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We describe the isolation of a 22.6-kilobase fragment of DNA containing the MALI locus of Saccharomyces
cerevisiae. Our results demonstrate that the MALI locus, like the MAL6 locus, is a complex locus containing
three genes. These genes were organized similarly to their MAL6 counterparts. We refer to them as MALI],
MAL12, and MAL13 and show that they are functionally homologous to the MAL61 (encoding maltose
permease), MAL62 (encoding maltase), and MAL63 (encoding the positive regulator) genes of the MAL6 locus.
Transcription from each of the three genes was analyzed in a strain carrying the undisrupted MALI locus and
in strains carrying single disruptions in each of the MALI genes. The MALI and MAL6 loci were found to be
highly sequence homologous and conserved throughout the region containing these three genes. The strain used
to isolate the MALI locus also carried the tightly linked SUCI gene. The SUCI gene was found to be located
on the same 22.6-kilobase fragment containing the MALI locus and 5 kilobases from the 3' end of the MAL12
gene. The meaning of these results with regard to the mechanism of regulation of maltose fermentation is
discussed.

The fermentation of maltose by Saccharomyces spp.
requires the presence of at least one of a series of five
unlinked loci: MALI, MAL2, MAL3, MAI4, or MAL6 (1).
Several standard maltose-fermenting laboratory strains have
been genetically analyzed and shown to carry one dominant
MAL locus and one or two additional, partially functional,
MAL loci. Physical analysis of these strains revealed exten-
sive sequence homology between the cloned MAL6 locus
and the other MAL loci (7, 17, 18, 23).
The maltose-fermentative enzymes maltase and maltose

permease are subject to both maltose induction and glucose
repression. In the presence of maltose, both of these en-
zymes are induced approximately 30-fold, while in the
noninduced state, only low basal levels of these enzymes are
present (10, 26). It has been postulated that a positive
regulatory function is required for induction and that a gene
encoding this regulatory function maps to each of the dom-
inant MAL loci (28, 29). More recent genetic analysis of
maltose fermentation has revealed other functions encoded
by the MAL loci which are required for fermentation (8, 11,
lla, 14, 22; Chang et al., submitted for publication). Federoff
et al. (13) cloned a segment of DNA from Saccharomyces
carlsbergensis CB11 that was shown to contain the MAL6
locus (23). This cloned fragment contains three transcribed
regions which we refer to as MAL61, MAL62, and MAL63
(22). All three genes are required for maltose fermentation.
Gene disruption experiments at the MAL6 locus have con-
firmed these results (11; Chang et al., submitted). MAL63
has been shown to encode the positive regulatory gene
product required for induction of maltase and maltose
permease (Chang et al., submitted). Gene disruption exper-
iments have shown that MAL62 is the structural gene
encoding maltase (11). MAL61 is believed to code for
maltose permease (9; Chang et al., submitted). Mutational
analysis of the MALI locus indicated that this is also a
complex locus (8).

* Corresponding author.

In this report we describe the molecular cloning and
genetic dissection of the MALI locus. Our results demon-
strate that MALI is a complex locus containing at least three
genes which we refer to as MALI], MAL12, and MAL13.
These genes are organized similarly to their MAL6 counter-
parts and are structurally and functionally homologous to
MAL61, MAL62, and MAL63, respectively. We also show
that the MALI and MAL6 loci are highly sequence con-
served throughout the region containing these three genes
and that this homology ends abruptly in the flanking DNA
sequences. Physical linkage of the MALI and SUCI loci is
demonstrated.

MATERIALS AND METHODS
Strains and growth conditions. The S. cerevisiae strains

used in this study are listed in Table 1. Their MAL genotype
was determined by the genetic analysis method described in
Michels and Needleman (17). Plasmids were propagated in
Escherichia coli RR1.

Yeast strains were grown in YEP medium (1% [wt/vol]
yeast extract, 1% [wt/vol] peptone) plus the indicated
amount of a specified carbon source. Maltose fermentation is
defined as the production of acid and gas in 1 to 3 days after
inoculation and was determined in 5 ml of YEP medium plus
2% (wt/vol) maltose in Durham tubes. Sucrose fermentation
was determined by the ability to produce gas and acid in 1 to
3 days after inoculation into 5 ml of YEP plus 2% (wt/vol)
sucrose in Durham tubes, by the ability to grow anaerobi-
cally on YEP plates containing 2% (wt/vol) sucrose at 30°C,
or by both.
Gene disruptions and plasmid rescue. Yeast transformation

was performed by the method of Ito et al. (15) with lithium
acetate. For gene disruptions (27) and for site-directed
integration (25), transformants which stably maintained the
selective marker were further screened by Southern gel
transfer analysis and by standard genetic analysis (19).
Gene disruption plasmids were constructed with cloned

MAL6 DNA sequences. Plasmids pDM2b and pDM3 have
been described previously (11; Chang et al., submitted).
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TABLE 1. List of S. cerevisiae strains used

Strain Genotype Source or

reference(s)

4059 MATa MALI MAL3g SUCI leul 17
adel ade2

600-1B MATa MALI SUCI SUC(?) R. Needleman
ura3-52 leu2-3,112

MCY621 MATa MALlg MAL3g suc2' M. Carlson
ura3-52 ade

MCY619 MATa MALJg MAL3g suc2' M. Carlson
ura3-52 his4-339"'

DBY739 MATa MALJg MAL3g SUCI M. Carlson
ural

MCY106-3D MATa MALJg MAL3g SUCI This work
ural

53-2C MATat MALJp met R. Needleman
1-31 MATa MALlp met R. Needleman
236-2A MATa MALlp leu2-3,112 lys2 R. Needleman
345-4A MATa MALlp ura3-52 leu2-3,112 22

trpl ade
208-6D MATa MALJg lys ade R. Needleman
340-1A MATa MALJg ura3-52 ade R. Needleman
JC27 MATa MALJg MAL3g leu2-3,112 13

his
340-1C MATa MALlg ura3-52 lys ade R. Needleman
340-2B MATa MALlg ura3-52 trpl lys2 22

met
303-2B MATa mall° leu2-3,112 ade R. Needleman
303-3A MATa mall' leu2-3,112 adel R. Needleman
208-1B MATa mall' lys ade 23
328-4A MATa mall° ura 3-52 trpl metl4 22

ade
6-2A MATa mall' Iys2 17, 18, 23
3-2B MATa mall' lys2 17, 18, 23

Plasmid pDMlb was constructed by subcloning the 3.0-
kilobase (kb) PstI fragment containing the MAL61 gene from
plasmid pY6 (23) into a pBR322 derivative that had been
deleted for its EcoRI and AvaI restriction sites. The resulting
plasmid was restricted with EcoRI and AvaI, which cut only
within the MAL61 gene, and blunt-ended with T4 DNA
polymerase, and EcoRI linkers were added. The resulting
plasmid, pB, contained a 900-base-pair (bp) deletion within
the MAL61 gene and a single EcoRI site. A 3.0-kb EcoRI
fragment containing the URA3 gene (along with approxi-
mately 350 bp ofDNA from pBR322 and 1.7 kb ofDNA from
the yeast LEU2 locus) was subcloned into the EcoRI site of
pB, creating pDMlb.

Plasmid pY6ACAH contains 1.6 kb of MAL6 DNA and has
been described previously (lla). This plasmid was integrated
at MALI, and plasmids pMJClBamHI and pMJClAH were

isolated following digestion of genomic DNA of strain 600-
lBACAH-7 with BamHI and HindIII, respectively, by the
method of Orr-Weaver et al. (25).
Measurement of p-nitrophenyl-a-D-glucopyranosidase ac-

tivity. Maltase activity was measured as the rate of release of
p-nitrophenol from p-nitrophenol-a-D-glucopyranoside as

described previously (11).
DNA and RNA isolation and analysis. Plasmid DNA and

yeast DNA and RNA isolations as well as Southern and
Northern analyses were carried out as previously described
except that polyadenylated [poly(A)+] RNA was isolated
following a single pass through oligo(dT)-cellulose (11, 22).

Large-scale preparation of bacteriophage DNA was per-
formed by the method of Blattner et al. (3). Small-scale DNA
preparations were performed by the method of Maniatis et
al. (16).

Bacteriophage library construction and screening. Total
genomic DNA from strain 4059 was partially restricted with
EcoRI and size fractionated on a sucrose density gradient.
Fragments between 7 and 20 kb long were pooled and ligated
to gradient-purified XgtWES.B EcoRI arms. Packaging ex-
tracts were prepared by the method of Enquist and
Steinberg (12) with E. coli NS428 and NS433. This library
was amplified in E. coli K803 (16), and 1.6 x 105 PFU were
screened (2) with MAL6-derived probes.

RESULTS

Cloning of the MALI locus. It has been shown previously
that sequences homologous to the MAL6-derived probe
pD-1 (Fig. 1) are present at other MAL loci, including MALI
(7, 17, 18, 23). Based on these results, we proceeded to clone
the MALI locus from strain 4059. Strain 4059 has the
MAL-related genotype MALI MAL3g (17). A total genomic
digest of strain 4059 showed three HindIII fragments having
homology to probe pD-3 (Fig. 1): a 7.3-kb MALI-linked
fragment, a 7.1-kb MAL3g-linked fragment, and an approx-
imately 4.5-kb MALI-linked fragment having weak homol-
ogy (results not shown). A XgtWES.B phage library was
constructed from an EcoRI partial digest of strain 4059
genomic DNA. Five phage isolates homologous to the
MAL6-derived probes pD-1, pD-3, and pP2.2 were selected
for analysis (Fig. 1). The yeast inserts were digested with
EcoRI, and the fragment(s) showing homology to the pD-3
probe was determined by Southern analysis. The phage were
found to contain either a 2.3-, 2.6-, or 6.6-kb EcoRI fragment
homologous to the probe. One phage isolate, XMJC1.3,
contained both the 2.3- and 2.6-kb fragments. Based on a
previous analysis of a cloned 11.0-kb BamHI fragment
containing the MAL3g locus of strain 4059 (results to be
reported elsewhere), the 6.6-kb EcoRI fragment has been
shown to be derived from the MAL3g locus of strain 4059.
Thus, the phage isolates found to contain this 6.6-kb EcoRI
fragment were not analyzed further.

Restriction enzyme mapping was performed on subclones
of the remaining phage isolates, XMJC1.2 through XMJC1.5,
and used to construct the composite map shown in Fig. 1.
This composite map is consistent with previously reported
results (17). The results reported below demonstrate that the
22.6-kb DNA region contained in these overlapping phage is
derived from the MALI locus.

Structural comparison of the MALI and MAL6 loci. Prior to
this study the extent of the sequence homology between the
MAL6 and MALI loci had not been determined. Southern
analysis with probes spanning the entire cloned MAL6 locus
was performed on XMJC1.2 through XMJC1.5. The homol-
ogy was quite extensive and included the region containing
the three MAL6 genes, MAL61, MAL62, and MAL63.
Within this 9.0-kb region, the restriction maps of MALI and
MAL6 were largely identical. The boundaries of homology
between MAL6 and MALI are shown in Fig. 1 by vertical
dashed lines. Homology diverged rapidly in the region 5' to
MAL63. Preliminary analysis of MAL6 DNA sequences
from the region flanking the 3' end of MAL62 suggests that
the homology between MAL6 and MALI ends near the
HindIII site shown in Fig. 1 (data not shown).

Analysis ofMALI flanking DNA. To be sure that the EcoRI
fragments contained in the phage clones actually flanked the
MALI locus, linkage association of these fragments to the
MALI locus had to be established. Also, we hoped to isolate
the flanking region to the right of phage XMJC1.5. For this
the MAL6-derived plasmid pY6ACAH was used (Fig. 1).
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FIG. 2. Southern analysis of tetrads from diploid strain MCY105 (600-1B::pM1.4B x MCY621). Construction of plasmid pM1.4B is
described in the legend to Fig. 1. Plasmid pM1.4B was restricted with BglII and used to transform strain 600-1B (MALI SUC ura3-52) to form
strain 600-lB::pM1.4B. This transformant was mated to strain MCY621 (mal suc) to form diploid MCY105. Three tetrads from diploid
MCY105, tetrads 6, 7, and 8, were analyzed physically. Shown are the results of Southern analysis of Hindlll-digested total genomic DNA
from each of these strains probed with the MAL6-derived probe pD-1 (see Fig. 1). The phenotype for both maltose fermentation and uracil
prototrophy is indicated.

Integration was directed to MALI by digesting the plasmid
with HpaI prior to transforming strain 600-1B, a derivative
of strain 4059 which contains only the MALI locus. Stable
Ura+ transformants were selected, and integration at the
MALI locus was confirmed for one strain, 600-lBACAH-7,
by Southern and genetic analyses. Genomic DNA from
strain 600-1BACAH-7 was used to isolate plasmid
pMJClBamHI as described above. The restriction endonu-
clease map of plasmid pMJClBamHI is shown in Fig. 1 and
was consistent with the map derived from phage XMJC1.5 as
well as with genomic Southern analysis of this region.

Linkage of the EcoRI fragments contained in phage
XMJC1.4 to the MALI locus was demonstrated in the
following manner. Plasmid pM1.4B (Fig. 1) was linearized
with BglII and used to transform strain 600-1B. Genetic and
physical analyses of one stable Ura+ transformant, 600-
1B::pMl.4B (results described below), showed that the
plasmid was inserted at a site linked to the MALI locus.
Strain 600-1B::pM1.4B was mated to strain MCY621 to form
diploid MCY105, which was subsequently sporulated and
subjected to tetrad analysis. The genotype of strain MCY621
is MALJg MAL3g suc2am and thus it does not ferment either
maltose or sucrose. In 13 tetrads analyzed, the ability to
ferment maltose segregated 2:2 and the Mal' and Ura+
pnenotypes cosegregated. Genomic DNA was prepared
from strains 600-1B, 600-1B::pM1.4B, and MCY621 and
three complete tetrads derived from diploid strain MCY105
(tetrads 6, 8, and 9). These were digested with HindIII,
subjected to Southern analysis, and probed with the MAL6-

derived plasmid pD-1 (Fig. 2). The 7.3-kb HindIII fragment
seen in all Mal' segregants corresponded to the 7.3-kb
HindIlI fragment of the MAL] locus. The 4.5-kb HindIII
fragment was also linked to the MAL] locus. The 8.8-kb
HindlIl fragment corresponded to the plasmid pM1.4B se-

quences integrated outside the MAL] locus. As can be seen
in Fig. 2, all three of these HindIII fragments cosegregated
with the Mal' Ura+ phenotype. The 10.7- and 8.1-kb HindIII
fragments corresponded to the MALJg and MAL3g loci,
respectively (18). The MALJg-linked HindIII fragment (10.7
kb) was seen to segregate in repulsion to the three MALI-
linked fragments (8.8, 7.3, and 4.5 kb). The 8.1-kb MAL3g-
linked fragment segregated in a Mendelian fashion and was
unlinked to the other fragments in all three tetrads shown in
Fig. 2. Clearly, the integration of plasmid pM1.4B has
occurred at a site linked to MAL].
The restriction map derived from the phage isolates pre-

dicted that KpnI sites should flank the integration site of
plasmid pM1.4B in strain 600-lB::pMl.4B. Based on the
restriction map of phage XMJC1.4, the genomic KpnI frag-
ment homologous to plasmid pM1.4B was expected to be
6.95 kb in size. Southern analysis confirmed this prediction
(results not shown). Furthermore, integration of plasmid
pM1.4B at the indicated BgIII site was predicted to increase
this KpnI fragment to 16.35 kb. Southern analysis of KpnI-
digested genomic DNA from strain 600-1B: :pMl.4B gave the
expected result (results not shown). Together these data
confirm that the nonoverlapping EcoRI fragment contained
in phage XMJC1.4 flanked the MAL] locus. It was concluded
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that the composite restriction endonuclease map obtained
from the phage clones represents the genomic organization
of the MALI locus along with several kilobase pairs ofDNA
sequences flanking this locus.
Linkage to SUCI. The MALI and SUCI loci are tightly

linked (5, 6, 19). The genotype of strain 4059 is reported as
MALI SUC1 by the Berkeley Yeast Stock Center. Thus,
strain 600-1B should also carry the SUCJ gene. Analysis of
13 tetrads from diploid strain MCY105 (600-lB::pMl.4B x
MCY621) described above indicated the presence of two
unlinked SUC genes in strain 600-1B. All of the Mal'
segregants were Suc+, supporting the idea that SUCI was
present. Genetic analysis of one tetrad, tetrad 8, confirmed
the presence of two SUC genes and demonstrated that one
SUC gene was linked to MALI and allelic to SUCI (data not
shown).
Based on the reported tight linkage between MALI and

SUCI, the sequences contained in plasmid pMJClBamHI
were analyzed by Southern analysis with probe pRB117,
which contains the 5' region of the SUC2 gene (4). The
800-bp BamHI-HindIII fragment indicated in Fig. 1 showed
homology to this SUC2 probe. This is consistent with
previous evidence demonstrating physical linkage between
SUCI and a partially functional allele of the MALI locus,
MALJg (5).

Functional characterization of the MALI clones. It has been
proposed that a dominant MAL locus contains at least two
functions, MALp and MALg (17, 21). Two naturally occur-
ring alleles of the MALI locus have been characterized,
MALJp and MALJg. Neither alone is able to confer the
ability to ferment maltose, but they complement each other
in diploids. A third naturally occurring allele, mallo, lacks
both MALp- and MALg-complementing activity. We have
previously demonstrated that the MAL6 locus contains both
of these functions by showing that cloned MAL6 sequences
are able to complement either MALJp or MALJg standard
tester strains and that these functions are physically separa-
ble (22). The MAL63 gene complements MALJg strains and
thus carries the MAL6p function. Plasmids carrying both the
MAL61 and MAL62 genes complement strains containing
the MALJp locus, and thus these two genes together repre-
sent the MAL6g function. We have obtained similar results
for the cloned MALI locus. The 7.1-kb BglII-Sall fragment
of XMJC1.2 was subcloned into YEp24 to form plasmid
pM1.2F (Fig. 1). Plasmid pM1.2F contained only MALp
activity, as evidenced by its ability to complement the
MALJg strain 340-2B and its inability to complement a
MALJp strain, 345-4A, or a mall° strain, 328-4A. More
interestingly, plasmid pM1.2F was shown to complement
strain 348-1B, a derivative of the mal6-10 mutant isolated by
ten Berge et al. (28) which carries a mutation in the MAL63
gene (Chang et al., submitted). Thus, plasmid pM1.2F con-
tained the MALp function from MALl.
A plasmid containing the 7.3-kb HindIlI fragment from the

MALI locus, presumed to confer MALg function, could not
be constructed from the phage clones isolated because none
of the phage inserts covered this region in its entirety. MALg
function was therefore cloned from strain 600-1B. Genomic
DNA from strain 600-1BACAH-7 was used to isolate plasmid
pMJC1AH (Fig. 1) as described above. Restriction enzyme
mapping of this plasmid showed that it was identical to the
composite phage map shown in Fig. 1. Plasmid pMJClAH
complemented the MALJp strain 345-4A but not a MALJg
strain (340-2B) or a mall° strain (328-4A). Therefore, it
contained the MALg function from MALl.
Gene disruptions at the MALI locus. While only two

complementing functions were distinguishable by using nat-
urally occurring nonfermenting S. cerevisiae strains, genetic
and physical analysis of the MAL6 locus has demonstrated
the presence of three genes (9, 11, 22; Chang et al., submit-
ted). In view of the functional similarities between MALI
and MAL6, we took advantage of the sequence homology
between these two loci and used MAL6-derived deletion-
disruption plasmids to selectively mutate specific MALI
regions (27). Creating these defined mutations allowed us to
confirm the mutagenesis analysis of Cohen et al. (8), dem-
onstrating the presence of three genes required for maltose
fermentation at the MALI locus.

(i) Disruption of MALI. Sequences homologous to the
MAL61 gene were deleted from the genomic MALI locus
with disruption plasmid pDMlb (Fig. 3). Plasmid pDMlb
was restricted with SaIlI and Bg!II and used to transform the
MALI strain 600-1B to Ura+. Two stable transformants were
selected for further study. Southern analysis of both isolates
and genetic analysis of one (strain 600-1BA11-1) confirmed
integration at the MALI locus. Both isolates were unable to
ferment maltose.
An isogenic series of strains carrying this MALI disrup-

tion but of different mating types were constructed and
mated to tester strains carrying the wild-type MALI locus or
the naturally occurring MALJg, MALlp, or mall° alleles.
While the undisrupted parental strain grown in the presence
of maltose exhibited a 90-fold increase in the level of maltase
synthesized, the disruption strain did not induce for maltase
(data not shown). The disruption strain was recessive to
wild-type and was complemented by MALJg strains but not
by MALJp or mall° strains. These data are consistent with
the following plasmid complementation results. Transforma-
tion of RDY100-lA (isogenic to strain 600-1BA11-1) with
plasmid pMl, carrying the MAL61 gene, or plasmid
pMJClAH/YEpl3, carrying the HindIII-BamHI fragment
from plasmid pMJClAH cloned into YEp13, restored the
ability to ferment maltose, while the vector YEp13 alone was
unable to do so. Thus, this region of the MALl locus is
functionally homologous to the MAL61 gene of MAL6 and
appears to encode the MALl-linked maltose permease. We
refer to this gene as MALI].

Transcription from this region of MALI was examined by
Northern analysis of poly(A)+ RNA isolated from the
undisrupted parent strain 600-1B and from strain RDY100-
1A (MALIl: URA3 deletion-disruption) following growth in
noninducing (YEP plus 2% galactose) or inducing (YEP plus
2% maltose) medium. Plasmid pE-4 (Fig. 2) contained a
fragment internal to the MAL61 gene. In MAL6 strains it
detected a 2.0-kb maltose-inducible transcript and a 2.4-kb
constitutively expressed transcript (strain 332-SA in Fig.
4B). When plasmid pE-4 was used to probe for MAL61-
homologous RNA sequences in a MALI strain, again both
the 2.0-kb maltose-inducible transcript and the 2.4-kb con-
stitutive transcript were seen, but the 2.4-kb transcript was
of very low abundance (Fig. 4B). The MALIl:: URA3 dele-
tion-disruption mutant was unable to produce either the
inducible 2.0-kb transcript or the constitutive 2.4-kb tran-
script, indicating that both are encoded by the MALI] gene
and suggesting that either multiple transcripts of different
sizes originate from the MALI] gene or that posttranscrip-
tional modification is occurring.

(u) Disruption of MAL12. Sequences homologous to the
MAL62 gene were deleted from the genome at the MALI
locus with disruption plasmid pDM2b (11) (Fig. 3). PstI-
restricted pDM2b was used to transform strain 600-1B to
Leu+. Stable transformants were selected. Integration at
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FIG. 3. Restriction map of MAL6-derived plasmids used for deletion-disruption of the MALI locus. A partial restriction map of MAL6
and the location of the MAL61, MAL62, and MAL63 genes are shown. The pBR325-based plasmids pE4, pD-5, and pH-3 contain DNA
sequences internal to the MAL61, MAL62, and MAL63 genes, respectively. Plasmids p21-40 and pMl contain the indicated regions subcloned
into YEp13. Plasmid p4OLEU contains the MAL63 gene on a BglII-SaII fragment, as well as the LEU2 gene from plasmid CV9, in a derivative
of pBR322. Plasmid p3 contains the MAL61 and MAL62 genes as well as the LEU2 gene in YIp5. Plasmid p4 is a derivative of plasmid p3
constructed by deleting the internal BglII fragment of the MAL62 gene. Both plasmids p3 and p4 contain an ARS sequence located in the
HindIII-SaIl region 3' to the MAL61 gene (23). Disruption plasmids pDMlb, pDM2b, and pDM3 (described in Materials and Methods) were
digested with the indicated restriction endonucleases (t) prior to transformation. Recognition sites of restriction endonucleases are

abbreviated as in Fig. 1.

MALI was confirmed by Southern analysis and by genetic
analysis for one transformant, 600-1BA12-2. All were

maltose nonfermenters. An isogenic series of strains carry-
ing this MALI disruption but of different mating types were
constructed and mated to tester strains carrying the wild-
type MALI locus or the naturally occurring MALJg,
MALJp, or mall' alleles. The disruption strain did not
induce for maltase (data not shown), was recessive to the
wild-type MALI locus, and was complemented by MALlg
strains and by most mall° strains tested. Complementation
by mall° strains was not entirely unexpected. Although
previously considered completely nonfunctional, at least
some mall' alleles contain a functional MALI-linked
maltase structural gene (11). This disruption strain did not
complement the MALJp tester strains with one exception,
strain 53-2C. Complementation by strain 53-2C was unex-

pected and demonstrated previously unrecognized distinc-
tions among MALJp alleles. Most likely these distinctions
result from differences in the gene encoding maltase. That is,
in certain MALlp strains the MALI locus encodes a func-
tional maltase, and in others it does not.

Plasmid complementation in strain RDY100-1B (isogenic
to 600-lBA12-2) was examined in detail. Transformation of
this strain with plasmid p3 (Fig. 3), a plasmid containing the

MAL61 and MAL62 genes, restored the ability to ferment
maltose, while plasmid p4 (Fig. 3), a derivative of p3 which
lacks the MAL62 gene, was unable to do so. In addition,
pMJClAH/YEpl3, which contains the MALH and MAL12
genes, was able to complement stmin RDY100-1B, while the
vector alone was not. The complementation patterns de-
scribed above indicate that the region deleted in strain
600-lBA12-2 is structurally and functionally homologous to
the MAL62 gene and thus encodes the MALI-linked maltase.
We refer to this gene as MAL12.

Plasmid pD-5 (Fig. 3) contains a fragment internal to the
MAL62 gene. This probe detected a 1.9-kb maltose-inducible
transcript in MAL6 strains (11, 22). Plasmid pD-5 also
detected a 1.9-kb maltose-inducible transcript in the MALl
strain 600-1B (Fig. 4C). Strain RDY100-1B (MALJ2::LEU2)
was examined for its ability to transcribe MAL-specific
genes. No MAL12-specific transcripts were detected; how-
ever, the MALII- and MALJ3-specific transcripts continued
to be expressed (Fig. 4). These results show that, in a MALI
strain lacking maltase, induction of the MALI 2.0-kb tran-
script was normal. Similar results were observed in a MAL6
strain lacking all maltase structural genes (results not
shown).

(iii) Disruption of MAL13. Sequences homologous to the
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FIG. 4. Transcriptional analysis of the MALI locus and the effects of deletion-disruption mutations at MAL]. Poly(A)+ RNA was prepared
following growth on either YEP medium plus 2% galactose (lanes G) or YEP medium plus 2% maltose (lanes M). RNA was size fractionated
on a formaldehyde-agarose gel, transferred to nitrocellulose, and probed with plasmid pH-3 (A), pE-4 (B), or pD-5 (C). Plasmids pH-3, pE-4,
and pD-S (see Fig. 3) contain MAL63-, MAL61-, and MAL62-specific sequences, respectively. RNA integrity was confirmed by reprobing the
filters with plasmid pYactl, which contains the S. cerevisiae actin gene (24). All lanes contained 5 p.g of RNA except lanes 100-1A in panel
A, which contained 10 F±g. Strain 332-5A is a MAL6 mall' strain described previously (11).

MAL63 gene were deleted from the genome at the MALI
locus with disruption plasmid pDM3 (Chang et al., submit-
ted) (Fig. 3). EcoRI-restricted pDM3 was used to transform
strain 600-lB to Ura+. Five stable Ura+ transformants were
examined by Southern analysis, and integration at MALI
was confirmed. For one isolate, 600-lBA13-14, integration at
MALI was confirmed genetically. All transformants were
maltose nonfermenters.
An isogenic series of strains carrying this MALI disrup-

tion but of different mating types were constructed and
mated to tester strains carrying the wild-type MALI locus or
its naturally occurring MALlg, MALJp, or mall' alleles.
The deletion-disruption strain did not induce for maltase
(data not shown). It was recessive to MALI and was
complemented by various MALJp strains but not by MALlg
or mall' strains. Transformation of strain 600-lBA13-14 with
plasmid p21-40 (22), a plasmid containing both the MAL61
and MAL63 genes, was able to restore the ability to ferment
maltose, while plasmids pMl (Fig. 3), which contains only
the MAL61 gene, and vector plasmid YEp13 could not.
Additionally, integration of plasmid p4OLEU (Fig. 3) at the
LEU2 gene complemented the MALJ3::URA3 disruption.
Plasmid pMl.2F also complemented this disruption. This
was shown by transforming strain 328-4A, carrying the
mall' allele, with plasmid pMl.2F and mating this
transformant to strain 600-lBA13-14. This diploid fermented
maltose, while the diploid of the untransformed strains
3284A and 600-lBA13-14 did not. As described above,
plasmid pM1.2F was also found to complement a mutation in

the MAL63 gene isolated by ten Berge et al. (28). These
results indicate that this region of MALI is structurally and
functionally homologous to the MAL63 gene. We refer to
this gene as MAL13.

Plasmid pH-3 (Fig. 3) contains a fragment of the MAL63
gene. MAL63 has been demonstrated to encode a positive,
trans-acting regulatory function required for the induction of
maltase, maltose permease, and the MAL61 and MAL62
maltose-inducible transcripts (9, 22; Chang et al., submit-
ted). In MAL6 strains, probes containing the MAL63 gene
detected a 1.6-kb and a 2.0-kb transcript, both of which were
constitutively expressed; however, the larger transcript ap-
peared to be slightly induced by maltose (22; Chang et al.,
submitted). When plasmid pH-3 was used to probe for
MAL63-homologous RNA sequences in a MALl strain, a
1.6-kb constitutively expressed transcript was detected (Fig.
4A). Northern analysis revealed that the MAL13 disruption
strain 600-lBA13-14 was unable to synthesize the MAL13-
specific transcript. Additionally, this mutant was unable to
synthesize the maltose-inducible MALI1- and MAL12-
specific transcripts; however, the 2.4-kb MALI] transcript
was detected (Fig. 4A). Strain 600-lBA13-14 also did not
induce for maltase (data not shown). These results are
consistent with the proposal that the MAL13 gene product,
like the MAL63 gene product, contains a positive regulatory
function required for maltose fermentation, the induction of
maltase and maltose permease, and the transcription or
accumulation (or both) of their specific mRNAs. It should
also be noted that a strain carrying a disruption of the
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MALI] gene (RDY100-1A) was also unable to induce the
transcription of MAL12 (and thus synthesis of maltase), but
this deletion did not affect the expression of the MAL13 gene
(Fig. 4B). MALI] probably encodes the MALI-linked
maltose permease. The loss of this activity appears to
restrict the transport of maltose sufficiently to prevent the
induction of other maltose-regulated genes, confirming that
transport is an important rate-limiting step in controlling
maltose fermentation.
MALI], MAL12, and MALJ3 represent three genes. To

conclusively demonstrate disruption of three separate genes
at the MALI locus, the disruption strains described above
were mated to each other in all possible pairwise combina-
tions. Each disruption mutant was capable of complement-
ing the other two but not itself. This confirms the presence at
the MALI locus of three independent genes, each essential
for maltose fermentation. These results support similar
findings by Cohen et al. (8), who demonstrated the presence
of three genes located at the MALI locus by the use of
standard mutagenic analysis. The clear complementation
patterns seen for MALI mutations contrast with those in
similar experiments performed at the MAL6 locus. At MAL6
it was found that strains disrupted for MAL63 and MAL61
failed to complement each other (Chang et al., submitted).
This difference between the MAL6 and MALI loci remains
unexplained and may represent valid distinctions among the
dominant MAL loci or may simply result from subtle back-
ground differences in these strains.

DISCUSSION

We have cloned the MALI locus from a lambda phage
library of strain 4059 DNA by using MAL6-derived probes.
The cloned region includes about 22.6 kb of DNA. As shown
in Fig. 1, only 9.0 kb of this region is homologous to the
MAL6 locus. This homology is quite extensive, as evidenced
by the almost identical restriction maps of these two regions,
as well as by comparative Southern analysis.
The loci are also functionally homologous. The MAL6

locus has been shown to be a cluster of three genes, all
required for the fermentation of maltose: MAL61 encodes
maltose permease; MAL62 encodes maltase; and MAL63
encodes a positive regulatory protein required for the induc-
tion of the structural genes (11, 22; Chang et al., submitted).
Similarly, the MALI locus was shown here to contain three
genes required for maltose fermentation. This was shown by
deletion-disruption of three regions of MALI homologous to
the three MAL6 genes with plasmids constructed from
MAL6-derived subclones. Each of the three disruptions
produced a maltose-nonfermenting phenotype. Each disrup-
tion could be complemented by plasmids containing the
appropriate MALI-derived subclones as well as by plasmids
containing the appropriate MAL6-derived subclones. In addi-
tion, as was shown for the MAL6 locus, subclones of the
MALI locus complemented the naturally occurring, partially
functional alleles of MALI, MALJp and MALJg. Matings
between the various MALI disruption strains showed that
they were complemented by each other. Together these
results clearly demonstrate that the MAL6 and the MALI
loci are both structurally and functionally homologous. We
refer to the three genes of the MALI locus as MALI],
MAL12, and MAL13 and propose that these are functionally
equivalent to their MAL6 counterparts MAL61, MAL62, and
MAL63, respectively.
MAL6-derived probes were used to study transcription

from the MALI locus. Both the MAL62 and MAL12 genes

encoded a single 1.9-kb maltose-inducible transcript. Dele-
tion of the MAL12 gene resulted in the loss of this transcript
with no apparent effect on the transcription of the MALl I or
MAL13 gene. Like MAL61, two transcripts homologous to
the MALI] gene were synthesized: a 2.4-kb constitutive
mRNA and a 2.0-kb maltose-inducible mRNA. Disruption of
the MALI] gene led to the loss of both mRNAs. It has not
yet been determined whether the MALI I gene is transcribed
as two differently sized mRNAs or whether posttranscrip-
tional modification is occurring. MALI] disruption also led
to the loss of inducibility of the MAL12 transcript. Like
MAL61, MALI] probably encodes permease. Thus, we
believe that the lack of induction of maltase and the MAL12
transcript in this disruption strain probably results from
insufficient transport of maltose. MAL13 transcription was
unaffected by the MALI I disruption. A single, constitutively
expressed 1.6-kb transcript was synthesized by the MAL13
gene. In MAL6 strains, MAL63-derived probes hybridized to
two mRNAs, a 1.6-kb constitutive mRNA and a 2.0-kb
constitutive mRNA that was slightly induced by maltose
(22). The exact nature of this difference is not yet under-
stood. Disruption of the MAL13 gene in the MALI strain
600-1B produced a nonfermenter which was uniducible for
maltase and for either the 2.0-kb MALI] or 1.9-kb MAL12
maltose-inducible transcripts; the 2.4-kb constitutive
MALI] transcript was unaffected. These results are similar
to those obtained for disruptions of the MAL63 gene, indi-
cating that the product of the MAL13 gene is also a positive
regulator of the structural genes for maltose fermentation.
The results presented here are consistent with those from

previous studies of the MALI locus. Cohen et al. (8) dem-
onstrated, by standard genetic analysis, the presence of
three genes at the MALI locus. They later showed that these
mutations could be complemented by discrete fragments of
the cloned MAL6 locus (9). The isolation of MALI-linked,
temperature-sensitive mutations for maltose permease (14)
and maltase (8) is also consistent with our results, indicating
that both structural genes are part of the MALI complex
locus. The results reported here fully demonstrate the extent
of the homology between the MALI and MAL6 loci.
One of the most interesting findings reported here is the

fact that little or no homology exists between the DNA
sequences flanking the 9.0-kb MALI and MAL6 complex loci
to the left of the regulatory gene. We have recently identified
a second trans-acting regulatory gene located 2.3 centi-
morgans to the left of MAL63 that regulates the expression
of the two structural genes (lla). In view of the lack of
homology between MAL6 and MALl flanking sequences,
the possibility arises that this second regulatory gene is a
peculiar feature of the MAL6 locus and not common to all
dominant MAL loci. Detailed analysis of the MALI and
MAL6 flanking sequences as well as the sequences flanking
the other MAL loci are in progress (Charron and Michels,
manuscript in preparation). Preliminary evidence suggests
that the homology among the MAL loci is limited to the
approximately 9.0-kb region encoding the three character-
ized genes. It is hoped that these comparative studies will
provide further insight into the regulation of maltose fermen-
tation and into the evolutionary mechanisms which have led
to the development of this and other telomere-linked
polygenic systems in Saccharomyces spp.
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