GAL7, GAL1Q LAC4 andLAC12genes and we will focus on and induced expression were slightly increased in mutant strain
GALL, since as we show below, its expression appears to be D6 compared with wild-type strain JA6 (Tal8eand4).
central importance to the regulon. Tenflmutant strain JISD1  We also determined if mutation of the GC—AT box region of the
showed a 4.3-fold induction GAL1expression (Tablg), much  KIGAL1 promoter abrogated glucose repressionKizBAL4
less than the 19-fold induction seen in wild-type JA6 cells. Thexpression as was seen inkimigl deletion strain JSD3 (Talig.
kisnfl kimigldouble mutant strain JSD2 gave an 11.6-foldGlucose repression of KIGAL4 expression was abrogated in
induction, showing that tHédmigl mutation can partially reverse strain JSD6 compared with wild-type strain JA6 but not to the
the effect of th&lsnflmutation. Thus, KIMiglp acts downstream same extent as in strain JSD3 (Ta#)leThe difference between
of KISnflp in the signaling pathway for induction of the strains JSD3 and JSD6 could result from low affinity binding of
LAC-GALgenes. KIMiglp to the mutantKIGAL1 promoter sequence in strain
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JSD6, whereas deletion &fmigl would completely abolish expression of the galactose regulorSinerevisiag22,23) and

promoter binding (strain JSD3). many other experiments argue that ScMiglp acts downstream of
ScSnflp (reviewed ifh8). However, the situtation iK.lactisis
DISCUSSION probably not this simple, because tibmigl mutant strain

(JSD3) does not fully repress galactose gene expression under
glucose repressing conditions, while #ienfl Kimigldouble
mutant does fully repress (Tablégnd4). These data indicate
that, with respect to glucose repression, KISnfl is epistatic to
kglMigl. One interpretation of the glucose repression data is that

The S.cerevisiaeSNF1 gene plays a global role in regulating
carbon utilization 18,40). One aim of our research was to
determine iSNF1plays a similar role iK.lactisand, in addition,

if it plays specific roles in induction and glucose repression of t
lactose—galactose regulon. Based upon the inability of t
Klsnfl-deleted strain JSD1 to utilize a variety of fermentable an
non-fermentable carbon sources (Tabded data not shown) we
conclude thaBNF1is a global regulator of carbon utilization in
K.lactis. One difference betweé&hcerevisiaandK.lactisis that
utilization of sucrose requirédNF1in S.cerevisia@vhereas this
is not the case iK.lactis(Table2). The physiological reason for
this difference is not apparent. Goffretial (15) also noted that
a Kisnfl (fog2 mutant strain fails to utilize numerous carbon

ere is a Miglp-independent, KISnflp-dependent glucose re-

ression pathway operating on tBAL genes irK.lactis.

If KISnf1p worked solely through KIMiglp we would expect
that under inducing conditions thefl migldouble mutant strain
would have gene expression levels that are similar to the
wild-type values, but this is not the case for any of the genes in
the regulon (compare strains JSD2 and JA6 in Tabl&hese
data add further support to the hypothesis that KISnflp has a

sources including galactose. Our data agree with Goéitial second, KIMig1p-independent pathway, for activating expression

. of the regulon or that there is a KISnflp-independent pathway. Of
except that ouklsnfl mutant grew slowly on galactose. Thls/% ese two hypotheses, the KIMiglp-independent pathway is

difference may be due to the higher concentration of galacto ! :
o . . oAupported by the data for thdmigl mutant strain JSD3.

l(sté)c)i g\;eéjsf?r?ng?gpared with the lower concentration (0.5 xpression of the structural genes in strain JSD3 under inducing
conditions is above the wild-type level (Tabl@sand 4),

Snfip is necessary for full induction of the regulon indicating that when Kimiglp is removed, expression of the
structural genes can be fully induced. Recent data identify an

Our data show that KISnflp is essential for full induction of theScSnflp pathway that does not require ScMiglp. In this pathway

lactose—galactose regulon. This conclusion is based both upon 8&Snflp modulates the activity of the ScSip4 transcription

slow growth rate of &isnfl-deleted strain when lactose or activator ¢2). Genetic evidence suggests that ScSnflp interacts

galactose are the carbon source (Tapénd upon analysis of the with two other transcription activators, Msn2p and Msng), (

expression of the structural genes in the regulon including tie® there may be homologs of one or more of these proteins in

GALL, GAL7 andGAL10gene cluster (strain JSD1 comparedK.lactis which might be necessary for full induction of the

with JA6, Table3) and the divergently transcribédhC4 and  lactose—galactose regulon.

LAC12genes (Tablé), plus the positive regulat@AL4 (Tableb) .

and the negative regulat&AL80(Table6). KIMiglp acts at the KIGAL1 promoter

Since cells deleted fddsnflgrow when lactose or galactose |, g cerevisiaeMiglp confers glucose repression on the galactose
are the only carbon source and partially induce most genes in We%ulon by binding to theScGAL4and ScGALL promoters
regulon . (Tables3-5), th¢fe must be eSNF]_:mdependent 22,23). A search of the known promoters in the lactose—galactose
mechanism that can partially activate expression of the regulqiyg, ion ofk lactis identified only one putative Miglp binding
In contrast, snfkdeleted S.cerevisiaecells do not grow on e jocated in the divergently transcribGALLandKIGAL10
galactose 40) indicating that expression of the regulon Ispromoter (Figl). Mutation of this site resulted in a strain, JSD6,
completely dependent up&NF1 that behaved qualitatively like tkémigldeletion strain JSD3 as
Miglp is necessary for full repression by glucose measured by expressmri*_ﬁGALl (galactoklnase activity, Tabk

and KIGAL4 (B-galactosidase activity, Tablg. The value for
The conclusion that KIMiglp is necessary for full glucosehese two enzymes was derepressed almost as much in strain JSD(
repression of the lactose—galactose regulon is based upon #sein strain JSD3. The difference between the two strains could
inability of theklmigldeletion strain JSD3 to repress expressiomeflect low affinity binding of KIMig1 to the mutatedgmmoter site
of the structural and regulatory genes as well as the wild-type strain JSD6. Thus, these data support the hypothesis that KIMig1p
strain JA6 under glucose repressing conditions (BbBecause regulates expression of the lactose—galactose regulon primarily by
the expression level @ALL GAL7, LAC4 LAC12andGAL80  binding to theKIGAL1 promoter. Although it seems unlikely that
(Tables3-5) under glucose repressing conditions (glucose pluklMiglp regulates the AC—GALgenes in some additional way,
galactose) is still below the level seen under inducing conditionsur data do not eliminate this possibility.
there must be aMiGl-independent mechanism for glucose
repression. This mechanism does not affect expresstaAldfO
(Table3) or GAL4 (Table5). A MIG1-independent mechanism
for glucose repression 8UC2expression has also been seen irBased upon the data presented here and upon data derived frorr
S.cerevisiad41). S.cerevisiagwe propose (Fig8) that KISnflp acts in a signaling

Data for the behavior of trenfl migldouble mutant strain in  pathway that terminates with the KIMig1 repressor protein bound
comparison with the single mutant strains (TaBlaad4) argue  to the divergently transcribéddGAL1-10promoter (Figl). When
that KIMiglp acts downstream of KISnflp in the inductionglucose is present in the culture medium KIMiglp is bound to the
(derepression) pathway. A similar epistatic relationship has be&dGAL1 promoter and transcription is repressed, even if inducer
found for the two proteins in the pathway for derepressing present also in the culture medium (glucose repressing

A model for regulation of the lactose—galactose regulon
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INDUCING CONDITIONS other signaling pathways that govern expression of the lactose—
galactose regulon.
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