
Vol. 171, No. 11

Identification and Characterization of the Maltose Permease in a

Genetically Defined Saccharomyces Strain
YOUNG SOOK CHANG,' ROBERT A. DUBIN,2 EDWARD PERKINS,' CORINNE A. MICHELS,2

AND RICHARD B. NEEDLEMAN'*
Department of Biochemistry, Wayne State University School of Medicine, Detroit, Michigan 48201,1 and Department of

Biology, Queens College and Graduate School, The City University ofNew York, Flushing, New York 113672

Received 21 October 1988/Accepted 10 August 1989

Saccharomyces yeasts ferment several aL-glucosides including maltose, maltotriose, turanose, a-methylglu-
coside, and melezitose. In the utilization of these sugars transport is the rate-limiting step. Several groups of
investigators have described the characteristics of the maltose permease (D. E. Kroon and V. V. Konings-
berger, Biochim. Biophys. Acta 204:590-609, 1970; R. Serrano, Eur. J. Biochem. 80:97-102, 1977). However,
Saccharomyces contains multiple aL-glucoside transport systems, and these studies have never been performed
on a genetically defined strain shown to have only a single permease gene. In this study we isolated
maltose-negative mutants in a MAL6 strain and, using a high-resolution mapping technique, we showed that
one class of these mutants, the group A mutants, mapped to the MAL61 gene (a member of the MAL6 gene

complex). An insertion into the N-terminal-coding region of MAL61 resulted in the constitutive production of
MAL61 mRNA and rendered the maltose permease similarly constitutive. Transformation by high-copy-
number plasmids containing the MAL61 gene also led to an increase in the maltose permease. A deletion-
disruption of MAL61 completely abolished maltose transport activity. Taken together, these results prove that
this strain has only a single maltose permease and that this permease is the product of the MAL61 gene. This
permease is able to transport maltose and turanose but cannot transport maltotriose, at-methylglucoside, or

melezitose. The construction of strains with only a single permease will allow us to identify other maltose-
inducible transport systems by simple genetic tests and should lead to the identification and characterization of
the multiple genes and gene products involved in a-glucoside transport in Saccharomyces yeasts.

The study of sugar fermentation, and the fermentation of
oa-glucosides in particular, has played a central role in
biochemical and genetic studies of yeasts for several decades
(18). The rate-limiting step in sugar fermentation is the
transport of the sugar across the cell membrane, and numer-

ous studies have attempted to characterize a-methylgluco-
side and maltose transport. However, despite this effort,
much remains to be learned about the transport of these
sugars. We still do not know the number of transport
systems that are present, their substrate specificities, or how
they are regulated.
The major problem in characterizing a-glucoside transport

has been the lack of strains with only a single transport
system. Maltose-fermenting strains show striking differences
in their ability to transport a-glucosides after maltose
growth. In some strains, maltose can coordinately induce the
transport of maltose and a-methylglucoside, but the lack of
genetically defined strains makes it impossible to know
whether a unique permease is involved in the cotransport of
these sugars. In addition, since maltose transport has never

been studied in a strain shown to have only a single per-
mease, it is difficult to interpret the published physical data
on maltose transport. While as many as five distinct systems
for the transport of a-glucosides have been proposed (13,
24), none of these systems has been rigorously defined.
We have been engaged in defining the genetic composition

of various MAL strains through both functional tests, such
as complementation, and physical tests, such as the use of
DNA probes to detect unexpressed sequences homologous
to MAL information (16, 17, 20, 21; R. B. Needleman, Ph.D.
thesis, City University of New York, 1975). One product of
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this work has been a series of strains that has been rigorously
defined according to their MAL information. We therefore
decided to undertake a program of studying maltose trans-
port in strains with only a single, genetically well defined
maltose permease. In order to prove that a strain has only a

single maltose permease, it is necessary to demonstrate that
maltose transport mutants can be isolated and that these are

located in a single mapped gene.
In this report, we first demonstrate that maltose permease

mutants can be isolated in a MAL6 strain, we then demon-
strate that these mutants are located in the MAL61 gene, and
finally, we describe some properties of this MAL61 per-
mease.

MATERIALS AND METHODS

Strains and growth conditions. The genetic notation for the
MAL system has been described by Needleman and Michels
(21), and procedures for determining the genotype of a

particular strain have been outlined by Michels and Needle-
man (16). Several partially functional alleles of the MAL]
locus have been described in our previous reports (3, 16, 17,
21). Two of these, MALJp and MALJg, are unable to confer
the ability to ferment maltose when they are each present in
a strain alone, but they can complement each other in a

diploid strain. We have also characterized a MAL] allele
referred to as mall°. The presence of the mall° locus in a

strain is detectable by Southern blot analysis using MAL6-
derived sequences as probes. The mall° allele, while show-
ing homology to MAL6, lacks MALp and MALg comple-
menting activity. Dubin et al. (7) reported the presence of a

functional maltase structural gene at the mall° locus of strain
332-5A. In Table 1, which lists the strains used in this study,
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SACCHAROMYCES MALTOSE PERMEASE 6149

TABLE 1. Strains used in this study

Strain Genotypea

269-5B MATa MAL6 malo ura3-52 leu2-3,112
332-5A MATa MAL6 MAL12 mall' ura3-52 leu2-3,112

trpl his
R10 MATa MAL64-R1O MAL63 MAL61 MAL62 MAL12

mall° ura3-52 leu2-3,112 trpl his
R1OLB14 MATa MAL64-RlO A(MAL63 MAL61 MAL62)

MAL12 mall° ura3-52 leu2-3,112 trpl his
A9 MATa MAL64 MAL63::URA3 MAL61 MAL62

MALI mall° ura3-52 leu2-3,112 trpl his
aF MATa MAL64 MAL63 MAL6J::pDM1(URA3)

MAL62 MAL12 mall° ura3-52 leu2-3,112 trpl his
lb-8 MATa MAL64 MAL63 MAL6J::pDMlb(URA3)

MAL62 MAL12 mall° ura3-52 trpl his
47-7D MATa malo ade2
10-4C MATa MAL6 malo lys2 adel
332-4C MATa MAL6 malo ade2 metl4 trpl his2
349-6A MATa malo ura3-52 leu2-3,112 trpl
2-30 MATa malo leu2-3,112 ade2

a The meanings of malo and mall' are explained in the text. MAL6 is a gene
complex consisting of, in order from the centromere to the telomere, MAL64,
MAL63, MAL61, and MAL62.

the notation malo indicates that these strains lack MALp and
MALg complementing activity. Nevertheless, in many of
these strains one can detect the presence of MAL6-homolo-
gous sequences by Southern blot analysis. If these se-
quences were shown to map to the MALI locus position, the
locus is referred to as mall°. Charron and Michels (3) have
presented a complete structural and functional analysis of
each of these naturally occurring, partially functional MALI
alleles.
Yeast strains were grown in YEP medium (1% yeast

extract, 2% peptone), SC synthetic medium (0.67% yeast
nitrogen base [Difco Laboratories, Detroit, Mich.] without
amino acids), or VW synthetic medium (0.25% yeast extract
[Difco], 0.2% dibasic potassium phosphate, 0.6% ammonium
sulfate, and 0.0025% magnesium sulfate), to which was
added the indicated carbon source. SC and VW media were
both supplemented with the required amino acids and bases.
For mapping with gamma-rays and by plasmid conversion,
cells were grown on YEP plates containing 0.5% filter-
sterilized maltose (YM/4). Maltose fermentation tubes were
made from YEP with 2% maltose, 0.002% bromocresol
purple was added, and the tubes were adjusted to pH 6.0.

Isolation of maltose-negative mutants. Strain 269-SB was
harvested in the log phase of growth after growth on YEP
containing 2% glucose, washed once with 0.1 M citrate
buffer (pH 5.5), and suspended in the same buffer. N-
Methyl-N'-nitro-N-nitrosoguanidine was added to a final
concentration of 10 ,ug/ml, and incubation was continued
until only about 50% of the cells were viable. Mutagenesis
was stopped by diluting them in 0.1 M phosphate buffer (pH
7.0).
Mutants were selected on EMB-maltose-glycerol plates,

which contained 0.35% yeast extract, 0.3% dibasic potas-
sium phosphate, 0.2% magnesium sulfate, 0.1% ammonium
sulfate, 3% glycerol, 2% filter-sterilized maltose (added after
autoclaving), 2% agar, and the required amino acids and
bases. After autoclaving, 0.00025% methylene blue and
0.04% eosin (20-mg/ml stock solution in ethanol) were
added.
Measurement of p-nitrophenyl-a-glucopyranosidase activ-

ity. The assay for p-nitrophenyl-a-glucopyranosidase activ-

ity was carried out as described by Needleman and Eaton
(19). The wild-type strain 269-5B was checked for the
presence of the p-nitrophenyl-ot-glucopyranoside-splitting
enzyme a-methylglucosidase by fractionation of crude ex-
tracts of maltose-grown cells on hydroxylapatite (Y. S. M.
Chang, Ph.D. thesis, Wayne State University School of
Medicine, Detroit, Mich., 1985). No a-methylglucosidase
was present. The hydrolysis of p-nitrophenyl-a-glucopyra-
noside could therefore be taken as an accurate measurement
of maltase activity.
Measurement of maltose transport activity. ['4C]maltose

transport was measured as described by Serrano (24). We
used a carbon dioxide electrode (Microelectrodes, Inc.,
Londonderry, N.H.) to measure transport by CO2 evolution.
The electrode was connected to a pH meter (601A; Orion
Research, Inc., Cambridge, Mass.), which was calibrated
with standard sodium bicarbonate solutions. There was a
linear relationship between the potential and the log of the
CO2 concentration. For each assay, 1 ml of starved cells was
mixed with 800 .lI of buffer (294 g of sodium citrate per liter
[pH 4.5]), 1.6 ml of 5x YEP, and 4.2 ml of water. It was
necessary to use cells that were starved for 2 h in water to
reduce the endogenous rate of CO2 production. A small
stirring bar was added, and the suspension was slowly
stirred. After the initial rate of CO2 release was determined,
400 ,lI of a 0.1 M solution of sugar was added, and the new
rate of release was recorded with a linear chart recorder.
Gamma-ray mapping. Diploids were grown from single

colonies in 5 ml of YEP-2% glucose. The cells were irradi-
ated at gamma-radiation doses of 0, 2, 4, and 8 kilorads with
a "7Cs gamma cell-40 irradiator. Portions of the cells were
plated onto 0.5% maltose to score for MAL' recombinants
and on YEP-2% glucose to determine the number of viable
cells. We defined one recombinant per 106 viable cells per
kilorad of radiation as one gamma-ray map unit. In every
experiment, two sets of heteroalleleic diploids his4-2801
his4-864 and his4-280/his4-260 were included as internal
standards. We determined distances of 46 to 71 and 109 to
148 map units for these standards, respectively, compared
with determinations of 60 and 156 to 226 map units, respec-
tively, obtained by Lawrence and Christenson (15).
Mapping by plasmid conversion of chromosomal mutations.

Mutant strains containing the plasmid were grown from a
single colony, suspended in water, and plated at various
dilutions on YMI4 and YEPD. Colonies were counted after 4
to 5 days of incubation at 30°C. For some experiments UV
irradiation was required to increase the recombination fre-
quency.

Construction of plasmid pDMl. The 3.2-kilobase (kb) PstI
fragment containing the MAL61 gene (Fig. 1) was subcloned
into a pBR322 derivative from which its EcoRI restriction
site was previously deleted, creating plasmid plC. A 3.0-kb
EcoRI fragment containing the entire URA3 gene (along with
about 350 base pairs of pBR322 and about 1.7 kb of yeast
DNA sequence linked to LEU2) was then inserted into the
EcoRI site of plC to form pDM1.

Construction of plasmid pDMlb. A PstI fragment carrying
the MAL61 gene (Fig. 1) was subcloned into a pBR322
derivative from which its EcoRI and AvaI sites were deleted.
The resulting plasmid was digested with EcoRI and AvaI to
remove the internal EcoRI-AvaI fragment from MAL61. This
digested plasmid was then made blunt with T4 DNA poly-
merase, and EcoRI linkers were added. A 3.0-kb EcoRI
fragment containing the yeast URA3 gene was ligated into
the single EcoRI site, thus generating a plasmid with an
internal deletion of MAL61.
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Construction of plasmid pLB. Plasmid pLB was con-
structed by inserting a BglII fragment containing the yeast
LEU2 gene (from pCV13) into plasmid YEpMAL6, which
carried MAL63, MAL61, and MAL62 (20) and which was cut
with BglIl.
Other plasmids. Plasmids pSC138, pSC139, pSC4139, and

pSC4115U were derivatives of pSC100. pSC100 was the
yeast shuttle plasmid Yip5 (URA3) with its EcoRI site
removed by filling it in with the Klenow fragment of DNA
polymerase I. The construction of these plasmids is de-
scribed below.
Other techniques. Yeast transformation methods and the

conditions for the gel transfer analysis of RNA were those
described by Needleman et al. (20), Dubin et al. (7), and Ito
et al. (12).

RESULTS

Isolation of maltose permease mutants. In order to identify
the maltose permease gene, we decided to isolate permease
mutants in strain 269-5B, a strain we constructed to be
MAL6 malo. The MAL6 locus is a complex of four genes,
MAL61, MAL62, MAL63, and MAL64. MAL62 encodes
maltase, and MAL63 and MAL64 are regulatory genes.
MAL64 is not required for maltose fermentation (7, 8, 20).
We have previously described the isolation of mal mutants
from strain 269-5B (1; Chang, Ph.D. thesis). All of these
mutants were uninducible for maltase and maltose per-
mease. Two groups of mutants were obtained: group A
mutants complemented MALJg strains (i.e., strains with the
genotype ma1J3 MALI] MAL12) and plasmids containing
MAL61; group B mutants complemented MALJp strains
(i.e., strains with the genotype MAL13 mall] malJ2) and
plasmids containing MAL63. In this report we discuss the
group A mutants (for information on the group B mutants see
Chang [Ph.D. thesis] and Chang et al. [1]).
Mapping of the group A mutants to MAL61. To make sure

that the group A mutants were not suppressors of MAL6, we
crossed them to a malo strain (47-7D). None of the spores
isolated from a random spore analysis of the resulting diploid
fermented maltose. The group A mutants were mapped to
MAL6 by crossing them to the MAL6 MAL12 strains 10-4C
and 332-4C. All maltose-negative segregants complemented
MALg, showing that they were all group A mutants. The
group A mutants are therefore tightly linked to the MAL6
locus.
Gamma-ray mapping (see above) (Chang, Ph.D. thesis)

showed that the group A and group B mutants were localized
in two regions. The group B mutants were confined to a
7-map-unit cluster, while the group A mutants were scat-
tered over 35 map units. The group A and group B mutants
were separated by about 15 map units. By using the known
sequence of the His4 locus, the physical distances translated
into a metric of at most 10 base pairs per map unit (6).
To map the group A mutations more accurately, we used

the ability of the plasmids that were transformed into yeast-
containing homologous wild-type DNA to convert chromo-
somal mutant alleles (22).

Plasmid pSC139 contained the HindIII-BglII fragment
containing an ars and the MAL61 gene (Fig. 1). The internal
EcoRI fragment was removed to form plasmid pSC138. To
clone the SW4 mutant, we transformed the strain with
EcoRI-cut pSC138, and a plasmid, pSC4139, was isolated
which repaired the gap (Fig. 1). An ars sequence is contained
in the EcoRI-SalI region of the 3' end of MAL61 (unpub-
lished data). Plasmids containing the BglII-SalI fragment of

IMAL631 | MAL6 1 | MAL62I

C Bg R HHRHCH R PS A
I i i

R Bg P C BgRRRCP PPH
111 i II

. 4 -

I SC4

pPl I

I KS10,pSC139

--------------------.pSC 138
SW4.. x

I

-1

pSC41 15U,pSC4139

I p21-40

FIG. 1. Plasmid subclones of the MAL6 locus. The restriction
map of the MAL6 locus is shown along with the location of the three
transcribed regions. The DNA fragment carried by each plasmid is
indicated below the map. Sites are shown for AvaI (A), BglII (Bg),
ClaI (C), EcoRI (R), HindlIl (H), PstI (P), and Sall (S). The triangle
above the dashed line in pSC138 indicates a deletion.

MAL61 complemented the group A mutants, while plasmids
containing the EcoRI-SaIl fragment internal to MAL61 did
not, which is consistent with the position of the EcoRI site in
the coding sequence of MAL61 (11). The EcoRI fragment
containing the SW4 mutation was subcloned onto a 2.L
plasmid, pSC4115U. This plasmid was transformed into
SW4, SW6, SW7, and SW13; and the maltose-positive
recombinants were scored. All conversions were expected
to be chromosomal. The plasmid was able to convert all the
chromosomal alleles except SW4 (Table 2). SW4, SW6,
SW7, and SW13 are therefore located in the EcoRI fragment
of MAL61 shown in Fig. 1.

Nature of the product encoded by MAL61. We have shown
previously (1) that the group B mutants (including the
classical mutants of ten Berge et al. [25]) are mal63 mutants.
The results presented above demonstrate that the group A
mutants are mal6J mutants. What is the function ofMAL61?
Maltose induces maltase and maltose permease; the MAL61
and MAL62 mRNAs are also both induced by maltose (20).
As we have recently identified MAL62 as the maltase struc-
tural gene (7), it is likely that MAL61 is the maltose per-
mease. When a mall3 mall] MAL12 strain was transformed
with 2[-derived plasmids containing genes of the MAL6
locus and grown on galactose-containing medium (galactose
is a nonrepressing and noninducing sugar), maltase activity
increased only if the plasmid contained MAL62, and per-
mease levels increased 3 to 10 times only if the MAL61 gene
was present (Table 3).

Additional evidence indicating a permease role for MAL61
was obtained from experiments with strain aF (1). Plasmid
pDM1 (see above) contained an insertion of URA3 in the
5'-coding region of MAL61. Sall- and BglII-digested pDM1
was used to transform the MAL6 MAL12 strain 332-SA.
Stable URA+ transformants were isolated, and one strain,
aF, was analyzed in detail. Disruption at MAL6 was con-
firmed by both Southern blotting and genetic analyses. The
aF strain did not ferment maltose but, it grew on 0.5%
maltose plates, in contrast to the behavior of the group A
mutants described here. In addition, the strain induced
normally for maltase and the MAL62-specific transcript.
Figure 2 shows measurements of maltose permease in strain
aF after growth on maltose and glycerol-ethanol. Permease
levels were elevated in aF after growth on glycerol-ethanol
compared with the wild-type levels, but these elevated levels

J. BACTERIOL.
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TABLE 2. Mapping by plasmid-chromosome conversion'

Chromosomal

Mutant Plasmid MAL+/ conversion
106 cells (no. converted/

no. tested)

SW4 pUTX25 0
pSC4115U 0

SW6 pUTX25 11
pSC4115U 142 5/5

SW7 pUTX25 0
pSC4115U 149-257 6/6

SW13 pUTX25 0
pSC4115U 30-141 6/6

SW8 pUTX25 0-0.6
pSC4115U 0
pSC255U 1.3-1.6
pSC4139 3.3-17.9 5/5

a Yeast strains containing the indicated plasmids were purified, and 10
colonies were selected for analysis. These colonies were grown in 5 ml of SC
with the addition of all the required amino acids except leucine. The cultures
were diluted and plated onto YEP-glucose plates to determine the cell number
and plated onto YM/4 plates to determine the number ofMAL+ cells that were
present. In some cases, the plates were irradiated to 65% survival to increase
the number of MAL+ cells. Plasmid pUTX25 is a 2,u plasmid that lacks MAL
sequences. Plasmid pSC4139 was constructed from EcoRI-cut pSC139 by gap
repair in a SW4 mutant (see text). It contained the BglII-HindIII fragment
containing the entire MAL61-SW4 gene (Fig. 1). The EcoRI fragment from
mutant SW4 was cloned on a 2,u plasmid to form plasmid pSC411U.
Chromosomal conversion was determined by testing maltose fermentation in
cells that lost the plasmid.

were not further induced by maltose. Northern blotting
analysis of poly(A)+ mRNA from strains 332-5A and aF
(Fig. 3) indicated that these changes are reflected in the
levels of the MAL61 mRNA. Taken together, this evidence
demonstrates that MAL61 encodes a maltose permease.

TABLE 3. Maltase and maltose permease in strains
containing plasmidsa

Activity of:
MAL-

Strain related Plasmid Medi- PNPGase Maltose
geno- (genotype) um (nmol/min permease
type pn mg) (pmol/mgper m)per 10 mmn)

269-SB MAL6 None C 2.7 28
None D 13.7 52

349-6A malP None C 0.8 4
None D 3.8 11
pSC4 (MAL63) D 7.5 11
pPl (MAL61 MAL62) D 136 33
KS10 (MAL61) C 1.1 110

2-30 malo None D 3.8 2
p21-40 (MAL63 D 9.8 40
MAL61)

a Two maP strains, 349-6A and 2-30, carrying only a functional MAL12
gene encoding maltase (i.e., malJ3 mall] MAL12) were transformed with
replicating plasmids containing MAL6 (KS10), MAL63 (SC4), MAL61 and
MAL62 (pPl), or MAL61 and MAL63 (p21-40) (see Fig. 1 for plasmid
constructions). The transformants were grown in selective medium with
galactose as the carbon source and assayed for p-nitrophenyl-a-glucopyra-
nosidase (PNPGase) and maltose permease.

b Medium C is VW medium (see text); and medium D is SC (see text), which
contains all amino acids except leucine.

Minutes

FIG. 2. Permease in strains 332-SA (wild type), a9 (MAL63::
URA3), and aF (MAL61::URA3). The strains were grown in YEP
with maltose (MAL) or glycerol-ethanol (GE), and the transport of
["4C]maltose was measured as described in the text. Noninducible
strain a9 was included as a control. Accumulation of maltose was
expressed in counts per minute per milligram (dry weight).

MAL61 is the only maltose permease in strain 332-5A. The
group A mutants were obtained from strain 269-5B. How-
ever, strain 332-5A is our most thoroughly characterized
strain, and we therefore decided to use this strain in further
studies of the permease. To ensure that we were dealing with
only the MAL61 permease, we made a deletion-disruption of
the MAL61 gene (23). Plasmid pDMlb (see above) was
digested with SalI and BglII and transformed into strain
332-5A. Stable URA+ transformants were selected, and one
such transformant, lb-8, was found to have the internal
MAL61:: URA3 disruption (confirmed by Southern blotting
and genetic analyses). This transformant did not ferment
maltose. We therefore concluded that MAL61 is the only
maltose permease in this strain.

Substrate specificity of the MAL61 permease. Maltose-
induced 332-SA cells showed an increased transport of
["4C]maltose but failed to transport ["4C]a-methylglucoside
(data not shown). The transport of ["4C]sucrose could not be
tested since 332-SA synthesizes invertase. Maltose is the
only known inducer of maltase and maltose permease, so the

9 [MALJ33| t[GEJ
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332-5A A9
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FIG. 3. Transcription of the MAL6 locus in wild-type and dis-
rupted strains. Poly(A)+ mRNA was prepared after growth in either
YEP-galactose (G) or in YEP-galactose-maltose (G/M). The RNA
was fractionated on a formaldehyde-agarose gel, transferred to
nitrocellulose, and probed with a 32P-labeled DNA fragment internal
to MAL61. Strain aF had the URA3 gene in the EcoRI site of
MAL61. Strain a9 had a deletion-disruption in the MAL63 regulatory
gene, making it noninducible, and was used as a control (1).
Numbers to the left of the gel are in kilobases.

substrate specificity of the permease could not be tested by
simple growth tests in strains with an inducible maltose
permease. Since we were interested in studying the transport
of sugars which are not commercially available in radiola-
beled form, we decided to use the release of CO2 to measure
sugar transport indirectly. Strain R10 is isogenic to strain
332-5A, except for a deletion-disruption of the MAL63 gene
with URA3 and the presence of a MAL64 constitutive allele
(MAL64-R10). MAL64 is not required for maltose fermenta-
tion, nor is an equivalent gene found at the MALI locus (3,
8). We have shown previously (8) that the MAL61 mRNA
and the maltose permease are constitutive in this MAL64
constitutive mutant. Strain R10 was transformed with plas-
mid pLB (see above) that was cut with HindIll, and LEU+
transformants were selected. The resulting strain, R1OLB14,
contained a large deletion that removed MAL63, MAL61,
and most of MAL62. R1OLB14 was unable to ferment
maltose but still showed unaltered constitutive levels of
maltase because of the presence of a second maltase struc-
tural gene at the MALI locus, MAL12, whose expression is
regulated by the MAL64-R1O constitutive allele (8). Malto-
triose is hydrolyzed by maltase, and the maltase that is
present in strain R1OLB14 hydrolyzes maltotriose at essen-
tially the same rate as maltose does (E. Perkins, Ph.D.
thesis, Wayne State University School of Medicine, Detroit,
Mich., 1988). Melezitose, although only a poor substrate of
maltase, was also hydrolyzed by maltase in melezitose-
positive strains. However, melezitose is a poor inducer, and
its fermentation requires both fermentation and constitutive
levels of maltase (19; Perkins, Ph.D. thesis). Since crude
extracts of both strains had equivalent abilities to hydrolyze
maltose, maltotriose, turanose, and melezitose (Perkins,
Ph.D. thesis), and since they were isogenic except for the
deletion of MAL61 and MAL62 in strain R1OLB14, any
differences between the ability R1OLB14 and R10 to produce
CO2 from a test sugar must have been due to the absence of
the MAL61 permease in R1OLB14. The rate of CO2 produc-
tion was determined with a CO2 electrode as described

a

0
E
2

j
10

-0- R10 Glu
4- R10 Mat
-W R10Tur
4- R10 LB14 Glu
-W R10LB14Mal
-0- R10LB14Tur

0 . . .
0 2 4 6 8 10 12

min
FIG. 4. Sugar transport in strains R10 and R1OLB14. Sugar

transport was measured by the evolution of CO2 (see text). The
transport of glucose (Glu), maltose (Mal), and turanose (Tur) is
indicated. Strain R10 had a constitutive MAL64 gene (MAL64-R10);
strain R1OLB14 was identical to strain R10 except for the deletion of
MAL63, MAL61, and MAL62.

above. Both strains produced CO2 from glucose at the same
rate (Fig. 4); but neither strain produced CO2 from maltotri-
ose, a-methylglucoside, or melezitose (data not shown).
Deletion of MAL61 in strain R1OLB14 led to the loss of the
maltose and turanose transport observed in strain R10 (Fig.
4). Since R10 had a constitutive MAL61 permease, it was
also possible to confirm these quantitative results by quali-
tative growth tests. R10 grew on maltose and turanose, but
not on maltotriose, a-methylglucoside, or melezitose;
R1OLB14 did not grow on any of these substrates. The
maltose permease coded by MAL61 therefore transports
maltose and turanose, but fails to transport a-methylgluco-
side, maltotriose, or melezitose.

DISCUSSION

The first unambiguous evidence that aMAL locus contains
a gene for the maltose permease was the observation that a
mal mutant that mapped to the MAL] region had a temper-
ature-sensitive permease (10). While the DNA homology
observed between the MAL loci (2, 16, 21) suggests that the
MAL6 locus also contained a maltose permease, the map
position had to be precisely located by a method that was
more rigorous than plasmid complementation. Plasmid com-
plementation is especially inadequate for assigning alleles in
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the MAL6 system since, for unknown reasons, MAL63
mal611mal63 MAL61 diploids do not complement each other
(1; Chang, Ph.D. thesis). Since the group A mutants were
complemented by plasmids containing MAL61, it was pos-
sible that they contained mutations in MAL61. To confirm
this we mapped their location using methods developed first
by Orr-Weaver et al. (22) and Falco et al. (9). Four mutants
of this class were mapped to the EcoRI fragment which
contained the 3' end of MAL61. Maltose induced maltase
and maltose permease; both MAL61 and MAL62 encoded
maltose-inducible mRNAs. MAL62 is the structural gene for
maltase (7), leaving MAL61 as a candidate for the permease
gene. As a result of the low sensitivity of the permease assay
in uninduced cells, it was not possible to determine directly
whether MAL61 encoded the maltose permease by direct
measurement of transport in the group A mutants. Three
indirect lines of evidence suggest that MAL61 does encode
the maltose permease. First, when malJ3 mall] MAL12
strains were transformed with multicopy plasmids contain-
ing MAL61, permease levels were greatly increased. Sec-
ond, insertion of a fragment containing the URA3 gene into
the EcoRI site at the 5' end of MAL61 led to partially
constitutive levels of maltose permease and MAL61-homol-
ogous mRNA. Finally, members of our group have recently
sequenced the MAL61 gene and have found that its protein
sequence is consistent with the fact that it is a membrane
protein and that it has extensive homology to the yeast
glucose transport protein coded for by SNF3 (Y. S. Cheng
and C. A. Michels, Program and Abstracts of the Yeast
Genetics and Molecular Biology Meeting, Atlanta, Ga.,
1989). This evidence, taken together with the results of
Cohen et al. (4, 5), is sufficient to identify MAL61 as the
maltose permease.

Since most of our biochemical studies have been done
with strain 332-5A and its congenic derivatives, we decided
to characterize the substrate specificity of the MAL61 gene
in this strain. Deletion of MAL61 led to a maltose-negative
strain defective in maltose uptake, demonstrating that
MAL61 is the only active permease gene in this strain.

Maltose-grown cells of strain 332-SA showed an increased
transport of maltose but did not transport a-methylgluco-
side. The most extensive study of the maltose permease was
made by Kroon and Koningsberger (14) by using both
[14C]maltose and [35S]a-thioethylglucoside, an analog of
a-methylglucoside. They showed that maltose induces a
coordinate increase in both a-thioethylglucoside and trans-
port. Our demonstration that the MAL61 permease does not
transport a-methylglucoside makes it likely that a-thioethyl-
glucoside is taken up by a separate coinduced transport
system (a possibility that they recognized). We demon-
strated here that the MAL61 permease transports turanose
and maltose but not a-methylglucoside, melezitose, or malt-
otriose.
We have begun a program of characterizing the a-gluco-

side transport systems of Saccharomyces yeasts by using a
strain that has been genetically determined to have only a
single permease. In the absence of such strains, it is impos-
sible to interpret previously reported measurements of the
kinetic parameters and the substrate specificity of the malt-
ose permease. The identification of strains with a single
permease will also allow us to identify other maltose-induc-
ible transport systems by simple complementation ofMAL61
disruptions. The fact that maltose induces a-methylgluco-
side transport in some strains and that maltotriose transport
is similarly induced by maltose suggests that MAL63 may
play a role in the regulation of additional transport systems.

We hope that this approach will lead to the identification
and characterization of the multiple genes and gene products
involved in the transport of a-glucosides in Saccharomyces
yeasts.
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