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ABSTRACT: TO investigate local secondary structure of GLUTL1, site-directed and cysteine-scanning
mutagenesis were employed to prgiehloromercuribenzenesulfonate sensitivity of flanking regions at

the boundary of external loops (ELs) and transmembrane segments (TMs) and to check the compatibility
of two alternative membrane topology models with the experimental data. In the Cys-less GLUT1, single
serine residues located in external loops adjacent to putative transmembrane segments were replaced with
cysteine. Transport activities of the cysteine-replacement mutants were comparable to that of the
nonmutated Cys-less GLUT1. Only the cysteine residues inserted into the first or fourth EL contributed
to transport inhibition by-chloromercuribenzenesulfonate (pCMBS). Dependent on the pCMBS sensitivity

of these residues, cysteine-scanning mutagenesis of flanking regions was performed, incluciidvEL |

Iland TM VII—EL IV, respectively. Of the 27 amino acids changed, the majority of cysteine-substitution
mutants displayed transport activities comparable to that of Cys-less GLUTL1. Irreplaceable amino acids
were Phe-72, Gly-286, Asp-288, Tyr-292, and Tyr-293. The pCMBS sensitivity of loop residues decreased
when the distance between inserted thiol groups and the putative transmembrane limit increased. The
mutants T62C, T63C, T295C, and 1297C even exhibited transport stimulation after pCMBS treatment.
Regarding putative membrane-harbored residues, a few thiol groups were involved in pCMBS-induced
transport inhibition. Drawn on a helix wheel, these pCMBS-sensitive cysteine residues lie on the same
facial half of the helix, shown for TM Il and TM VII. With respect to EITM boundaries, the experimental

data are consistent with the local secondary structure predicted from hydropathy profiles. Conversely,
certain data obtained by pCMBS-sensitivity scanning are not consistent with either of the two recently
published alternative GLUT1 topology models.

A growing body of evidence suggests that the polypeptide 45 which is located in the external loop (ELjonnecting
arrangements of members of the facilitative glucose trans- putative transmembrane segments (TM) | and Il was identi-
porter family consist of 12 putative transmembrane segments.fied as the site of glycosylatiod). Further insight into local
composed mainly ofo-helices (). Primarily based on  secondary structure was achieved with labeling experiments
hydropathy profiles, this topology remains unverified, and using a membrane-impermeant lysine-specific reagent (isethio-
in particular, the exact end points of the transmembrane nyl acetimidate) together with proteolytic digestion of the
stretches are still uncertain. Recently, two alternative transporter protein. In a C-terminal tryptic fragment, Lys-
topographic assignments of GLUT1 have been presented that300 was identified as the exofacially labeled residue, con-
in contrast to the 12 spanning segments, favor a secondarysistent with it being located in an external lod§).( The
structure with 165-strands, resembling the bacterial porin extramembranous localization of this lysine residue was also
protein @), or ana-helix—/-strand transmembrane structure predicted by each of the alternative membrane topology
with 14 membrane-spanning segmergs ( models.

An important contribution to the elucidation of the Among the three cysteine residues of a 19 kDa carboxyl-
secondary structure of GLUT1 came from experiments which terminal cleavage fragment of human red cell glucose
by proteolytic digestion and use of site-specific antipeptide transporter, Cys-429 was considered to be the most likely
antibodies confirmed that both the carboxyl terminus and candidate for exofacial binding to an external ligaidy (n
the large hydrophilic loop face the cytoplas#y §). Asn- single-cysteine mutation experiments, the absence of reactiv-
ity of the remaining thiol groups with the membrane-
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MBS) supported this notion. Cysteine at position 429 cal models and the experimental data contributes to a better
presumably is the only cysteine residue of GLUT1 that is prediction of the GLUTL1 structure.

accessible to pPCMBS from the outside, leading to transport

inhibition (8). This notion was confirmed by recent experi- MATERIALS AND METHODS

ments on GLUT4-mediated transport which was inhibited
by pCMBS if Met-455, corresponding to Cys-429 of GLUT1,
was changed to a cysteine resid@. (It is worth noting
that all three topological models agree about the extracellular
location of Cys-429. Recent data obtained from an elegant
approach using an aglyco-GLUT1 construct and analyzing

membrane topology by glycosylation-scanning mutagenessand pCMBS were from Sigma (Deisenhofen, FRG). Female

strongly supports the 12-helix moddlq). Xenopus lags frogs were from the African Xenopus Facility
Site-directed and cysteine-scanning mutagenesis havecc (Knysna, Republic of South Africa).

proved to be a powerful procedure for investigating the Mutagenesis and cRNA Preparatior 2.4 kb BanHI
secondary structure @&scherichia collactose permease (for fragment of human GLUT1 cDNA derived from pSPGII7Y

TM Il and VII, see refsll and12). These studies also a5 sypcloned into @®glil site of the Xenopusoocyte
showed that only a few amino acid residues were irreplace- expression vector pSP64T8). This construct served as a
able with respect to active transport. In further assays, thetemplate for generating a Cys-less GLUT1 construct as
majority of cysteine-substitution mutants could thus be tested yaoscriped previouslyld). Site-directed mutagenesis of the
with respect to transport inhibitipn by the alkylating agent Cys-less GLUT1 was conducted according to the procedure
NEM. Our goal was to investigate membrane topology of peng and Nickoloff {9) using a mutagenesis kit provided

motifs at the interfacg between externa] Ioops and tra}ns— by Pharmacia (Pharmacia Biotech, Freiburg, FRG). A single
membrane segments in GLUT1 and to identify the amino garine residue in each of the external loops\() was

acid residues that form the end points at the boundary changed to cysteine to localize those positions that are
between loop and membrane segments. Confirmed bygensitive to pCMBS treatment. Dependent on pCMBS
independent groups, the cysteine-less version of GLUT1 sensitivity, cysteine-scanning mutagenesis of two amino acid
(Cys-less GLUT1) functioned as an active transport protein syretches was performed, each containing five loop residues
(13-19). Thus, a combination of site-directed and cysteine- ang eight or nine residues harbored in transmembrane
scanning mutagenesis of Cys-less GLUT1 was employed,segments. Mutations were confirmed by restriction fragment
t_ogethe_r with assessment of the pCMBS and NEM sensitivi- analysis and finally by DNA sequence analysis with a
ties of inserted single thiol groups. fluorescence 377 DNA Sequencer (ABI PRISM) connected
Data from glycosylation-scanning mutagenesis demon- to a Macintosh computer.
strated that insertion of a glycosylated domain into each of |n vitro cRNAs synthesis of Cys-less GLUT1 or Cys-
the external loops of the aglyco-GLUT1 did not impair replacement mutants was conducted withXbal-linearized
transport activity for all eventslQ). The most probable  plasmid templates using the MMESSAGE mMACHINE
explanation was that exofacial loops whose manipulation did transcription kit (AMBION, Austin, TX). After purification
not affect transport activity may not be essentially involved of the newly transcribed cRNAs with the RNeasy system
in the transport process. Therefore, it seemed reasonable tgQIAGEN, Hilden, FRG), the amount of cRNA was calcu-
test first the pCMBS sensitivity of loop thiol groups that |ated by counting the radioactivity of incorporatééq]thio-
replaced serine residues adjacent to the flanking transmem-UTP and, in addition, by determination of the 260 nm:280
brane segment in question. If inhibition of a mutant was nm absorbance ratio with a spectrophotometer.
greater than 50%, cysteine-scanning mutagenesis of flanking - xenopus Oocyte Isolation and Determination of Transport
regions was performed. The pCMBS reactivity of inserted Activity. Collection, defolliculation, and culture &fenopus
SH groups would indicate a location on the outer face of gocytes as well as cRNA injection into the cells were carried
the membrane or a position within the membrane helix that out routinely as reported previouslgq, 21).
is QCCESSING to hydration Water. Since the trgnsmembrane Tritium-labeled 2-deoxy-glucose (5QM, 1 4Ci/0.5 mL
helix length of membrangz protg:lns reportedl_y IS on average yransport assay) or @-methylo-glucose (1 mM, 5Ci/0.5
more than 20 amino acid residueks), cysteine-scanning | transport assay) was used as the glucose analogue for
mutaggne5|s of the defined amino acid stretc_h mclgded uptake determination. In an independent experiment, each
exofacial loop residues and transmembrane amino acids. group included 20 to 3Xenopusoocytes expressing Cys-
Experimental evidence that supported the following con- less GLUT1 or various Cys-replacement mutants; the
clusions was obtained. (a) Only the serine residues substi-transport assay contained-105 single oocytes in 0.5 mL
tuted in the first and fourth external loops led to marked of Barth’s modified saline solution (MBS). A comparable
pCMBS-induced transport inhibition. (b) When inserted into number of water-injectedenopusocytes served as a control
putative membrane-spanning segments, a few cysteineto indicate the translational efficiency of the cRNA-injected
residues were sensitive to inhibition by membrane-imper- group. After incubation for 30 min with 2-deoxy-glucose
meant pCMBS. (c) The results of cysteine-scanning mu- (2-DOG) or for 5 min with 30-methyl-o-glucose (3-OMG)
tagenesis of flanking regions, including the first-Etecond (linear range of uptake for each substrate), uptake of glucose
TM or the seventh TM-fourth EL boundary, were consistent analogues was terminated by washing the oocytes four times
with the local secondary structure predicted from hydropathy with 3 mL of ice-cold phosphate-buffered saline containing
analysis. (d) Inconsistency between the alternative topologi- 0.1 mM phloretin as the transport inhibitor. Oocytes were

Materials. The oligonucleotides for mutagenesis were
from GibcoBRL (Life Technologies, Eggenstein, FRG); the
radiolabeled glucose analogues (2-deoxj,6-*H]glucose,
with a specific activity of 26.2 Ci/mmol, and @-methyl-
p-[1-3H]glucose, with a specific activity of 2.5 Ci/mmol)
were from Amersham Buchler (Braunschweig, FRG). NEM
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Ficure 1: Twelve-helix membrane topology model of GLUT1. Amino acids of GLUT1 are indicated by their single-letter code. According

to the secondary structure predicted from the hydropathy profile, the putative transmembrane segments are shown in boxes. The shaded
regions highlight those amino acids and domains that are included in site-directed (S in a box) and cysteine-scanning mutagenesis (shaded
area). Positions that mark the end point residues of external loops are numbered. The six external loops are designdted EL |

individually transferred into scintillation vials and dissolved endogenous hexose transport system. To assess the pCMBS
by adding 0.5 mL of 1% SDS before the radioactivity was sensitivity of Cys-replacement mutants, the rather high
determined. Uptake rates were expressed as picomoles otoncentration of 2 mM for pCMBS was chosen. To take
accumulated 2-DOG or 3-OMG per oocyte per minute. into account all uptake rates determined for a particular Cys-
If cysteine substitution led to low transport activities (i.e., replacement mutant obtained from independent experiments,
2-DOG uptake 0f<20% of Cys-less GLUT1), uptake rates Vvalues of single inhibitor-treateXenopusoocytes were
were normalized to the relative amount of the mutant calculated as a percentage of the mean uptake rate of the
transporter protein expressed in total membrane fractions.corresponding untreated group.
On the basis of dot-blot analysis, as previously described in
detail 22), radioactivity was determined with a BAS-1500 RESULTS
Phospholmager (FUJIFILM) and TINA software, version  Substitution of Single Loop Serine Residues in Cys-less
2.09f (Raytest-Isotopenmessge)a Comparison of transport ~ GLUT1. To probe the interface between external loops and
activities was made by calculating the ratio of (mean uptake transmembrane segments, we used a strategy which com-
rate/relative amount of the particular Cys-replacement mu- bined single serine mutations at particular positions of
tant) to (mean uptake rate/relative amount of Cys-less external loops, cysteine-scanning mutagenesis, and modifica-
GLUTY). tion of inserted thiol groups by sulfhydryl reagents. pPCMBS
Transport Inhibition by pCMBS and NEMInhibition at concentrations increasing from 0.5 to 2.5 mM did not
experiments were carried out by using the membrane- affect 2-deoxyp-glucose uptake, whereas NEM at 10 mM
impermeant pCMBS and the membrane-permeable NEM thatreduced the catalytic activity of the Cys-less GLUT1 by about
covalently binds to SH groups. In the NEM-induced 30% (data not shown).
transport inhibition studies{enopusocytes were incubated In the first step, single serine residues within external loops
with 10 mM NEM for 60 min. This concentration was adjacent to flanking membrane-spanning segments were
chosen because prior testing indicated that NEM is not a replaced with cysteines by site-directed mutagenesis. Con-
very effective inhibitor of GLUT1 expressed Menopus sistent with the 12-helix membrane topology, five out of six
oocytes. Following NEM preincubation, 3-OMG uptake external loops (V) were individually modified by intro-
rates were shown to be the same whether NEM was presentlucing single thiol groups at positions that are indicated in
or absent in the transport assay. For experiments with theFigure 1. Presumably due to the structural similarity between
membrane-impermeant pCMBS{enopus oocytes were  serine and cysteine residues, cysteine substitution led only
incubated for 60 min before 2-DOG uptake was measuredto minor changes in transport activities, as documented for
for 30 min in the presense of the inhibitor. Five concentra- mutants S66C, S118C, S178C, S294C, and S368C (depicted
tions of pCMBS (increasing from 0.5 to 2.5 mM) were tested in Figure 2). Sensitivities to pCMBS, however, were quite
with respect to inhibition of Cys-less GLUT1-induced different. Mutants S66C and S294C carrying SH groups in
2-DOG uptake. Subtraction of uptake rates by the water- the first or fourth EL displayed 2-deoxy-glucose uptake
injected Xenopusoocytes was always mandatory since rates that were only 9 and 7% of that of the untreated group.
pCMBS was a very effective inhibitor of the oocyte Cysteine at position 368 was less sensitive to pCMBS,
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oo ELI ™ i ™I ELw Table 1: Effect of pPCMBS on Cys-Replacement Mutants
] Cys-replacement % activity no. of
= 120 region mutants + SD oocytes
g o] first EL T62C 130+ 35 85
@ T63C 141+ 30 79
F I L64C 95+ 41 83
o %07 W65C 38+ 31 69
© 1 S66C 9+ 5 95
5 60—
2 second TM L67C 94 27 66
2 40 S68C 93+ 23 80
8 1 V69C 70+ 17 71
£ 204 A70C 4+ 7 70
] 3 I71C 101+ 29 96
0+ < F72C nd 51
332885882 N iiEERRRTRERR88,2 S73C 3+2 49
Fra2vans><irons>nnsnodzasus>>nrnodn \V74C 108+ 30 69
Amino acids changed to cysteine residue second EL s118C 92 40 76
FiIGURE 2: Relative 2-deoxy-glucose uptake rates of cysteine- third EL s178C 114- 53 71
replacement mutants. Uptake of tritium-labeled 2-depsglucose
was assessed Kenopusocytes expressing the Cys-less GLUT1 ~ seventh TM SL228854CC 5& gg gg
or the indicated Cys-replacement mutants of the Cys-less GLUT1. o860 303t 190 69

Xenopusoocytes were injected with identical amounts of cRNA.

Taken from numerous independent experiments, a representative 1287C 7+5 70
mean uptake rate by the Cys-less GLUT1 of 2-depglucose N§88C 14+ %O 87
was 3.15+ 0.37 pmol of 2-DOG oocyté min~. Each bar indicates nggg Zii 13 ‘718
the mean uptake rate of a particular Cys-substitution mutant F2010 9t 4 77
expressed as percentage of that of the Cys-less GLUT1 in the same Y2920 881 29 63
experiment. Calculation of each mean included-30 single
Xenopusoocytes. n.d. means not detected. fourth EL Y293C 42+ 18 52
. . . . S294C +4 78
leading to 18% transport reduction. The cysteine residues T295C 140+ 43 99
inserted into the second or third EL were resistant with S296C 914 34 86
respect to transport inhibition by pCMBS. 1297C 323+ 169 99
Cysteine-Scanning Mutagenesis of the FirstHHecond fifth EL S368C 82+ 18 90

TM Region. Due to the effective transport inhibition by aWater-injectedXenopusoocytes and oocytes expressing single-
pCMBS modification of membrane-adjacent thiol groups cysteine mutants were incubated with 2 mM pCMBS at room
within the first and fourth external loops, we decided to temperature for 60 min. Thereafter, uptake of tritium-labeled 2-deoxy-
investigate local secondary structure at the interface betweerP-9'ucose was assessed as described in Materials and Methods. For

th | d_adioini ¢ b t beach single-cysteine-replacement mutant, the retained transport activity
ese loops and adjoining transmembrane Segments DY,ger pCMBS treatment was expressed as a percentage of the 2-deoxy-

performing cysteine-scanning mutagenesis. Regarding thep-glucose uptake rate in absence of pCMBS. Uptake rates obtained
flanking regions at the first Eksecond TM boundary, from water-injectedKenopusbocytes were subtracted. For single-Cys-
cysteine-scanning mutagenesis started from serine at positio%i%;%gwgpﬁegmtggtjt;l?éuries;en;rt‘ﬁe rtg?;”nupn%‘;?'gfmaag
66, which is predicted to be the end point at the C-terminal oocytes from three oFr) four independent experiments. nd mé)ans not
end of the loop, and was extended toward the C and N ggtécted.
termini of the protein (as shown in Figure 1). Single thiol
groups were inserted into an amino acid stretch that contained Among the active cysteine-replacement mutants whose
five residues of the first EL and eight residues of the second thiol groups are predicted to be located in the second TM, a
TM at its N-terminal end. Figure 2 shows that within this few displayed sensitivity to pPCMBS (Table 1). Uptake rates
domain only phenylalanine at position 72 appeared to be of mutants V69C, A70C, and S73C were inhibited by 30,
irreplaceable with respect to transport activity, so that for 96, and 97%, respectively, indicating that the inserted
the majority of mutants the pCMBS sensitivity and transport intramembranous SH groups were exposed to hydration water
inhibition could be assessed. If the low uptake rate of the or water held by cavities containing the sulfhydryl-reactive
F72C mutant was normalized to the relative amount of the agent. With respect to the ELTM boundary, it was
mutant protein in the total membrane fraction, transport particularly important that the residue at position 67, which
activity was 8% of that of the nonmutated Cys-less GLUT1 is predicted to be the N-terminal end point of the second
(for details, see Materials and Methods). TM, was not involved in pPCMBS-induced transport inhibition
The data in Table 1 demonstrate that pCMBS-sensitivity (94% retained transport activity), in contrast to the pCMBS-
scanning of thiol groups at the first external loop identified sensitive cysteine at position 66 that is predicted to form
S66C as the most sensitive mutant, displaying 9% remainingthe C-terminal limit of the first external loop. When the
transport activity after pPCMBS treatment. Sensitivities of membrane-localized residues are plotted on a helical wheel
the other loop cysteine residues decreased with increasing(Figure 3), pCMBS-sensitive residues within this portion of
distance by number from the flanking transmembrane seg-the second TM lie on one face of the helix. The entire amino
ment. It is worth noting that the two cysteine residues that acid stretch, including residues 622, is predicted to be
are farthest from the membrane site (i.e., Cys-63 and Cys-part of the second TM in both alternative membrane
62) even led to a modest stimulation of transport after topologies. In the 16-strand model, the following two
pCMBS treatment (141 and 130%, respectively). positions, i.e., Ser-73 and Val-74, are proposed to be part of
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Ficure 3: Helical wheel plot of residues in the second or seventh transmembrane segment. Residues of TM Il or residues of TM VII
changed by cysteine-scanning mutagenesis were plotted on a helix wheel and are indicated by the single-letter code. Positions of residues
sensitive to pPCMBS treatment are shown as bold letters.

the first cytoplasmic loop, whereas thé5 structure model ~ Asn-288 in the seventh TM almost eliminated transport
assumes these residues are within the membrane environactivity entirely. Transport activities of the G286C and
ment. The observation that S73C is an extremely pCMBS- N288C mutants were only 8 and 13%, respectively, com-
sensitive mutant particularly contributes to the following pared with the nonmutated Cys-less GLUTL1 if 2-deaxy-
discussion about how the different models are consistent with glucose uptake rates were normalized to the relative amount
the experimental data. of transporter protein in total membrane fractions (for details,
The observation that pCMBS can interact with particular see Materials and Methods). All other residues could be
intramembranous cysteine residues, whereas other SH groupseplaced by cysteine-scanning mutagenesis with respect to
(presumably because of the hydrophobic environment) aretransport activity. Regarding the membrane-adjacent region
excluded from accessibility, led to the question of how a of the fourth EL, data from Table 1 indicate that pCMBS
highly permeable thiol reagent like NEM would influence most effectively impaired 2-deoxy-glucose uptake if cys-
transport activity, especially of those mutants that were teine residues were localized close to the leagembrane
resitant to pCMBS. To investigate the role of individual boundary; Y293C, however, appeared to be less sensitive
SH groups in transport inhibition by NEM, @-methylb- than S294C (42 vs 7% retained activity, respectively).
glucose instead of 2-deoxyglucose was used as it is known Consistent with the observation from the first EL, the thiol
that NEM in cells inhibits the hexokinase reactio®3), group farthest from the transmembrane segment (Cys-297)
Regarding the first EL, the data in Table 2 indicate that NEM led to a tremendous increase in 2-deaxgiucose uptake
inhibited transport in the Cys-replacement mutants from 0 (323%) after pCMBS treatment that could be reversed by
to about 90% (N- to C-terminal direction). These data cytochalasin B (data not shown).
confirmed our previous observation that the inhibitory effect ~ Regarding transmembrane residues at the C-terminal end
caused by modification of SH groups decreased with of the seventh TM, nine residues in a row were individually
increasing distance from the flanking transmembrane seg-changed by cysteine-scanning mutagenesis (see Figure 1).
ment. It is noteworthy that L67C and S68C belong to those The data in Table 1 indicate that at least four cysteine
transmembrane mutants whose transport was only slightlyresidues of this membrane domain were accessible to
inhibited by NEM (86 and 87% retained activity, respec- pCMBS since transport activities of cysteine-substitution
tively). On the other hand, cysteine at position 69, which is mutants 1287C, N288C, V290C, and F291C were markedly
located at a pCMBS-restricted site of the helix, was inhibited (i.e., 7, 14, 44, and 9% retained activities, respec-
extremely sensitive to the membrane-permeant transporttively). In contrast, pPCMBS increased the extremely low
inhibitor (2% retained activity). Residues at position 70 and transport activity of the G286C mutant by 3-fold; the
73 were located in parts of the-helix that were accessible  stimulation could be prevented by cytochalasin B (data not
to both the permeable and the membrane-impermeant sulf-shown). Drawn on a helix wheel, pPCMBS-sensitive amino
hydryl-reactive agents. acid residues within this portion of the seventh TM lie on
Cysteine-Scanning Mutagenesis of theve®¢h TM- the same facial half of the helix (see Figure 3).
Fourth EL Region. Figure 2 indicates that replacement of NEM treatment of mutants whose thiol groups were
Tyr-293 (at the N-terminal end of the fourth EL) or Tyr- inserted into the fourth EL confirmed the observation made
292 (at the C-terminal end of the seventh TM) with cysteine after pCMBS application that transport inhibition decreased
residues decreased 2-demaglucose uptake rates each by when the distance between the SH groups and the membrane
76%. In addition, substitution of cysteine for Gly-286 and boundary increased (shown in Table 2). Consistent with data
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Table 2: Effect of NEM on Cys-Replacement Mutdnts of the Cys-less GLUT1 that include the flanking regions of
the external loop and transmembrane segment. Modification

region Cys:ﬁﬁzmem %fcst'gty O'Z)%ﬁés of single inserted cysteine residues by extracellular pCMBS,
frstEL Te2C o1t 22 s whose Q|str|but|0n is restricted ;0 Fhe aqueous phase, was
T630 1054 20 55 the basis for probing the exact limits of external loops and
L64C 77+ 21 59 transmembrane segments. In addition, the highly permeable
W65C 78+ 24 59 SH reagent NEM was used to address the role of individual
S66C 8+ 7 78 residues in transport inhibition independent of their acces-
second TM L67C 86 13 60 sibility to the aqueous phase.
\S/ggg 827i é6 ?g Following cysteine substitution of single loop serine
A70G 20+ 10 a1 residues adjacent to the flanking transmembrane segment,
171C 784 36 58 pCMBS treatment-induced transport inhibition 8f90%
F72C nd 30 exclusively occurred in mutants whose thiol groups were
\3/;22 7151 23 gg present in EL | and IV, respectively. By coincidence,
glycosylation-scanning mutagenesis experiments suggested
seventh TM SL228854CC 97 & gé gg that the second and third ELs of GLUT1 are not necessarily
G286C 2104 425 73 involved in the transport procesd@). Thus, cysteine-
1287C 154+ 39 60 scanning mutagenesis was carried out at the flanking regions
N288C 28+ 37 57 of the first EL—second TM and seventh T¥fourth EL
nggg j%i %g gé boundaries. The majority of amino acids could be replaced
F2910 o4 43 with respect to transport. Considering previously published
Y292C 49+ 25 89 site-directed mutagenesis results at this domain, Trp-65 could
fourth EL ¥293C 37+ 31 60 be replaced by either glycine or leucirigl), supporting the
S294C 6+ 13 59 notion that tryptophan at this position can be changed to a
gggg gli gé gtz) number of other amino acids without a change in the
P97C 20t 61 59 transport activity. The change of phenylalanine at position

— = 72 reduced transport activity to almost zero. Normalized to
* Water-injectedXenopusoocytes and oocytes expressing single- the relative amount of F72C mutant protein in total mem-

cysteine mutants were incubated with 10 mM NEM at room temperature - 0
for 60 min. Thereafter, uptake of tritium-labeled®methylo-glucose brane fraction, the mean uptake rate was only 8% compared

was assessed as described in Materials and Methods. For each singlédith that of the nonmutated Cys-less GLUT1. Further
cysteine-replacement mutant, the retained transport activity after NEM experiments are needed to determine whether the loss of

treatment was expressed as a percentage of Beriethyln-glucose phenylalanine per se or the particular change to cysteine

transport rate in the absence of NEM. Uptake rates obtained from water- asiques accounts for transport inactivation. Elucidating the
injectedXenopusocytes were subtracted. For single-Cys-replacement . - . . -
mutants, values are the mean percentdgetandard deviation of particular role of aromatic amino acids in the transport

retained uptake rates and the total number of SimBopumocytes aCtIVIty Of thIS he|IX |S an attl’aCtlve goal Of future InVEStIga-
from two or three independent experiments. nd means not detected. tions because, in addition to Phe-72, TM Il contains two

more phenyalanine residues at positions 81 and 86.

from pCMBS-sensitivity scanning, covalent modification by !N the fourth EL—seventh TM region, including residues
NEM of the cysteine residue at position 297 resulted in L€U-284-1s0-297, four cysteine-replacement mutants dis-

stimulation of transport by a factor 2. With respect to Played 2-deoxy-glucose uptake rates that were less than
identification of the seventh TMfourth EL boundary, NEM ~ 20% of that of the nonmutated Cys-less GLUTL. The
caused an almost equal inhibition of transport activities of lltérature suggests that the tyrosine residues at positions 292
the Y293C (fourth EL) and Y292C (seventh TM) mutants, &1d 293 play an active role in transport since replacement
whereas pCMBS failed to inhibit transport induced by with phenylalanine reduced t.helr relative intrinsic actlyltles
Y292C. For the majority of membrane-harbored residues {0 50 and 80% of that of wild-type GLUT1, respectively

in TM VII, however, the ability of NEM to inhibit glucose ~ (24). Ifisoleucine was introduced in place of Tyr-29%8uax
transport was similar to that observed after pCMBS treat- '0F 2-deoxye-glucose was markedly reduced, and in addi-
ment. This statement is also valid for the stimulatory effect 0N, @ dramatic (300-fold) reduction in affinity for the

by NEM on the G286C mutant-induced uptake rates (210% endofacial transport inhibitor cytochalasin B was observed
(25). In the Cys-less GLUT1, individual substitution of

increase). . ; - :
cysteine for tyrosine at each position led to reduction of
DISCUSSION transport activity by 76%. Site-directed replacement of these
tyrosine residues with a different aromatic amino acid seems
Site-Directed and Cysteine-Scanning Mutagenedis. not to be sufficient to maintain full transport activity;

investigate the local secondary structure within defined impairment of transport, however, was moderate compared
portions of GLUT1 and, in particular, to identify those with the decrease in uptake rates due to a single change of
residues that form the end points of external loops and a tyrosine to a cysteine. The importance of this loop for
putative transmembrane segments, we used a GLUT1 mutanglucose transport was supported by recent data showing that
that was devoid of cysteine residues. The cysteine-lesssubstitution of alanine for Ser-310 and Thr-311 in GLUTA4,
version of GLUT1 (Cys-less GLUT1) fortunately functioned corresponding to positions 294 and 295 in GLUT1, respec-
as an active transport proteih3—15). Thus, the reactivity  tively, suppressed transport activity?g). Binding and

of single thiol groups was introduced into protein domains photolabeling experiments suggest that substitution of each



10744 Biochemistry, Vol. 37, No. 30, 1998 Olsowski et al.

of these residues locks the transporter in an outward-facingWith respect to these loop positions, one can speculate that
conformation. In the Cys-less GLUT1, Ser-294 and Thr- pCMBS is able to induce structural changes that are
295 could be replaced however with respect to transport sinceadvantageous to conformational changes. Addressing the
substitution by cysteine residues did not reduce (Thr-295) boundaries of loop and transmembrane segments in this
or only marginally (Ser-294) reduced transport activity. In region, we faced the difficulty that transport activities after
the putative transmembrane segment, the transport activitiesndividual replacement of the tyrosine residues at positions
of two other single cysteine mutants, i.e., G286C and N288C, 292 and 293 were remarkably low, displaying only 24% of
were also markedly reduced, indicating that glycine and that of the nonmutated Cys-less GLUT1. Despite this caveat,
asparagine are irreplaceable residues. the pCMBS sensitivity was demonstrated for the end point
pCMBS-Sensitity Scanning Regarding the flanking  residue of the loop but was almost absent for the counterpart
segments at the first Etsecond TM boundary, pCMBS in the putative transmembrane segment. Conversely, the
exerted dramatic transport inhibition if the SH group was difference in NEM sensitivities of both residues was only
present at the putative C-terminal limit of the loop (position marginal (37% retained transport activity for Y293C vs 49%
66). It is important to note that the respective counterpart retained transport activity for Y292C). This inhibition
on the membrane side (position 67) did not respond to pattern suggests that the transition between the membrane-
pCMBS application. Prediction of the exact limits however spanning segment and the external loop is between Tyr-292
was hindered by the fact that NEM treatment led to results and Tyr-293, as predicted from the hydropathy plot. In the
comparable to those for the pCMBS effect, suggesting that postulated transmembrane portion of the mutated amino acid
leucine 67 does not play a major role in the transport process.stretch, the inhibitory effects exerted by pCMBS or NEM
When the other loop cysteine residues were tested, pCMBSwere surprisingly similar. Helical wheel drawing demon-
sensitivities decreased with increasing distance from the strated that the pCMBS-sensitive residues lie on the same
membrane boundary, and the N-terminal end point thiol facial half of the helix. Transport stimulation of G286C
group even led to transport stimulation of the mutant induced by pCMBS or NEM has to be interpreted with
transporter. It is tempting to speculate that loop residues caution since the transport activity of the untreated mutant
proximal to the membrane segments play a more critical role was less than 10% of that of the nonmutated Cys-less
in the transport process than those that are farther from theGLUT1. Cytochlasin B-mediated inhibition however indi-
membrane helix. This may be due to their preferred role in cated that the stimulation of 2-deoxyglucose uptake was
the restraint of flexibility of helix arrangement necessary for due to an increase in transport activity of the mutant
conformational changes. The reason the most distal cysteindransporter. One might speculate that pCMBS would
residue led to transport stimulation after pCMBS treatment compensate for changes due to the loss of the nonpolar

remains an open question. hydrophobic glycine by interaction with the cysteine residue.
Since the GLUTL1 protein is largely accessible to water, = Compatibility of Alternatie Membrane Topology Models
as concluded from deuterium exchange experim@ng), with Experimental Data Results from pCMBS-sensitivity

scanning of pCMBS sensitivity provided useful information scanning have been mainly considered in light of the 12-
with respect to the secondary structure of transmembranehelix membrane topology. Since there are good arguments
segments. Helical turns presumably place Val-69 into a in favor of two alternative secondary structure modés (
position that is partly restricted from reaction with pPCMBS 3), i.e., the 165-strand (16-TM) or thex/$ structure model
but fully accessible to NEM. Thiol groups at positions 70 with 14 transmembrane segments (14-TM), determining how
and 73 were accessible without restriction to both pCMBS these proposed structures are consistent with our experimental
and NEM. Consistent with the view that the residues at data was of particular interest.
positions 6774 are part of a helical structure, pPCMBS- (a) In both alternative topology models, the first €L
sensitive residues, when drawn on a helix wheel, are second TM region containing residues—-624 (see Figure
positioned on the same face of the helix. With respect to 1) is predicted to be partially (16-TM) or entirely (14-TM)
the exact limits of the membrane helix or flanking external part of the second TM. The residues at positions 65 and
loop, predictions deduced from hydropathy plots are con- 66, which in the 12-helix model are located at the C-terminal
sistent with the experimental data because distinct pCMBS end of the first loop, are both inhibited by pCMBS. In a
sensitivities were observed for L67C and S66C with the g-barrel structure, it is less likely that two adjacent residues
stipulation that the thiol group of the transmembrane segmentare affected by a membrane-impermeant inhibitor like
could be accessible to pCMBS without leading to transport pCMBS. Furthermore, the transport activity of the mutant
inhibition. Even if pPCMBS is capable of reaching residues that carries the cysteine residue at position 73 was dramati-
in transmembrane segments, as also was anticipated for theally inhibited by pCMBS treatment (3% remaining activity).
alternative topology models, data obtained from pCMBS- The 16-TM model, however, predicts that this residue is part
sensitivity scanning of the putative first external loop are of the first cytoplasmic loop. We know from single-cysteine
not characteristic of a membranehelix or a g-strand mutants of wild-type GLUTL1 that the external application
structure. of pCMBS failed to affect glucose transport if the exofacially
Regarding the flanking regions at the fourth-E¢eventh exposed Cys-429 was removed, although all other cysteines,
TM boundary, remarkable inhibitory effects caused by including one cytoplasmic loop residue, were still present
pCMBS and NEM were observed for those cysteines that (8).
are located in the N-terminal limit of the loop. Also like (b) The pCMBS-induced transport inhibition by modifica-
the results from the first EL, but even more pronounced, tion of thiol groups at positions 6266, representing external
was the stimulation of transport induced by thiol groups loop residues in the 12-helix model, was characteristic in
located a few positions from the transmembrane segment.that the increase in pCMBS sensitivity correlates with the
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closer location of thiol groups to the transmembrane segment 5.

limit. Regarding the alternative topology models, acces-
sibility of inserted thiol groups to pCMBS would steadily
increase from the membrane periphery toward the middle
of the second transmembrane segment.

(c) Both alternative topology models assume that the entire
amino acid stretch containing the seventh Ffdurth EL
region (residues 284297) is part of an external loop. This
prediction must explain the characteristic pattern of pPCMBS-
sensitivity scanning exhibiting alternation of sensitive and
insensitive thiol groups at positions 28292 (transmem-
brane segment in the 12-helix topology) and, in addition,
the continuous decline in inhibition by pCMBS for positions
293-297 (loop segment in the 12-helix model). Moreover,
positions 292 and 293 were affected differently by pCMBS
which is consistent with the respective end points of loop
and transmembrane segment.

We are aware of the fact that the transmembrane helices
may extend beyond the membrane and form part of the loop
structure. Thus, the partition of the entire amino acid stretch
into two sections, one containing the alternating pCMBS
sensitivities assigned to the membrane helix and the other
displaying decreasing pCMBS sensitivities assigned to the
external loop structure, may be an oversimplification. Taken
together, the pCMBS-sensitivity scanning data at two dif-
ferent locations of GLUT1, however, are more consistent
with the 12-helix membrane topology than with the two
alternative secondary structure models.
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