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ABSTRACT

The upstream activation site (UAS) of the cytochrome

c; gene, CYT1, contains sequences for DNA-binding of
several transcription factors. Among them are the
heme-dependent protein, Haplp, and the multiprotein
complex, Hap2/3/4/5, which mediate transcriptional
induction under aerobic conditions and after exhaus-
tion of glucose, respectively. The multiple interactions

of nuclear proteins with the UAS region of CYT1
observed in electrophoretic mobility shift experiments

are influenced by carbon source and oxygen tension,
but are independent of both regulators, Haplp and
Hap2/3/4/5. All protein-DNA complexes obtained are
solely due to the association of the centromere and
promoter factor 1 (Cpflp) with the centromere deter-
mining element (CDE I)-like motif atthe 5 ' boundary of
the UAS cyT11. This motif overlaps with a consensus
sequence for the binding of the general factor Abflp.
Functional analyses after the separate introduction of
point mutations into both elements reveal no role for
the latter protein and only a minor role for Cpflp in the
regulated expression of CYT1/lacZ chimaeric proteins.
However, in ¢pfl-mutants, induction of CYT1 reaches
higher steady state levels and adaptation to aerobic
conditions occurs faster than in wild-type. Thus, Cpflp
seems to reduce CYT1 promoter activity under partly
inducing conditions, e.g. when only one of the activa-
tors, Haplp or the Hap2 complex, exerts its function.

INTRODUCTION

In the yeast,Saccharomyces cerevisjagirtually all genes

subject to glucose repression under the control of Mig1plie
recently discovered subunit, Hap5p, seems to be the nucleation
element for the assembly of the multi-subunit Hap comglex (

As only the complete heteromeric protein is active, transcription
of Hap2/3/4/5-dependent genes is exclusively induced in dere-
pressed, glucose-free growth of yeast cells.

In addition, many of the yeast promoters of genes encoding
respiratory enzymes contain recognition elements for one or several
abundant nuclear proteins which bind constitutively and with high
affinity to these DNA sequences. Some of these general factors fulfil
multiple functions in the nucleus, e.g. in transcription, centromere
and telomere structure and replication. Their function in transcrip-
tional processes remains greatly unclear and is discussed controver-
sially. Among these factors are Abflp, Raplp, Grf2p (Reblp) and
Cpflp. Some of them are assumed to influence promoter structure
by bending DNA and/or by positioning nucleosom@sl{),
processes suspected to influence promoter activity.

The CYT1gene, encoding the cytochromeprotein, one out of
nine subunits of the mitochondrial ubiquinol:cytochrarogidore-
ductase complex in yeast, contains an upstream activating sequenc
(UAS) with binding sites for at least four different nuclear factors.
Functional significance of Haplp and the Hap2/3/4/5 activator
complex and their respective recognition sequences for the express-
ion of CYT1 has been established recentiyb)( Overlapping
elements for the possible interaction of Cpflp and Abflp with the
CYT1promoter are located at thelorder of UAgSyT1. There are
no indications for the association or a functional role of Abflp, but
here we present evidence that Cpflp binds to its cognate sequence
in vitro. Electrophoretic mobility shift assays (EMSA) vyield
complex patterns which vary dependent on carbon source and the
availability of oxygen and heme. None of the Hap-regulators
contributes to or is involved in the formation or regulation of these

encoding polypeptides involved in oxidative energy metabolisieomplexes. Rather, all of them are due exclusively to Cpflp-binding
are regulated by environmental conditions, in particular bip the CDE I-like element in the Ug®r.

carbon source and oxygen. The main factors conferring this kindCpflp is a member of the bHLH group of transcription factors
of regulation on genes for respiratory enzymes are Haplp and thel binds as a homodimer to the octanucleotide sequence,
Hap2/3/4/5 activator comples)( Haplp has both negative and 5-RTCACRTG-3, which is highly conserved in all centromeres
positive effects on transcriptior?,). For activation Haplp of yeast chromosome$4) and was defined as the centromere
associates with its co-factor, henig Gince oxygen is absolutely determining element | (CDE 1). Mutations in CDE | motifs or
required for the final steps in heme biosynthégisie presence deletion of the€CPF1gene cause only a slight decrease in mitotic
of heme is indicative of aerobic conditions and heme serves as el meiotic stability of chromosomé(16).

mediator to adapt the transcription machinery to the metabolicln addition, CDE I-like elements occur in several promoters.
requirements of oxidative growtB)(Hap2/3/4/5 is composed of Most genes encoding polypeptides involved in methionine
four subunits. Two of them, Hap2p and Hap3p, are responsible faiosynthesis {7) as well as some genes regulated by carbon
DNA-binding. Hap4p carries activating function and is itsellsource {8-20) contain Cpflp-binding sites in their upstream
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Table 1.Carbon source dependencedTHacZ expression from single copy plasmids in wild-type
(BWG1-7a) andpfl-mutant (YSS90) yeast cells

B-Galactosidase activity

Constructs © (U=Q.D.s'xml-1) &

BWGI-7z (wt)  YSS90 (cpfl-)

AT Hap2f3iais Gl Gal Lac Gle Gal Lac

. _oerRR R [OYTHecZ > ooy 582 66 17 5 73
= ™ rempER BH YCpCL-P2 10 59 23 07 62 30
o — YCpCL-APMH 02 03 14 01 02 10
m — - YCpCL-UAS 46 12 62 14 36 70
e YCpCL-Cptpu 12 20 95 12 35 54
i YCpCL-Abf,, 56 10 S8 14 39 69

-560

aB, BanHlI; H, Hindlll; Hi1/2/3, HinPI; P1/2 Hpall; S, SaBAI. Asterisks mark the sites of point mutations that
destroy the elements recognized by Cpflp or Abflp, respectively (see Materials and Methods). Nucleotide posi-
tions in B-direction are given with respect to the A-residue of the ‘ATG’ translational start codon being +1.
bp-Galactosidase activities were measured after growth of the respective transformants on semi-synthetic media
containing the carbohydrates listed in the Table.

regions. Disruption of th€PF1 gene results in methionine plasmids,Escherichia coliXL1-Blue cells (Stratagene) were
auxotrophy, obviously due to the abolitiorMET16expression transformed and grown according to standard procediBes (
(16,17). All other promoters show only minor disturbances in
cpfl-mutants {0,20). o Plasmids and oligonucleotides
We show that the deletion of its binding site from @&f as
well as the mutation of th€PF1 gene lead to increased The yeasE.colishuttle plasmid, YCp4026), served as a single
adaptation rates to oxidative conditions after an anaerobic Py vector inS.cerevisiagor insertion of aCYTHacZ fusion
aerobic shift and to higher steady state level¥¥dflexpression. —construct described in Oechseeal (15). The resulting plasmid,
The data allow two possible interpretations. One assigns X¢PCL-H, containedCYT1 promoter sequences up to position
adaptational function to the Cpfl protein for fine tuning of-352. Additional promoter fragments of t@¥T1 gene were
UAScyT1 activity to the needs of expression of the respiratorgubcloned in pUC19 or pBR322 to obtain restriction ends
protein, especially under partially derepressing growth cond¢ompatible with insertion into the singdédlll site of the construct
tions. The alternative model attributes a more general role ¥$cpCL-H (15). The resulting constructs were named according to
Cpflp in a different but also metabolically influenced, yethe restriction sites at the-@and 3-end of the respective promoter
undefined process within the cell. The observed minor regulatoffggment or deletion) endpoints and can be derived from the
function of Cpflp could then be caused by an indirect influengg&hematic presentation of t@T1 promoter in Tablel. Two
on theCYT1promoter. Both of these possibilities are discusse¢omplementary oligonucleotides,-GATCCGATATCACGTG-
ACTAG-3 and 5TCGACTAGTCACGTGARTCG-3, contain-
ing the recognition sequence for Cpflp-binding (underlined) were

MATERIALS AND METHODS annealed, and ligated to pUC19 betweenBhaH| and Sal
polylinker sites. The 150 Bpvul/Hindlll fragment of this plasmid
Strains and growth conditions served to prove specificity of Cpflp-binding in EMSA. For mutation

of either the Abflp or the Cpflp binding sites the oligonucleotides
Strain BWG1-7a (MA&, adel-10Q his4-519 leu2-3,112 5-GAATTCGGAGCGCCACGTGAQGAACATTTTTTTTT-
ura3-52 was used as wild-type strainlfj; the mutants LGW1 CTCGG-3 and 5GAATTCGGAGCGCOCGTGACTGA-
(hap2-3) and LGW32iap1-] are isogenic isolates theredP).  AG-3' (mutated positions in bold-face and the binding element
YSS90 (MAR, ade2-101 leu2-1 lys2-801 ura3-52  which is left intact underlined), respectively, were used in PCR
cpfl::URA3 Met) is a methionine-auxotrophic disruption straintogether with a downstream primer to obtain DNA fragments which

of theCPF1locus (.6). Yeast cells were grown on rich media (1%were inserted as upstream elements into plasmid YCpCL-H.
yeast extract) or semi-synthetic media (w/o Yeast Nitrogen Base;

Difcq) containing supplemgnts ac.cordi_ng to Fhe auxmmphiﬁreparation of nuclear extracts
requirements of the respective strains with addition of (w/v) 5%
glucose, 2% galactose or 2%actate as carbon sourc&s);  For the preparation of nuclear protein extracts, cells were harvested
Heme-dependent gene transcription was induced by deuteropiom logarithmic cultures, washed in water, resuspended at 2 ml/g
phyrin IX (10 ug/ml) or &-aminolevulinic acid (25ug/ml; both  wet weight in 0.1 M Tris, 5 mM DTT (pH 9.4) and incubated at
from Sigma, Deisenhofen) to the respective yeast culttdies ( 30°C for 10 min. The pelleted cells were washed in 5 ml/g 1.1 M
Anaerobic yeast cultures were alternatively grown under aorbitol, 20 mM KHBPQO;, 2 mM EDTA (pH 7.4) and finally
atmosphere of purified Nor CG in the presence of 1&y/ml  resuspended in an equal volume of the same buffer. Spheroplasts
ergosterol (Sigma, Deisenhofen) and 0.25% Tween 80 (BioRagere generated by treatment with 1 mg/ml Zymolyase T20000
Munich) as described previousht5. For amplification of (Seikagaku Kogyo, Tokyo, Japan) at@0for 30—45 min. Two
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washing steps in 1.25 M sorbitol, 20 mM #y, 2 MM EDTA  (-galactosidase activities were determined after permeabilization
(pH 7.4) removed the enzyme. The suspension of cell wall-def yeast cells with chloroform and sodium dodecyl sulfa®g (
pleted yeast at 15 ml/g in 0.6 M mannitol, 20 mNVpREY, 10 mM

MgClp, 1 mM EDTA, 1 mM PMSF, 50 U/mltrasyloland Qgml  ResuLTS

pepstatin (pH 7.0) was incubated on ice for 15-20 min. Then the

spheroplasts were disrupted mechanically on ice. After sedimeRe UAS region of theCYT1 contains consensus

tation of cell debris and nuclei by centrifugation (Sorvalisequences for the DNA binding of several constitutive
centrifuge, SS34 rotor) at 8@p for 5 min, the pellet was and regulatory transcription factors

resuspended in the same buffer. Intact cells were removed at ?&r the distalCYTEupstream region, identified as the UASS

for 5 min. The nuclei were separated from the supernatant a | n-bind . 4 withi : | of
another centrifugation at 5@0and nuclear proteins extracted as>c 'ora Protein-binding sites are concentrated within "’r‘]n mter:va of
described by Pfeifeet al (27), mainly through mechanical 00 Dase pairs (positions —460 and —554; see the schematic
destruction of the nuclei in a Teflon-in-glass homogenizer ifraWing in Tablel). The factors which possibly interact with these
25 ml of 200 MM Tris=HCl, 400 MM (NpHSQ, 10 mM sites are mainly regulators that modulate transcription in response to
MgCly, 1 mM EDTA, 7 ml\/B—mércaptoethanoI, 1 mM PMSF and carbon source or oxygen (Adrl_p, Hap_2/3/4/5, Haplp). It has been
10% glycerol (pH 8.0). After precipitation with 1 vol ofasaturatec?emonsnated thaIYTlexpressmn s, in fact, reg.ulaye_d by these
solution of (NH)»,SO, the proteins were dissolved in 0.2-0.5 miParameters. An earlier report foclzused' on the significance Qf the
of 20 mM HEPES, 5 mM EDTA, 7 mB-mercaptoethanol, 1 mM Haplp- and Hap2/3/4/5—b_|nd|ng S|tes_W|t_h|n the_upstream region of
PMSF and 10% glycerol (pH 8.0). Protein contents werngEl(&'S)' 2T/g/e4/%re?umpt|v_e Alfgr}p S'tg |mme<];‘1|atel_y dolwn_strearr?
; : 1 et of the Hap. element is likely to be non-functional, since the
determined according to the method described by Bradfeyd ( distances to the next possible halfsites irdiBection (793 and
. . _ 1640 bp, respectively) seem too long for an interaction between two
Gel mobility shift assays and DNase | footprinting bound Adrlp monomers. Also no evidence was found that the
- . oligo(dT) tract (positions —530 to —538), discussed as a constitutive
ENAI\_/lbIIr\]/ldlgg aggaysl\/llnl\zlﬂlccl)f %O T\]/IMDHIE'PES/ Kﬁ?"ééﬂ:%%} element in other promoter$3), contributes to the activation
Im I g bd 05850/ ab ’ mh L ezrrs]; - d° potential or regulation of the U&St1. At the 3 boundary of
ggggrioogg o % rOTt(;]p er:j(_) t.” : X g(?nballned oNRASCYT overlapping consensus sequences for binding of Abf1p
- ¢.p.m. (1-3 ng) of the radioactively end-labeled DNAg Cpf1p are found. Both factors are members of the group of

fragment, 1-2.g total E.coli DNA fragmented to an average 4pndant DNA-binding nuclear proteins that participate in multiple
Iength of 200 bp by dlgest!on with DNase | and 1qs@®_uclear nuclear processes (see Introductih:36).
proteins. Samples were incubated on ice for 15 min to allow

binding of proteins to the DNA. The total volume was loaded on_ . - .
pre-run 4% polyacrylamide gels in 90 mM Tris, 90 mM borate‘,1n vitro binding of proteins to the UAZyrs

2.5 mM EDTA (pH 7.5) and electrophoresed for 4-6 h at 120 Vo examine whether the nuclear factors identified by sequence
~ For DNase | footprinting four binding reactions were carried o {omology of theircis-acting sites, in fact, interact with the

in parallel using 4Qg protein per 2Qil each. After incubation on  UAScyT1, we performedh vitro binding studies using a 140 bp
ice the samples receivediPof 10 mM CaCj and 7.5 U DNase sma-Hindlll fragment excised from pUC19 with the inserted

| (Boehringer, Mannheim). After 60 s the digestion was terminateginp| fragment, Hi2Hi3 (Tabl#; Fig. 2, below), which contains

by addition of 2ul 0.2 M EDTA, extraction with phenol and 3| sequences contributing to UAgr activity (15). Since
precipitation with ethanol. Samples containing 10 000 c.p.m. wegalysis of th€ Y T1promoter has shown that expression depends
loaded on 6-8% denaturing polyacrylamide gels. Free DNA Wash carbon source and oxygen, nuclear protein extracts were
treated in the same way except that nuclear proteins were omitigépared from wild-type strains which were grown on different
and digestion was carried out with 5 U DNase |. Sequencingbstrates under aerobic or anaerobic conditions. Figinavs
reactions of a double-stranded plasnif) (vhich contained an  the protein—-DNA interactions observed in EMSA after incubation
insertion of the fragment used for footprinting were performed ipf these extracts with the UAS-containing fragment mentioned
parallel. The respective primer was synthesized according to thBove. Nuclear proteins from aerobically grown cells give rise to
sequence complementary to the insert and started with thqotal of three major protein-DNA associations G and G
nucleotide opposite to the radioactively labeled nucleotide at thi¢Fig.1). The quantitative ratio between them varies and depends

3-end of the DNA fragment used in the binding assays. on the respective carbon source present in the culture medium: on
fermentable sugars the complexgsa@d G prevail, whereas
Miscellaneous procedures proteins from respiring cells produce mainly the complexes C

and . In contrast, nuclear factors derived from anaerobically
Ligation, transformation and restriction enzyme digests weigrown cells cause only a single complexy, @vhich exhibits
performed according to standard procedug&s ¢r as recom- significantly higher mobility and in some assays appears to
mended by the manufacturers. For Southern blotting, DNA wa®nsist of a doublet. The electrophoretic separation of a sample
transferred osmotically from 1% agarose gels onto Biodyne which containsCYT1promoter DNA incubated with a nuclear
membrane (Pall, Dreieich) with28SC at 4C. Hybridizationto  extract from yeast grown on galactose under reduced access of
randomly primed radioactive probes (Boehringer, Mannheim) wamsygen is presented in Figulie lane gal+/—@ Under these
performed in the presence of 0.7% defatted milk powder@8€  conditions all four protein—DNA interactions described above
at 60°C overnight 81). Radioactive end-labeling of restriction can be observed simultaneously. The slight differences to the
fragments with single protruding-ends was achieved through comparable complexes of the other lanes are due to the fact that
fill-in reaction with Klenow polymeras€$) and p-32P]JdATP.  the results derived from two experiments have been compiled in
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Figure 1. EMSA of the UASyT1 region bound by nuclear proteins extracted
from wild-type yeast (BWG1-7a). Various carbon sources (Glc, glucose; Gal,
galactose; Lac, lactate) and aerobic/anaerobic conditions Jj+&«@ing
culturing are indicated. Protein—~DNA complexes formed are designa@gd C

Cy1 and Gy, and the position of protein-free DNA is marked.
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Figure 2. EMSA of protein—DNA interactions within UAsyT1 without and
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Figure 3. EMSA of radiolabeled DNA fragments containing the UAS region
of CYT1 (Hi2Hi3, see Fig. 2) or the cloned synthetic double-stranded
oligonucleotide with the Cpflp-binding site (Cpfl-consensus). Nuclear ex-
tracts were from wild-type (BWG1-7a) and mutant yeast strains (hapl
LGW32; hap2, LGW1; cpft, YSS90) grown on various carbon sources under
aerobic or anaerobic conditions. Protein—-DNA complexes are designated
according to Figure 1.

implies that neither Hap1p nor the Hap2 complex are involved in
the formation of the observed protein—-DNA associations. In
contrast to th€YC1DNA fragment, addition of excess unlabeled
fragment from the centromere region of chromosome IV (Cen IV
in Fig. 2) abolishes all four protein~UAST1 complexes
simultaneously and therefore must be capable to serve as a targe
for those DNA-binding proteins. The candidate sequence com-
mon to both fragments, UAST: and Cen 1V, is the consensus
binding site of the centromere and promoter factor, Cpflp,
suggesting the participation of this protein in all four complexes.
Similar conclusions came from gel shift experiments using
variousCYT21promoter DNA fragments (not shown). All of the
protein~-UASyT1 associations observed mapped to the short
50 bp interval between thénPI site (Hi2, position —556) and the
Hpall site, P1 (position —506). For several reasons (see Dis-
cussion) these assays were not suitable to reveal interactions of

with competition by homologous and heterologous DNA fragments. ProteinsHap2/3/4/5 and Hapi1p with their cognate DNA—binding sites,

from lactate-grown wild-type yeast (BWG1-7a) were pre-incubated with
unlabeled DNA fragments as indicated. Heterologous DNA (see bottom of th
figure) was isolated as a 150 8ma/Xhd fragment from th&€€YClpromoter
(Sm150X) or as a 330 bpad fragment from the centromere region of
chromosome IV (CenlV). CDE |, Il, Ill designate the tripartite consensus
sequences of centromere determining elemen&cerevisiaeThe 105 bp
HinPI fragment (Hi2HI3) from the UAS @Y T1was used as the specific target
for protein binding and competition.

QDossibly due to the heteromeric nature of the Hajpnd Hap1p
complexes %) and their low cellular concentration. Both
activators have been shown to effedT1expression through
their binding sites within UAS, 11 (15). But as can be seen in gel
shift assays with nuclear extracts from the mutant strains, LGW1
and LGW32 which are defective in eithdiAP1 or HAP2
respectively, the band shift patterns remain unchanged3(Fig.
lanes hapl and hap2. Thus, neither Hap2p nor Haplp

this figure. This indicates that oxygen levels during the culturingontribute to the formation or seem to be involved in the
of yeast specifically control the association of proteins witlhegulation of the carbon source- anggen-dependent protein—
UAScyT1 in @ way characteristic of aerobiosis or anaerobiosisDNA interactions described here.

Competitive EMSA studies were performed to prove the For further binding studies a 150 bp DNA fragment was
possible participation of Haplp-, Hap2p- or Cpflp-binding sitegrepared with the insertion of the double-stranded DNA oligo-
in the observed complexes (F).Protein—DNA interactions are nucleotide which exclusively contains the Cpflp consensus (see

not abolished when an unlabeled fragment (Sm150X) of t
CYClpromoter, a gene which is regulated very simil&@Yad 1,

Hdaterials and Methods). To compete for vector sequences, the
140 bpPvdl/Hindlll fragment out of pUC19 without insertion

is added to the binding assays to compete for the specific bindiwgs added to these binding reactions. Figusbows that the

that might be caused by Haplp or the Hap2 complex. Althou
the UAS region o€YClas well as the UAS,t1 contain Haplp-
and Hap2/3/4/5-binding sites (see lower part ofHigheCYC1

glifferential bandshift pattern with the specific DNA, Cpfl-
consensus, is qualitatively identical to the one obtained with the
fragment comprising the complete UAG region. In binding

fragment is not effective as a heterologous competitor. Thassays carried out with nuclear extracts fromcghfé&mutant
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strain, YSS90, no protein—DNA interactions were detectabl {poees.-678)
(Fig. 3, lanes cpfi). These results point to the exclusive il
participation of Cpflp and its cognate binding element withit
UAScyT1in the oxygen- and carbon source-dependent formatic
of all the protein—~DNA complexes observed.
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DNase | protection patterns within UASyT1

To analyze the quality of Cpflp/DNA contacts at the sequenc i
level in the UAS region &€ Y T1we performed DNase | protection
assays (see Materials and Methods). After binding of nucle
proteins to UAgyT1-containing DNA fragments mild DNase |
digestion revealed nucleotide positions exhibiting either reduced
increased susceptability to the enzymatic attack compared to fi
DNA (Fig. 4). The differences are the result of steric protection c
increased exposition of single sugar—phosphate bonds due
conformational changes of the DNA after the association with tf
respective DNA-binding factors. The region inaccessible to DNa:
| after Cpflp-binding has asymmetric character. Although th
palindromic structure of the recognition sequence and the dime
association of Cpflp have been confirméd),( qualitative
differences of the contacts between each Cpflp subunit of t
homo-dimer and the respective half-site of the bound sequer
have been reported also for other promoters3g). But more
importantly, Figure4 demonstrates that, although the pattern o
protected bases around the site for Cpflp binding is not altered, u ..
incidence of .hype.rsens.itive sugar phosphate bonds ih—iﬂhﬁlG igure 4. Protection of the Cpflp recognition element and neighboring sequences
of the, footprint differs in ,dependence on whether prOtem,S fro ithin UAScyT1 against digestion by DNase |. Nuclear extracts were prepared
aerobically (x) or anaerobically (u) grown yeast were used in the$@m wild-type (wt, BWG1-7a) anchf-mutant (cpft, YSS90) yeast after growth
assays. The data indicate that, apart from changes in the bandstifter the conditions indicated. TBeaHindlll fragment, radioactively’&nd-
pattern, also the qua“ty of DNA contacts made by Cpflp and/or tHabeled at thelindlll site, was derived from the insert of the plasmid pUC-S310T,

R ; ; PR ; the sequencing of which is shown on the left side of the figure. Free or
DNA conformation in the immediate vicinity of the bound dimer protein-bound DNA was incubated for 1 min with 5 or 7.5 U DNase |, respectively.
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are affected by the oxygen tension. The region of interest is displayed at the right side of the figure with the Cpflp
binding site indicated by a bracket. Protected bases are highlighted by bars or ‘0’;
Generation times of yeast cells in different carbon hypersensitive positions are emphasized by X’ and ‘U’ (see text).

sources depend on a functiondlPF1 gene ) ) ) )
of Cpflp in expression of genes coding for respiratory enzymes,

Cpflp-binding sites are found in the promoters of a number gfhereas fermentative metabolism is not affected.

genes encoding proteins required under glucose-free conditions

(see Discussion). We performed long term shift experiments {oy11_|5¢ expression in thecpfl-mutant, YSS90

test the possibility that Cpflp might have an activating potential

or a regulatory function in the expression@T1and other To detect a possible regulatory role that Cpflp might have in the
respiratory genes that are essential for the adaptation to or trnscription of CYT1 a set of fusions ofCYTL1 upstream
maintenance of the oxidative metabolism. In this case, deletionggquences to ttiecZ gene of.colion single copy vectors were
CPF1 should result in altered levels of the respective geniétroduced into wild-type anctpfl-mutant yeast, and the
products and a slower growth, particularly on non-fermentab@galactosidase activities were monitored (Tajple

carbon sources. For this purpose, wild-typecpiiimutant yeast

cells were kept in logarithmic growth phase on fermentabl&ble 2.Generation times of wild-type (YPH266) acpfl-mutant (YSS90)
(glucose) and non-fermentable (lactate) carbon sources. pgpst during growth in media with constant or alternating (glustsetate)
several days the cultures were successively re-inoculated wigfmentable and non-fermentable carbon sources

defined cell numbers into fresh media containing the same er—
alternating nutrients. At the end of the experiment, the generation "

Generation times (h) in complete medium

times over the total growth period were determined. Glucose Lactate Glucosel actate
As can be seen from Taldigfermentative metabolism (glucose) YPH266 (wt) 1.9 4.4 21
seems not to be influenced by tfl-mutation: the generation YSS90 ¢pfl) 1.9 47 25

times of both, mutant and wild-type, yeast are identical. The

non-fermentative culture of YSS90 on lactate, indeed, shows alransformants which contain the plasmid YCp&R1iH
slight reduction in growth rate. Compared to the wild-type yeastarrying only the Cpflp-, Abflp-binding sites and the oligo(dT)
strain, generation times in alternating carbohydrates also asgion—with the sites for Haplp and Hap2/3/4/5 binding
prolonged in thepfl-mutant by nearly 20%. These changes irdeleted—exhibit no activation potential at all. None of these
growth of YSS90, observed especially under non-fermentatieements possesses UAS function on its own in this context.
conditions are moderate, but may hint to a possible marginal raMdbeit Abflp-dependent activation of neighbouring oligo(dT)
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tracts has been shown recently)( this constellation is not Cpflp has a repressing effect on the function of Haplp. This
efficient in the UAgyT1 (Tablel, construct CLAP1H). influence is missing when the Hap1p-binding site has been deleted

The construct, CL-UAS, which has sequences upstream of tfi&able 3, construct CLAP1P2). In this construct Cpflp has no
Cpflp binding site deleted but leaves the UG region intact, influence during growth on glucose under heme-induction or
provides nearly the same expression as ‘Hesténded construct, aerobiosis, since the Hap2/3/4/5 complex is non-functional under
CL-S. The additional DNA in the latter construct seems not to libese conditions and the binding site for Hapl1p action is lacking.
necessary faCYTlexpression. A point mutation which exclusively Comparable influence of Cpflp can be observed on the action
destroys the potential recognition sequence of Abflp (Ckufibf of Hap2/3/4/5. During anaerobic growth on partly derepressing
has no effect on transcription. Therefore, Abflp is not involved ihut fermentable carbon sources (galactose) this multi-subunit
CYT1 expression under the conditions tested. In contrast, tkemplex stimulates UAS activii?0-fold above the level found
mutation of the Cpflp binding site has comparable consequencesagylucose. In thepfl-mutant the derepression effect mediated
observed when the intact constructs, CL-UAS and CL-S, athrough Hap2/3/4/5 is nearly 40-fold (TaB|eCL-S on Gal-Q).
expressed in thepfl-mutant strain: transcription is slightly elevated Addition of deuteroporphyrin IX or oxygen to cells growing
during growth on derepressing carbon sources and is 2—4-fold higheaerobically on galactose induce the g to the dere-
on glucose. This can only be explained by the lack of Cpflp bindimpgessed state (Tal#econstruct CL-S on Gal+fD9). Both the
to the UAS region of theYT1promoter in those cases. This meandHap2 complex and Haplp are active under these conditions, but
that Cpflp has a repressing impact on gS activity particularly ~ Cpflp has little effect on expression.
under fermentative growth conditions. In summary, under conditions leading to half-induced express-

Construct CL-P2 which lacks the recognition sequences for botbn of CYTZ e.g. under aerobic growth on glucose or anaerobic
Cpflp and Haplp, but contains the Hap2/3/4/5-binding site, shogrowth on derepressing carbon source when either Haplp or the
a level off3-galactosidase activity which is independent on whethddap2 complex is active, respectively, UA&, only reaches
the Cpfl protein is present in the cells or absent. As expected, Cpfigrtial activity. This is not only due to the dependence on the
has no influence when sequences upstream bfg#ierestriction  single activator but also to a negative impact of Cpflp on the
site (position —495), including its own recognition element, aractivating potential of this effector. Whether this influence is
missing. When the upstream region extend$diréction to allow  direct, through Cpflp acting as a UAS-regulating factor, or
binding of Cpflp to its own recognition sequence (CL-UAS andimply by interference with the activating potential of Hap1p or
CL-S in Tablel), the derepressing activity of Hap2/3/4/5 is reducetiap2/3/4/5 via an indirect mechanism in which Cpflp is
strongly under the respective growth conditions. involved, cannot be decided at present.

To investigate further a possible effect of Cpflp on the Thus, the results obtained witty THacZ constructs indicate
heme-dependent regulation ©¥ T1transcription mediated by a possible interaction between Cpflp and Haplp, the factor
the Hapl protein, expression fraBYTHacZ constructs was responsible for aerobic activation GfYT1 transcription. To
examined under aerobic and anaerobic as well as under hersieengthen this conclusion, analyses of transformants grown
deficient and heme-induced conditions (Té®)leThe latter was under conditions that alter the influence of the Hap1 protein were

achieved by the addition of deuteroporphyrin IX (D9). carried out. Anaerobic cultures were shifted to aerobic conditions
andB-galactosidase expression driven byGNg 1promoter was
Table 3.Comparison op-galactosidase expression fr@YTHacZ assayed at successive time intervals to monitor adaptation rates.
constructs in wild-type (BWG1-7a) arpfl-mutant (YSS90) yeast strains ~ Figure 5 shows that adaptation @fYT1expression to aerobic
under various growth conditiofs conditions is a slow process taking h in wild-type yeast cells.
In thecpfl-mutant this process occurs much faster and, despite of
B-Galactosidase activity (¥ ODggg L x mi~3) activities 3—4-fold above the wild-type level, the steady state
Glucose Galactose characteristic of aerobic expression in this strain was already
Strain - +D9 +Q - D9+ reached within 2 h after the shift to aerobiosis. Thus, Cpflp seems
BWG1-7a (wt) to have a strong negative influence on the Haplp-mediated
+ YCpCL-S 04 13 34 76 29 26 derepression of UAS activity in th@YT1 upstream region,
+ YCpCL-AP1P2 08 12 09 27 35 6.0 confirming the results from the previous chapter. Apparently,
YSS90 ¢pfl) both the velocity of the adaptational process and the steady state
+ YCpCL-S 07 83 13 28 58 46 of oxygen dependent expressiolCdfT lare impeded by Cpflp.
+YCpCLAPIPZ 11 16 18 30 25 44 Similar assays performed to observe the adaptational process of

CYTL1 expression to changing nutrients did not show any
aThe respective plasmid-borne constructs are shown in Table 1. D9, deuteropgifferences in the time course in Wild-typecplfl-mutant yeast
phyrin IX. (not shown).

Cpflp has no influence when the intact WA$; (CL-S in
Table 3) is fully repressed during anaerobic growth on glucosélacing its binding site between adjacent promoter
Under these conditions none of the activating factors, Hap1p elements enhances the negative influence of Cpflp
Hap2/3/4/5, is functional. After addition of the heme analogue,
deuteroporphyrin X, which fails to complement heme deficienc@ll recognition elements for DNA binding proteins within
but substitutes for heme as a transcriptional co-activator, Hap1dl&ScyT1 are located on 105 bp between tdiaPI restriction
able to confer heme-dependent inductiorCofT 1transcription.  sites (Hi2Hi3, position —555 to —450; see Tdblén order to test
The 4-6-fold higher expression in thgfl-mutant under anaer- whether Cpflp and its binding site have a positional effect, the
obic, heme-induced conditions confirms that in wild-type cell&JAScyt1-bearingHinPI DNA fragment, Hi2Hi3, was fused in
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Table 4.Influence of Cpflp on expression®falactosidase from
CYTHacZ constructs carrying UAS,/T1 in alternative orientations

E
x
£ B-Galactosidase activity (UO.D.gep7 xml-T)
g Construct
= BWGI-T YSS90 (cpfi
= Cpfl Hapl Hap2/3/4/5 @ () “pT?
; el —E3R Gt G Lx Gk Ga 1w
! ] 'l

\UAS i CYTMacz
= . 28 12 25 44 17 45
g YCpCL-HI2HI3

UAS H CY¥TifacZ

14 57 11 %4 24 61

YCpCL-Hi3Hi2

Hours

Figure 5. Influence of Cpflp oY Tlexpression during adaptation to aerobic . . .
growth conditions. Glucose-grown transformants of wild-te@WG1-7a) medium) for several days. One aliquot was examindidafacto-

andcpfl-mutant 0, YSS90) yeast cells containing the plasmid YCpCL-S were Sidase activity, and from the other total DNA was prepared. Figure
assayed fo-galactosidase expression from @¥¢THacZ gene after shiftto  6A shows autoradiographs of two Southern blots of these electro-
aerobiosis (time point zero). phoretically separated DNAs after hybridization to one of two
probes, comparable in length and specific radioactive labeling. The
; - : - 46 bp Hindlll/BarrHI fragment was specific for the pBR322
?;?;—T-y?gszn tﬁ;lgr?j Sgﬁgtg;&ét;] e basal promoter in front of thpéjor‘cion of the plasmid YCpCL-S; the 348 bfindll fragment
; ' 0 Lo o obtained from theCYTL reading frame, not contained in the
The naturally oriented UAS had only 50% activity in wild typeCYTl—la <Z fusion, served as a label for the gend@Y@ 1gene as

east under all conditions tested (compare Talded4, constructs . X
y (comp standard for single copy. As expected, in untransformed cells no

CL-S and CL-Hi2HI3 in BWG1-72), yet the regulation pOtentIa\F;‘ector signal is found. The intensities of the plasmid bands seem

remained unchanged. In tiigfl-mutant again an elevated express- . o :
ion is observed, but not as obvious as in the construct with t 8mp'?“ab'e in both transformants! indicating equal'c.opy' numbers in
complete upstream region (compare Tabtes, constructs CL-5 e Wild-type and the strain lacking Cpflp. Hybridization to the
and CL-Hi2Hi3 in strain YSS90). Inversion of UAgr caused an CYTlspecific probe, gives an add'“onf_i'. S|g_nal n fche genomic DNA
additional decrease of UAS activity to 25% (Tabl€L-Hi3Hi2) of the untransformed wild-type. The utilization of identical amounts
in wild-type transformants. In contra@tgalactosidase expression of probes in both hybridizations reveals similar intensities of vector-
from this construct is c;IearIy enhanced in theflmutant andCYT Ispecific sighals—an indication of the maintenance of the
Obviously, the inverted arrangement of protein-binding sit lasmid as a single copy in both transformants. In cor_ltrast,.Flgure
improves CYT1 expression. But, after binding of Cpflp to its B d.emonStrateS that EXpression of the Cyaigat Ch'ma‘?”c
recognition site in this construct, proximal to @&T1 basal Protein s 4-fold increased in thpfl-mutant background. Obvious-
promoter (Table4, CL-Hi3Hi2, CPF1 wild-type background) !y th‘? activity and thereby the expression OfC":”é'HaCZ fusion

H ’ vatlidhis strain is not paralleled by an increase in copy number of the

transmission of derepressing interactions between the activat ; ; :
Haplp and Hap2/3/4/5 and the basal promot@YoFLmay be carier plasmid. Expression data shown in Tablesand4 also
ove that there is no general increase of enzyme activapfin

severely disturbed. In the absence of the Cpfl protein its binding X
is non-functional, allowing higher UAS activity (Table CL- %?{amsformants, as would be expected for all vectors in the case of

Hi3Hi2, cpf-mutant). Haplp, the main activator during aerobi(pentro_rgeric dysfu\r;(_:rtilon in ;[his strain. But, otnly singf;le c_?_py
growth on glucose, and Hap2/3/4/5, predominantly responsible ESMIAS camyin@YT1promoter sequences upstream of position

elevated expression under derepressing conditions, are impedefﬁ o .ShOV\.’ high enzyme levels even under partia}lly induced
their action by CpfLp to a comparable degree (50%). conditions in the absence of Cpflp. Therefore, the influence of

Cpflp onCYT1expression must be due to the respective promoter

region and rather results from an inhibitory action exerted by Cpfip.
Cpflp does not influence the copy number of g . nhibiory action ex y PP

centromere-containing vectors in yeast transformants
DISCUSSION

It has been shown that the loss of Cpflp-dependent centromere

function results in[ClLO-fold elevation of chromosomal non- Aerobiosis- and carbon source-dependent mechanisms jointly act
disjunction during mitotic and meiotic cell division in yed®16).  on the promoter of the cytochromegene to adapt expression to
The same should be true for centromere-containing single cothe needs of the cellular metabolism. T}¥éT1gene has been
plasmids, when transfected intpfl-mutants. Then, selective shown to be regulated by Haplp mediating the response of
growth conditions for the maintenance of these plasmids imanscription to the oxygen tension in the environment and by the
transformants over long periods might enrich those mutant cells tiéap2/3/4/5 complex which stimulates mMRNA synthesis when
contain additional copies of the plasmid as a consequence of thigcose is exhausteds).

maldistribution. To exclude that the elevatBejalactosidase  Besides the binding sites for these main regulators, an
expression observed in ttfl-mutant (see Tablés3 and4) isdue  oligo(dT) tract is present in UAST1 between positions —530

to such a mechanism, wild-type yeast andcpif&mutant strain, and —538. Such elements are discussed as possible constitutive
YSS90, with and without the plasmid YCpCL-S were kept ireffector sites with activating functior8) or as repressing
logarithmic, aerobic glucose cultures (selective, semi-synthetdements after the DNA-binding of the Datl protei#8)(
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BWG1-7a (W) YSS90 (epl17)

n  +YCp +YCp
vector CL-8 CLS

A

CYT1

distinguished in EMSA after association with DNES), These
complexes resemble those of Cpflp with @i DNA, C;, G

and Gj. One possible interpretation of the data presented here is
that under aerobic conditions two different versions (A and B) of
Cpflp coexist, which aggregate to give rise to the homodimeric

DNA associations (JAA) and G (BB) and to the heterodimeric
complex G (AB). The Cpflp form A present in; @revails in
glucose medium so that no homodimeiii¢ i€ observed, whereas
form B abounds in lactate medium with the consequence that no
. C, is seen. Under anaerobic conditions a third version (C) of Cpflp
B o00 45 14 & Gal. A_‘f'“"_ ; must be postulated interacting as a homodimer (CC) and making
W O8egng vy up complex Gy.
Unspecific, possibly autocatalytic, proteolytic processing has been
Figure 6. Plasmid-driven expression fronC&¥T1acZ hybrid gene and the  yronaseqd to be the mechanism responsible for the appearance o
copy number of the respective plasmid in dependence on the presence Or d f f Cofl 3843). The following i derived
absence of the CDE I-binding factor Cpflp. Cells were grown in media runcated forms of Cp I16, 43). . € lollowing 'ssues erve .
containing 5% glucose. Preparation of total DNA and measurement offom our work argue against a fortuitous degradation of the protein:
B-galactosidase activity were performed in paralla) $outhern blots of (i) nuclear extracts have been prepared in the presence of proteas
gegorl’"c D.'(;‘/'(\j is.o'aged frgm t?e Strtaig E‘diclatetd "’.‘ger hybrti,diia“@’g;@' 4 inhibitors so that the various versions of Cpflp must have formed
an asmid-aerive robes (see texi).[r-galactosiaase activities ontaine . . -
frompthe same culturgs to monitGiYT1 prgmoter-driven expression of the dunng grOV_Vth prior to cell break?‘ge' (") Comp_a_rablt_a results Wele
hybrid gene encoded by the plasmid (compare Table 1). obtained with extracts from a strain (ABYS) deficient in proteinases
A and B and carboxypeptidases Y and S (not shown). (iii) The
occurrence of certain complexes reproducibly depends on carbon

Recently it has been shown that (dA:dT) stretches rather app&8Hrce and oxygen present during culturing of the cells and is
to have auxiliary or intrinsic activating potential due to thdndependent of the strain which was used for preparation of the
exclusion of nucleosomes, without the need for thé&xtracts. (iv) All four Cpflp-DNA complexes can be observed
oligo(dT)-specific binding of a nuclear fact@d}. In addition, ~Simultaneously with extracts from hypoxic, partially derepressed
consensus sequences for the multi-functional Abfl- arfflls. These observations point to a specific processing and/or
Cpfl-proteins are found at thetrder of UAGyT1, with the 3 modification of the Cpfl protein, depending on nutritional and
half-site of the palindromic Cpflp element simultaneoush@Xygen conditions during growth of the cells, leading to different
representing the conservedeBd of an Abflp recognition forms of Cpflp within the nucleus. Various Cpflp—DNA.compIexes
sequence. But, none of these (potential) protein binding sitd¥ive also been observed by othef42,43) and were discussed
including the oligo(dT) tract, seems to play an important role igontroversially. In those cases, different metabolic states of the cells
the expression o€YT1 A construct carrying these elements(derepressed late versus repressed log phase glucose cultures) ma
upstream of th€Y THacZ fusion gene (with the binding sites for have led to the discrepancies. On the other hand, total cell extracts
both Hap-activators removed) is unable to stimulate transcriptig¥ere used by other authors in their binding assays. This includes the
above the basal level under all conditions tested. On the oth@ssibility that predominantly cytoplasmic forms of Cpflp were
hand, the complete deletion of this region only slightly reducedesent in their DNA binding assays. The use of nuclear extracts in
UAS activity and does not disturb regulatio@fT lexpression. our experiments should lead to the enrichment of the functional
Interestingly, the UAS regions of other genes encodinguclear forms of Cpflp.
respiratory proteins in yeast also contain overlapping elements foWWe analysed the highly regulat€d T1promoter and had to
Cpflp and Abflp18-20). In the case of th@CR8promoter a  envisage different states of UAS activity in dependence on the
competitive association with the DNA of both factors wasrucial parameters, carbon source and oxygen. The finding of
proposed, whereby Abflp contributes an activating function argifferential protein binding in the UAS region ©¥ T1was not
Cpflp is the regulator for adaptation of gene expression to cemexpected, but that the Cpflp—DNA complexes are affected by
growth or cell division40). This situation may not apply to the environmental conditions is unprecedented and surprising
CYT1promoter. Cpflp actually binds to its targewitro and  because Cpflp is considered to be a constitutively DNA-binding
presumably alsi vivo, as indicated by functional assays. Butprotein. Recently, in the case of the constitutively DNA-binding
the repressing effect of Cpflp observe@¥iTHacZ expression factor, Abflp, carbon source-dependent phosphorylation has
studies cannot be explained by a competition for binding with tHeeen described to result in differential band shift pattérf)s (
activator Abflp. We could show in this work that the AbflpExperimental evidence suggests that the differences obtained
element is not functional and a protein—DNA interaction was natith Cpflp are not primarily caused by phosphorylation and most
detected—even inepfl-mutant background. likely are due to specific proteolytic processing (data not shown).
In EMSA the occurrence of the various forms of Cpflp—UAS- In contrast to Abflp, which is involved in DNA replicatiGd)
cyT1 complexes in dependence on carbon source and oxygen naagl transcriptional activatio3%,36), no clear function can be
be attributable to different versions of Cpflp. In the literature, Cpfdttributed to Cpflp. It binds to the centromere regions of all yeast
proteins produceit vivoandin vitro can be found which differ in chromosomes, where the binding site for Cpflp is highly
their molecular masses: 16 kD&l), 58 kDa {2), 37, 60 and conserved and was defined as the ‘centromere determining
64 kDa (L6), respectively. This correlates with the appearance @lement I' (CDE ). To exert centromeric function, the DNA-
multiple protein—-DNA complexes in gel shift experimentsbinding domain of Cpflp is important. However, Cpflp is
Affinity purified forms of Cpflp (37 and 64 kDa) were demon-dispensable. Its absence just leads to a slightly higher error rate
strated to dimerize in all three possible combinations which can bechromosome segregation, due to chromosomal non-disjunction

Plasmid
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