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We isolated mutants of Escherichia coli which
showed Li+-resistant growth on melibiose. The melibiose carrier of the mutants lost the ability to couple to
H+, whereas it retained the ability to couple to Na+.
The mutated gene, melB, of the mutants was cloned,
and the nucleotide sequence was determined. The nucleotide replacements caused the following substitutions of amino acid residues in the melibiose carrier:
Pro-142 with Ser, Leu-232 with Phe,
or Ala-236 with
Thr or Val. These amino acid residues are located in
slightly hydrophobic regions of the melibiose carrier.
The results provide strong support for the idea that
such regions or their vicinities which contain those
amino acid residues play an important role in H+ (or
Li+) recognition or H+ (or Li+) transport by the melibiose carrier.

observed in this type of mutant.
To obtain insight into the molecular mechanism of cationsubstrate cotransport, analyses of the structureof the carrier
wouldbe valuable. We first determined the nucleotide sequence of the wild type melB gene which encodes the melibiose
carrier (12). The amino acid sequence of the melibiose carrier
was thus deduced. The melibiose carrier consistsof 469 amino
acid residues, and the molecular weight was calculated to be
52,215 (12).’ There were at least 10 hydrophobic domains
which seemed to traverse the lipid bilayer of the membrane.
We then cloned the mutated melB and identified the substituted nucleotides in one type of mutant (Li+-dependent type)
(13). Here we report cloning and sequence analysis of the
melB genes of several mutants of the second type (Li+-resistant type) and corresponding amino acid substitutions in the
melibiose carrier.
EXPERIMENTALPROCEDURES

Several transport systems for nutrients in Escherichia coli
are Na+-coupled cotransport systems (1-6). One of the best
characterized Na+-coupled cotransport systems is the melibiose system. This system was first described in 1965 as a
second transport system for methyl-@-D-thiogalactoside(7).
This system differs from the first transport
system for methyl@-D-thiogalactoside(the lactose system) in the specificity of
both induction andfunction. One of the most important
characteristics of the melibiose transport system is its versatility in cation coupling, which depends on substrate transported. For melibiose transport, Na+ or H+ is utilized as a
coupling cation, whereas Na+ or Li+ is utilized for methyl-@D-thiogalactoside transport, and Na+, Li+, or H+can couple
to methyl-a-galactoside transport (8, 9). Thus, this system
seems to be useful for the study of the mechanism of cationsubstrate cotransport.
We isolated many mutantsthat showed alteredcation
specificity in the melibiose carrier. The mutants were of two
types (10,11).The melibiose carrier of one type (Li+-dependent type) lost the ability to couple to H+ but acquired the
ability to couple to Li+ when melibiose was the substrate (9,
10). The coupling t o Na+ in those mutants was normal. The
melibiose carrier of another type of mutant (Li+-resistant
type) lost the ability to couple to H+ and could utilize only
Na+ as thecoupling cation (11).The coupling to Li+ was not
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Organism-The parental strain used in this study was E. coli
W3133-2 (14),a derivative ofK12 lacking the lactose transport
system. All mutants were isolated independently as Li+-resistant
mutants that grew on melibiose in the presence of Li+, as described
previously (11). Strain DW1 (15) which lacks the melibiose operon
was generously provided by Dr. T. H. Wilson of Harvard Medical
School. This strain is a derivative of W3133-2.
Media and Growth-The MT medium (100 mM 3-(N-morpho1ino)propanesulfonic acid-Tris, pH 7.5, 5 mM NH4HzPO4, 2 mM
(NH4)2S04,1 mM KC1,0.3 mM MgS04) (16) supplemented with 10
mM melibiose was used to test the
effect of Li+ on the growth of cells.
Cell growth in liquid medium was monitored turbidimetrically at 650
nm. For transport assays, cells were grownin aminimal salts medium
(17) (Na+ salts were replaced with K+ salts) supplemented with 10
mM melibiose and 1%Tryptone (Difco) at 37 “C. The L broth (18)
was used for plasmid propagation.
Plasmids-Plasmid pSTY85 (13) and pUC18 (19) were used as
cloning vectors. Plasmids pSTY85-2A, -2B, -2C, -2D, -2F, and -2G,
which carry mutated melB genes, and pUC18-2A-2, pUC-18-2A-3,
pUC18-2A-4, pUC18-2A-5, pUC18-2A-6, and pUC18-2B series, -2C
series, -2D series, -2F series, and -2G series, which carry shorter DNA
fragment derived from each mutated melB,were constructed as
described under “Results.”
cells were prepared from
Recombination Assay-Competent
W3133-2 (parent) and transformed (20) with each plasmid carrying
various portions of the mutated melB, pUC18-2A series, -2B series,
-2C series, -2D series, -2F series, and -2G series. Transformed cells
were selected on L agar plates containing ampicillin. The transformants were then streaked on agar plates containing the MT medium,
10 mM melibiose, and 1 mM LiC1. The plates were incubated at 37 ‘c
for 76 h, and theformation of colonies was checked.
Preparation of DNA-Chromosomal DNA and plasmid DNA were
prepared by published procedures (21, 22). DNA was digested with
appropriate restriction endonucleases, and DNA fragments were separated by polyacrylamide gel electrophoresis (23).
Previously we reported the value to be 52,029 (12) because of an
error in the computer program we used.
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Nucleotide Sequence-The nucleotide sequence was determined by
the dideoxy method (24, 25).
Cation Transport-Entry of H+, Na+, or Li+ into cells induced by
melibiose influx was measured with an H+-electrode, an Na+-electrode, or an Li+-electrode as described previously (8,9).
Materials-[~r-~~P]dCTP
was purchased from Amersham Corp.
Restriction endonucleases and other enzymes were from Nippon Gene
Co. (Toyama) or Takara Co. (Kyoto).
RESULTS

Properties of the Mutants-Cells of E. coli K12 have two
transport systems for melibiose, the melibiose system and the
lactose system. The parental strain we used in this study,
W3133-2, lacks the lactose system (14). Thus, melibiose is
taken up only via the melibiose system in this strain. The
melibiose transport via this system is inhibited by Li+, and
therefore Li+ inhibits the growth of cells when melibiose is
the sole source of carbon (26). As shown in Fig. 1, 0.1 mM
LiCl is enough to inhibit cell growth of W3133-2. Mutant
cells, however, were able to grow on melibiose even in the
presence of LiCl. At LiCl concentrations higher than 10 mM,
the growth rate was decreased. We isolated many mutants in
the presence of various concentrations of Li+ up to 100 mM
in an effort to obtain several types of Li+-resistant mutants
showing different levels of Li+ resistance. However, all the
mutants isolated from 0.1 to 100 mM LiCl showed a very
similar profile of Li+ resistance (data not shown). Unlike the
Li+-dependent mutants (lo), the Li+-resistant mutants were
able to grow on melibiose in the absence of Li+.
Cation coupling to melibiose transport in the Li+-resistant
mutants was tested. Although addition of melibiose to a cell
suspension of W3133-2 elicited H+ uptake by the cells (an
alkalinization of the medium), thereby indicating H+-melibiose cotransport, a similar H+ uptake was not detected in
the mutants W3133-2A and W3133-2B (Fig. 2). An acidification of the medium due to themetabolism of melibiose was
observed (about 1min later) in wild type and the mutants, as
reported previously (10). We checked more than 50 Li+resistant mutants, and none of them showed H+ uptake induced by melibiose. This observation indicates that all of the
Li+-resistant mutants lost the capacity for H+-melibiose cotransport, as had theLi+-dependent mutants (10).
We then determined whether or not there is an alteration
in Na+-melibiosecotransport in the Li+-resistant mutants.As
reported previously (8), the addition of melibiose to the cell
suspension of W3133-2 caused an uptake of Na+, indicating
Na+-melibiose cotransport (Fig. 3). A similar Na' uptake
elicited by melibiose wasobserved with W3133-2A, and larger
Na+ uptake was observed with W3133-2B. All other mutants
showed similar Na+ uptake to W3133-2 (data not shown).
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FIG.1. Effect of Li+ on the growth of the wild type and the
mutant. Cells of W3133-2(0)(wild type) or W3133-2A(0)(mutant)
were grown in MT medium supplemented with 10 mM melibiose in
the absence or presence of various concentrations of LiCl under
aerobic conditions at 37 "C. Growth was monitored as absorbance at
650 nm, and thegrowth rate is expressed as doublings/h.

FIG.2. H+fluxes induced bythe addition of melibiose to the
cell suspensions of the wild type and the mutants. Cells (about
10 mg of protein) of W3133-2 ( a ) , W3133-2A ( b ) ,or W3133-2B ( c )
were suspended in 3 ml of 120 mM choline chloride and incubated a t
25 "C under anaerobic conditions. At the time point indicated by
arrows, 30 r l of an anaerobic 1 M melibiose solution (final 10 mM)
was added to the cell suspension. The changes of pH in the medium
were monitored with anH+ electrode and recorded. An upward
deflection represents a rise of pH in the medium.
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FIG.3. Na+ fluxes induced by the addition of melibiose to
the cell suspensions of the wild type and the mutants. Cells
(about 5 mg of protein) of W3133-2(a), W3133-2A( b ) ,or W3133-2B
( c ) were suspended in 3 ml
of
0.1 M N-(2-hydroxy-l,l-bis(hydroxymethy1)ethyl)glycine buffer adjusted to pH 8.0 with tet.ramethylammonium hydroxide, containing 25 PM NaCl, and incubated
at 25 "C! under anaerobic conditions. At the time points indicated by
arrows, 30 pl of an anaerobic solution of 1 M melibiose (final 10 mM)
was added to the cell suspension, and changes in Na+ concentration
of the medium were monitored with a Na+ electrode and recorded.
An upward deflection of the tracing indicates a fall in Na+ concentration in the assay medium.

These results indicate
that Na+-melibiosecotransport in most
of the mutants is normal, as reported previously (11). The
initial velocity and extentof Na+ uptake induced by melibiose
in W3133-2B were two to three times larger than those in
parental W3133-2 or other mutants. Thus, only this mutant
had an elevated Na+-melibiose cotransport activity.
We were unable to detect Li+ uptake elicited by melibiose
influx with the cells of any Li+-resistant mutant (ll),unlike
Li+-dependent mutants which showed a high Li+-melibiose
cotransport activity (9).
We observed normal Na+(Li+)/H+ antiporter
activity in the
Li+-resistant mutants (data not shown),
in contrast to an
elevated activity observed in theLi+-dependent mutants (10).
Cloning of the Mutated melB-We have bynow isolated
many mutants with an altered melibiose carrier. Most of the
mutations were mapped in the BamHI fragment (1089 base
pairs) of the melBgene,'which
covers about 80% of the
structural gene (12). We prepared a plasmid pSTY88 which
is suitable for the cloning of this BamHI fragment (13). This
plasmid was used successfully for the cloning of the DNA
fragment (BamHI fragment) of Li+-dependent mutants (13).
Fig. 4 shows the strategy of the cloning. Briefly, 1)the BamHI
T. Kawakami, Y. Akizawa, T. Ishikawa, T. Shimamoto, M. Tsuda,
and T. Tsuchiya, unpublished results.
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FIG. 5. Uptake of Na+ induced by the addition of melibiose
in the cells carrying plasmid harboring the cloned melB of
the mutants. Cells (about 5 mg of protein) of DW1 ( a ) ,W3133-2A
(b), DWl/pSTY85-2A (c), W3133-2B ( d l , or DWl/pSTY85-2B ( e )
weresuspended,incubated,and Na+ uptake was measured, as described in the legend for Fig. 3.

in DWl/pSTY85-2B is consistent with large Na+ uptake in
W3133-2B shown in Fig. 3. This observation shows that the
FIG. 4. Cloning of the mutated region of the melB gene of elevated activity of Na+-melibiose cotransportinmutant
the mutants. Plasmid pSTY85 which carries the melibiose operon
W3133-2B is really due to a mutation within the BamHI
was digested with BamHI, and the BamHI fragmentwasremoved
from the melB gene. Thus, plasmid pSTY88 was obtained. Chromo- segment of the melB gene. All other transformants, DW1/
DWl/pSTY85-2F,
and
somal DNA was prepared from mutant W3133-2A(or other mutants), pSTY85-2C, DWl/pSTY85-2D,
digested with BamHI, and the BamHI fragments corresponding to
DWl/pSTY85-2G, showed similar Na+uptake to DW1/
1.1kilobase pair were separated by polyacrylamide gel electrophoresis. pSTY85-2A (datanot shown). No H+ uptake induced by
The BamHI fragments were inserted into the BamHI site of pSTY88. melibiose influx in the cells of DWI carrying these plasmids
Thus, pSTY85-2A,
which carries the mutated
region of the melB gene
of mutant W3133-2A, was obtained. Plasmids pSTY85-2B,
-2C, -2D, was detected.
These resultsindicate that theBamHI fragment of melB of
-2F, and -2G were constructed by a similar procedure. Unmarked
gene derived the Li+-resistant mutants was cloned. It was also concluded
arrows in the plasmids represent the ampicillin-resistant
from pBR322. E , BamHI; E, EcoRI; p , promoter.
that theLi+-resistant propertyof the mutantswas due to the
mutations in the BamHI fragment.
Then we constructed various hybrid plasmids carrying varfragment of plasmid pSTY85 which carries the whole melibiose operon of the wild type was removed, and pSTY88 was ious portions of the BamHI fragment derived from pSTY85obtained; 2) chromosomal DNA of the mutants was digested 2A, pSTY85-2B, pSTY85-2C, pSTY85-2D, pSTY85-2F, and
with BamHI and DNA fragments corresponding to 1.1 kilo- pSTY85-2G. The BamHI fragment was digested with RsaI,
base pair were recovered; and then 3) the DNA fragments and the resulting smaller fragments were separated by polywere inserted into the BamHI site of the pSTY88. If the acrylamide gel electrophoresis. Each DNA fragment was liBamHI fragment derived from the melB gene is incorporated gated to the SmaI site (blunt end), or the SmaI-BamHI site
into the BamHI site of the pSTY88 with proper orientation, of pUC18. Cellsof JM83 were transformed with each plasmid,
then functional melB should reappear. We transformed the and transformantsshowing white colonies on a plate containand ampicillin were
hybrid plasmids into the cells of DW1, which could not grow ing 5-bromo-3-indolyl-@-~-galactoside
on melibiose, and obtained transformants that grew on meli- obtained. The length of the inserted DNA in each plasmid
biose as the sole source of carbon. The transformants were was confirmed by polyacrylamide gel electrophoresis. Thus,
pUC18-2A-2, -3, -4, -5, and -6 and pUC18-2B-2, -3, -4,-5, -6,
checked for their ampicillin resistance.
All of the transformants thus obtained were able to grow and so on, were obtained (Fig. 6). The 12-base pair BamHI
fragment which is derived from the most upstream region of
on melibiose in the presence of Li‘.
The plasmid recovered from such transformants was con- the BamHI fragment seemed to be too short to testrecombiplasmid carrying this
firmed to have the 1.1-kilobase pair BamHI fragment. Thus, nation. So we did notconstructa
we obtained plasmids pSTY85-2A, -2B, -2C, -2D, -2F, and portion. Plasmids pUC18-2A series carry DNA fragments
-2G harboring the BamHI fragment derived from W3133-2A, derived from pSTY85-2A, and -2B series from pSTY85-2B,
and so on. The newly constructed plasmids were tested to see
-2B, “X, -2D, -2F, and -2G, respectively.
Then we examined ion-melibiose cotransport in the cells of whether recombinants that can grow on melibiose in the
DW1 carrying each plasmid. Cells of DW1, which lacks the presence of Li+ appear when parental W3133-2 istransformed
melibiose operon, did not show any detectable Na+ uptake with each plasmid. As shown in Fig. 6, pUC18-2A-3 which
when melibiose was added to the assay medium, as expected has the 248-base pair RsaI fragment produced such recombi(Fig. 5). The addition of melibiose to cell suspensions of DW1/ nants, and other pUC18-2A series plasmids with other fragments did not. Thus we concluded that the mutationin
pSTY85-2A or DWl/pSTY85-2B elicited Na+ uptake, thus
indicating that the melibiose carrier is present in the trans- W3133-2A was in the region of the 248-base pair RsaI fragformants.Therateandextent
of theNa+uptake
in the ment. Similarly, intracistronic mapping of the mutation in
transformants were greater than those observed in mutants each mutant was performed. Each recombinant showed
from which DNA was derived. This difference would be due growth properties similar to those of the corresponding muto thegene dosageeffect. The very high Na+ uptakeobserved tant. Therefore, the characteristics of such mutants are due
pSTY85-2A
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TABLE
I
Nucleotide substitutions in the melR gene and deduced amino acid
substitutions in the melibiose carrierof the mutants
BRR

R

R R

0

Mutants

Nucleotide
substitutions"

Amino acid
substitutionsb

W3133-2A. W3133-2C
W3133-2B
W3133-2D, W3133-2F
W3133-2G

c-424to T
C-694 to T
G-706 to A
C-707 to T

Pro-142 to Ser
Leu-232
Pheto
Ala-236 to Thr
Ala-236 to Val

pSTY85-2A
pUC18-2A-2
puc18-2A-3
pUC18-2A-4
pUC18-2A-5
pUC18-2A-6

I

I

-%

I

++
+
+
+

puc18-284
pUC18-2C-3
pUC18-20-4
puc 18-2F-4
pUC18-X-4

'Nucleotide changes in the sense strandshown.
are The numbering
starts from the first letterof the initiation ATG.
'The numbering starts from the N-terminal methionine.

G-706 to A; W3133-2F, G-706 to A; and W3133-2G, C-707 to
T (the melB gene consists of 1407 nucleotides (12)). These
nucleotide substitutions result in substitutions of amino acid
residues. These nucleotide substitutions and aminoacid substitutions aresummarized in TableI. As can be seen, some of
FIG. 6. P l a s m i d s c a r r y i n g v a r i o u s p o r t i o n sof the mutated the independently isolated mutants have identical nucleotide
melB gene and their recombination tests. The portions of the
replacements and thereforeidentical amino acid substitumelR gene carried by each plasmid are shown. Forintracistronic
mapping, the wild type cells (W3133-2) were transformed with each tions. For example, Pro-142 was replaced with Ser both in
plasmid, and the transformants
were tested for Li' resistance. In the W3133-2A and W3133-2C, and Ala-236 was with Thr both in
pUC18-2A series, only recombinant carrying pUC-18-2A-2 was Li'W3133-2D and W3133-2F.

+

resistant. or - shown to the right of each plasmid indicates Li+resistant or Li+-sensitive,respectively. We also constructed plasmids
DISCUSSION
of pUC18-2B series, -2C series, -2D series, -2F series, and -2G series.
We determined the base substitutions in the melB gene of
Among those plasmids, only plasmids that were able to produce Li'resistant recombinants are shown. R, EamHI; R,RsaI; bp, base pairs. six Li+-resistant mutants to be either cytosine to thymine

(four mutants) or guanine to adenine
(two mutants). We used
N-methyl-N'-nitro-N-nitrosoguanidine
as a mutagen. These
base transitions are consistentwith the published results (27)
that this mutagen is highly specific for the cyt0sine:guanine
to thymine:adenine transition.
The amino acid substitutions in the melibiose transport
carrier of those Li+-resistant mutantswhich lost the capacity
for H' coupling are Pro-142 with Ser (two mutants), Leu-232
with Phe (one mutant), or Ala-236 with Thr (two mutants)
or Val (one mutant). Thus, it seems that Pro-142, Leu-232,
w3133-2
w3133-28
and Ala-236, or theirvicinities, are importantfor H' (or Li')
a
B
recognition or transport.
As reported previously (13), we had determined the amino
C T A G "
acid substitution of five Li'-dependent mutants. The meliW3133-X
biose carrier of this type of mutants lost the ability of H'
coupling and acquired the ability of Li' coupling to melibiose
3 JC
transport (9, 10). We detected no alteration in Na' coupling
to melibiose transport in such mutants(10). The amino acid
1:
G C T A
k X I $ . substitution in themelibiose carrier of these five mutants was
G C 1 A
G A T C
G C T A
Pro-122with Ser (13). Although those five mutants were
FIG.7. Nucleotide sequence of the mutated regions of t h e isolated independently, substitution of the aminoacid residue
melB gene. Nucleotide sequence of the 248-base pair RsaI fragment was identical. The question thusariseswhether only the
derived from melR of W3133-2 (wild type), W3133-2A or W3133-2C
substitution of Pro-122 with Ser cancause the carrier tolose
( A ), or the531-base pair RsaI fragment derived from melB of W31332, W3133-2B, W3133-2D, W3133-2F, or W3133-2G ( B ) was deter- H' coupling and to acquire Li' coupling. Interestingly, we
mined. Portions of the sequence ladders in which base substitutions found that a substitution of Pro-142 with Ser in two Li'were found are shown. Asterisks indicate the original nucleotides in resistantmutants caused thecarrierto
lose H' coupling.
the wild type, and arrowheads indicate the substituted nucleotides. These 2 Pro residues are located in the hydrophobic regions
Antisense strand nucleotides are shown inA, and sense strandnucle- which are considered to be membrane-spanning regions (12,
otides are shown inB.
36). Thus, these Proresidues seem to be involved, directly or
indirectly, in H' coupling.
In a survey of the lipid bilayer-spanning regions of the
to the mutationsin the mapped fragments of the melB gene.
integralmembrane proteins, Brand1 and Deber(28) have
Nucleotide Sequence and Amino Acid Substitutions-The
nucleotide sequence of the DNA fragments in which muta- reported that membrane-buried Pro residues were present in
tions were mapped was determined. We found just one nu- nearly all transport proteins examined, whereas membranecleotide substitution in each DNA fragment. Nucleotide sub- buried regions of nontransport proteins were largely devoid
stitutions were shown in the autoradiograph of short segments of intramembranous Pro residues. Thus, it seems that memof the DNA sequencing gel (Fig. 7). The following nucleotide brane-buried Pro residues are important for transport funcchanges were found W3133-2A, (2-424 (cytosine at position tion. Furthermore, the &-tram isomerization of X (unspeci424 starting from the first base of the initiation ATG) to T; fied amino acid)-Pro bonds has been implicated in dynamic
W3133-2B, C-694 to T; W3133-2C, C-424 to T; W3133-2D, processes of proteins (29). Theimportance of X-Pro isomer-
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ization in the conformational interconversion of proteins has
been emphasized (30). It has been proposed that cis-trans
isomerization provide the reversible conformational change
requisite for the regulation (opening/closing) of a transport
channel (28). In addition, it has been suggested that the
tertiary amide character of the X-Pro bond confers increased
basicity to the attached carbonyl oxygen atom(31). This
situation may promote the involvement of the X-Pro carbonyl
group in hydrogen binding (28,32) and as aliganding site for
positively charged species in peptide-cation interactions (28,
33). Membrane carriers that transport H+ could utilize carbonyl oxygens of such X-Pro bonds (28). Proton translocation
may occur via the transfer of the H+ along a chain ofH'accepting groups without major conformational changes (34).
Thus, a membrane-buried Pro could contribute to the H+
translocation.
The importance of Pro residues in the membrane-spanning
region of the melibiose carrier should be further emphasized.
A substitution of Pro-128 with Ser resulted in complete loss
of transport activity of the melibiose ~ a r r i e rThis
. ~ Proresidue
is also located in a proposed membrane-spanning region (36).
We found other amino acid substitutions, Leu-232 with
Phe, andAla-236 with Thr or Val, in the melibiose carrier of
the Li+-resistant mutants. Theseamino acid residues are also
located in a proposed membrane-spanning domain of the
carrier (36). These substitutionsalso made the carrier inactive
with H' as acoupling cation. At present, we do not know how
these substitutions caused such defects. Perhaps these amino
acid substitutions induce local structural changes which are
unfavorable for H' coupling in the membrane-spanning region of the carrier. Since all of the Li+-resistant mutants
showed normal or elevated Na+-melibiose cotransport, the
amino acid substitutions in these mutants do not seem to
result in major configurational changes that affect the total
function of the carrier. It seems reasonable to suppose that
those amino acid substitutions occurred at, or very close to,
the H' recognition site.
All ofthe mutantsdescribed in thispaper utilized melibiose
as a sole source of carbon in the presence of Li'. This means
that themelibiose carrier of the mutantsdoes not bind Li' as
an inhibitor. It is likely that amino acid substitutions in these
mutants took place at, or very close to, the Li' recognition
site of the carrier. Thus,it seems likely that theH' recognition
site(s) and Li+ recognition site(s) in the melibiose carrier are
identical or share acommon domain. On the other hand, the
Na' recognition site seems to be in a distinct domain. It is
interesting to note that mutations rendering the carrier Li+resistant also render it uncoupled to H'.
We observed the elevated Na'-melibiose cotransport in
W3133-2B. In the melibiose carrier of this mutant, theamino
acid substitution was found to be Leu-232 with Phe. This
substitution introduces an aromatic ring in this region. Since
these two amino acid residues do not seem to interact directly
with Na', such a structural change would produce a more
favorable binding site or pathway for Na' (or melibiose) in
the carrier in an indirect manner.
Analyses of more Li+-resistant mutants may reveal amino
T. Ishikawa and T. Tsuchiya, manuscript in preparation.

acid residues that comprise an H+-translocating chain, Na'a
translocating chain, oran Li+-translocation chain.
It has been reported that replacement of Asp-445 with Asn
or His in the melibiose carrier introduced by the technique of
site-directed mutagenesis has noeffect either onNa'-dependent methyl-P-D-thiogalactoside transport oron H+-dependent
melibiose transport (35). Thus, this region does not seem to
be involved in cation coupling. In contrast, replacement of
Glu-361 with Gly or Asp inactivated the carrier (35). Thus,
this Glu residue is important for carrier function.
In additionto theapproach described in this paper,in vitro
mutagenesis should be useful in elucidating the role of amino
acid residues in the transport carrier.Such investigations are
now underway.
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