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probes. Preliminary analysis of a cloned mallo locus shows
extensive sequence homology to the MAL6 locus (M. Char-
ron, personal communication). Thus, whereas the mall°
allele lacks both of the complementing gene functions re-
quired for maltose fermentation, it shows strong homology
to the MAL6 locus. One must keep in mind that, although
genetically only two, complementing gene functions have
been, defined for the MAL loci, three transcripts are synthe-
sized by the MAL6 locus, and all are required for maltose
fermentation (12).

Strain 332-5A was transformed with PstI-digested pDM2b
DNA/, and LEU2 transformants were selected. Those trans-
formants in which the LEU2 phenotype was shown to be
mitotically stable were further analyzed by total genomic
Southern analysis. Because of the sequence homology be-
tween the MAL6 locus and the mall° locus, it was antici-
pated that integration could occur at either position. Three
transformants were screened by genomic gel transfer analy-
sis. In two, integration occurred at the MAL6 locus; in the
third, it occurred at the mall° locus. Figure 2 shows the
results of the gel transfer analysis of two of these transform-
ants, 2b-20 and 2b-46, which were selected for further study.
The parent strain, 332-5A, shows two HindIll fragments
with homology to the MAL6-derived probe D-1 (Fig. 1). The
7.3- and 7.0-kb fragments correspond to the MAL6 and
mall0 loci, respectively. In transformant 2b-46, the 7.3-kb
HindIII MAL6 fragment is no longer present, but instead a
new fragment with homology to the MAL6-derived probe is
found. The size of this fragment, 8.6 kb, is consistent with
the integration of the pDM2b LEU2-containing fragment at
the MAL6 locus. Transformant 2b-20, on the other hand,
retains the 7.3-kb HindIll fragment, but has lost the 7.0-kb
HindIII mall0 fragment. A new 8.3-kb HindlIl fragment
homologous to the D-1 probe is found. The size of this
fragment is again consistent with the integration of the
disruption fragment at the mall0 locus of strain 332-5A.
Total genomic digests of these disrupted strains were also
probed with sequences homologous to the LEU2 gene and to
the BglII fragment deleted in the construction of plasmid
pDM2b, and the expected results were obtained (data not
shown). That is, in strains 2b-46 and 2b-20, in addition to the
normal genonmic LEU2 fragment, HindIll fragments of 8.6
and 8.3 kb, respectively, having homology to the LEU2
probe were found. Probing with the deleted BglII fragment
simply showed the loss of the 7.3- and 7.0-kb HindlIl
fragments, respectively, in strains 2b-46 and 2b-20. The
MAL62 disrupted gene of 2b-46 is denoted as MAL
62: :LEU2. Since the integration of yeast DNA requires
homology, we are denoting the region of the mall0 locus
homologous to the MAL62 gene as MAL12 and the disrup-
tion as MALJ2::LEU2. Strain 628-5B was obtained by
crosses as described below. By genetic analysis, it has been
shown to carry disruptions at both the MAL6 and MAL12
loci. Gel transfer analysis shows the expected two HindlIl
fragments of 8.3 and 8.6 kb.

Maltase activity of the integrative disruptions. Both sttains
2b-46 and 2b-20 were maltose fermenting. Measurement of
p-nitrophenyl-a-D-glucosidase (PNPGase) activity showed
that all three strains, the parent strain 332-SA and both
disruptions, synthesized approximately 500 U of PNPGase
per mg of protein. PNPG is an a-glucoside analog of maltose
and is cleaved by both maltase and a-methyl glucosidase. It
was concluded that the PNPGase activity seen in these
strains results only from the maltase present in the strains
and not from the presence of any a-methyl glucosidase
activity based on the following. Hydrolysis of a-methyl
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FIG. 2. Southern hybridization analysis of the 332-5A (MAL6
mall') parent strain and three integrative disruptions derived from
this strain. Strain 332-SA was transformed with the 6.6-kb PstI
disruption fragment diagrammed in Fig. 1, and stable LEU2 trans-
formants were selected. Southern analysis on two of these trans-
formants, 2b-20 and 2b-46, is shown. Total genomic DNA was
digested with HindIll, and the fragments were separated on a 0.8%
horizontal agarose gel. Gel transfer analysis was done as described
in Materials and Methods. The probe used is D-1, which lies
adjacent to the region deleted in the disruption process (Fig. 1).
Strain 628-5B carries disruptions at both the MAL6 and the mall'
loci and was derived by meiotic crosses between singly disrupted
strains (see the text).

glucoside in these strains is 2.2 to 2.8% of the rate of
hydrolysis of PNPG. This is consistent with the known
substrate specificity of maltase (11) and with the specificity
of a-methyl glucosidase (5).
The heat lability of the maltase synthesized by each of

these strains is compared in Fig. 3A. Clearly the maltase
synthesized in the MAL6 integrative disruption strain 2b-46
is distinctly more heat labile than that present in either strain
332-5A or the mall0 integrative disruption 2b-20. Our inter-
pretation of these results is that both the MAL62 gene of the
MAL6 locus and the homologous region of the mall0 locus
(wvhich we refer to as MAL12) are structural genes coding for
maltase, but the products of each of these genes vary slightly
in sequence, causing a difference in heat lability. Thus,
disruption of the MAL62 gene is complemented by the
homologous MAL12 gene, but the product of this gene is
more heat labile than that of the MAL62 gene.

Heat-labile maltase synthesis is linked to MAL12. To insure
that the species of maltase with different heat labilities
synthesized by 2b-46 and 2b-20 could be ascribed to the
different disruption events, a segregation analysis was per-
formed on the diploid W628 (613-1C x 2b-20). Strain 613-1C
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FIG. 3. Heat lability of the maltase synthesized by the MAL62 and MALI2 disrupted strains. The cells were grown to exponential phase

in YP medium plus 2% maltose. Whole cell extracts were assayed for PNPGase activity after incubation at 480C as described in Materials and
Methods. Plots of 1n[E(,/E(o)] versus time were fitted by a linear least squares program where E(o) is the PNPGase activity at time zero and
E(,) is the activity after incubation at 48°C for the indicated time. All curves were adjusted to pass through the origin, and the slope was used
to compute enzyme half-life. Panel A compares the heat labilities of the PNPGase synthesized by the MAL62-disrupted strain, 2b-46, the
MALJ2-disrupted strain, 2b-20, and the undisrupted parent strain, 332-5A. Panel B compares the heat labilities of the PNPGase synthesized
by the three maltose-fermenting segregants of tetrad 1 from diploid W628. Diploid W628 resulted from the mating of two isogenic strains,
2b-20 (MAL12 disruption) and 613-2C (MAL62 disruption).

is isogenic to 2b-46 except at the MAT locus and thus carries
the MAL6 disrupted locus, MAL62::LEU2 (see Methods and
Materials). Table 1 shows the segregation of the MAL and
LEU phenotypes expected if the MAL62::LEU2 disruption
is complemented by the MALi2 gene of the mall' locus.
Dissection and scoring of the W628 diploid gave 3 parental
ditypes, 4 nonparental ditypes, and 22 tetratypes. The gen-

TABLE 1. Expected segregation patterns resulting from the
diploid W628

Maltose Leucine
fermentation phenotype

Parental ditype
MAL62:: LEU2 MAL12 + +
MAL62:: LEU2 MAL12 + +
MAL62 MAL12::LEU2 + +
MAL62 MAL12 ::LEU2 + +

Nonparental ditype
MAL62 :: LEU2 MAL12 ::LEU2 - +
MAL62:: LEU2 MAL12::LEU2 - +
MAL62 MAL12 + -
MAL62 MAL12 + -

Tetratype
MAL62:: LEU2 MAL12 + +
MAL62 MAL12::LEU2 + +
MAL62:: LEU2 MAL12::LEU2 - +
MAL62 MAL12 + -

otypes of one tetratype tetrad, tetrad 1, was determined and
found to be completely consistent with that presented in
Table 1. To determine the genotype of each segregant in
tetrad 1, these were crossed to either strain 235-7A or strain
303-4C. Strains 235-7A and 303-4C both require leucine
(leu2), are maltose nonfermenters, and have been shown by
genetic analysis and gel transfer analysis to carry the mall'
locus. Thus, based on the results presented here, strains
235-7A and 303-4C contain the MAJJt2 gene.

In cross W631 (628-1C x 235-7A), the examination of six
tetrads showed that two unlinked LEU2 genes were segre-
gating in the cross. In addition, maltose fermenters and
maltose nonfermenters segregated 1:3 in all tetrads which
were tetratype for the leucine phenotype, that is, three
leucine positive and 1 leucine negative. This confirms that
the maltose-nonfermenting segregant 628-1C is a double
disruption, MAL62: :LEU2 MAL12: :LEU2. Segregant
628-1A, MAL' and LEUW, was similarly crossed to 303-4C.
In five tetrads, the leucine-positive and leucine-negative
phenotypes segregated 2:2, demonstrating that only a single
LEU2 gene was present. Maltose fermentation also segre-
gated 2:2, but the ability to ferment was not linked to the
leucine-positive phenotype. The genotype of segregant
628-1A is therefore MAL62 MALJ2::LEU2. Segregant
628-1D has the phenotype leucine positive, maltose positive.
In seven tetrads resulting from the cross 628-1D x 235-7A,
both the ability to ferment maltose and the leucine-positive
phenotype segregated 2:2, and all the leucine-positive
segregants were maltose fermenters. The genotype of
628-1D is therefore MAL62: :LEU2 MAL12. Segregant
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628-1B is leucine negative and maltose fermenting. Its gen-
otype is therefore MAL62 MAL12.

Figure 3B shows the heat lability of the three maltose-
fermenting segregants of tetrad 1 of diploid W628 (genotype
determined above). Again (Fig. 3A), the strain carrying the
disrupted MAL62 and a normal MAL12 gene synthesizes a
more heat-labile maltase enzyme. Similar results were ob-
tained in one other tetrad analyzed both genetically and for
the heat lability of the maltase synthesized.

Transcriptional expression of the MAL62 and MAL12 genes
in the integrative disruption strains. Our previous studies
characterized a 1.9-kb transcript homologous to the MAL62
gene synthesized in a strain of the genotype MAL6 mall°
(12). The results described here indicate that both the
MAL62 gene of the MAL6 locus and the MAL12 gene of the
mall° locus are functional; therefore this 1.9-kb transcript
would be expected to represent a mixture of the transcrip-
tion products of both genes. Poly(A)+ RNA was prepared
from strains 332-5A (undisrupted parent), 2b-46 (MAL6
disruption), 2b-20 (mall° disruption), and 628-5B (double
disruption) after growth on 2% (wt/vol) galactose-2%
(wt/vol) maltose and compared by gel transfer analysis with
a MAL62-specific probe (internal to the EcoRI to PstI region
of MAL62). No transcript homologous to the MAL62-
specific probe was detectable in the double disruption strain
628-5B (Fig. 4A), but the 1.9-kb transcript was found in both
strains carrying only a single integrated disruption.
To evaluate the levels of expression of the MAL62 and

MAL12 genes in the disruption strains, we reprobed the
same filter used in Fig. 4A with the yeast actin gene
sequence in plasmid pYactI (Fig. 4B) (14). Assuming that the
expression of the actin gene is equal in each of the MAL
disruption strains, any variation in the amount of poly(A)+
RNA loaded into each lane can be visualized. The pYactI
probe detects the major actin mRNA of 1.4 kb and a second
0.8-kb transcript coding for an unknown protein as well as a
larger actin mRNA precursor (data not shown). Using Fig.
4B to correct for variations in loading, one can now make an
approximate comparison of the levels of MAL62-homol-
ogous mRNA synthesized by each of the strains in Fig. 4A.
It appears that the levels of actin mRNA roughly parallel
those of the 1.9-kb MAL-derived transcript and that approx-
imately the same levels of the transcript are seen in each
strain. As mentioned above, the level of maltase enzyme
activity in all three of these strains is also approximately the
same. In addition, the heat lability of the maltase enzyme
present in undisrupted MAL6 mall,0 strains 332-5A and
628-1B shows only a single phase, possibly indicating the
presence of only the more heat-stable species of maltase (the
MAL62 gene product). The heat lability of the maltase
synthesized in strains disrupted at only the MAL12 gene,
2b-20 and 628-1A, is also a single phase and very similar to
that found in the undisrupted strains. One explanation of
these results is that, in the undisrupted MAL6 mall' strain,
even though two potentially functional maltase encoding
genes are present, only the MAL62 gene is in fact actively
being transcribed and translated and that the deletion dis-
ruption of MAL62 activates the transcription of the MAL12
gene. Further evaluation of this hypothesis would require
better quantitation of the MAL-derived mRNA levels as well
as a characterization of the different purified maltases syn-
thesized by the disrupted strains.

DISCUSSION
These results support the conclusion that the MAL62 gene

of the MAL6 locus and the MAL12 gene of the mall0 locus
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FIG. 4. Gel transfer analysis of the MAL62 homologous tran-
scripts from disrupted strains. Poly(A)+ RNA was prepared after
growth on YP medium plus 2% galactose and 2% maltose. The
genotypes of the strains analyzed are indicated. These are the same
four strains shown in Fig. 2. The poly(A)+ RNA was separated by
size on a formaldehyde-agarose gel and transferred to nitrocellulose
filters as described in Materials and Methods. The filters were
probed with 32P-labeled plasmid pD-5, which contains an approxi-
mately 600-base-pair fragment internal to the region deleted from the
MAL62 gene in the construction of plasmid pDM2b (Fig. 1).

are structural genes for the enzyme maltase. This conclusion
is based on the fortuitous finding that the maltase product of
the MAL12 gene is more heat labile than that of the MAL62
gene. In meiotic crosses between strains carrying a chromo-
somal disruption in the MAL62 and the MAL12 genes, one
can show linkage between the undisrupted MAL12 gene and
the presence of the heat-labile species of maltase. Alternate
hypotheses explaining these results can be proposed. One
possible hypothesis is that MAL62 and MAL12 are regula-
tory elements controlling the expression of the maltase
structural gene. To explain the linkage between the heat-
labile maltase and MAL12, one would further have to
propose that two maltase structural genes are present in the
strain, one heat labile and one not, and that MAL12 specif-
ically controls the expression of the heat-labile maltase gene.
Another hypothesis is that MAL62 and MAL12 represent
post-translational modification enzymes which act on a
premaltase polypeptide. If so, the action of the MAL12 gene
product would produce a more heat-labile maltase. In view
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of the findings by Federoff et al. (4) that the maltase
structural gene is located in the yeast DNA insert of
YEpMAL6 and their preliminary localization of this gene to
a 5-kb region which in our transcriptional map spans the
MAL61 and MAL62 genes, we feel that the most likely
interpretation of our results is that MAL62 and MAL12 are
maltase structural genes. Our conclusions are further sup-
ported by the findings of Cohen et al. (2). Working with a
MALI strain, they have isolated a mutant that has a temper-
ature-sensitive mutation in the structural gene for maltase
and have shown this mutation to be linked to the MALI
locus.

In our characterization of the MAL gene family, we
identified the mall' locus and referred to it as a cryptic or
nonfunctional locus (13). The results reported here in con-
junction with our previous work suggest that a more accu-
rate representation of the genotype of the mall0 allele of the
MALI locus is mall3 mall] MAL12, indicating that the
MALl locus homologs of the MAL63 and MAL61 genes are
nonfunctional or perhaps even deleted. In work to be re-
ported elsewhere (Chang et al., manuscript in preparation)
integrative disruption of either the MAL63 or MAL61 genes
in the MAL6 mall0 strain 332-5A produces a nonfermenting
phenotype, demonstrating that no MAL63 or MAL61 com-
plementing gene functions are present at the mall' locus,
even though some cross-homologies exist. These results also
explain why, in attempts to isolate maltose-nonfermenting
mutants in a strain of the genotype MAL6 mall0, only
mutants with mutations mapping to the MAL63 and MAL61
genes were isolated and why none had maltose structural
gene mutations (Chang et al., manuscript in preparation).
From these results, as well as from our studies of the MAL

gene family, we feel confident in making certain general
statements regarding the MAL loci. At least three gene
functions required for maltose fermentation comprise a
functional MAL locus. These genes code for maltase and
most probably for maltose permease (unpublished results) as
well as a regulatory protein controlling the maltose-inducible
expression of these two enzymes. The sequences coding for
these three genes are highly homologous in different MAL
loci, but are not identical. Variation, sometimes leading to a
complete loss of function, has occurred. Even with this
variation, the coding sequences of the regulatory protein
genes as well as the cis-acting controlling sequences acted
upon by these regulatory proteins have remained sufficiently
related to allow for complementation between the different
MAL loci in the various naturally occurring alleles.
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