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ABSTRACT
The Saccharomyces cerevisiae PH04 gene, which positively controls the
expression of phosphatase genes, has been isolated by complementation of a
pho4 mutation. The isolated DNA directed integration at the chromosomal
PH04 locus. The nucleotide sequence of PH04 has a coding region of 930
nucleotides, flanked by sequences with typical transcription initiation and
termination signals. The 5' region has characteristics of low-expression
promoters and carries several uncommon elements, whose significance is not
known. The predicted primary structure of the PH04 protein, of 309
residues, does not show sequence elements typical of DNA-binding proteins.
The transcription of PH04 is independent of inorganic phosphate. Like other
regulatory genes, PH04 is transcribed at a very low level and the
translation of its message uses preferentially several codons which are not
employed for highly expressed genes.

INTRODUCTION
Considerable progress has been made recently in the comprehension of the

molecular mechanisms by which transcription is regulated at gene upstream
sites in the yeast Saccharomvces cerevisiae (reviews by Guarente (1) and by
Brent (2)). There are currently several well investigated cases of positive
control of yeast structural genes, where both cis- and trans-acting
elements have been identified and shown to mediate activation of gene
transcription, in response to specific physiological signals. DNA segments
carrying cis-activating sites, usually called UAS (Upstream Activating
Sequence) in yeast, have been delimited and sequenced. Their most striking
feature, by which they are similar to many mammalian enhancer sequences, is
their flexibility with respect to orientation and distance (one to several
hundreds of bp) from the transcription initiation sites.The trans-acting
elements were usually identified by earlier classical genetic work and it
was presumed that their gene products exert their positive effects on gene
expression by interacting or influencing interactions with gene upstream
sites. Specific binding of regulatory proteins to gene upstream
regions,that are critical for transcriptional activation, has been
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demonstrated recently in yeast for the galactose system and the system of

general control of amino-acid biosynthesis: the GAL 4 protein binds to a

UAS adjacent to the galactose inducible GAL 1 and GAL 10 genes (3,4); the

GCN 4 protein binds to specific promoter regions of amino acid biosynthetic
genes whose transcription is activated in response to amino acid starvation

(5).
The present study deals with the yeast positive regulatory gene PH04

whose product is presumed to interact with UASs upstream of several

phosphatase encoding PHO genes. Yeast produces several constitutive and

phosphate-repressible acid and alkaline phosphatases (APase and AlkPase,
respectively). The repressible enzymes are under the control of inorganic
phosphate (Pi) through a complex regulatory circuit. Genetic studies (6),
data on the levels of the products of PHO genes (7-11) and molecular

analysis of the regulated and highly expressible APase-encoding PH05 gene

(12-16); Legrain et al., in preparation) indicate that regulation of the

repressible phosphatases occurs at the transcriptional level and it
strongly suggests the following mechanisms. Transcription of the APase

genes is activated by a process that requires the interaction of the PH02
and PH04 products (activators) with UASs upstream of the regulated
structural PHO genes. Activation of the regulated AlkPase gene requires the
action of the PHOQ activator only. The availability of the PH02 product for

activation of the APase genes is independent from the P1 effector. The

availability of the PH04 activator is controlled by Pi through the products
of 3 genes: PHO80, PHO81 and PHO85. When P1 is present, the PH04 activator
is bound by the PHO80 and PH085 products and is prevented to activate the

structural PHO genes. In the absence of Pi, the PH04 activator is released

through the mediation of the PHO81 product.
Here we report the isolation and sequencing of a DNA segment that

carries the PH04 gene. We discuss several features of its flanking regions
as well as expected properties of the predicted PH04 protein. We also
report data on the PH04 transcript levels and conment about peculiarities
of codon usage in PH04 translation.

MATERIAL AND METHODS
Strains
E. coli HB101 (4Ek, Mk, leu, pro, recA) and JM105 (,pro-lac, thi,

strA , RsdR4, endA, F'traD36, DroAB, lacIq, lacZUM15).
S. cerevisiae: 1278b (a ; wild-type) ; 3962c (a ; wild type) ; ML39a
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(a,Dho4, uj.ra3~) was constructed by crossing strain YAT42 (a , pho3,
Dho4, arg6), obtained from Dr. A. Toh-e, with the well transformable yeast
strain 02026c (a, ura3), obtained from Dr. E. Dubois.
Vectors
Plasmid vector pFLl has been described by Chevallier et al. (17). It
consists of a chimeric bacterial-yeast plasmid containing E. coli pBR322,
part of the yeast 2,u plasmid and the yeast URA3 gene. The phage vectors
used for sequencing were M13mpl8 and M13mpl9(18).
Yeast gene library
The yeast gene library, a gift from Dr. E. Dubois, was prepared by
inserting yeast DNA fragments, produced by partial digestion of total DNA
from the wild-type strain 1278b with Sau3A, into the BamHI site of pFLl.
Media
YEPD medium contained 2 % Bacto Peptone, 1 % Bacto Yeast Extract and 2 %
glucose. Yeast minimal medium contatned 3 % glucose, 0,1 % asparagine,
vitamins and mineral traces ; it was prepared as described by Messenguy
(19) with the following modification: high Pi medium contained 1.5g/l
KH2PO4 and low Pi medium contained 0.03g/l KH2PO4 plus 1.5g/l KC1 ;
uracil, when necessary, was added at 50 mg/ml. LB medium (0.5% Yeast
Extract, 1 % Bacto Tryptone, 1 % NaCl) contained 50 ug/ml ampicillin, when
used to propagate plasmid harboring E. coli HB101. E. coli JM105, used for
propagation of phage vectors, was grown on YT medium (0.5 % Yeast Extract,
0.8 % Bacto Tryptone, 0.5 % NaCl).
Genetic analysis
Genetic analysis on yeast was performed by standard methods (20).
Transformation
E. Coli HB101 cells were transformed according to Petes et al. (21), except
that after growth in LB medium for 60 mmn. at 370C, the cells were plated
directly on selective medium, omitting suspension in soft agar.
Transformation of E. coli JM105 with phage DNA was performed as described
by Messing (22).
Yeast cells were transformed according to Hinnen et al. (23), but
glucuronidase/arylsulfatase (from Boehringer, Mannheim, FRG) was used
instead of glusulase to generate protoplasts and regeneration medium was
the selective minimal medium containing 3 % agar and 1M sorbitol.
DNA preDaration
Plasmid DNA was purified from E. coli according to the method described by
Godson and Vapnek (24), followed by ethidium bromide/CsCl equilibrium
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centrifugation. Single-stranded template was prepared as described by
Messing (22). Rapid yeast DNA preparation was made according to Struhl et

al. (25).
DNA sequence determination
E. coli JM105 was transformed with phage M13 DNA after insertion of PH04

restriction fragments into the appropriate replicative form M13mpl8 or

M13mpl9 (18,22). Sequencing was carried out using the dideoxynucleotide
chain termination method (26).
Detection of acid PhosDhatase activitY
Acid phosphatase activity in yeast colonies was performed by the staining
method based on the diazo coupling reaction (27,28) by overlayering them

with staining agar consisting of 1 % Difco agar, O.lM acetate buffer pH4.0,
2mg/ml Fast Blue Salt B (Serva) and 0.2mg/ml anaphtyl phosphate (Serva).
Nothern blot analysis
RNA from Saccharomyces cerevisiae was purified according to Elder et al.

(29). RNA enriched for molecules with polyadenylate sequences was prepared
by a single passage over a oligodeoxythymidylate-cellulose column as

described by Fraser (30). Electrophoresis, transfer and hybridization were

according to Thomas (31).
Labellns
Nick translation of the DNA probes was performed following the procedure of

Rigby et al. (32). The single stranded (ss) DNA was labelled by the

technique used for the determination of the nucleotide sequence. Copies of

the ss DNA were synthesized by the Klenow fragment of E. coli DNA

polymerase using the universal primer, but without dideoxy nucleotides (33).

RESULTS
CloninQ of genomic DNA sequences that complement the Dho4 mutation

A Dho4 ura3 (underepressible APase and uracil requirement) yeast strain
was transformed with a DNA library of yeast genomic DNA fragments inserted
into the BamHI site of the URA3 carrying vector pFLl (Materials and
Methods). Uracil-independent (Ura+) transformants were selected by

plating on medium lacking uracil. The Ura+ colonies were then
replica-plated on low Pi medium and screened for high APase activity by a
colony staining procedure (Material and Methods). Among approximately
10.000 Ura+ transformants screened, two showed a high APase level. When
these were tested on high Pi medium, their APase activity was very low.
This phenotype is expected for transformants having acquired the pFLl
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Fig. 1 Plasmids pFLl : PH04 and pBR322 (URA3) PHO4.

plasmid with a PH04 insert (Pho+Ura+ transformants).
DNA isolated from the 2 Ura+Pho+ candidates transformed E. coli to

ampicillin resistance. The plasmids recovered from E. col after

amplification transformed Oho4 ura3 yeast strains to Ura+Pho+.
Restriction endonuclease mapping of the hybrid plasmids revealed that they
carried identical, 8.3 kb inserts (Figure 1).

The regulated APase activity in the 2 selected Ura+Pho+
transformants was shown to be linked to the URA3 plasmid by a mitotic
segregation test under non-selective growth conditions. The transformants
were grown for 20 generations on YEPD ; cells were then plated out on the
same medium and the colonies formed were replica-plated on low and high Pi

medium, with and without uracil. The cosegregation of the Pho+ and Ura+
phenotypes was perfect, with 20 to 30 % of the clones having lost both
characters.
The cloned fragment is derived from the PH04 locus

The previous results strongly suggest that the cloned fragment carries
the PH04 gene. To confirm this, we determined the site of chromosomal
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Table I.
Test for the integration of plasmid pBR322(URA3): PH04 at the chromosomal
Dho4 locus.

Tetrad analysis was performed on the asci from the diploid ML39A pBR322
(URA3):PH04 x 3962c (a, ura3 pho4 pBR322 (URA3):PH04 x a, wild type). *This
proportion would be lower, if the plasmid integrated close to a centromere.

integration directed by the cloned fragment. We constructed plasmid
pBR322(URA3):PH04 (Figure 1) which carries URA3 and the cloned 8.3 kb DNA

fragment, but is devoid of a yeast replication origin. Such a plasmid would

transform yeast at very low frequency by integrating into chromosomal sites

homologous to plasmid-borne yeast DNA (34,35). From the extent of homology
between the 2 possible integration sites (1.1 kb for URA3; 8.3 kb for the
cloned insert), integration is expected to take place predominantly into or

close to the Dho4 locus. Yeast strain ML39a ( , ura3 Dho4) was transformed
with plasmid pBR322(URA3):PH04 and a transformant was crossed with the
wild-type strain 3962c. Tetrad analysis of the meiotic progeny from the
resulting diploid lead to the results shown in Table 1. They show that the
cloned segment integrated at a site tightly linked to the Dho4 locus on

chromosome VI, and that the cointegrated URA3 vector gene is unlinked to
the ura3 locus on chromosome V.

Nucleotide sequence of the PH04 reglon

Subcloning of the 8.3 kb DNA segment carrying PH04 lead to the isolation
of a 3.1 kb fragment (Figure 2) that still complemented the pho4 mutation.
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PH04 Dho4 tetrad types (nO)

4: 0 3: 1 2: 2
Expected if plasmid integrated at

- the Dho4 locus 100 0 0
- a locus not linked to oho4 17 66 17

Observed 16 1 0

URA3 : ura3 tetrad types (nO)

4: 0 3: 1 2: 2
Expected if plasmid integrated at

- the ura3 locus 100 0 0
- a locus not linked to ura3 17 66* 17

Observed : 3 12 2
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Fig. 2 Restriction map of the 3.1 kb fragment carrying the PH04 gene.
A = Sau3A, C = ClaI, H = HpaII, I = HindIII, S = SphI; ORF = open reading
frame. The arrowed lines indicate the restriction fragments used as probes
in the Northern blot analysis.

Sequencing of this fragment revealed the presence of 2 open reading
frames(ORF), 310 and 148 codons long, separated by a 256 bp non-coding

region. By comparison of the predicted protein sequence of the smaller ORF

with those published at this time it appeared that it is homologous, except

for one bp, to the sequence encoding subunit VI of the ubiquinol-cytochrome
C reductase (36 and Legrain et al., in preparation). That the larger ORF

encodes the PH04 function was supported by the finding that an inversion of

the 480 bp SDhI fragment (Figure 2) within the ORF lead to the inactivation

of PHO4.

Both strands of the PH04 gene were completely sequenced by the

dideoxynucleotide chain termination method (26), except for two short

stretches (100 and 110 bp) which were sequenced several times on the same

strand. The sequencing strategy was as indicated in Figure 3. The DNA

sequence is shown in Figure 4.

H S H H H A S C HR H

ll AfllAC llH

I OPEN READING FRAME

I kb

Fig.3 Strategy for the determination of the nucleotide sequence of PH04
(read left to right as 5' to 3'). The arrows indicate the length and
direction of the sequenced fragments.
A = Sau3A, C = ClaI, H = HpaII, I = HindIII, S = SphI
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TT"lCCCACACTI'""llT GC"'C11C'IC:C'I"l'CC C'111I"r'rI'I;I:CI( TIACGGCT('I'TCI AT'(;TI(;TIAT'ITCTlT('''IT''('CAA CTACTTII'('('A CCCTC''(CAACT'

190 200 210 220 230 240 200 260 2/O

280 290 300 310 320 330 340 300, 360
CCAAATlCACTI CTTG'IACCAT'A CAAAAATCT'lA TlATlAACCACC CAAG;AACT'CA 'TGICTTl'C(;GAA I (AC'('A(;AA(; A(CAA(CA(;A'I'C; ACC'AAACCAC

310 380 399 414 42)
ACAGAA(CAAC A(G'I'A(CCAG;AA AGTC'( All; (CC (Cl' ACA ACT IT I;AG CCA ArIA (AC CCT.. IT'l'C G;Ai C;A'l' (''A C;A( (CCC

Met Gly A,'g Thiilri St,' Cht Gly ItI((1is Cly Ithse Val Asp A-,I Veitt Cho l'itt
444 459 474 489 0)04

AAC ACT' ACC AlIl' C'II GAl' AAA CTC CGA GAC Tri'i ATC ACC GTA AAC ACC AAA ('CC (Al CAl' CCC C'CC GAG CAl'
l.ys Si'i' Sir' I I' lVsto Asp L.ys ValI ClIy Asp) PlohIItii'The Val Asri Tiir' lys A,'g llis Asp) Cly As'g G.Iist Asp

019 534 049 064 0/11
TITC AAC C(;A(C CAA AAC C:AC GAC (TC AAC AGT' CAA GAC AAC (AC AAC ACC ACT'i GAC AATI GGG; AAC (;AC; AA'i' (;AA
IllIse Asn GI s GI st Asn Asp G Iist Less Asn Se,' GIn CIso Asri Ilis Asn Sfter' Sit Gist Asri Gly As i GuCI s Asis G.Iist

094 609 624 639 6:.4
AATI GAA CAA GAC AG'I CTIC GCG TIC CAC CAC CTA CAC CCC GCC TTTll GAG CTC. GIG CAA GCI ATC CArI ATC CAC
AstiCGito GI rt Asp Se' Letst Alt Less Asp Asp Leis Asp Ai-g Abs Pli' G Iits 1iii ViICIGite GlIy Mel Asp MelI Aspi

669 684 699 /14
TCC: ATC ATC CCC 'ICC; (CAlT GCC CAC CAC TC(C CCA (;CT ACA AC'I' GCT( ACA ATC AAACGCC (CGG (''('A 'I''A 'l'Al''I' C
lI't-Is Mel. Mel Prts Si-r llis A Ia llis llis Sir Pitt Absi Th r 'l'hr' Ab'la tI Is i.Lys Prii Ar'g 1liii Isis 'l'ys SIr"4
/29 744 709 174 189
CCC ("I'A ATIA CA(: ACC CAA AC'I' GCCC CIIT CCC CIA ACC AlIl' TCG CCC AAC 'TTG GCli GCT AC (GCl ACT 'I'll All'
Itr'ss list4 Ii' llis 'Thsi' G In Si r' AlIa ValI Pr is V 'lii'r I I Si',' PFis Asti 1liii Vail Alai 'iTs' Al 'iii ' Sit 'lt,

804 8)9 834 849 864
ACA 'rcC GCCl' AAC AAA C;rC' ACT' AAA AAC AAC ACT AA'I' ACT' ACT' CCC 'i'A'I''i"TC AA(C AA(; CGC AGA CCIT AAA CCC
''tise Sti-r' Ala Asn Lys ValI Trhr Lys Asn Lys Seri' Asn Sir Si's' Pris TIy r Iess Asn Lys Ai-g Ar-g GlIyLys Pi'ii)

879 894 909 924 939)
uuu CCC I.A'T ('Cl GCL AC '('CC CI. '("I'C GitA '(TIG CCC GAC ACC Cli Ali l'CCA ACl CCG:1 AAA CCG AA/. CII; /AAA
Il y Pro Asp Sir Al a Thr Sr Iesis Pits Gli I.s'Lu Pris Asp Sirt Val tPro'leT 'lr lltro lys 1tr'ss Lys Pr5o Iysi

904 969 985 999 1014
CCA AAG CAA 'lAlI' CCG AAA Ill' All' cICG cc 'rcG AAC AG;C AlA ACA CCI' GT'A 'T'CA ('(:1 (:I' ACC G'C AAG ACC
I r'sis Lys G n Try r Pro Lys Va I It, less Pfro Sir'- Asn Si r 'hTr Arg Ae-g ValI Sir I'ris Vai ' AiAla Lys 'hrr

1029 1044 100,9 1074
ACC ACC ACC G;CA G;AA CCC Cr1; CTC GTA GCA AG;T CAG Tcl' ClC' G'TA AllC C:CC CCCI CAC GGIA T'CGI AGC CATi'lTC;
Si-r' e-ir' 5r' Ala ClIu Cly ValI Val Val Ala Si-r ClIti Si',' lPros Val I I e Ala P5ros Ills ClIy Si'r Si',' Illis Sirt

1089 1104 1119 1134 1149
CGG 'ICC (CT AGT'I AA(G (CGA CGG CCA TCG GGCC GCIG (CTC GTC. GAC G;Al'IGCAC AAC; CGC I;AA 'ICA ('AC AAGC (Al' CCIA
Ar'g Si-r' Less Si-r Lys Ar-g Arg Ser Scr ClIy Ala Irss Val Asp Asp Asp Lys Arg CGI st Ss'r Illis Lys Illis Ala

1164 1179 1194 1209 1224
G;AC CAA G;CA CGG; CCT AAT CGA TTA GCCC rc GCCC CTCG CAC G;AA CTC GCCC TCT'"I'TA ATC CCC GCCI G;AG TGG AAA
GI;so Cin Ala Arg Arg Asn Arg Less AlIa ValI Ala Lru Illis Clu Isis Alat Ser' Iesis I I ltr'ii Ala Ghistiris lys

1239 12054 1269 1284 1299
CAC CAA AA,GTGT;lCG'I CCC G;CC CCI' CCA AAC CCA CCA ccc 'rCI; ACC CCC CCT' GCC CCI' ACA 'TCC' Gil' ACC' 'AC
GIn GiIn Asn ValI Ser Alat Ala Arg Pro Lys Ar'g Pro Pro TIrjs) Ar'g Ar'g Pro Ala, clIy Ti r. si.r vai nITIrv'lv

1314 1324 1334 1344 1304 1364 1374 1384
ACC ACA ACC TCA CCACCTCACC CTCCACCAAT CCCAAC;CACC TTICCCCCCAIT A'TCGGCACTCC GCGCCGCCCCIC CCTGC(CCCCCC
Sir Arg Trhir-

1394 1404 1414 1424 1434 1444 1404 1464 14/4
GCl"rCi"rATA A;AGGCG;iTTT GCTCCAAACT CGCCCCACACC GGGCT'l"l'l'CCA G;ATTAGGACAIC TIACT'CAGCTl'I"'''AACCCCACT'l ATTG'C;TTI'l'CC

1484 1494 1004 1014 1024 1034 1044 1004 1064
C;CTTATTTCC ACATIATTCTA rACACCCACTI CACATTIAACA CAACCACACA 'I'ATIACACTT'IA CACCTACACA CACCCATAAA GAAAAAGAAA

Fig. 4 Nucleotide sequence and deduced amino acid sequence of the
S. cerevisiae PH04A gene.

The largest ORF begins with an ATG triplet at position 385 and ends with
the stop codon TGA at position 1314. Translation of the PH04 message is

probably initiated at the ATG at position 385, because this ATG fits best
the features that are usually encountered for functional translation
initiator codons in eucaryotic genes in general and in yeast genes in
particular, i.e. the presence of typical promoter sequences inmediately
upstream of this ATG and of significant sequences around it (38-42; see

discussion). The next in-frame ATG lies 256 bp further downstream. The ORF,
delimited as indicated above, contains 930 nucleotides. This size is
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Table II. Codon usage for the PH04 gene.

NO NO NO NO NO NO NO NO
COD. AA COD. AA COD. AA COD. AA

Phe UUU 3 Ser

Phe *UUC 2 5 Ser

Ser

Leu UUA 4 Ser

Leu *UUG 4 Ser

Leu CUU 1 Ser

Leu CUC

Leu CUA

Leu CUG

2

3

7

Ile *AUU 3

Ile *AUC 5

*UCU
*UCC
UCA

UCG

AGU

AGC

3
4

3

11

10

9

Tyr UAU 3 Glu *GAA 7
Tyr *UAC 1 4 Glu GAG 12

UAA

UAG

40 UGA

0
0

1

Cys *UGU 0

Cys UGC 0

Trp UGG 3
Pro

21 Pro

Pro

Pro

CCU
CCC

*CCA
CCG

Ile AUA 2 10 Thr *ACU
Thr *ACC

Met AUG 5 5 Thr ACA

Thr ACG

*GUU
*GUC
GUA
GUG

3
7

5
5

Ala *GCU
Ala *GCC
Ala GCA

20 Ala GCG

2
6

5
13

7

5
6

4

5
5

4

10

His CAU 4

His *CAC 8 12 Arg CGU

Arg CGC
26 Gln *CAA 7 Arg CGA

Gln CAG 1 8 Arg CGG

Arg *AGA
Asn AAU 6 Arg AGG

Asn *AAC 12
22

Lys AAA 10
Lys *AAG 10

Asp GAU 6
24 Asp GAC 12

18

20 Gly *GGU

Gly GGC

Gly GGA
18 Gly GGG

No cod. = number of times each codon appears in the PH04 coding region.
NO aa = number of each amino acid in the PH04 protein. * designates the
codons which are preferentially used for highly expressed yeast genes,
like ADH1 and G3PDH (44). The codons that are underlined are *rare, codons
which are preferentially used in the PHO4 genes (see text).

consistent with that found for the PH04 mRNA, which is about 1.5 kb (see
below). The highly, if not strictly, conserved sequence elements for the

pre-mRNA splicing in yeast (5'-GTATGT-3' at 5' splice sites and

5'-TACTAAC-3' within the 3' part of introns) are absent from the PHO4

region.

The PH04 termination region contains sequences partially homologous to

those proposed by Zaret and Sherman (43) to be involved in 3'-mRNA-end
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formation in yeast (TAG...TACT or TATT.. .TTT, 124 to 168 bp after the stop
codon). Sequences similar to other possible termination signals (44, 45)
are not apparent.
The predicted primary structure of the PH04 protein.

The amino acid sequence, read from the ORF which appears to correspond
to the PH04 coding region (Figure 4), contains 309 residues, i.e. a

calculated molecular weight of 33,888 dalton. It contains no cys and the
most abundant amino acids are ser (12,9%) and pro (8,4%). The distribution
of several amino acids is far from uniform, especially for the acidic and
basic residues. The moderately acidic NH2-terminal region is followed by
an extremely acidic segment between residues 41 and 90 (18 asp + glu versus
2 his + arg), which in its first part is also very rich in asn and gln (12
residues). Further downstream the protein becomes highly basic (from
residues 96 to 161 : 13 arg + his + lys versus 0 asp + glu). 20 residues
farther (180-193) appears a striking pro-lys alternation sequence :

(pro-lys)4-gln-tyr-pro-lys. The carboxyl-terminal part of the protein is
also very basic.

The codon usage (Table II) is very typically that of genes with low
level expression (44, 46). The codon bias index (CBI) is - 1.6 percent.
Transcriotion analysis.

We performed Northern blot analysis on RNAs from P1-repressed and
derepressed cells from strains with one and with several copies of PHO4
(Figure 6). With 3 different restriction fragments from the coding region
as probes (Figure 2), we detected a single hybridization band,
corresponding to an RNA of about 1.5 kb. That this RNA corresponds to the
PH04 transcript was confirmed by an hybridization experiment with the
single strand prepared from one of the restriction fragments (Figure 6;
Materials and Methods). It hybridized only to the strand complementary to
the PHO4 coding sequence. The amounts of this RNA are approximately the
same for the different culture conditions, which is evidence that the
expression of PH04 is constitutive. The experiment also reveals that the
cellular concentration of the PH04 transcript is extremely low
(hybridization conditions in the legend of Figure 6 and in OMaterials and
Methods").

DISCUSSION
The 3.1 kb DNA fragment that we isolated from a yeast genomic library

contains the PH04 information, since it mediates complementation of a oho4
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A

10 20 30 40 50 60 70 80 90 100
AAGCTTTCTTGAAACACTTTCTCGAACCTCAAATC AGGTATGTTCAAATGTTTGTTGGGAG.TTGGCGCCGTAGGTACS,TTC ATTTCTACGTTCCCACA(;TTT -

110 120 ,,O AW AvXIswo 170 180 190 200
TTTTTCTTGCTGCCTTGCCCTTCTTTGCGTACGGTGTGTATGTGTATGTCTGTGTGC AAGTACTTCCTACGCTGCA^ACTGCGATTTTCTCGTTTTC TATT,rTT -

210 _ - - _ - 280 290
TTTTTTTGCCTCGCCTAATATGTGGTAGGCGAAAGGCTGACCCGGCCGCTCGCACGGAAATATTTGGCAAATGAGTCTTGACCATAGAAAAATG TT C

310 320 330 340 350 360 370 380
GAGGGAAGAAGTCATGCTTCGGAAGGACCAGAAGAGAAGAGATGAGCAAAGGAGACAGAACAAGAGTAGCAGAAAG'rC-ATG

B

AAG GA GACAGA A CAAGAGTAGCAGAAAGTC-ATG PH04

AAGAGAGGACAGAGAACCAAGCCT CCTGAAAG -ATrG GAI4

Fig. 5 Nucleotide sequence of the PH04 5' non-coding region.
A. The complete sequence with the first coding triplet ATG. Regions showing
dyad symmetry are underlined (the smaller elements) or overlined (the large
element). The symmetry centers are indicated by a dot. The limits of the
symmetry elements are indicated by arrows. The TATATAA sequence is boxed.
Wavy lines underline the TC-rich and CAAG sequences, and overline a
purine-pyrimidine alternation segment.
B. Comparison of the sequences immediately preceding the ATG codon for PH04
and GAL4 (37). Blanks are used to maximize identity of the sequences, which
are complete.

mutation and directs its integration at the chromosomal PH04 locus. It
carries a 930 bp open reading frame, which is closely flanked by typical
transcription initiation and termination sequences, and which is devoid of
splicing signals. Its integrity is necessary for the PH04 function.
Single- and double-stranded DNA segments from this region hybridize to a

unique and rare RNA of 1.5 kb. We may therefore consider that the delimited
coding region is colinear with the PH04 protein.

The PH04 promoter region presents several significant sequences (Figure
5). The 79 bp stretch between the typical TATATAA sequence and the
translation start codon is very rich in A and G (61A+G/18C+T) and contains
numerous repeats composed of these nucleotides. The 30 bp sequence
preceding the PH04 coding region shows striking homology with the
corresponding region of GAL4, which is also a positive regulatory gene. The
PH04 sequence upstream from the *TATA boxN contains 2 CT-rich blocks at
positions 79-127 and 185-220. The first block is separated from a

downstream CAAG motif by a segment of 30 bp which is an almost perfect
Pu-Py alternation, with T being by far the predominant Py. The region
between the second TC-rich block and a site 20 bp upstream of the NTATA
boxN contains numerous trinucleotide repeats (with G and C) and dyad
symmetry elements. Several smaller symmetry elements are distinguishable,
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Low High Low High
Pi Pi Pi Pi

Fig. 6 Northern analysis of PH04 mRNA.
Poly(A)-RNAs ( iv5ug) were fractionated on 1.4% agarose gel containing
formaldehyde. After transfer to nitrocellulose, the RNAs were hybridized
with a 3UP HpaII-HpaII (720 bp) single-stranded probe, labelled by primer
extension (0,05)Lg DNA per ml of hybridization mixture at 5.101 cpm/ug).
The X-ray films were exposed with an intensifying screen at -701C.
A. Wild-type strain 1278b; film exposed for 20 days.
B.ura3 p.o4 strain (ML39a), carrying plasmid pFLl-PH04; film exposed for 3
days.
Molecular weight markers in lane on the left : pBR327 DNA digested with
AvaI and BamHI.

but almost the whole region (60 nucleotides) may also be ordered around a

single point (position 245) to constitute a structure with extensive
two-fold rotational symmetry. Further studies should help to disclose what
function, if any, the Pu-Py alternation sequence and the redundant repeats
and symmetry elements have. As to the CT-rich blocks, associated or not
with a CAAG motif, their lay-out has been related to the strength of gene
expression (40) and the ordering of these elements in the PH04 gene
corresponds to that of low-expression genes.

The PH04 protein is presumed to activate the transcription of several
phosphatase genes and it is tempting to assign it a mode of action similar
to that of the GAL4 protein, whose binding to a UAS upstream of GAL
structural genes has been demonstrated recently (3.4). The PH04 protein
does not carry sequence elements with striking homology to sequences
identified as essential for nuclear transport (47-49) or for DNA-binding
(46), as they are found in the 6AL4 protein. The PH04 protein is however
integrated in a regulatory network of higher complexity, as outlined in the
IntroductionN. It interacts with several other regulatory elements and, in
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the activation process itself, the PH02 protein probably plays a crucial
role. Further insight into the specific role of the PH04 element will
probably come from the characterization of the PH02 gene and its products,
which is in progress (50).

The measurement of PH04 mRNA levels at different growth conditions
indicates that the expression of PH04 is constitutive with respect to

inorganic phosphate. As expected for a regulatory gene, the PH04 mRNA level
is extremely low.

A study on codon selection in yeast (44), for moderately to highly
expressed genes, has evidenced a marked preference for 25 out of the 61

possible coding triplets. Moreover, in the cases where tRNA sequence data
were available, it was found that, for a given amino acid, the major
isoaccepting tRNA species present in yeast was, in fact, that with an

anticodon allowing it to translate the most frequently used codon. The
degree of usage of 22 preferred codons (indicated in Table II) has been
quantitated by the Codon Bias Index (CBI), which is 1 when only the 22
preferred codons are used in a gene and which is 0 when the usage of these
codons is exactly that expected if the code were read randomly. The same

study shows that for 9 genes that are considered, the CBI is correlated
with the level of total cellular mRNAs. Kammerer et al. (46) have
calculated the CBIs for 13 other yeast genes, among which are 6 regulatory
genes. The 4 lowest CBI values are for the regulatory genes GAL4, PPR1, MAT
a 2 and MATal with values of +3.6, -0.9, -2.3 and -3.4%, respectively. The

value that we find for PH04 is -1.6%. These close-to-zero CBIs would
indicate an almost totally random codon usage in these regulatory genes.
However, a distinct asymmetry of codon usage is apparent for several amino
acids. If we consider those codons in PHO4, which are usually not used in
highly expressed genes and whose usage is for instance 1.5 times that

expected if the code were read randomly, 5 codons (underlined in Table II)
are sorted out : CUG (leu), UCG (ser), CCG (pro), 6CG (ala) and CGG (arg).
These 5 "rare' triplets code for 15.2% of the total amino acids in the PH04
protein. They would code for 8.5% of the total amino acids, if their usage
were at random. tRNAs with anticodons complementary to these 5 codons are

probably all minor species (not mentioned in the compilation of the major
yeast isoaccepting tRNAs, by Bennetzen and Hall (44)). The great
similarity, in their preference for *rare* codons, between PH04 and the

regulatory genes mentioned above, suggests that this codon usage pattern
has functional significance. It will be interesting to see to what extent
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the cellular protein and mRNA levels do correlate for genes with low

expression, like PHO4, when they are artificially induced to high
expression. It is finally worth noting that the 5 Nrare" codons, preferred
in PHO4, are all GC-rich codons and have all a G in the wobble position,
which, according to the wobble rules in yeast (51), should pair exclusively
with a C in the anticodons. These codons would thus have higher than
average binding constants for their complementary anticodons (44) and,
consequently, might allow a more efficient utilization of the cognate tRNAs
from their low cellular pools.
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