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ABSTRACT

The LAC4 gene of Kluyveromyces lactis, encoding the enzyme
B-galactosidase was mapped on a cloned DNA fragment and the
sequence of the 5'end was determined. This sequence includes the
5' regulatory region involved in the induction by lactose and
the N-terminal end of the protein coding region. Comparison of
the deduced amino acid sequence of this eukaryotic enzyme with
the N-terminal end of the Escherichia coli B-galactosidase re-
vealed substantial homology. Two major RNTAinitiation sites were
mapped at -115 and -105. A number of structural peculiarities of
the 5'non-coding region are discussed as in comparison to
Saccharomyces cerevisiae genes.

INTRODUCTION
The Escherichia coli lac operon was instrumental in the eluci-

dation of the principles of gene regulation at the molecular
level in prokaryotes. In eukaryotes no model system for gene re-
gulation is known in such great detail as yet, although a number
of systems are well characterized genetically and are being in-
vestigated at the molecular level. Substantial progress has been
achieved in yeast e.g. for the galactose/melibiose regulon (1,2).
Among the yeasts, Kluyveromyces lactis is one of the few species
that can grow on lactose. Moreover, this species is amenable to

genetic analysis and recently a transformation system has been
developed (3). We have therefore chosen K. lactis to study the
regulation of the genes involved in lactose metabolism in order
to be able to compare this eukaryotic Lac system with the proka-
ryotic lac operon. In addition K. lactis genes can be expressed
in S. cerevisiae (4) which opens the possibility to analyse the

functions of the Lac genes by transfer to S. cerevisiae.
B-Galactosidase, the key enzyme in lactose metabolism, is an
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abundant protein in K. lactis cells growing on lactose. It is en-
coded by the LAC4 gene which has been shown to be regulated at
the transcriptional level by lactose and galactose (5,6). The
gene has been cloned on the plasmid pBR322 by complementation of
an E. coli B-galactosidase mutant (7).

In this paper we present a detailed restriction map of the
cloned K. lactis DNA fragment and the localization of the LAC4
gene by determination of its RNA initiation and termination
sites. Furthermore, we have sequenced the 5' regulatory region
and the first 350 bp of the coding region to study sequences in-
volved in the interaction with both RNA polymerase and regulatory
proteins. The analysis of the primary protein structure shows
substantial homology between the eukaryotic and prokaryotic B-ga-
lactosidase enzymes.

MATERIALS AND METHODS
Bacterial strains and plasmids: E. coli strain K514 hsdR-

hsdM+, a derivative of strain C600 was used for plasmid pro-
pagation. Strain RRIAM15 leu pro strA hsdR hsdM lacZ AM15 thi
F'lacIqZ4M15 pro+ (8) was used to construct pUKII.

Plasmid pK16 (7) was kindly provided by R. Dickson. PTY75-LAC4
consists of pCR1, 2-,um DNA and a SalI fragment from pK16, carry-
ing the LAC4 gene (3), pUK11 has the small ClaI fragment of pK16
inserted into the AccI site of pUR222 (9).

Yeast strains: K. lactis wild type strains were CBS2360a and
Y1140 (10). K. lactis SD69, a Lac- derivative of CBS2360 (3) as
well as S. cerevisiae AH22 (11) were used for transformation with
PTY75-LAC4.Selection of Saccharomyces transformants was performed
on G418 plates as described (3), Kluyveromyces transformants were
selected on YNB/lactose.

Yeast RNA was isolated from cells grown in YEP containing 0.5%
lactose as described (12).

Mapping of restriction sites: restriction enzyme recognition
sites of 6 base pairs have been mapped by various combinations of
single and double digests of pK16. For enzymes cutting more of-
ten, restriction sites were mapped by partial digests of termi-
nally labeled fragments as described by Birnstiel and Smith (13)
using the 2.2 and 2.5 kb EcoRI-BamHI and the 2.6 and 1.1 kb XbaI-
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BamHI fragments from pK16 (Fig.1). Restriction enzymes were pur-

chased from Boehringer (Mannheim) or Biolabs.
Mapping of RNA initiation sites: SI mapping experiments were

performed exactly as described by Favorolo (14) with the end-
labeled fragments described in the text using either 5,ug of
polyA RNA or 50 Ag of total RNA. With the larger DNA fragments
hybridization was performed at 450C for 6 h in 80% formamide. The
EcoRI-Sau3A fragment was hybridized in 50% formamide, since more
stringent conditions did not give any detectable hybridization in
the small region of homology. S1 treatment after hybridization
was performed at 370C with 1 unit of Si (Boehringer) per ml. When
total RNA was used, probes were treated with RNase (10 ug/ml) for
15 min prior to loading on the gel. Electrophoresis was carried
out under denaturing conditions as indicated in the legends to
Figs. 2 and 5.

For primer extension an end-labeled 78 nucleotide DNA fragment
(3000 cpm, 8x106 cpm/pmole) was used as a primer and hybridized
to 30ug polyA RNA at 450C for 6 h in a volume of 15/ul in 50 mM
Tris-HCl(pH 8.3), 60 mM KCl, 10 mM MgCl2, 30 mM B-mercaptoethanol.
After hybridization cold nucleotide triphosphates were added to a
final concentration of 0.5 mM and samples were incubated with 5
units of reverse transcriptase from avian myeloblastosis virus
(purchased from NEN) for 45 min at 370C. The reaction was stopped
by the addition of EDTA and RNA was hydrolysed in 0.125 M NaOH
for lh in 650C. Samples were neutralized and ethanol precipitated
before loading on sequencing gels.

Chemical DNA sequencing was performed according to Maxam and
Gilbert (15) and partly repeated by enzymatical sequencing using
the Sanger method in M13mp8 (16,17).

RESULTS
Size and Direction of Transcription of the LAC4 Gene
On the basis of the molecular weight of the K. lactis B-galac-
tosidase which is 135.000 (10) the LAC4 gene of K. lactis was ex-

pected to be about 3.3 kb in size. The gene has been cloned in
pBR322 on a 7.3 kb insert of K. lactis DNA to yield pK16 (7), and
the coding sequence was shown to reside in the 4.9 kb segment of
DNA to the left of the single XhoI site of that region (4)

2329



Nucleic Acids Research

E C sI EE X B E

kr ~~~~~~LAC4<,I S I 9 >'@l~~~~~~~~~I

EcoRli 0,9 3,6 0.31
Cab l 33 1.5
HiIIIHj 2.1 1 p0,3 147 O2X U2.2

Sal 62 2 1, 1

Pst 2,4 2.1 Zs.l
Xbe IU.9

Fiae 06 1 .6 0.7
Ogll 142 1V1 0.5
Sac I 3.8 t,6 0.4
Ava|4,9 to
Hpal 12 2.7
Sphl[ 3.8 21

1kb

Fig.1: Restriction map of a 7.3 kb K. lactis fragment carrying
the LAC4 gene
The upper line shows the plasmid pK16 (7) consisting of a DNA
fragment from K. lactis (thick line) with the LAC4 gene cloned
into the EcoRI site of pBR322 (thin line). Restriction sites
relevant in the text are indicated above this line (E=EcoRI,
C=ClaI, B=BamHI, X=XbaI and XhoI (both enzymes cleave very close
together)). The arrow gives the direction of transcription and
the location of the transcribed region as determined by Si map-
ping (Fig.2). For the upper eight enzymes listed, cleavage maps
have been determined by double digests of the whole plasmid pK16.
The lower six maps have been compiled by limited cleavage of end-
labeled fragments as described in material and methods. Sequences
right of the BamHI site have not been analysed with this method.

(Fig.1).
We have established a detailed restriction map of that frag-

ment (Fig.1) by limited cleavage of subfragments radioactively
labeled at one end (18). The endpoints of the LAC4 gene and the
direction of transcription were determined by Si mapping using
RNA isolated from K. lactis CBS2360. Two BamHI fragments of 2.5
and 3.7 kb isolated from pK16 cover most of the cloned K. lactis
DNA fragment and therefore should contain at least part of the
LAC4 gene. After labeling their 5'ends, only the 2.5 kb fragment
was found to be protected from SI digestion by hybridization to
polyA RNA, yielding a fragment of about 1.6 kb (data not shown).
Since only one of the two labeled ends lies within K. lactis
sequences this result indicates that the direction of transcrip-
tion of the LAC4 gene is from left to right in Fig.1.

A more precise positioning of the start of transcription was
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Fig.2: Localisation of the LAC4 gene by Si mapping of mRNA start-
and endpoints
RNA was isolated from wild type K. lactis and transformants grown
in YEP medium with lactose and-hybridized to end-labeled DNA
fragments in 80% formamide, 0.4 NaCl, 40 mM PIPES (pH 6.4), 1 mM
EDTA for 6 h at 450C. After hybridization the samples were
treated with S1 (1 U/ml) as described in material and methods.
A:S1 mapping of the start of transcription using a 1.02 kb EcoRI-
ClaI fragment from pK16 (Fig.1) 5'end-labeled at the Clal site.
The fragment was denatured and hybridized with the following
RNAs: a, 10 ug tRNA, no S1 treatment; b, 10 ug tRNA; c, 5 ug
polyA RNA from K. lactis SD69 transformed with PTY75-LAC4; d,
d, 5 ug of polyA VWA from K. lactis CBS2360.
Electrophoresis was carried out in 6% polyacrylamid gels contai-
ning 7 M urea.
B: S1 mapping of the transcription termination site using a 2.4kb
EcoRI-BamHI fragment 3'end-labeled at the EcoRI site. Hybridiza-
tion was performed with: a, 10 ug tRNA without S1 treatment; b,
10 ug tRNA; c+d, 2 and 10 ug of polyA RNA from K. lactis CBS2360.
M, pBR322 cut by HinfI was used as a molecular weight standard.
Electrophoresis was performed in 7.5% polyacrylamide after de-
naturation of the samples in glyoxal/DMSO (29).

achieved by using the 1.02 kb EcoRI-ClaI fragment with a 5'end-
label at the ClaI site. In Fig.2A, lanes c and d show that a
fragment of approximately 470 bp was protected from Si digestion
by K. lactis RNA. This puts the 5'end of the transcribed region
about 550 bp from the EcoRI site on the left hand border of the
cloned DNA fragment.

The size of the protected fragment is the same whether the RNA
is isolated from wild type K. lactis cells (lane d) or from a

Lac- mutant transformed with the plasmid PTY75-LAC4 (3) (lane c).
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Fig.3: Sequencing strategy of the LAC4 gene
The continuous line represents the EcoRI-ClaI fragment divided
into 100 bp units. Arrows indicate direction and length of se-
quence determinations. For arrows positioned above and below the
line, sequences were determined for both strands.

The LAC4 transcript in the untransformed mutant is also indi-
stinguishable from that in wild type cells (see below, Fig. 5A,
lane e), however, much higher levels of LAC4 mRNA are present
in the transformant, as we show elsewhere (5). Thus we conclude
that the DNA fragment is mainly protected from SI digestion by
plasmid-derived transcripts and that the signals controlling
initiation of transcription function on the plasmid in the same
way as in the chromosome.

The 3'end has been mapped in the same way using a 3'end-la-
beled restriction fragment. The 2.4 kb EcoRI-BamHI fragment la-
beled at the EcoRI site was protected by K. lactis RNA from Si
digestion over 350 bp (Fig.2B) placing the 3'end of the trans-

cribed region 350 bp downstream from this EcoRI site and thereby
3.2 kb from its 5'end. The size of 3.2 kb for the LAC4 coding se-
quence is close to the value of 3.3 kb suggested by Dickson (10).
Nucleotide Sequence of the 5'End of the LAC4 Gene

In order to be able to analyze structures involved in the
control of transcription and in the regulation of the LAC4 gene,
we have determined the nucleotide sequence of 1 kb at the 5'end
of the gene from the left EcoRI site to the ClaI site (Fig.1).
This DNA segment includes about 470 bp of the transcribed region
plus 550 bp of sequences 5' to the RNA initiation site. The lat-
ter is expected to contain the information for transcriptional
control and induction by lactose. For this reason the small ClaI
fragment of pK16 (Fig.1) was subcloned into the AccI site of
plasmid pUR222 (9) to yield pUKII (18). The strategy for the se-

quencing is depicted in Fig.3.
The sequence as shown in Fig.4 revealed only one long open

reading frame starting 669 bp from the EcoRI site and continuing
to the end of the sequenced region. A comparison of the deduced
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GAATTCTGTTCACCGCAMAGTTCAGGGTGCTCTGGTGGGTTTCGGTTGGTCTMTGCTTTGCTCTCCCTTGTCTTGCATGTTAATAATAGCCTAGCCTGTG
-650 -600

AGCCGAMCTTAGGGTAGGCTTAGTGTTGGAACGTACATATGTATCACGTTGACTTGGTTTAACCAAGCGACCTGTAGCCAGCCATACCCACACACGTTT
-550 -500

TTTGTATTCTTCAGTATAGTTGTGAAAAGTGTAGCGGAAATATGTGGTCCGAGCAACAGCGTCTTTTTCTAGTAGTGCGGTCGGTTACTTGGTTGACATT
-450 -400

GGTATTTGGACTMTGTTGCTACACCATTCACTACTTGMGTCGAGTGTGAAGGGTATGATTTCTAGTGGTGAACACCTTTAGTTACGTAATGTTTTCATT
-350 -300

GCTGTTTTACTTGAGATMTCGATTGAGAAAAAGGTATMTAATAGCTCGAATCAATGTGTTATCATTGTGAAGATGTTCTTCCCTAACTCGAAAGGTATAT
-250 -200

GAGGCTTGTGTTTCTTAGGAGAATTATTATTCT M GTTATGTTGCGCTTGTAGTTGGAAAAGGTGAAGAGACAAAGCGCTTAACACTTGAAMM AGG

-150 -100

met ser cys leu lie pro glu asn
AAAGAGCAGAAM GGCAAMATAAA A CACATACTCATCGAGAACTGAAAGAT ATG TCT TGC CU ATT CCT GAG MT

-50 +1
leu arg asn pro lys lYs val his glu asn arg leu pro thr arg ala tyr tyr tyr asp gln asP lie phe glu
TTA AGG AAC CCC MM AAG GTT CAC GM AAT AGA TTG CCT ACT AGG GCT TAC TAC TAT GAT CAG GAT ATT TTC GM

+50

ser leu asn gly pro trp ala phe ala leu phe asp ala pro leu asP ala pro asp ala lYs asn leu asp trP
TCT CTC MT GGG CCT TGG GCT m GCG TTG MTT GAT GCA CiT CTT GAC GCI CCG GAT GCT QAG MT TTA GQC TGG

+100 +150
glu thr ala lys lys trp ser thr lie ser val pro ser his trp glu leu gln glu asp trP lys tyr gly lYs
GAA ACG GCA AAG AA TGG AGC ACC ATT TCT GTG CCA TCC CAT TGG GAA CTT CAG GAM GAC TGG MG TAC GGT AA

+200

Pro lie tyr thr asn val gln tyr pro lie pro lie asp lie pro asn pro pro thr val asn pro thr gly val
CCA ATT TAC ACG AAC GTA CAG TAC CCT ATC CCA ATC GAC ATC CCA MT CCT CCC ACT GTA MT CCT ACT GGT GTT

+250 +300

tyr ala arg thr Phe glu leu asp ser lys ser
TAT GCI AGA ACT m GM TTA GAT TCG AAA TCG AT

+350

Fig.4: Sequence of the 5'end of the LAC4 gene
The sequence spans an EcoRI-ClaI fragment of 1027 bp including
668 nucleotides upstream and 359 nucleotides downstream of the
translation initiation site. Amino acids in the coding region are
deduced from the nucleotide sequence.

amino acid sequence encoded by this region with the N-terminal
end of the E. coli 8-galactosidase showed significant homology.
Forty out of 119 amino acid residues were identical in the two

polypeptides when they were aligned for optimal correlation. The
homology is particularly striking (up to 50%) in the second half
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of this segment (see further Discussion, Fig.6).
The nucleotide sequence upstream of the ATG codon shows seve-

ral features similar to other eukaryotic transcriptional control
regions. An AT-rich region, TATAT, which might represent a so-
called TATA-box (19), is located around position -170 and is
flanked by GC basepairs. Another candidate for a TATA-box is
found around position -140: AATTATTATT. The functional signifi-
cance of either of the two awaits further elucidation. A second
element of homology, the CAAT-box (20) is found in many genes of
higher eukaryotes but is absent or partially disguised in most
S. cerevisiae genes that have been sequenced thus far (21). In
LAC4 the sequence AATCAATGT, around position -215 from the ATG
has some homology with the consensus sequence GGCCAATCT.

The most striking structural feature in the leader sequence is
located at -51 and consists of a run of 18 A residues interrupted
by one T. It precedes the hexanucleotide CACACA which has also
been found close to the translational start of several yeast
genes (21).

Purine residues at position -3 and +4 have been found to occur
preferentially in the initiation region of eukaryotic genes (22).
The LAC4 gene has a G at position -3 but a T at +4. Position +6
is a pyrimidine (here a T residue), a common feature for genes
encoding the abundant glycolytic enzymes in S. cerevisiae (21).
A CT-rich sequence followed after 10 nucleotides by the sequence
CAAG, which has been proposed by Dobson et al. (21) to be a com-
mon feature of all S. cerevisiae genes that encode an abundant
RNA, is not present in the K. lactis LAC4 gene.
Precise Mapping of Transcription Initiation Sites

As has been shown above in Fig.2A, transcription starts about
470bp from the ClaI site (Fig.1) around position -120 in the nu-

cleotide sequence. To allow a more precise positioning of the RNA
initiation site(s), we have repeated the SI mapping experiment
using a fragment which had been labeled closer to the expected
starting site. The SI protected subfragment was electrophoresed
side by side with a sequencing ladder of the original fragment.
The results for the EcoRI-Sau3A fragment (position -668 to +82)
labeled at the Sau3A site are shown in Fig.5B, next to the C-
track of the sequencing gel. In the autoradiograph a series of
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Fig.5: Mapping of transcription initiation sites by primer
extension (A) and Si protection (B)
A: A labeled 78 nucleotide TaqI-HaeII fragment was used as a pri-
mer for reverse transcriptase after hybridization to RNA from the
following strains:
a, Y1140 polyA RNA; a, Y1140 (using hot nucleotides for primer
extension); b, CBS2360; c, SD69 (PTY75-LAC4); d, AH22 (PTY75-
LAC4); e, SD69; f, CBS2360 without the addition of reverse trans-
criptase.
Bands were separated on an 8% polyacrylamide gel containing 7 M
urea side by side with a Maxam-Gilbert sequencing reaction of the
140 bp TaqI-DdeI fragment covering the shorter primer fragment.
The sequence of the coding strand is shown on the left.
B: A 5'end-labeled Sau3A-EcoRI fragment was hybridized to total
RNA from CBS2360 followed by SI digestion (compare material and
methods). The Si protected fragments were run on a sequencing gel
as in Fig.5A parallel to a C-specific sequencing reaction of the
same fragment. Numbers between A and B correlate the major bands
with the DNA sequence using the numbering of Fig.4. x indicates
two bands originating from a contamination of the DNA primer.

bands of different intensities show up with length differences
between the major ones of about 3-0 nucleotides. The endpoints of
the various fragments and their relative intensities are listed
in Table 1. They are all near position -110 of the LAC4 sequence
(Fig.4) which is in agreement with the rough S1 mapping data pre-
sented in Fig.2A.

To determine whether these multiple bands reflect an artifact
produced by the SI mapping technique or a heterogeneity in the
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Table 1. Comparison of mapping data of RNA initiation sites
obtained by Si protection and primer extension.

first Primer extension Si mapping
nucleotide
in RNA

position intensity position intensity

C - 96 (+)
A - 97 + - 97 ++
G - 98 ++ - 98 (+)
A - 99 (+) - 99 (+)
G -105 +++ -105 +++
F -10~~~~~~~~~~__U6 +++

A -107 +
T -113 ++
T -114 ++
G -115 +++ -115 +++
F -118T (+)-1T8 +
T -119 (+)
C -121 (+)
G -127 + -127 +

RNA initiation sites are deduced from the length of the bands
shown in Fig.5A and B. Position of the first transcribed nucleo-
tide refers to the sequence listed in Fig.4. Intensities of the
bands of Fig.5 are indicated by the number of +. The two major
transcripts are underlined.

initiation of the LAC4 transcripts, the RNA starts were additio-
nally mapped by the primer extension method (23). The primer was
isolated from a gel as a 78 nucleotide TaqI-HaeII fragment cover-
ing nucleotides -91 to -14 and labeled at the TaqI site. After
hybridization to polyA RNA from different strains, reverse trans-
criptase and cold dXTPs were added to synthesize a cDNA. As shown
in Fig. 5A, again multiple starting points were obtained. Two
bands (marked x in Fig.5) which are larger than the primer result
from contamination of the primer DNA, as is obvious from the con-
trol in lane f, where no reverse transcriptase was used. Control
hybridization with this contaminating fragment alone showed that,
as expected, this cannot be used as a primer for reverse trans-
criptase (data not shown). Almost all other bands correlate with
those obtained by Si mapping. The position of the major starts
are given in the middle of Fig.5 and in Fig.7a; a more complete
listing of the endpoints determined by both methods is shown in
Table 1.
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We conclude that the transcripts of the LAC4 gene have multip-
le 5'ends, the major initiation sites being at positions -115 and
-105. In most cases, the first nucleotide of the RNA is a purine,
for the major transcripts it is a G.

The positions and intensities of the bands are the same
whether RNA from two different wild type K. lactis strains,
CBS2360 (lane a and a'} and Y1140 (from which the LAC4 gene has
been cloned)(lane b), or a lac4 mutant transformed with the LAC4-
gene-containing plasmid PTY75-LAC4 (lane c) were used. The
transcripts in the untransformed lac mutant (lane e) are propably
also indistinguishable from the wild type LAC4 mRNA, but since
the RNA had been isolated from uninduced cells, only the two
strongest initiation sites are visible.

As argued above, due to the highly elevated LAC4 mRNA levels
in transformants, compared to the untransformed mutant, we con-
clude that the bands in lane c result mainly from plasmid derived
transcripts and that even at the nucleotide level no difference
in RNA initiation can be observed whether the gene is located on
a plasmid or in the chromosome.
The LAC4 gene has been shown to be expressed in S. cerevisiae
(4), but it can not be induced (5). When RNA from Saccharomyces
transformed with the same plasmid, was used for primer extension
(Fig.5,lane d), the signal is weaker than in the uninduced K.
lactis lac4 mutant (lane e). The only band weakly visible corre-
lates with the K. lactis transcript starting at position -115.
Further analysis of the transcription and the regulation of the
LAC4 gene in S. cerevisiae will be described elsewhere (5).

DISCUSSION
As a start in the study of a eukaryotic lactose system, we

have analysed the LAC4 gene from the yeast K. lactis, encoding B-
galactosidase, the key enzyme in lactose utilization. We have
established a detailed restriction map, mapped the transcribed
region and sequenced the 5'end. From expression studies we know
that K. lactis lac4 mutants after transformation with a vector
carrying the LAC4 DNA fragment display a wild-type induction phe-
notype (5). Thus we expect the 5' noncoding region to contain
control signals for the regulation of the gene by lactose.
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Fig.6: Comparison of the amino acid sequences of the K. lactis
and the E. coli B-galactosidase
The upper line shows the first 119 amino acids of the yeast
enzyme; the bottom line the N-terminal 133 amino acids of the
E. coli enzyme. For alignment with maximal homology one and two
aimiino acid insertions were allowed in the yeast sequence. Identi-
cal amino acids are boxed.

The correlation between the size of the mRNA of 3.3kb (5) and
the distance between its transcription initiation and termination
sites indicates that the gene has no or at least no large in-

trons. The fact that the LAC4 gene is functionally expressed in
E. coli (7) implies the absence of smaller introns as well.

A number of arguments led us to the conclusion that the trans-

lation of the LAC4 mRNA starts with the AUG codon at the position
indicated in Fig.4:
(i) This AUG codon is followed by the only open reading frame

which continues to the end of the sequenced region.
(ii) It is the AUG closest to the 5' ends of the major mRNAs.
(iii) The amino acid sequence deduced from the open reading

frame shows homology with the E. coli B-galactosidase (24)
in 40 out of 119 residues.

This homology is particularly interesting in the C-terminal
half of these 119 amino acids (Fig.6). Between residue 84 and
109, 65% of the amino acids are identical with perfect colinear
alignment. However, identical amino acids in the two proteins are
often encoded by different codons, so that the homology at the
nucleotide level is not significant. It seems that amino acids 66
to 116 (83 to 130 in E. coli) are part of a functionally
important domain of the protein and homology within this region
might reflect a divergent evolution of the two genes from a

common ancestor.
The extreme codon bias, found in S. cerevisiae for some of the
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Fig.7: Analysis of the LAC4 5'con-
trol region for potential seconda-
ry structures
a) Transcription initiation sites
(vertical arrows, solid for strong
initiation sites, dotted for wea-
ker ones), surrounded by two sets
of inverted repeats as underlined
by horizontal arrows.
b) Stem and loop structure inclu-
ding the start of translation and
peculiar sequences in its upstream
region.
c) Inverted repeats upstream of
the transcriptional start.
Data were obtained by computer
analysis of the DNA sequence in a
Tinoco-diagram (30) on an Apple II
computer. The program was kindly
supplied by G. Steeger and W. Rap-
port.

most abundant proteins (25) is not found for the LAC4 gene of K.
lactis. Thirty-nine out of the 119 codons sequenced are rarely
used in S. cerevisiae, which suggests that K. lactis has evolved
far enough from S. cerevisiae to allow for a different codon
bias. As LAC4 is the first gene for an abundant protein from K.
lactis that has been sequenced, we cannot exclude that genes
coding for other major proteins such as the glycolytic enzymes
follow the S. cerevisiae codon bias. Sixty-three codons of the
LAC4 gene correspond to those frequently used in S.cerevisiae.

The sequenced DNA fragment carrying the LAC4 gene extends to
668 nucleotides upstream from the ATG initiation codon and
therefore should contain the sequences interacting with RNA
polymerase. Two elements resembling a TATA-box might be involved
in directing transcription initiation. They are located at -140
and -170 about 30 and 60bp from the center of the multiple
transcriptional initiation sites. The two major starts are
located ten basepairs apart at positions -115 and -105; a slight-
ly weaker one was found at position -98. Mapping experiments by
S1 protection as well as primer extension gave almost the same

results. The significance of a strong band at position -106 pre-
sent only in the S1 protection experiment is unclear. Both tech-
niques revealed a number of weaker bands indicating a rather
heterogeneous LAC4 mRNA population with 5'ends at almost every
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nucleotide between -98 and -105 and a few start-points further

upstream. In this respect it will be interesting to see whether
any functional correlation exists between either of the two
TATA-boxes and any of the single RNA initiation sites. For each
RNA species the deduced ATG initiation codon (Fig.4) is the first
from the 5'end of the molecule. We have no information yet about

the efficiency of translation of the different transcripts.
It is interesting to note that all transcription initiation

sites fall between two sets of inverted repeats which are shown
in Fig.7a. The possibility that these sequences have caused an

artifact in mapping the 5'end of the mRNA is unlikely, since at

least in the primer extension experiment premature termination of
reverse transcriptase due to secondary structure in the RNA
template would be expected at the bottom of a stem rather than in

the loop of a potential hairpin structure. We believe that the
upstream half of the inverted repeat is not transcribed and if
there is any significance in the presence of the inverted repeats
it will be at the DNA rather than at the RNA level.

Another obvious structural feature in the non-translated
region is a run of 18 A-residues interrupted by one T. In
contrast to other yeast genes (CYCl (26), ADH2 (27), and PDC1
(28)), where a long A-stretch has been found to precede the
transcription initiation sites, in LAC4 this sequence is part of
the leader RNA. The stretch of 16 of these A-residues, the
hexanucleotide CACACA found in many yeast genes, and the ATG
initiation codon can hypothetically be looped out in a snap-back
structure with a short imperfect stem of 9 base-pairs (Fig.7b).

Since the cloned LAC4 gene still responds to regulation by
lactose, we have analysed the region upstream of the
transcription initiation site for additional symmetrical struc-
tures that might be involved in interaction with regulatory pro-
teins. Two such sequences are centered around positions -565 and
-330, respectively (Fig.7c). We are presently determining which
sequences are involved in the regulation of the LAC4 gene.
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