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Transmembrane segment 10 is important for substrate recognition in
Gal2 and Hxt2 sugar transporters in the yeast Saccharomyces cerevisiae
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Abstract A systematic series of chimeras between Gal2
galactose transporter and Hxt2 glucose transporter in yeast
was produced to delineate the essential domain for substrate
recognition. A domain of 101 amino acids close to the COOH-
terminus that has been previously identified as the ecritical
substrate recognition region was further divided into four
subdomains, by introducing five restriction enzyme sites at
exactly corresponding locations of both genes without changing
coding amino acids. When each of all possible 16 modified genes
was expressed, all the galactose transport-active chimeras were
found to possess Gal2-derived transmembrane segment (TM) 10.
Of the 35 amino acids in the TM10 region, only 12 differ between
Gal2 and Hxt2, indicating that these 12 amino acids include the
critical residue(s) responsible for the differential recognition of
galactose and glucose in these transporters.
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1. Introduction

A variety of membrane transporters of prokaryotes and
eukaryotes belong to a transporter superfamily termed the
major facilitator superfamily (MFS) [1] which has been di-
vided into 5 or 17 families {1-3]. The largest of these is known
as the Glut family and consists of various membrane trans-
porters for monosaccharides and unknown substances [3-6],
although the delineation of the family is still to be determined.
The single organism in which the largest numbers of trans-
porters in this family have been found is the yeast Saccharo-
myces cerevisiae, where more than 15 have been described and
others are anticipated [3]). Gal2 transporter belongs to the
Glut family and is a major high affinity galactose transporter
in this organism that also transports glucose with almost the
same affinity [6,7). Hxt2 is homologous to Gal2 with 71%
amino acid identity in the middle part of the sequence (ex-
cluding variable amino- and carboxyl-terminal regions) and is
a major glucose transporter in S. cerevisiae, with an affinity
for glucose similar to the Gal2 transporter; it does not, how-
ever, transport galactose. Thus, it seems worth while to com-
pare these two transporters for the study of substrate recogni-
tion. Most recent work has employed localized mutagenesis as
a tool to determine the substrate recognition site [5], results of
which have been based on mutations on sporadic sites and are
mostly negative in nature. Moreover, it has been difficult with
localized mutagenesis to state whether those mutations
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directly changed the substrate recognition sites or changed it
indirectly through conformational changes of the surrounding
structures.

In a previous study [6], we employed a systematic approach
using chimeras of these two transporters, in which three series
of chimeras were created with the use of the Escherichia coli
recA recombination system. We identified a 101 amino acid
domain that lies close to the COOH-terminus, the replace-
ment of which in Hxt2 with the corresponding domain of
Gal2 changed the substrate specificity of Hxt2 to that of
Gal2. The present study was designed to further delimit the
domain. With the use of chimeras made by systematically
replacing four subdomains of the 101 amino acid domain,
we localized the domain related to the differential recognition
of galactose and glucose to a 35 amino acid segment in trans-
membrane segment (TM) 10 region, where only 12 out of 35
amino acids are different between Gal2 and Hxt2.

2. Materials and methods

GAL2 [8] was introduced into a multicloning site of pTV3 (YEp
TRP1 bla) [9], which was then modified: (1) to disrupt an EcoRI site,
(2) to create a Clal site immediately following the termination codon
of GAL2 and (3) to create a new EcoRI site after the initiation codon
of GAL2, yielding GAL2-pTV3e [6]. HXT2 [10] was modified to
create a Clal site immediately following the termination codon of
HXT?2 and replaced as a cassette with GAL2 in GAL2-pTV3e by using
two restriction enzyme sites: an EcoRlI site extending from the 7th to
12th nucleotide of the HXT2 coding sequence and the Clal site, which
yielded HXT2-pTV3e. These plasmids were introduced into S. cere-
visine, LBY416 (MATo hxt2::LEU2 snf3::HIS3 gal2 lys2 ade2 trpl
his3 leu2 ura3) [6,10]. The amino acid sequences of Gal2 and Hxt2
were aligned (malign, ODEN Package) [11], which is shown together
with nucleotide sequences (Fig. 1). To introduce five new restriction
enzyme sites into GAL2 and HXT2, Spel and Stul sites in pTV3 were
disrupted by blunting with T4 DNA polymerase. Using PCR, a Spel
site in GAL2 was modified from ACTAGT to ACTGGT and a Ncol
site in TM9 from CCATGG to CTATGG, while keeping the coding
amino acids the same. Five restriction enzyme sites were introduced
by PCR into the corresponding locations of both GAL2 and HXT2,
without changing the coding amino acids: Sacl between TM9 and
TM10, Mlul between TM10 and TMI11, Spel between TM11 and
TMI12, Stul at the beginning part of the carboxyl-terminal tail and
Ncol at the middle part of the carboxyl-terminal tail (Fig. 1). The Stul
site in GAL2 and the Ncol site in HXT2 are existing ones. All 16
possible combinations of the four subdomains were made by cutting
both genes with these restriction enzymes and introducing the frag-
ment between the Sacl and Neol sites of modified HXT2 (Fig. 2).
These chimeric HXT2 genes were called HX72-0 to HXT72-15
(Fig. 2) and LBY416 cells possessing each of them were called
Hxt2-0 to Hxt2-15 cells, respectively. Both strands of the nucleotide
sequences of these genes were sequenced between the Sacl and Clal
sites and confirmed to be error-free.

For transport assays, the cells were cultured at 30°C to an early log
phase (ODg50=0.2-0.4) in a synthetic medium [12] supplemented with
uracil, adenine and amino acids except for tryptophan with 2% ga-
lactose as a carbon source. Transport of p-["*Clgalactose and
p-['4C]glucose in yeast cells, immunoblotting of yeast homogenates
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and measurement of protein concentration were performed as de-
scribed previously [6].

3. Results and discussion

Three series of chimeras between Gal2 and Hxt2 have been
made by the use of the rec4 recombination system of Esche-
ri-hia coli and measurement of galactose transport has clearly
indicated that a Gal2 domain of 101 amino acids that includes
TWVs 10-12 and the beginning half of the COOH-terminal
hy drophilic tail is important for the recognition of galactose
[¢ . For further delineation of the substrate recognition region,
this domain was subdivided into four subdomains by
irroducing five restriction enzyme sites (Fig. 1). All 16 pos-
sihle combinations of subdomains were made and connected

TMS
LeuLeuleuGlyAlaAlaThrMetMetAlaCysMetVallleTyrAlaServalGlyVal 415
GAL2 TTACTTTTGGGCGCTGCCACTATGATGGCTTGTATGGTCATCTACGCCTCTGTTGGTGTT

xx oW Ak AERE ok kR MRk KR KKK K K KRR KRR AR

BXT2 CTATTGGGTGGTTCTGCTTCCATGGCCATTTGTTTTGTTATCTTCTCTACTGTCGGTGTC
LeuLeuGlyGlySerAlaSerMetAlaIlleCysPhevalllePheSerThrvalGlyval 400

Sacl
ThrArglLeuTyrProHisGlyLysSerGlnProSerSerLysGlyAlaGlyAsnCysMet 435
GAL2 ACTAGATTATATCCTCACGGTAAAAGCCAGCCGAGCTCTAAAGGTGCCGGTAACTGTATG
Ak AR ARARAAAE  w AREEER Ak mkmmARRE KAk KERRRRERRN  kkw
BAXT2 ACAAGCTTATATCCAAATGGTAARAGATCAACCGAGCTCCAAGGCTGCCGGTAACGTCATG
ThrSerLeuTyrProAsnGlyLysAspGlnProSerSerLysAlaAlaGlyAsnValMet 420

™10

IlevalPheThrCysPheTyrIlePheCysTyrAlaThrThrTrpAlaProvalAlaTrp 455
GAL2 ATTGTCTTTACCTGTTTTTATATTTTCTGTTATGCCACAACCTGGGCGCCAGTTGCCTGG
RAKKKRAARRRAIRRRR A RRKRNRK % wk K K ARAER ARE AR AR
BxT2 ATTGTCTTTACCTGTTTATTCATTTTCTTCTTCGCTATTAGTTGGGCCCCAATTGCCTAC
IlevValPheThrCysLeuPhellePhePhePheAlalleSerTrpAlaProlleAlaTyr 440

Mut ™11
VEEI1eTthlaG1uScrPheProLeuA:gValLysSerLysCysMctAlaLeuAlaSex 475
GAL2 GTCATCACAGCAGAATCATTCCCACTACGCGTCAAGTCGAAATGTATGGCGTTGGCCTCT

PR KA KRAER R RN KKk ARAAW AR W ok *

BXT2 GTTATTGTTGCCGAATCCTATCCTTTACGCGTCAAAAATCGTGCTATGGCTATTGCTGTT
VallleValAlaGluSerTyrProleuArgValLysAsnArgAlaMetAlalleAlaval 460

Spel
AlaSerAsnTrpValTrpGlyPheLeulleAlaPhePheThrProPhelleThrSerAla 435
GAL2 GCTTCCAATTGGGTATGGGGGTTCTTGATTGCATTTTTCACCCCATTCATCACTAGTGCC
Ok REER AAE A ARRER RNERRKEARK KR KRNKR KA REKER KA kA
BXT2 GGTGCCAACTGGATTTGGGGTTTCTTGATTGGTTTCTTCACTCCCTTCATTACTAGTGCA
GlyAlaAsnTrplleTrpGlyPheleulleGlyPhePheThrProPhelleThrSerAla 483

TM12
IleAsnPheTyrTyrGlyTyrValPheMetGlyCysLeuValAlaMetPhePheTyrVal 515
GAL2 ATTAACTTCTACTACGGTTATGTCTTCATGGGCTGTTTGGTTGCCATGTTTTTTTATGTC

an HE A AREER KRRKRARAKEA KR AN A RN R R AR

T T
BE¥T2 ATTGGATTTTCATACGGGTATGTCTTCATGGGCTGTTTGGTATTTTCATTCTTCTACGTG
IleGlyPheSerTyrGlyTyrValPheMetGlyCysLeuValPheSerPhePheTyrval 500

Stul
PhePhePheValProGluThrLysGlyLeuSerLeuGluGluIleGinGluLeuTrpGlu 535
GAL2 TTTTTCTTTGTTCCAGAAACTAAAGGCCTATCGTTAGAAGAAATTCAAGAATTATGGGAA
AR AR AR KERRE Ak KRR WAk kRAAE KA KK A AAR A * *
HXT2 TTTTTCTTTGTCTGTGAAACCARAGGCCTAACATTAGAGGAAGTTAATGAAATGTATGTT
PhePhePhevalCysGluThrLysGlyLeuThrLeuGluGluvalAsnGluMetTyrval 520

Neol
GluGlyValLeuProTrpLysSerGluGlyTrpIleProSerSerArgArgGlyAsnAsn 555
GAL2 GAAGGTGTTTTACCATGGAAATCTGAAGGCTGGATTCCTTCATCCAGAAGAGGTAATAAT

[ZLEEE R} Ak AR AR RN XxrknrR  x * R W *

BXT2 GAAGGTGTCAAACCATGGAAATCTGGTAGCTGGATCTCAAAAGAARAAAGAGTTTCCGAG
GluGlyValLysProTrpLysSerGlySexTrpIleSerLysGluLysArgValSerGlu 540

TyrAspleuGluAspleuGlnHisAspAspLysProTrpTyrLysAlaMetLeuGlu*** 574
GAL2Z TACGATTTAGAGGATTTACAACATGACGACAAACCGTGGTACAAGGCCATGCTAGAATAA
%

HXT2 GAARTAA
Glu*** 541

Fi3. 1. Fig. 1. Introduction of restriction enzyme sites into GAL2
ard HXT2. Gal2 and Hxt2 are aligned [11] and putative TM9 to
T*M12 [5] are shown by horizontal bars. Identical nucleotides be-
tween GAL2 and HXT2 are indicated by asterisks. The two genes
ar: modified to create five restriction enzyme sites at exactly the
corresponding places, without changing coding amino acids. Restric-
ticn enzyme sites created are Sacl between TM9 and TM10, Miul
between TM10 and TM11, Spel between TM11 and TM12, Srul at
the beginning part of the COOH-terminal tail and Ncol at the mid-
dic part of the COOH-terminal tail. Replaced nucleotides are shown
in bold. Two restriction enzyme sites (Stul in GAL2 and Neol in
HXT2) are non-modified original ones. The numbering of amino
acid residue is shown on the right.
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Fig. 2. Systematic production of chimeras in the 101 amino acid re-
gion and galactose transport in these chimeras. Chimeras between
Gal2 and Hxt2 were produced using five restriction enzyme sites as
described in Fig. 1 and named as shown on the left. G and H indi-
cate that the subdomain shown is derived from Gal2 and Hxt2, re-
spectively. Galactose transport activities in these chimeras are meas-
ured as described in Section 2. Transport activities are expressed
relative to that in Gal2 cells and the average and SEM of three ex-
periments are shown. Note that the transporters Hxt2-0 to Hxt2-15
possess indicated subdomains in the 101 amino acid region and all
the rest of the transporter is derived from Hxt2. Hxt2-8 transporter,
for example, consists of TM10 derived from Gal2 and the rest of
the area including that not shown in the panel is from Hxt2.

between the Sacl and Ncol sites of modified HXT2 (Fig. 2).
LBY416 cells harboring each of these 16 modified HXT2 were
called Hxt2-0 to Hxt2-15 cells and subjected to transport as-
says. These cells exhibited various extents of galactose trans-
port activity, but a conspicuous feature was that all the ga-
lactose transport-active cells possessed transporters consisting
of the Gal2-derived TM10 (Hxt2-8, 9, 10, 11, 13 and 15 cells)
(Fig. 2). Two exceptional cases were observed in which trans-
porters contained the Gal2-derived TM10 but were inactive in
galactose transport (Hxt2-12 and 14 cells). Galactose trans-
port in all cells having the Hxt2-derived TM10 was found to
be inactive (Hxt2-0 to 7 cells). The possibility that some of the
modified transporters may not be produced or may be sensi-
tive to proteolytic degradation was checked by immunoblot-
ting, and the production of all 16 transporters was confirmed
(Fig. 3). Hxt2-12 and Hxt2-14 transporters were expressed as
much as the other transporters. Transport of glucose in these
16 cells was measured in the same manner as galactose trans-
port. All the cells except Hxt2-12 and Hxt2-14 cells showed
glucose transport, although the extent of glucose transport
was not well correlated with that of galactose transport
(data not shown). These results indicate that the region con-
taining TM10 is important for the differential recognition of
galactose and glucose. It may well be that Hxt2-12 and
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Fig. 3. Expression of chimeric transporters detected by immunoblotting. Cells harboring HX72, GAL2, chimeric transporter genes HXT2-0 to
HXT2-15 or vector only (pTV3e) were cultured in the same conditions as for transport assays. Cell homogenates (20 pg each) were immuno-

blotted with antibody to Hxt2 COOH-terminus. Autoradiography of [1%I]protein A (IM144, Amersham) was performed with imaging plates
(BAS2000, Fuji Film). The 47 kDa band indicates transporters having the Hxt2 COOH tail. The amount of the lower molecular weight band

HXT2-12

seen below the 47 kDa band increased after repeated freeze-thawing.

Hxt2-14 are either inactive in monosaccharide transport or are
not expressed in the plasma membrane, and thus do not con-
tribute to galactose transport in yeast cells.

The Hxt2-8 transporter that possesses the smallest Gal2
region of TM10 alone was used for further characterization.
Kinetic parameters of galactose transport in Hxt2-8 cells were
compared with those of Gal2 ceils. A K, of 412 mM
(mean £ SEM, n=3) was observed in Hxt2-8 cells, which was
about 8-fold higher than that of 5.3+0.3 mM (n=3) in Gal2
cells, while Vi.x of both cells was practically the same:
0.69 £0.03 nmol/107/5 s in Hxt2-8 cells and 0.97£0.1 nmol/
107/5 s in Gal2 cells. These results explain the relatively low
galactose transport activity in Hxt2-8 cells under the condi-
tions as in Fig. 2 in which 0.1 mM galactose was used as the
substrate. Substrate specificity of Hxt2-8 and Gal2 cells is
shown in Fig. 4. The addition of a 200-fold excess amount
of non-radioactive sugars inhibited galactose transport to
varying extents. The order of inhibition was almost the
same between Gal2 and Hxt2-8 cells. The extent of inhibition,
however, was stronger in the former cells. This may be due to
a decrease in the affinity for galactose in the Hxt2-8 trans-
porter. Decrease in the affinity for galactose and similar sub-
strate specificity in Hxt2-8 are consistent with the idea that a
major galactose recognition domain lies in TM10, but other
region(s) also contributes to enhancing the binding affinity for
galactose. In fact, HXT2-15 cells showed an intermediate K,
of 23 mM.

Our previous study [6] clearly showed that the 101 amino
acid region containing TM10-12 and the beginning half of the
COOH-terminal hydrophilic part is important for the differ-
ential recognition of galactose and glucose. The present study
further narrowed down that domain to the TM10 region con-
sisting of 35 amino acids (Fig. 5). The alignment of Gal2 and

Hxt2 indicated that only 12 out of 35 amino acids are differ-
ent between the two transporters. It is highly probable that a
few of these 12 amino acids are responsible for the differential
recognition of galactose and glucose. The previous and pres-
ent studies, both of which utilized chimeras, adopted a general
principle of collecting all data comprehensively, covering un-
biased information on all the areas. Although many studies

120 | 0O GAL2
K3 O HXT28
g100
@ 80
£
£ 0
3w
8
w 20
00
P1218;18828838)4%

Non-radioactive sugar

Fig. 4. Substrate specificity of Gal2 and Hxt2-8. The substrate speci-
ficity of Gal2 and Hxt2-8 possessing the smallest region of Gal2 in
the present study was studied by adding a 200-fold excess of indi-
cated non-radioactive sugar. The initial rate of galactose transport
at 0.1 mM in the presence of each non-radioactive sugar was meas-
ured for 5 s. The average and SEM of three experiments are ex-
pressed relative to the value in the presence of sorbitol that was
used for adjusting osmolality. Abbreviations: Gle, glucose; Gal,
galactose; 2DG, 2-deoxy-p-glucose; Fru, fructose; Man, mannose;
30MG, 3-O-methyl-p-glucose; 6DG, 6-deoxy-p-glucose; Fuc, fu-
cose; Xyl, xylose; Ara, arabinose.
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Fiy. 5. Schematic representation of the Gal2 transporter. In the chimeras used in this study, the TMI0 region is coded by a DNA fragment
bordered by restriction enzymes, Sacl and Mlul. Of 35 amino acids in this region, 12 are different between Gal2 and Hxt2 and 23 are identical
as shown by the one letter amino acid code. It is noteworthy that when TM10 is depicted as forming an o-helix, these identical amino acids
arc situated at one side of the helix and different amino acids on the opposite side; this might be suitable for making almost the same hydro-

ph lic pore with different substrate specificity.

have pointed out two substrate binding sites in Glut family
trunsporters, one for an outward-facing sugar-binding site and
the other for an inward-facing [5], our results have indicated
only one in the 101 amino acid region. The possibility that
this region might contain two substrate binding sites could be
raised, although the region seems too short to accommodate
two sites. In addition, the fact that only one recognition re-
gion emerged can be interpreted as indicating that the 35
amino acid region is the direct interaction site with galactose
or glucose, but not the place indirectly affecting substrate
recognition that takes place in the other region that should
have been identified in our comprehensive search.

Previous studies have pointed out two functionally impor-
tant amino acids in TM10 region. Tamori et al. [13] observed
that substitution of Pro®—Ile of Glutl, corresponding to
Pro®? of Gal2, caused inhibition of glucose transport and
suggested that conformational flexibility of the proline in
TMI10 is important. Garcia et al. [14] observed in Xenopus
occytes that the Trp*® —>Gly or Trp*# —Leu mutation
caused a decreased level of Glutl, decreased targeting to the
plisma membrane and a modest reduction in the intrinsic
acrivity, whereas with the Trp®® — Leu mutation Oka and
coworkers [15,16] noted a decrease in 3-O-methylglucose
transport in Chinese hamster ovary cells under zero-trans in-
flux or equilibrium exchange but no apparent decrease under
zero-trans efflux and they suggested a decrease in the rate of
interconversion between the inward-facing and outward-fac-
ing conformations of the transporter. Trp®%® has been pro-
posed as a candidate for the binding site of forskolin [17].
W:th the Trp®® - Leu substitution, however, photolabelling
of 1 forskolin analogue was inhibited by 70% in COS cells [18]
and only by 30% in Chinese hamster cells [15]. These data on
the effects of Pro®®® or Trp®®® substitution were not all con-
sistent, but indicated that changes in the TM10 region affect
several aspects of glucose transport in Glutl. Our data are
consistent with this notion and clearly indicate that TM10 is
related to substrate recognition. It is of considerable interest

whether the site for differential recognition of galactose and
glucose contains these two amino acids in the TM10 region.

Among Glut family transporters, the number of those
transporting galactose is limited, and their substrate specificity
is so broad that many other monosaccharides including glu-
cose are accepted. They include GalP in Escherichia coli [19],
STP1 in Arabidopsis thaliana [20,21], HUP2 in Chlorella kess-
leri [22] and SGTPI in Schistosoma mansoni [23]. The align-
ment of amino acid sequences indicates that no single amino
acid is conserved in the TM10 region among these transport-
ers suggesting that more than two amino acids are related to
differential recognition of galactose and glucose or that sub-
strate recognition sites may not be conserved among these
transporters. In this respect, the recent report by Will and
Tanner [24] is of considerable interest. They made six chi-
meras between HUP1 and HUP2 transporters of Chlorella
kessleri and claimed that the first external loop is important
for substrate recognition and binding. Although properties of
these chimeras did not solely reflect either of the original
transporters, their data together with ours seem to support
the notion that different members of the Glut family trans-
porters recognize substrate at different sites. One of the pos-
sibilities Will and Tanner have raised, that the first extracel-
lular loop and the last extracellular loop may corporate in
galactose binding, is not supported in our study, since our
study indicates the importance of TM10, but not the other
regions. In addition, it should be noted that the difference
between galactose and glucose is minor: epimeric at the C-4
carbon and a possible difference in o~ or B-anomers as the
transporter-discernible form. Thus, the other portion of
monosaccharides might be recognized in the other parts of
the transporters. To clarify this matter will require similar
chimera studies using other pairs of sugars such as glucose
and mannose.
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