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ABSTRACT. The aim of this study was to identify charged amino acid residues important for activity of
the sulfate transporter SHST1. We mutated 10 charged amino acids in or near proposed transmembrane
helices and expressed the resulting mutants in a sulfate transport-deficient yeast strain. Mutations affecting
four residues resulted in a complete loss of sulfate transport; these residues were D107 and D122 in helix
1 and R354 and E366 in helix 8. All other mutants showed some reduction in transport activity. The
E366Q mutant was unusual in that expression of the mutant protein was toxic to yeast cells. The R354Q
mutant showed reduced trafficking to the plasma membrane, indicating that the protein was misfolded.
However, transporter function (to a low level) and wild-type trafficking could be recovered by combining
the R354Q mutation with either the E175Q or E270Q mutations. This suggested that R354 interacts with
both E175 and E270. The triple mutant E175Q/E270Q/R354Q retained only marginal sulfate transport
activity but was trafficked at wild-type levels, suggesting that a charge network between these three residues
may be involved in the transport pathway, rather than in folding. D107 was also found to be essential for
the ion transport pathway and may form a charge pair with R154, both of which are highly conserved.
The information obtained on interactions between charged residues provides the first evidence for the
possible spatial arrangement of transmembrane helices within any member of this transporter family.
This information is used to develop a model for SHST1 tertiary structure.

Plants are able to take up sulfate from the soil using the properties of one member of the SulP family. Charged
specific, high-affinity transporters, which are energized by amino acid residues have been implicated in the functioning
cotransport of the sulfate molecule with protons. The first of a number of different transporter$8). Charged amino
sulfate transporters to be identified and cloned from a plant acids within transmembrane helices are likely to be required
were from the tropical legum8tylosanthes hamatd). S. for structure or function because of the energy cost required
hamata possesses three homologous sulfate transportersfo bury them within the membrane. For example, in the
SHST1 and SHST2, which are 95% identical at the amino lactose permease frofscherichia coli all charged amino
acid level, and SHST3, which is 55% identical to SHST1 acids within transmembrane helices have functional roles,
and SHST21). All three transporters have been expressed having either a direct involvement in the transport mechanism
and characterized in a sulfate transport-deficient yeast mutantor a structural role in forming charge pai®)(Interactions
In this system, SHST1 and SHST2 hd¢gvalues for sulfate ~ between the charged amino acids in the lac permease have
of around 1uM, and SHST3 has a 10-fold lower affinity. been proposed on the basis of studies involving mutagenesis
The different transporters have different expression patternsand isolation of second site revertaris (These interactions
and are thought to have different roles within the pla)t (  have recently been confirmed by the crystal structure of the
SHST1 and/or SHST2 are (is) strongly expressed in rootslac permeasel(Q), validating the mutagenesis approach.
under conditions of sulfate deprivation, suggesting a major SHST1 contains a number of charged amino acid residues
role in sulfate uptake under these conditions. in putative transmembrane helices (Figure 1). The role of

These transporters belong to the SulP family, members charged residues in members of the SulP family has not yet
of which are found throughout the prokaryotic and eukaryotic been analyzed, except in prestin, a molecular motor protein
kingdoms. Mutations in human homologues are responsiblethat is homologous to SulP transportet8)( However, this
for the diseases Pendred syndrome, diastrophic dysplasiamutagenesis focused on nonconserved charges that may act
and congenital chloride diarrhe8)(There is, however, litle  as the voltage sensor, a function that is unique to prestin
known about the structure and function of any member of within the SulP family. It has been suggested that arginine
this family. The expression of the plant sulfate transporter, residues may have an essential role in sulfate transporters
SHST1, in yeast provides a useful system with which to study from barley roots, based on chemical modification studies
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Ficure 1: Proposed topology of SHST1 indicating the positions of charged amino acid residues altered in this study. Two putative
glycosylation sites are also shown.

highly conserved than the protein as a whole. Charged aminoat 500@ for 15 min, washed and resuspended in sulfur-free
acid residues are distributed throughout the putative trans-growth medium supplemented with galactose, and incu-
membrane helices of SHST1, with a greater number of bated at 30C for 15 min prior to the uptake measurements.
negative charges found. The predicted ends of many helicesCells were then incubated with different concentrations of
are also defined by charged amino acids. The aim of the [3*S]sodium sulfate. Samples were withdrawn after 2 min,
present study was to use site-directed mutagenesis toand the reaction was stopped by rapid centrifugation through
investigate the roles of charged amino acid residues within a silicone oil layer into 5L of 40% perchloric acid. Radio-
transmembrane helices and to identify the interactions activity in the pellet was determined by liquid scintillation
between them. We also mutated some conserved charged¢ounting. Uptake by YSD1 transformed with pYES3 was
residues at the ends of helices in addition to those predictedsubtracted from the data for each mutant. The Michaelis
to be within transmembrane helices. Previously, D107, a Menten equation was fitted to the data obtained to give a
highly conserved amino acid located at the cytoplasmic Ky andVimax

border of helix 1 (Figures 1 and 2), had been mutated, Methylammonium Uptake Assayiptake of E4C]methy|_
resulting in the complete loss of sulfate transport activity ammonium was performed as previously describ&g).(
(14). R154 at the cytoplasmic end of helix 2 was targeted yeast cells were grown to mid log phase in nitrogen-free
because this residue, like D107, is conserved throughout theyNB media minus uracil, supplemented with 38.26 mg/L
SulP family (Figure 2). K386, at the cytoplasmic end of helix homocysteine thiolactone, 1% proline, and 2% glucose. Two
9, was mutated because a previous study had found thafjiquots of cells were collected by centrifugation and resus-
mutation of the adjacent residue, E387, had a severe effectyended in either the same medium, as an uninduced control,
on trafficking of SHST1, suggesting that loss of this charged or a similar medium containing 2% galactose instead of
residue resulted in misfolded proteihy. glucose to induce expression of SHST1. After 6 h, cells were
harvested, resuspended in 0.1 M sodium phosphate buffer,
MATERIALS AND METHODS pH 7, with 2% glucose, and incubated at 3D for 15 min.
Molecular Biology.Standard procedures were used for Cells were then incubated with 50/ [*“C]methylammo-
bacterial plasmid isolation and transformation i&ocoli. nium. Samples were withdrawn every minute for 4 min, and
SHST1 in the yeast expression vector pYE$6) (vas used the reaction was stopped by rapid centrifugation through a
for site-directed mutagenesis, using the QuikChange methodsilicone oil layer into 5ulL of 40% perchloric acid.
from Stratagene. Mutagenic oligonucleotides were-25 Rgdioactivity in the pellet was determined by liquid scintil-
bases long and included the codon changes shown in Tabldation counting.
1. The entireshstlcDNA was sequenced following mu- Preparation of Plasma Membranes for Western Blotting.
tagenesis to confirm that no PCR-derived errors had arisen.Yeast cells for membrane preparation were grown to mid
Yeast Growth and TransformatioSaccharomyces cere- log phase in sulfate-free media minus uracil and supple-
visiaestrain YSD1, which has a deletion in the native sulfate mented with homocysteine thiolactone and 2% galactose.
transporter gene, Sulll§), was used for expression of Plasma membranes were separated from internal membranes
SHST1 and the mutants derived from it. Sulfate-free growth by running cell lysates on a sucrose density gradient
medium was prepared as previously describ#6) @nd following the procedure of Katzmann et al9j, as modified
supplemented with either 38.26 mg/L homocysteine thio- by Khurana et al.15). Western blots of different fractions
lactone or 10QuM sulfate and either 2% galactose or 2% probed with antisera against marker proteins from different
glucose. Yeast transformation was by a LICI/PEG method organelles demonstrated that there was good separation
(17). between the ER and the more dense plasma membt&he (
Sulfate Uptake Assayf®®S|Sulfate uptake assays were We confirmed that the plasma membrane fractions were
based on those described by Smith et Bl16). Yeast cells separated from the endoplasmic reticulum by using antisera
were grown to mid log phase in sulfate-free media minus against BiP, an endoplasmic reticulum chaperone protein
uracil and supplemented with homocysteine thiolactone andfrom yeast 20) (Figure 3). Most BiP was located in fractions
2% galactose. Cells were then harvested by centrifugation6—9, indicating the presence of ER in these fractions.



Interactions between Charged Amino Acids in SHST1 Biochemistry, Vol. 42, No. 44, 20032943

D107 D122 R154

SHST1 HYDLEKK-FRGDFIAGLTIASLCIPODLAYAKLANLDPWYGLYSSFVAPLVYAFMGTSRDIAIGPVAVV
SHST3 TYSATK-FKDDLLSGLTLASLSIPOSIGYANLAKLDPQYGLYTSVIPPVIYALMGSSREIATGEVAVVYV
AT4060 GYSLEY-LKSDVISGITIASLATIPQGISYAQLANLPPILGLYSSLVPPLVYAIMGSSRDLAVGTVAVA
DTDST KYDLKKNILGDVMSGLIVGILLVPQSIAYSLLAGQEPVYGLYTSFFASIIYFLLGTSRHISVGIFGVL
SAT-1 QYRLKEYLAGDVMSGLVIGIILVPQATIAYSLLAGLOPIYSLYTSFFANLIYFLMGTSRHVNVGIFSLL
Pendrin KYRVKEWLLSDVISGVSTGLVATLQGMAYALLAAVEVGYGLYSAFFPILTYFIFGTSRHISVGPFEVV
SUL-1 HYNFTW-GYADLVAGITVGCVLVPOSMSYAQIASLSPEYGLYSSFIGAFIYSLFATSKDVCIGPVAVM

* KRk .o * ook ook JEE L A A :

E175

SHST1 SLLLGTLLSNEIS-=-=-=======-=-ccccee==- NTKSHDYL-=-=-========= RLAFTATFFAGVT
SHST3 SLLLSSLVPKMIDP----------—---—---—-—-- DAHPNDYR------------ NLVFTVTLFAGIF
AT4060 SLLTAAMLGKEVNA--------------------- VVNPKLYL------------ HLAFTATFFAGLM
DTDST CLMIGETVDRELQKAGYDNAHSAPSLGMVSNGSTLLNHTSDRI - - - -CDKSCYAIMVGSTVITFIAGVY
SAT-1 CLMVGQVVDRELQLAGFD--PSQDSLGPGNNDSTLNNTATLTVGLODCGRDCHAIRTIATALTLMAGLY
Pendrin SLMVGSVVLSMAPDEHF-------- LVSSSNGTVLNTTMIDTA- - - - - ARDTARVLIASALTLLVGIT
SUL-1 SLOTAKVIAEVLEKYP------------------- EDQTEVIAP----------~- ITATTLCLLCGIV

* . . . ce k.
SHST1 QMLLGVCRLGFLIDFLSHAAIVGFMAGAAITIGLOQLKGLLGISNNNFTKKTDIISVMRSVWTHVHH-
SHST3 QTAFGVLRLGFLVDFLSHAALVGFMAGARAIVIGLQQLKGLLGLT—-HFTTKTDAVAVLKSVYTSLHQQ
AT4060 QTCLGLLRLGFVVEILSHAAIVGFMGGAATVVCLQQLKGLLGLH- -HFTHSTDIVIVLRSIFSQSHMW
DTDST QVAMGFFQVGFVSVYLSDALLSGFVTGASFTILTSQAKYLLGLN - - - -LPRTNGVGSLITTWIHVFRN
SAT-1 QVLMGILRLGFVSTYLSQPLLDGFAMGASVTILTSQAKHLLGVR - - - - IPRHQGLGMVIHTWLSLLON
Pendrin QLIFGGLQIGFIVRYLADPLVGGFTTARAFQVLVSQLKIVLNVS----TKNYNGVLSIIYTLVEIFQN
SUL-1 ATGLGILRLGFLVELISLNAVAGFMTGSAFNIIWGQIPALMGYN-SLVNTREATYKVVINTLKHLPNT

L h — .. .o .. . * .. .. .
E270
SH8T1 3 -------mmmmm-—m-- GWNWETILIGLSFLIFLLITKYIAKKNKKLFWVSAISPMISVIVSTFFVYI
SHST3 IT-----—-—------ SSENWSPLNFVIGCSFLIFLLAARFIGRRNKKFFWLPAIAPLLSVILSTLIVFL
AT4060 L ] WESGVLGCCFLIFLLTTKYISKKRPKLFWISAMSPLVSVIFGTIFLYF
DID3T @3 --=--===mmm ===~ IHKTNLCDLITSLLCLLVLLPTKELNEHFKSKLKAPIPIELVVVVAATLASHF
SAT-1 @ @ —--------——--—- VGQANLCDVVTSAVCLAVLLTAKELSDRYRHYLKVPVPTELLVIVVATIASHE
Pendrin = --------------- IGDTNLADFTAGLLTIVVCMAVKELNDRFRHKIPVPIPIEVIVTIIATAISYG
SUL-1 KLDAVFGLIPLVILYVWKWWCGTFGITLADRYYRNQPKVANRLKSFYFYAQAMRNAVVIVVFTAISWS
. . . . *
R354 E366
SHST1 TRADK----RGVSIVKHIKSGVNPSSANEI - FFHGKYLGAGVRVGVVAGLVALTEATIATGRTFARAMED
SHST3 SKGDK- - - -HGVNIIKHVQGGLNPSSVHKL-QLNGPHVGQARKIGLISATIIALTEAIAVGRSFANIKG
AT4060 LHDQF----HGIQFIGELKKGINPPSITHL-VFTPPYVMLALKVGIITGVIALAEGIAVGRSFAMYKN
DTDST GKLHEN---YNSSIAGHIPTG----- FMPPKVPEWNLIPSVAVDAIAISIIGFAITVSLSEMFAKKHG
SAT-1 GQLHTR---FGSSVAGNIPTG----- FVAPQIPDPKIMWSVALDAMSLALVGSAFSISLAEMFARSHG
Pendrin ANLEKN---YNAGIVKSIPRG----- FLPPELPPVSLFSEMLAASFSIAVVAYATAVSVGKVYATKYD
SUL-1 ITRNKSSKDRPISILGTVPESG---LNEVGVMKIPDGLLSNMSSEIPASTIIVLVLEHIAISKSFGRIND
. . * .. . .. .
K386

SHST1 YALDGNKEMVAMGTMNIVGSLSSCYVTTGSFSRSAVNYMAGCKTAVSENIVMSIVVLLTLLVITPLFKY
SHST3 YHLDGNKEMLAMGCMNIAGSLTSCYVSTGSFSRTAVNFSAGCKTAVSENIVMAVTIVLLCLELFTRLLYY
AT4060 YNIDGNKEMIAFGMMNILGSFSSCYLTTGPFSRSAVNYNAGCKTALSNVVMAVAVAVTLLFLTPLFFY
DTDST YTVKANQEMYATIGFCNIIPSFFHCFTTSAALAKTLVKESTGCHTQLSGVVTALVLLLVLLVIAPLFYS
SAT-1 YSVSANQELLAVGCCNVLPAFFHCFATSAALSKTLVEIATGCQTQLSSVVSAAVVLLVLLVLAPLFHD
Pendrin YTIDGNQEFIAFGISNIFSGFFSCEFVATTALSRTAVOQESTGGKTOQVAGIISAATVMIATILALGKLLEP
SUL-1 YEVVEDQELIATIGVTNLIGTFFHSYPATGSFSRSALKAKCNVRTPFSGVFTGGCVLLALYCLTDAFFF

* . P * * * . . - . . PR . . . ¥k - - . . . - .

K494 E497
SHST1 TPNAVLASIIIAAVVN-LVNIEAMVLLWKIDKFDFVACMGAFFGVIFKSVEIGLLIAVAISFAKILLQ
SHST3 TPMAILASIILSALPG-LIDIGEAYHIWKVDKFDFLACLGAFFGVLFVSIEIGLLIALSISFAKILLY
AT4060 TPLVVLSSIIIAAMLG-LVDYEAATHLWKLDKFDFFVCLSAYLGVVFGTIEIGLILSVGISVMRLVLF
DTDST LOKSVLGVITIVNLRGALRKFRDLPKMWSISRMDTVIWFVTMLSSALLSTEIGLLVGVCFSIFCVILR
SAT-1 LORCVLACIIVVSLRGALRKVEDLPQLWRLSPADALVWVATAATCVLVSIEAGLLAGVFFSLLSLAGR
Pendrin LOKSVLAAVVIANLKGMFMQLCDIPRLWRONKIDAVIWVFTCIVSIILGLDLGLLAGLIFGLLTVVLR
SUL-1 IPKATLSAVITIHAVSDLLTSYKTTWTFWKTNPLDCISFIVIVFITVFSSIENGIYFAMCWSCAMLLLK
* .. . . . ® * . . . . ® . . .

Ficure 2: Alignment of selected SulP transporters. The transporter sequences were chosen to reflect different subgroups with the SulP
family, and Clustal W was used to generate the alignment. Only the transmembrane regions are shown as the N- and C-terminal tails are
quite divergent. Invariant residues are indicated by an asterisk, conserved residues by a colon, and semiconserved residues by a period. The
residues mutated in this study are highlighted, and the number of the SHST1 residue is given. Predicted transmembrane helices for SHST1
are shown by a gray bar above the sequence; these may not correspond exactly to transmembrane helices for all of the other transporters
shown. The transporters shown are as follows (GenBank accession number in parentheses)SShisidtanigh-affinity sulfate transporter

(P53391); SHST3S. hamatdow-affinity sulfate transporter (P53393); AT406&abidopsis thaliangutative sulfate transporter (004289);

DTDST, human diastrophic dysplasia sulfate transporter (P50443); SAT-1, rat sulfate anion transporter (P45380); pendrin, human sodium-
independent chloride/iodide transporter (043511); SUK:1¢ereisiae high-affinity sulfate transporter (P38359).
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Table 1: Mutations Introduced into SHST1 Table 2: Properties of SHST1 Mutants
amino acid amino acid Viax [nmol of
change codon change change codon change complementation sulfate mint
. . on 100uM (mg of
Big;“ g82232$—» x¥ Egggg é((llllzsg))iﬁ_, gﬁé mutant strain sulfate? Km (uM)®  protein)™]®
R154Q  A(520)GA— CAG K386Q A(1216)AA— CAG SHST1 +++ 9.0+ 2 3.03+0.28
E175Q G(583)AG— CAA K494Q A(1540)AG— CAA pYES - <0.05
E270Q G(868)AG— CAA E497Q G(1549)AA— CAA D107N - <0.05
D122N - <0.05
Fraction 5 6 7 8 9 10 11 12 13 14 E%g’gg Iii iil.iobl.e g:ggi 8:85
E270Q A+ 11.1+ 0.7 0.40+0.04
kDa R354Q - <0.05
E366Q - ND ND
98 — K386Q o+ 6.9+ 1.2 2.19+0.09
62 T K494Q +++ 2.6+0.3 1.0+0.04
_ E497Q +++ 9.840.8 1.88+0.21
49 D107N/R154Q - <0.05
D122N/R354Q - <0.05
Ficure 3: Western blot of fractions from a sucrose gradient probed E175Q/R354Q + 2.0+04  0.21+0.02
with antisera against yBiP, an ER-specific chaperd®. (Yeast E270Q/R354Q ++ 27£0.3  0.28+0.04
cell extracts were loaded onto a sucrose density gradient andEl?SQlEzleR354Q _ 15.14+£3.0 0.15+0.04

separated by centrifugation as described in Materials and Methods, 2Key: +++, wild-type growth;++, moderate growth:, poor

based on the procedure of Katzmann et 48).(Fractions 514 growth; —, no growth.” Uptake of f°S]sulfate was measured at different

are shown (5 being the least dense). Plasma membranes are foundoncentrations of sulfate, and the Michaelidenten equation was fitted

in the more dense fractiond ), which are shown here to be to the data to determine tt&, andVmax. Each value is the mean (with

relatively free of ER. standard error) of at least three independent experiments=Nidt
determined.

Fractions 16-12 were combined to obtain plasma membrane

proteins for Western blotting to detect the level of cell surface 1 yeast. This toxicity was investigated further as described

expression of SHST1 in each mutant. Equivalent amounts pejow.

of plasma membrane protein were loaded on an-SBSGE

gel. Proteins were resolved by SBBAGE, blotted onto

nitrocellulose using a semidry transfer protocol, and probed

with polyclonal antisera raised against SHST%)(Immuno-

reactive SHST1 was detected with horseradish peroxidase

conjugated goat anti-rabbit IgG (ICN) and enhanced chemi-

luminescence (Pierce, SuperSignal substrate).

The other six mutants were able to complement YSD1,
as indicated by growth when sulfate was the sole source of
sulfur (Table 2). The ability of each mutant strain to take up
[®°S]sulfate was determined, and the kinetic parameters of
“sulfate transport are shown in Table 2. The mutants R154Q
and E270Q both had substantially reduced levels of sulfate
transport, with theVnax values being less than 20% of the
RESULTS wild type. R154Q also showed a 2-fold increase in affinity

for sulfate, while theK,, for sulfate of E270Q was similar

Construction and Functional Analysis of Single Charge to wild type. The remaining mutants, E175Q, K386Q,
Mutants. Site-directed mutagenesis was used to introduce K494Q, and E497Q, all retained some sulfate transport
the mutations shown in Table 1 into SHST1. All charged activity, although none was fully wild type in character.
amino acid residues predicted to be within the membrane, K494Q also showed an increase k. Thus, all of the
as well as two at the ends of helices (Figure 1), were replacedmutations had some effect on sulfate transport activity,
by polar residues in order to investigate the role of the charge suggesting roles for these charged amino acid residues.
group at each position. Each mutant plasmid was transformed Construction and Analysis of Double and Triple Mutants.
into the sulfate uptake deficient yeast strain, YSD1, and Of the four mutations that abolished function, three affected
analyzed for sulfate transporter function. The results for the negatively charged amino acids (D107N, D122N, and
mutant D107N have been published previoudl) (but are E366Q) and only one affected a positively charged amino
included here for comparison. Of the ten mutants, four were acid (R354). The high energy cost of burying an arginine
unable to complement YSD1 on growth media containing residue within the lipid bilayer makes it very unlikely that
100uM sulfate and galactose, indicating that these mutants this residue is not either charge paired or hydrogen bonded
had lost the ability to take up sulfate (Table 2). Interestingly, to other residues. We were interested to see if R354 was
all four of the nonfunctional mutants involved amino acid paired with one of the negatively charged residues. The
residues localized to either helix 1 (D107 and D122), which predicted positions of charges within the membrane (Figure
has previously been suggested to be involved in transportl) suggest that likely partners for R354 are D122, E175, or
(13, 14), or helix 8 (E366 and R354). Consistent with the E270. We therefore constructed double mutants in which
failure of these mutants to show complementation of growth, R354 and either D122, E175, or E270 were neutralized. Both
we were unable to measure significant levels of sulfate E175Q/R354Q and E270Q/R354Q were able to complement,
transport for the D107N, D122N, and R354Q mutants (Table allowing YSD1 to grow on sulfate media, but D122N/R354Q
2). We found that it was not possible to grow the E366Q was not (Table 2). The sulfate transport activity of both
mutant in defined growth media where the carbon source E175Q/R354Q and E270Q/R354Q was very low, and the
was galactose, regardless of the source of sulfur present. Thi, was lower than wild type (Figure 4, Table 2). The activity
suggested that expression of the mutant transporter is toxicof both double mutants was lower than that of the single
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FiIGURE 4: Uptake of 5S]sulfate by the E175Q/R354Q, E270Q/ 62

R354Q, and E175Q/E270Q/R354Q mutants. Uptake of radioactive ' )
sulfate was measured at different concentrations of sulfate. EachFIGURE 5 Western blot of plasma membrane fractions from
value is the mean (with standard error) of at least three independentselected mutants. Cells were grown and plasma membranes prepared
experiments. The lines represent the theoretical fit of the Michaelis ~as described in Materials and Methods. Plasma membrane proteins
Menten equation to the data points. TKg and Viax values are were separated by SB@AGE, transferred to nitrocellulose, probed
also given in Table 2 for comparison to wild-type SHST1. Key: With polyclonal antisera to SHST1, and detected by ECL. Panel
E175Q/R354QQ, dotted line), E270Q/R354Q solid line), and =~ A: lane 1, SHSTI1; lane 2, pYES3; lane 3, D122N; lane 4, E175Q;
E175Q/E270Q/R354Qa( solid line). lane 5, E270Q; lane 6, R354Q; lane 7, D122N/R354Q; lane 8,
E175Q/R354Q; lane 9, E270Q/R354Q; lane 10, E175Q/E270Q/

mutants, E175Q and E270Q. However, the fact that both Eﬁg‘lA?'RPl%rfé.B |:ar|]aen§ 1,5180'_;?\]%;1?28.‘%éﬁg%sﬁlgzg_?" D107N;

double mutants do have some sulfate transport activity

indicates that mutation of either glutamate residue is able towell than wild type. The D122N mutant protein was not
compensate for the loss of R354. This could occur if R354 detectable, and the R154Q and R354Q mutant proteins were
interacted with both E175 and E270. Mutation of R354 alone present in only trace amounts (Figure 5), indicating that these
would then result in the presence of two negative charges mutations result in misfolded proteins that are not trafficked
unpaired within the membrane, and repulsion between themefficiently to the plasma membrane. The double mutants,
may prevent normal folding of SHST1. Mutation of either E175Q/R354Q and E270Q/R354Q, were interesting in that
glutamate residue would still allow R354 to interact with they showed higher levels of plasma membrane expression
the remaining glutamate, and therefore some assembly couldthan the corresponding single mutants (Figure 5A). In
occur. We also mutated all three charged residues togethercontrast, plasma membrane protein for the D122N/R354
but the E175Q/E270Q/R354Q mutant was unable to comple-mutant was barely detectable. The triple mutant, E175Q/
ment YSD1. However, we could measure marginal levels E270Q/R354Q, showed recovery of protein expression in
of sulfate transport activity, with &nax lower than that of  the plasma membrane compared to the single mutants. These
all other mutants and &, similar to that of wild type (Table  results provide further evidence for an interaction between

2, Figure 4). these three residues, suggesting that the reduced trafficking
Plasma Membrane Expression of Mutant Protesny of the single mutant, R354Q, is due to misfolding of the

mutations to membrane proteins result in inefficient traf- protein arising from unpaired or mispaired glutamate resi-

ficking of the altered protein, and therefore a reduvgg dues. The high level of expression in the plasma membrane

could result from a reduction in the amount of transporter of the D107N/R154Q mutant is also interesting (Figure 5B)
present in the plasma membrane. The quality control because it suggests that there may be a charge pair between
mechanism of the endoplasmic reticulum ensures that mis-these two residues; the R154Q mutant may be misfolded and
folded proteins undergo degradation, rather than continuing not trafficked because D107 forms an inappropriate interac-
through the secretory pathwag1l). Inefficient trafficking tion with another residue when R154 is not present.

of a mutant protein therefore indicates that the protein is Many of the mutant proteins showed aberrant mobility on
misfolded, and the effects of that mutation are largely the SDS-PAGE gel, with some forming higher molecular
structural. Conversely, mutations that affect function but not weight species, e.g., K494Q and D107N/R154Q. Wild-type
trafficking are likely to have interfered with functioning of SHST1 in plasma membrane fractions has an apparent
the protein. To identify such mutations, plasma membranesmolecular mass approximately double the predicted value
were prepared from mutant strains that had significantly of 73 kDa, an effect likely to result from incomplete
reducedVmax values. Plasma membrane was separated fromdenaturation 13). Extensive analysis of different sample
internal cell membranes by sucrose density gradients aspreparation conditions did not resolve this discrepand@y. (
described in Materials and Methods. The expression of the The different mobilities observed for the various mutants
mutant sulfate transporters in the plasma membrane wasare consistent with incomplete denaturation, which may be
investigated by Western blotting, and the results are shownaffected by misfolding and by the amount of SHST1 in the
in Figure 5. D107N, E175Q, E270Q, and K494Q had similar sample. Although there were equivalent amounts of total
levels of sulfate transporter protein in the plasma membraneprotein in each sample, the amount of SHST1 present in the
to the wild type. The reduced,., values for these mutants  plasma membrane varied considerably between mutants. For
therefore suggest that the mutant transporters function lesgshose mutants with much higher mobility, it is likely that
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similarly to R354Q in that growth on galactose and homo-
cysteine thiolactone was unaffected by expression of the
mutant transporter. No toxicity was observed when galactose
was replaced by glucose (Figure 6A), indicating that expres-
sion of E366Q was required to prevent growth of the yeast
cells. One potential explanation for toxicity is that the E366Q
mutation results in a transporter that is leaky to protons or
other ions. Uncoupled movement of protons down their
concentration gradient would have the effect of collapsing
the proton gradient across the plasma membrane, and this
would be expected to inhibit growth. This has been observed
for point mutations in the lac permeasem®fcoli (23—25).

We attempted to test whether this was the case for the E366Q

Galactose

Glucose

B £ 70 mutant by indirectly assessing membrane potential.
g If the E366Q mutant protein is leaky to protons, the failure
g 60 of the mutant strain to maintain its membrane potential
fg_” 50 should have an effect on other secondary transport systems.
g 40 EGLU Such an effect has previously been observed for proton-leaky
3 30 OGAL mutants of theE. colilactose permeas@3d). We tested this
E o by measuring the activity of the native yeast ammonium
;J 10 * transporters. Yeast has three ammonium transporters, MEP1,
2 0 MEP2, and MEPS3, and their activity has been demonstrated
2 to be dependent on the membrane poten#i@). Expression
= SHST1 E366Q R354Q of these transporters is induced by nitrogen starvati (
27). YSD1 transformed with a plasmid encoding either the
(3 E366Q mutant, the R354Q mutant, or wild-type SHST1 was
kDa 1 2 3 grown on YNB media containing proline as the sole nitrogen

source to induce maximal expression of the MEP proteins
and glucose to repress expression of SHST1. The media were
supplemented with homocysteine thiolactone. Cultures were
grown to mid log phase and split into two aliquots, and the
cells were harvested by centrifugation. The two aliquots were
resuspended in identical growth media supplemented with

: ; . either galactose, to induce expression of the wild type or
supplemented with galactose or glucose and homocysteine thio-
lactone. (B) Uptake offC]methylammonium (MA) by yeast cells mutant SHST1, or gly_cose, as a control. After 6 h, ce.IIs were
expressing wild-type SHST1, the E366Q mutant, or the R354Q assayed for their ability to take up‘Clmethylammonium.
mutant. Yeast cells were grown as described in Materials and The cells expressing wild-type SHST1 and the R354Q
Methods, and SHST1 expression was inducgdsth growth in mutant behaved similarly. Uptake dfC]methylammonium

galactose (gray bars), or cells were grown @oh in glucose as a S ) ~
noninduced control (black bars). Values are the mean (with standard/> similar in the glucose-grown and galactose-grown yeast,

error) of at least four independent experiments. The asterisk iIndicating that expression of wild-type SHST1 or the R354Q
indicates that the E366Q (Gal) value is significantly different from mutant does not affect4C]methylammonium uptake. In

Ficure 6: (A) Growth of E366Q and R354Q on SGnedium

each other value gt < 0.03, as indicated by pairedtests. (C)
Western blot of plasma membrane fractions of E366Q, R354Q, and
wild-type SHST1. Cells were grown and plasma membranes
prepared as described in Materials and Methods. Plasma membran
proteins were separated by SBBAGE, transferred to nitro-
cellulose, probed with polyclonal antisera to SHST1, and detected
by ECL. The blot was overexposed in order to detect small amounts
of the E366Q mutant protein. SHST1 and R354Q can be compared
to Figure 5 where a blot with normal exposure is shown. Lanes:
1, SHST1; 2, R354Q; 3, E366Q.

aggregates composed of misfolded protein are present. Thes
problems are not uncommon with highly hydrophobic
proteins 22).

Toxicity of the E366Q Mutan#s described above, it was

contrast, cells expressing the E366Q mutant had significantly
lower [*C]methylammonium uptake in galactose than in
glucose (Figure 6B). The level of uptake in glucose-grown
cells was similar to that by wild-type SHST1 and the R354Q
mutant. These data indicate that transport by the native yeast
ammonium transporters is inhibited by expression of the
E366Q mutant. These results are consistent with the toxicity
of the E366Q mutant being due to an ion leak through the
mutant transporter that collapses the membrane potential,
although other explanations are possible.

If an ion leak in the plasma membrane is the explanation
for the toxicity of the E366Q mutant, we would expect to
see the mutant protein in the plasma membrane. Using

not possible to grow E366Q in defined media with galactose Western blotting, we could detect traces of the E366 mutant
as the carbon source. The lack of growth of this mutant on protein in the plasma membrane 12 h after induction. The
SC plates supplemented with galactose and homocysteineprotein was visible only after overexposing the blot (Figure
thiolactone is shown in Figure 6A. Under these conditions, 6C). The low level of expression is indicated by a comparison
expression of the transporter is induced by galactose, but itswith both the wild type and the R354Q mutant, another
activity is not required for growth. Another mutant which is  nonfunctional mutant that was not trafficked normally (see
also unable to support growth complementation of YSD1 above). Afte 6 h ofinduction, neither wild-type SHST1 nor
(R354Q) is shown for comparison. All other mutants behaved the E366Q mutant was detectable by Western blotting, using
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the same conditions. At this time we could measure sulfate similar to or lower than that of the wild type. This suggests
transport by wild-type SHST1 but not by the E366Q mutant a functional role in transport for the charge network between
(results not shown), which serves to illustrate the relative E175, E270, and R354, rather than a role in folding. The
sensitivity of the two different techniques. We can conclude low levels of activity observed in the mutants may arise
from these results that E366Q is not trafficked normally, but because the polar glutamine residues can substitute for the
small amounts of the E366Q mutant protein do reach the charged residues to a limited degree. Potential roles for this

plasma membrane. charge network in SHST1 can be suggested from recent
studies describing three-way interactions between charged
DISCUSSION residues in other membrane proteins. These are two homolo-

i ) , ) . gous bacterial multidrug transporters, exemplified by MexB

The goal of this study was to identify charged amino acid 41 pseudomonas aeruginogd) and AcrB fromE. coli
residues in transmembrane helices that were required for(28)’ and the mammalian GABAreceptor 29). Interactions
function of SHST1. The two major findings of this study i, yoth proteins involve two negatively charged residues and
are as follows: first, we have obtained evidence consistent oo hositively charged residue, similar to SHSTL. In the case
with a charge interaction between amino acid residues in o mexB, mutagenesis data initially suggested an interaction
helices 3, 6, and 8 and, possibly, also between helices 1 and,oveen D407, D408, and K93¥)( all of which are located
2, and second, we have confirmed the functional importance,yithin transmembrane helices. This interaction was con-
of the first three transmembrane helices. Our results providefimeq hy the crystal structure of the homologous transporter,
the first evidence fo_r p05_5|ble spatial relfitlonshlps between 5. (28), and it was proposed that these residues participate
transmembrane helices in the SulP family. in the proton translocation pathway. In the GARFeceptor,

We have proposed a charge interaction between E175 inK239, located in the loop between transmembrane helices 2
helix 3, E270 in helix 6, and R354 in helix 8, and this and 3, interacts with two aspartate residues in the extra-
proposal is based on the properties of single, double, andcellular substrate-binding domain. Mutagenesis and cross-
triple mutants affecting these residues. Of the three single |inking experiments have indicated that electrostatic interac-
mutants, only R354Q is completely nonfunctional. The lack tions between these three residues mediate gating, i.e.,
of function is due to dramatically reduced trafficking to the coupling the conformational change due to GABA binding
plasma membrane of the mutant protein. The defect in bothto the opening of the transmembrane chan?@l. (n SHST1,
trafficking and function can be overcome by combining the the interaction between E175, E270, and R354 could be
R354Q mutation with either of the mutations, E175Q or involved directly in the transport pathway or in mediating
E270Q. In contrast, the R354Q mutation could not be the conformational changes associated with the transport of
suppressed by the D122N mutation. Both single mutants, sylfate.

E175Q and E270Q, did retain some sulfate transport activity. e have also obtained data that confirm the importance
These results suggest that E175, E270, and R354 participateyf the first two helices of SHST1 for sulfate transport and
in a charge network and loss of either glutamate residue canrajse the possibility of an interaction between D107 in helix
be tolerated because R354 can still interact with the remain-1 and R154 in helix 2. We have previously described other
ing one. Loss of R354 cannot be tolerated because it is themytations in the first two helices of SHST1 that significantly
only positively charged residue in the interaction; neutraliza- affect function. P144 in helix 2 is essential for functidisy,

tion of this residue would result in repulsion between the and mutations in the highly conserved PXYGLY motif in
two glutamate residues remaining. Significantly, although the loop between helices 1 and 2 either abolish function or
the recovery of activity in the double mutants is very low, resuylt in slightly increased affinity for sulfate4). These
trafficking is restored to wild-type levels, and tg values  data, in addition to the high conservation of this region, led
are wild type or lower, suggesting that the misfolding to the hypothesis that these two helices may form part of
problem can be overcome by removing either of the two the transport pathway. In the present study, three charged
remaining negative charges. It appears that one unpairedresidues in this region (D107, D122, and R154) were mutated
glutamate residue can be tolerated in the folding pathway, to further test this idea. Loss of any one of the three had
perhaps because it can interact with the introduced glutaminesevere effects on sulfate transport. Replacement of D107 by
residues. The triple mutant, E175Q/E270Q/R354Q, is also asparagine resulted in a complete loss of SHST1 function
trafficked normally, indicating that the charge network is not byt did not affect trafficking of the transporter, suggesting
required for folding or trafficking of SHST1. that D107 may be essential to the transport mechanism. D107

Although the presence of all three charged residues is notis completely conserved throughout the SulP family (Figure
absolutely essential for sulfate transport, all mutants affected2). A positive charge in the equivalent position to R154 is
in these three residues function considerably less well thanalso conserved; replacement of this residue by glutamine
wild-type SHST1. Of those mutants that show significant resulted in loss of 80% of transport activity, but this was
levels of protein in the plasma membrane, the single mutantsdue to reduced trafficking of the mutant protein. The double
(E175Q and E270Q) function better than the double mutants mutant, D107N/R154Q, had regained normal trafficking,
(E175Q/R354Q and E270Q/R354Q), with the triple mutant consistent with an interaction between these two residues.
showing marginal sulfate transport activity that does not However, sulfate transport activity was not recovered in the
support complementation. Thus, the greater the disruptiondouble mutant. Recovery of activity would not necessarily
to the charge network, the greater the effect on transportbe expected if D107 was essential for the transport mecha-
activity. Although the double and triple mutants havg.x nism. The predicted location of D107 and R154 at the
values less than 10% of the wild type, they show wild-type cytoplasmic ends of helices 1 and 2, respectively (Figure
levels of protein in the plasma membrane and Hay&alues 1), and the high conservation of these two residues (Figure
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2) are also consistent with these two residues forming a
charge pair. Substitution of D122 in helix 1 by asparagine
also resulted in a complete loss of activity, but this was due
to an effect on trafficking, suggesting that the mutant protein
is misfolded. D122 is not conserved in other members of
the SulP family, but it is located within a cluster of polar
residues in helix 1. This suggests that D122 itself is unlikely
to be important. It is possible that mutating this residue may
disrupt the interaction between helices 1 and 2.

The role of E366 in normal SHST1 function is not clear
from our results although it is potentially important for sulfate
transport. Trace levels of the mutant protein are present in
the plasma membrane (Figure 6C), and the observed inhibi-
tion of ammonium transporter activity (Figure 6B) could be
due to the collapse of the membrane potential mediated by
a leak of protons or other ions through the mutant protein.
Other explanations for toxicity are, of course, possible, and
more direct measurements of membrane potential are re-
quired to test this hypothesis. It is interesting to note that Figure 7: Proposed structural model of SHST1 based on the charge
proton-leaky mutants of the lac permeaseEofcoli have interactions described in this work. Helices about which we have
also been isolated28—25, 30, 31). It is thought that they information are shown in bold. The positions of the other helices
maintain an inappropriate conformation, allowing them to 2r€ Speculative. E366 is shown close to helix 1, but as we have not

. . identified an interacting partner for this residue, other interactions
transport protons into the cell in the absence of lactose 5re possible.
binding, or that they transport protons with lactose but then

recycle the lactose back out of the cell, resulting in the net  The results we have obtained in this study suggest
import of protons. Different categories of mutants have jnteractions between helices 1 and 2 and between helices 3,
substrate-dependent leaks or leaks that can be blocked by and 8 and can therefore be used to produce a spatial model
substrate24, 25). The toxicity of E366Q was not dependent  for the arrangement of transmembrane helices in SHST1
on the presence of SUlfate, and we could not block the tOXiCity (Figure 7) A|though hydropathy p|ot3 show three distinct
of the E366Q mutant (as measured by either growth or hydrophobic peaks corresponding to helices 1, 2, and 3, if
methylammonium uptake) by the presence of sulfate at up each of these helices consists of the full 19 amino acids
to millimolar concentrations (results not shown). Different required to span the lipid bilayer, the interhelix loops would
substitutions at this position may throw more light on the be very small. This spacing is conserved throughout the SulP
role of this residue. family (Figure 2), making it likely that these three helices
Three other charged residues were mutated and were nogre adjacent in the three-dimensional structure of the
essential for sulfate transport activity. These were K386, transporter. Our data suggesting an interaction between E175
K494, and E497. K386 is at the end of helix 9 adjacent to on helix 3 with E270 on helix 6 and R354 on helix 8 brings
the highly conserved E387. Mutation of E387 was previously helices 6 and 8 close to the first three helices, as shown in
shown to have a severe effect on trafficking of SHSTH) ( Figure 7. The properties of mutants of charged and other
In contrast, mutation of K386 had very little effect on SHST1 residues in these helices are consistent with these helices
function, suggesting different roles for these two residues. forming the transport pathway for SHST1, although we
If this region is helical, K386 would be on a different face cannot yet describe a detailed model for the transport process.
of the helix from E387. Mutation of either K494 or E497 E366 could potentially be located in or near the transport
was only slightly detrimental to SHST1 function. These two Pathway. Like R354, it is located in helix 8 and thus may
residues are one turn of a helix apart and thus would be be able to interact with residues in helices 1 or 2 (Figure 7)
capable of interacting with each other to form a charge pair. Further substitutions at position 366 and a greater under-
However, E497 is highly conserved throughout the SulP Standing of the cause of toxicity will be required to identify
family, with glutamate or aspartate found in the equivalent the role_ of this residue. The model_descrlbed here W|Il_form
position of all the transporters shown in Figure 2 whereas the basis for furthgr mutagenesis aimed at understanding the
uncharged residues are found in the position equivalent totransport mechanism of SHST1.
K494. This suggests that E497 is more likely to interact with
other residues. Despite the conservation of this residue, ourACK'\IOWLEDG'vIENT
results indicate that this charge group is not essential for \ye thank the laboratory of Professor Mary Jane Gething
sulfate transport by SHST1. Haimeur et @2 have found  for the gift of the antisera against yBiP.
that, in the multidrug resistance protein 1, mutations affecting
two oppositely charged residues one helical turn apart haveREFERENCES
different effects. As is the case for our results with SHST1, ) )
this suggests that these two residues participate in different L ?lr”('ig'g';)\évrac'?ﬁ‘\':gg_' K(':(,';/('j'_' gg‘."’ﬁ‘?g‘i‘:"égﬂé;é;agg‘;%'arkson' D.
interactions, even though they c_ould potentially interact with Hawkesford, M. J. (2000). Exp. Bot. 51131138,
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