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ABSTRACT. The sodium ion-dependent citrate transporter Cit&lebsiella pneumoniags a member of

the 2-hydroxycarboxylate transporter (2HCT) family whose members transport divalent citrate in symport
with two sodium ions. Profiles of the hydrophobic moment suggested the presence of an amphipathic
helical structure in the cytoplasmic loop between transmembrane segments (TMSs) VIII and 1X (the AH
loop) in all members of the family. Cysteine-scanning mutagenesis was used to study the secondary structure
of the AH loop. We have mutated 20 successive residues into cysteine residues, characterized each of the
mutants for its transport activity, and determined the accessibility of the residues. Three of the mutants,
G324C, F331C, and F332C, had very low citrate transport activity, and two others, 1321C and S333C,
exhibited significantly decreased activity after treatment of right-side-out membranes with membrane
permeable thiol reage-ethylmaleimide (NEM), but not with membrane impermeable 4-acetaniido-4
maleimidylstilbene-2,2disulfonic acid (AmdiS) and [2-(trimethylammonium)ethyl]methanethiosulfonate
(MTSET). No protection against NEM was observed with citrate or sodium ions. Labeling of the cysteine
residues in the 20 mutants with the fluorescent probe fluorescein 5-maleimide, in membrane vesicles
with an inverted orientation, resulted in a clear periodicity in the accessibility of the residues. Residues
expected to be at the hydrophobic face of the putatireelix were not accessible for the label, whereas
those at the hydrophilic face were easily accessed and labeled. Pretreatment of whole cells and inside-out
membranes expressing the mutants with the membrane impermeable reagent AmdiS confirmed the
cytoplasmic localization of the AH region. It is concluded that the loop between TMSs VIII and IX folds
into an amphipathic surface helix.

The sodium-dependent citrate transporter CitSKteh- membrane, respectively0{11). A long hydrophilic loop
siella pneumoniaebelongs to the 2-hydroxycarboxylate located in the cytoplasm separates TMSsVI in the
transporter (2HCT)family whose members are secondary N-terminal half from TMSs VI-XI in the C-terminal half
transporters exclusively found in bacterih @). Some of of the protein. In addition to the central loop, three other
the members are sodium ion symporters (CitS, MaeN of considerably long loops are present; one constitutes a
Bacillus subtiliy and proton symporters (CimH &. subtilis hydrophobic segment between TMS V and VI, termed Vb,
MaeP ofStreptococcus hds), but others are typical precur-  which is exported into the periplasm, and two others, termed
sor/product exchangers that couple the uptake of the substratéAH and Xa, are cytoplasmic and located in the C-terminal
to the excretion of a metabolic end product (CitP of part of the protein. Recently, loop Xa located between TMSs
Leuconostoc mesenteroideslleP of Lactococcus lactis X and Xl (see Figure 1A) was postulated to form a unique
CitW of K. pneumoniag A characteristic feature of the pore—loop structure 12), a structure also identified in CimH
substrates of the transporters is a 2-hydroxycarboxylate motif,of B. subtilis in the 2HCT family (3). The pore-loop
like in citrate, malate, and lactat88). structure together with TMS XI is believed to form an

The membrane topology model of the CitS protein reveals essential part of the translocation site in the proteins. Two
11 transmembrane segments (TMSs) with the N- and cysteine residues in the Xa region of CitS were shown to be
C-termini at the cytoplasmic and periplasmic side of the accessible for membrane impermeable reagents from the

periplasmic side and the cytoplasmic side of the membrane.
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CITSkpne 314 SGLCSPEIKAGAKRLSDFFS 333
FN1375fnuc 322 ANLVPDNIKAGAKRMQTFFS 341
CITNcper 313 FNLVPERIRVGAKQVQKFMV 332
BH0400bhal 307 TNMLPKVVLDGASQWYQFVA 326
NP973298tden 300 ANILPKNFENACALWYKFVA 319
MALPsbov 310 LNVVPKETQRGSKQLYKFIS 329
MAENbsub 316 ANILPKKMEEGAYQLYKFIS 335
MAENcvio 309 SKVMPAQMELGAYQMYQFMT 328
CIMHbsub 319 FRLVPASIENGAFGVSRFFS 338
EAKS56149eseq 323 ARAVSPPLQEGAFVVYKFFS 342
CITWkpne 322 ANVVSPRLQEGSQMVYKFFR 341
MLEPllac 293 TNTVPKDLEESVVMFNQVIM 312
ZP000379%9enfa 308 ANLLPEYYEDAAIMFNNLIV 327
CITPlmes 311 FGLLPKYYEDSVIMFGQVIV 330
CITSoyel 240 FNVVSDYYNSCINQASKFVT 259

Ficure 1: Profile analysis of the C-terminal half of the 2HCT family of secondary transporters. Profiles of the (A) hydrophobicity, (B)
hydrophobic moment, and (C) pairwise sequence identity (PSI) were calculated using a window size of 20 residues. The PSI profile gives
the fraction of identities at each position in the alignment in an all-against-all comparison averaged over the window. The profiles are based
on a multiple-sequence alignment of a set of 15 representative members of the 2HCT family. The hydrophobicity scale was that from ref
25. The hydrophobic moment profile is based on a periodicity of°1B@rs in the top parts of the panels represent positions of gaps in any

of the sequences in the multiple-sequence alignment. (D) Part of the multiple-sequence alignment showing the AH loop located between
TMSs VIII and IX. Numbers in the top line indicate positions in the multiple-sequence alignment. Other numbers refer to the residue
numbers of the individual sequences. Abbreviated names of organisms: Kkppeeumoniagfnuc, Fusobacterium nucleatuncper,
Clostridium perfringensbhal, Bacillus haloduranstden, Treponema denticojasbov,S. bais; bsub,B. subtilis cvio, Chromobacterium
violaceum eseq, environmental sequence; llaclactis, enfa, Enterococcus faecatismes,Le. mesenteroidesyel, Onion yellows

function of loop AH between TMSs VIIl and IX. In a CitS  in the cooperative insertion mechanism of TMSs VIII and
molecule truncated at the end of the AH loop, the loop and IX, for instance, in the delayed insertion of TMS VIII.

the preceding TMS VIII were found to reside in the periplasm  Here, we investigate the folding and the role in the
rather than to have transmembrane (TMS VIII) and cyto- transport function of the AH loop by using cysteine-scanning
plasmic (AH) locations as in the full-length protein. Only mutagenesis followed by accessibility studies of the Cys
when the truncate was extended with downstream TMS IX residues by thiol specific reagents. The results strongly

did TMS VIl insert into the membrane, thereby positioning
loop AH in the cytoplasm. Apparently, the presence of TMS
IX was both essential and sufficient for proper insertion of
both TMSs VIl and IX (L6). A model for the cotranslational
insertion (L7) of this part of the protein was proposed in
which TMS VIII, a highly hydrophobic TMS, would drive
the insertion of TMS IX, the least hydrophobic TMS in CitS
(18). Consequently, the insertion of TMS VIII would be
delayed until TMS I1X would emerge from the ribosome. It
was noted before that the loop between TMSs VIII and 1X
(the AH loop) would be strongly amphipathic when folded
as ana-helix, possibly forming a surface helixl@ 11).
Possibly, the amphipathic property of the loop plays a role

support the conclusion that in the matured protein the AH
loop is folded as an amphipathichelix with its hydrophilic
side facing the water phase and its hydrophobic side facing
the protein.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Growth Conditions, and CitS Constructs.
E. coli strains DH% and ECOMUT2 {9) were routinely
grown in Luria-Bertani broth (LB) at 37C under continuous
shaking at 150 rpm. When appropriate, the antibiotics
ampicillin and chloramphenicol were added at final concen-
trations of 50 and 3Qug/mL, respectively. All genetic
manipulations were carried out . coli DH5a, while the
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CitS protein was expressed i coli ECOMUT2 harboring mM KCI, 10% glycerol, 0.1% Triton X-100, and 10 mM
plasmid pBADCItS and derivatives. Plasmid pBADCItS is imidazole, and incubated fol h at 4 °C while being
based on vector pBAD24 (Invitrogen) and encodes the wild- continuously shaken. After incubation, the resin was pelleted
type CitS protein with an N-terminal His tag. Expression of down by pulse centrifugation and the supernatant was
the gene is under control of the arabinose promotd). ( removed. The pellet was washed with 10 volumes of
Expression of CitS was induced by adding 0.1% arabinose equilibration buffer containing 300 mM KCI and 40 mM
when the optical density of the culture measured at 660 nmimidazole. The protein was eluted with 1 bed volume of the
(ODsgo) reached a value of 0.6. same washing buffer but containing 50 mM potassium

Cysteine mutants of CitS were constructed by PCR using phosphate (pH 7.0) and 150 mM imidazole, and stored at
the QuickChange Site-Directed Mutagenesis Kit (Stratagene,—20 °C.

La Jolla, CA). Plasmid pCSCSS was constructed from  yransport Assay in RSO Membrankitake was assessed
plasmid pCCCSS (described in red) by mutating Cys317  py the rapid filtration method. RSO membranes were

to Ser. Plasmids pCSCSS and pSSSSS encoding Cys-lesgnergized using the potassium ascorbate/phenazine metho-
CitS (14) were used as the templates for creating cysteine g itate (PMS) electron donor syste@1i). Membranes were

mutants in loop VII/IX. All mutants were sequenced gijyted to a final concentration of 0.5 mg/mL in 50 mM KP
(ServiceXS, Leiden, The Netherlands) to confirm the pres- (PH 6.0) containing 70 mM Naunless stated otherwise, in
ence of the desired mutations and cloned into the pBAD24 4 i4ial volume of 10QiL at 30°C. Under a constant flow of

vector as described previously4). water-saturated air, and while being magnetically stirred, the

Preparation of Right-Side-Out and Inside-Out Membrane ixire was supplemented with 10 mM potassium ascorbate
Vesicles. E. colECOMUT2 expressing CitS variants were 5 1004M PMS (final concentration), and the proton

harvested frm a 1 L culture by centrifugation at 10000  mqtive force was allowed to develop for 2 min. Then, [1,5-

for 10 min at 4°C. Right-side-out (RSO) membrane vesicles 1acigiirate (114 mCiimmol, Amersham Pharmacia, Roosendaal,
were prepared by the osmotic lysis procedure as describedrpg Netherlands) was added to a final concentration of 4.4

previously @O0). _ uM. The uptake was stopped by the addition of 2 mL of
Inside-out (ISO) membranes were prepared by washing; : : ; ot
prep y Jice-cold 0.1 M LiCl, followed by immediate filtration over

the cells once with 10 mM Tris-HCl buffer (pH 8), followed  coj0se nitrate filters (pore size of 0.48n). The filters

by resuspension in 10 mL of 50 mM KRuffer (pH 7) \yere washed once with 2 mL of the 0.1 M LiCl solution
containing 2 mM MgS@and 10ug/mL deoxyribonuclease.  onq assayed for radioactivity. The background was estimated
The suspension was passed once through a French presgy »qqing the radiolabeled substrate to the vesicle suspension
operated at 13K psi. Cell debris and unbroken cells were j¢- the addition of 2 mL of ice-cold LiCl, immediately

removed by centrifugation at 8000 rpm for 10 min a@ ¢y 5ved by filtering. When indicated, experiments were
in a Beckman SS34 rotor. Membranes were collected by - ried out in low-Na KP, buffer that contains at most

ultracentrifugation for 25 min at 80 000 rpm and_’@ in a 0.005% N4, while standard KPbuffers may contain up to
Beckman TLA 100.4 rotor and washed once with 50 mM 4 o,
KP; (pH 7). . .
RSO and ISO membranes were resuspended in lo-Na _ ' "eatment of RSO and 1SO Membranes with Thiol
50 mM KPR, (pH 7.0), rapidly frozen, and stored in liquid ReagentsStock solutlon§ of NEM, MTSET, and AmdiS
nitrogen. Membrane protein concentrations were determinedVeré prepared freshly in water. RSO membranes at a
by the DC Protein Assay Kit (Bio-Rad Laboratories, Her- concentration of 1 mg/mL and ISO membranes at a con-
cules, CA). centration (_)f 2 mg/mL were treated for the indicated times
Immunoblot AnalysisSamples containing 20g of total with the thiol reagents in 50 mM KRpH 7.0) at 20°C.
membrane protein were loaded onto a 12.5% sodium dodecyl! N€ treatment was stopped by addition of an equal concen-
sulfate-polyacrylamide gel (SDSPAGE). After electro- tration _of DTT in th_e case of NEM and AmdiS, or reduced
phoresis, the proteins were transferred to polyvinylidene 9lutathione (GSH) in the case of MTSET. The effect of Na
difluoride (PVDF) membranes (Roche Diagnostic GmbH, ©N the treatme_nt was determined by addlng mlxtures_ of NaCl
Mannheim, Germany) by semi-dry electroblotting. The blots and KClI th_at yielded the same concentration of chloride. The
were analyzed using monoclonal antibodies directed against€ffect of citrate on the treatment was measured by adding
the His tag (Dianova, Hamburg, Germany). Antibodies were citrate from a 0.5 M stock solution adjusted to pH 6.0.
visualized using the Western-light chemiluminescence detec- After the treatment, RSO membranes were diluted twice
tion kit (Tropix, Bedford, MA). Expression levels were into 50 mM KR (pH 5.0). If necessary, NaCl and KCI were
estimated by determining the chemiluminescence intensity added to make the Naconcentrations equal 70 mM. The
of each band using a Lumi-Imager F1 imager (Roche resulting suspension was at pH 6 and was immediately used
Diagnostic GmbH). to measure uptake activity. The presence of DTT or GSH
Partial Purification of CitS Deriatives Using Ni-NTA did not affect the uptake rate in control experiments.
Affinity ChromatographylSO membranes (4 mg/mL) con- Following the treatment in the presence of citrate, the
taining His-tagged CitS derivatives were solubilized in 50 membranes were washed twice with 50 mM;KpH 6.0)
mM KP; (pH 8), 400 mM NacCl, 20% glycerol, and 1% Triton by centrifugation for 20 min in a Beckman Optima TLX
X-100. The solution was left on ice for 30 min. Undissolved ultracentrifuge in a TLA100.2 rotor, to remove citrate.
material was removed by ultracentrifugation at 80 000 rpm Membranes were resuspended in 50 mM; KpH 6.0)
for 25 min at 4°C. The supernatant was mixed with?Ni- containing 70 mM N& and assayed for uptake activity. The
NTA resin (100uL bed volume per 10 mg of protein), control experiment showed that the washing procedure
equilibrated in 50 mM potassium phosphate (pH 8.0), 600 resulted in a loss of 1015% of the uptake activity.
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After the treatment, ISO membranes were treated with 0.1 is not well conserved, the amphipathic character of the loop

mM fluorescein 5-maleimide (FM) for 5 min at 2@€. The
reaction was quenched with 0.5 mM DTT, and after that,
CitS derivatives were partially purified using NNTA

when folded as an-helix seems to be well conserved in all
members of the family.
Cysteine-Scanning Mutagenesis of Loop VIII/IX of CitS.

affinity chromatography as described above. The eluted Site-directed mutagenesis was used to substitute each of the

fraction with a volume of 3L was mixed with SDS sample
buffer, and 25/L samples were run on a 12% SBBAGE
gel. The fluorescence of proteins labeled with FM was
visualized on a Lumi-lImager F1 imager (Roche Diagnostic
GmbH) by irradiation with UV light using a 520 nm filter.
All samples containing FM were kept out of bright light until

residues in loop AH of CitS (top line in Figure 1D) for a
cysteine residue. The wild-type CitS protein contains five
cysteine residues (indicated as CCCCC), three in cytoplasmic
loops in the C-terminal part of the protein and two in the
middle of TMSs VII and IX. Mutant CSCSS, in which the
three cysteine residues located in the cytoplasmic loops were

the gel was exposed. After exposure, the gel was stainedmutated to serine residues, was used as the parent for the

with Coomassie Brilliant Blue (CBB) to compare the protein
levels of CitS. Quantification was carried out using Lumi-
Analyst 3.1 supplied by Roche Diagnostic.

Labeling of Whole Cells with AmdiS. E. c&COMUT2

mutants in loop AH. Mutant CSCSS did not react with any
of the thiol reagents used in this study (see below). In total,
19 mutants were created. Mutant CCCSS that contains the
endogenous Cys317 in loop AH was constructed previously

(25 mL culture) cells expressing cysteine mutants or the GItT (14).

mutant (see the Results) were washed with 50 mMbCier

The 20 cysteine mutants in loop AH were tested for their

(pH 7.0) and resuspended in 1 mL of the same buffer. When ability to accumulate [1,34C]citrate in right-side-out (RSO)

indicated, the cell suspension was incubated with 0.25 mM
AmdiS for 5 min at 3C°C and the reaction was stopped with
DTT (final concentration of 0.5 mM). Subsequently, cells

membrane vesicles prepared froB. coli ECOMUT2
expressing the CitS derivatives in the presence of a proton
motive force (pmf) that was generated using the artificial

were broken with a Soniprep 150 sonicator operated at anascorbate/PMS electron donor system (Figure 2A). The

amplitude of 8um. Debris was removed by centrifugation
at 900@ for 10 min. Membranes were collected from the
supernatant by centrifugation for 25 min at 80 000 rpm in a
Beckman TLA 100.2 rotor at 4C and resuspended in low-
Na" KP; buffer (pH 7.0). Labeling of membranes with 0.1
mM FM and purification of the CitS derivatives using-Ni
NTA affinity chromatography was carried out as described
above.

Materials. 2-(Trimethylammonium)ethyl methanethio-
sulfonate bromide (MTSET) was purchased from Anatrace
Inc. NEM was purchased from Sigma-Aldrich BV
(Zwijdrecht, The Netherlands). AMdiS and FM were pur-
chased from Molecular Probes Europe BV (Leiden, The
Netherlands). Low-N& potassium buffer (KWPQ,) was
purchased from Merck (E. Merck, Darmstadt, Germany).

RESULTS

Sequence Analysis of Loop VIII/IX of the Members of the
2HCT Family.Figure 1A shows the hydropathy profile of
the C-terminal half of the multiple-sequence alignment of
15 typical members of the 2HCT family, including CitS of
K. pneumoniaeCytoplasmic loop AH between TMSs VIII
and IX shows up as a moderately hydrophobic loop. The
profile of the hydrophobic moment with an-helical
periodicity reveals a strong signal around position 370 in
loop AH, indicating that when folded as am-helix the
structure would be strongly amphipathic (Figure 1B). The

expression level of the mutants was estimated by Western
blotting using antibodies raised against the His tag present
at the N-terminus of the proteins (Figure 2B). The parental
mutant CSCSS showed an activity comparable to the wild-
type activity (CCCCC). Sixteen of the mutants exhibited an
uptake activity in the range of 50120% of the activity
observed for wild-type CitS, while the levels of expression
were more or less similar. Two mutants, A325C and K326C,
exhibited surprisingly high transport activities 230 and
~160%, respectively, but their expression level was also
higher than average, suggesting that the specific activity was
not affected by the mutations. Mutants G324C, F331C, and
F332C exhibited very low activity ok 10%. While for all
CitS derivatives, including the wild-type protein, some
degradation was observed (lower bands, Figure 2B), mutant
G324C clearly showed enhanced degradation, suggesting that
for this mutant the lower activity at least in part may be
explained by the lower stability of the protein. At any rate,
the three mutations significantly reduce the activity of CitS.

Effect of NEM Treatment on Transport AGty. As
demonstrated previoushyl4), wild-type CitS was readily
inactivated by treatment with the membrane permeable thiol
reactive reageniN-ethylmaleimide (NEM), while in the
presence of the co-ion Nainactivation was essentially
completely prevented under the same conditions (Figure 3,
black and gray bars, respectively). The protective effect is
believed to be due to a conformational change in the protein
that occurs upon binding of Nao the Xa region 12, 14).

profile averages over the 15 sequences, but inspection oflt was demonstrated that the two cysteine residues in the Xa
the individual sequences revealed that all sequences show #&oop were responsible for the inactivation which is in line

hydrophobic moment at this position approximately equal
in strength (not shown) indicating that the property is

with the insensitivity of the CSCSS mutant to NEM
following the same treatment (Figure 3). Eighteen of the 20

conserved throughout the family. The pairwise sequence mutants in loop AH were insensitive or only marginally

identity profile (Figure 1C) shows that the sequence of the
loop is not particularly well conserved, in contrast to loop
Xa that is believed to be part of the translocation site. The
low level of sequence identity is also evident from the part

affected by the NEM treatment, while two mutants, 1321C
and S333C, showed a significantly decreased uptake activity
(Figure 3, black bars) of less than 50% of untreated
membranes. Neither mutant was differently affected in the

of the multiple-sequence alignment representing the AH loop presence or absence of Nandicating that the conforma-

in Figure 1D. In conclusion, while the sequence of loop AH

tional change induced by sodium binding is not sensed in
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Ficure 2: Citrate uptake activity of the AH loop cysteine mutants and their expression level. (A) Initial rates of citrate uptake in RSO
membranes containing cysteine mutants were expressed as the percentage of the rate measured in membrane vesicles containing wild-type
CitS (CCCCC). The bars represent the average and standard deviation obtained from at least three independent measurements. Mutant
CCCSS contains the endogenous Cys317. (B) Expression levels of wild-type CitS, the mutant CSCSS, and cysteine mutants in the AH
region on a Western blot, stained with antibodies against the His tag. Error bars represent the standard deviations from two or three independent
measurements.

the AH loop. To exclude the possibility that the introduction decrease in the uptake activity by parental mutant CSCSS
of the cysteine residues at positions 321 and 333 would following the treatment was used as a control (Table 1).
expose the two cysteine residues in TMSs VII and IX in Neither AmdiS nor MTSET was able to significantly affect
parental mutant CSCSS, mutants 1321C and S333C werethe activity of either mutant 1321C or S333C more than
constructed in the Cys-less background SSSSS. Inactivationobserved in the control experiment, which suggests that NEM
of citrate uptake in membrane vesicles containing thesereaches the cysteine residues from the cytoplasmic side of
mutants by NEM, in the presence or absence of,Nmve the membrane.
similar results as observed with the mutants in the CSCSS  previous experiments?) showed that cysteine residues
background, showing that the effects are due to modification |gcated in the Xa region of the CitS protein could be
of the cysteine residues at positions 321 and 333 (not shown).(partially) protected against modification with thiol reagents
Characteristics of 1321C and S333C Mutaritbe reactiv- after binding of sodium ions or the substrate citrate. No effect
ity of mutants 1321C and S333C with NEM was very on the inactivation by NEM of either 1321C or S333C was
different. 1321C was inactivated slowly but completely with observed in the presence of NéFigure 3), citrate, or both
a half-time of~4 min at a NEM concentration of 2 mM  substrate and co-ion (not shown).

(Figure 4A). S333C was inactivated very quickly with a half-  Accessibility of the Cys Mutants in ISO Membrarigise
time on the order of seconds under the same conditions, butaccessibility of the cysteine residues was studied by treatment
the maximally obtained inactivation was65% (Figure 4B).  of the mutant proteins in 1ISO membranes with the fluorescent
Increasing the time of inactivation or the NEM concentration thjg| reagent fluorescein maleimide (FM), followed by
did not result in any further loss of activity (not shown).  pyrification of the proteins using His tag affinity chroma-
Because NEM is a membrane permeable reagent, thetography, SDSPAGE, and, finally, fluorescence imaging
membrane impermeable thiol reagents AmdiS and MTSET of the gel. The membranes were divided into two aliquots,
were tested for their ability to inactivate the two CitS mutants one of which was pretreated for 10 min with 0.25 mM
in RSO membranes. AmdiS is a maleimide derivative with  AmdiS after which both were treated for 5 min with 0.1 mM
a bulky negatively charged group, while the methanethio- FM. The mutants were categorized in three groups according
sulfonate derivative MTSET is positively charged and much to the labeling intensity of the protein from the aliquot that
smaller, of the size of the natural substrate, citrag.(Since did not receive AmdiS relative to the intensity of the same
the MTS reagent is known to interfere to some extent with protein band stained with Coomassie Brilliant Blue (Figure
the pmf-generating system in the membrank$ 23), the 5A, lanes marked-). Parental mutant CSCSS did not show
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Ficure 3: Residual activity of citrate uptake in RSO membranes containing the AH cysteine mutants after treatment with 1 mM NEM in
the absence (black bars) and presence (gray bars) of 100 mMidting the treatment. Residual activity represents the initial rate as a
percentage of the initial rate catalyzed by untreated membranes. On average, the standard deviation from two or three experiments varied
between 5 and 8% of the indicated value.
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Ficure 4: Inactivation of mutants 1321C (A) and S333C (B) by NEM. Residual activity of the uptake of{C]6itrate after treatment of
RSO membrane vesicles containing CitS mutants 1321C (A) and S333C (B) for the indicated time with 2 mM NEM. Residual activity was

presented as the percentage of the initial rate catalyzed by untreated membranes. Results are from a typical experiment that was reproduced
in triplicate.

any labeling upon treatment with FM (Figure 5B). Similarly, in 1ISO membranes (Figure 5, lanes marked which
mutants S314C, L316C, C317, 1321C, K322C, and L328C contrasts with the results with mutants I1321C and S333C in
were not labeled at all or only very poorly; mutants E320C, RSO membranes (Table 1).
G324C, A325C, R327C, S329C, F331C, and F332C were Accessibility of the Cys Mutants in Whole Cellgo
labeled at an intermediate level, and G315C, S318C, P319C confirm the cytoplasmic localization of the complete AH
A323C, K326C, D330C, and S333C were labeled strongly. region, the accessibility of the cysteine residues in the
The three categories were indicated on the helical wheel in mutants for membrane impermeable AmdiS was determined
Figure 6 as filled, hatched, and empty circles, respectively. in whole cells. Cells expressing mutants G315C, P319C,
With few exceptions, residues that were not accessible clusterA323C, K326C, D330C, and S333C, all of which were
at the hydrophobic face of the helix while residues that are readily accessible for both AmdiS and FM in ISO mem-
fully accessible are at the opposite face. branes, were treated for 10 min with 0.25 mM AmdiS
In all cases, labeling of the mutants with FM was prevented followed by purification of the mutants and labeling with
by pretreatment with AmdiS, indicating that the positions the fluorescent probe FM. The labeling intensity of all six
that were accessible to FM were also accessible to AmdiS mutants that cover the complete AH region was the same in
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Ficure 5: Accessibility of cysteine residues in the AH cysteine mutants. (A) ISO membranes containing cysteine mutants were pretreated
with (+) or without (=) AmdiS followed by labeling with 0.1 mM fluorescein maleimide (FM) for 5 min. The numbers indicate the
position of the cysteine residues in the CitS sequence. Top rows show the fluorescence image of the CitS containing part of the gel and
bottom rows (CBB) the same part of the gel after Coomassie Brilliant Blue staining. On the left, the markers are shown (37 kDa). (B) ISO
membranes containing mutant CSCSS labeled with FM as described above. (C) Whole cells expressing cysteine mutants of CitS and GItT
(control) were pretreated withH) and without () AmdiS followed by preparation of ISO membranes and labeling with 0.1 mM FM for

5 min as described in Experimental Procedures.

Table 1: Inactivation of Cysteine Mutants 1321C and S333C with
Different Thiol Reagents

residual activity (%)

mutant treatment CSCSS CXCSS

1321C NEM for 10 min 96+ 3 27+ 7
AmdiS for 10 min 91+ 6 97+ 7
MTSET for 10 min 514+ 5 45+ 6

S333C NEM for 1 min 96t 7 36+ 8
AmdiS for 1 min 91+ 5 89+ 6
MTSET for 1 min 79+ 5 64+ 6

a RSO membranes were treated with 2 mM NEM, 0.25 mM AmdiS,
and 2 mM MTSET. Since mutant S333C was much more reactive, the
duration of the treatment was reduced from 10 to 1 min. The indicated *
values give the residual uptake activity in RSO membranes as the
percentage of that of an untreated sample. CSCSS is the control, anc
CXCSS represents 1321C or S333C as indicated. The average anc
standard deviations of two to three independent measurements are
reported.

the pretreated and untreated cells, suggesting that the cystein
residues were not accessible from the periplasmic side of
the membrane for AmdiS (Figure 5C). As a positive control,

cells expressing single-cysteine mutant S129C of the glutamate _ _ )
transporter GItT oBacillus stearothermophilusere treated Ficure 6: Helical wheel representation of the AH loop. Residues

in th Th tei idue in S129C h not accessible for FM and AmdiS were marked with empty circles,
Inthe same way. 1he cysteine reésidue In Was SNOWM,gse with low accessibility with hatched circles, and those easily

to be in a periplasmic loop of the protei2d), and treatment  accessible with filled circles. The three categories were defined by
of the cells with AmdiS under the same conditions prevented having a significantly lower (empty), approximately equal (hatched),
any further labeling with FM after the protein was purified and significantly higher (solid) fluorescence intensity than protein
(Figure 5C). staining intensity. Positions that after cysteine substitution resulted

in transporters with less than 10% uptake activity are marked with
an asterisk, and those that after labeling with NEM in RSO vesicles
have decreased transport activity of less than 50% are marked with
triangles.

DISCUSSION

In this study, we investigated the folding of the loop
between TMSs VIII and IX in the Nadependent citrate  amino acid sequence is not particularly well conserved. If
transporter CitS oK. pneumoniaghat was termed AH.  so, thea-helix is likely to be a surface helix facing the
Periodicity analysis revealed that the loop would have a membrane-embedded part of the transporter with the hydro-
strong amphipathic character when folded asamelix, a phobic face and the water phase with the hydrophilic face.
feature conserved throughout the 2HCT family even if the The experimental results are consistent with the loop forming
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such an amphipathic surface helix. Figure 6 shows a helical otherwise the behavior of the two pairs of cysteine residues
wheel representation of the loop with the hydrophobic was completely different. Both cysteine residues in the Xa
moment pointing at the hydrophobic face of the helix. Thus, loop are accessible from both sides of the membrane, and
cysteine residues at the positions of residues C317, L328,their reactivity is very sensitive to the catalytic state of the
1321, and S314 residing at the hydrophobic face could not transporter. They were protected against reaction in the Na
be labeled with fluorescein maleimide (FM), indicating that bound state, and the reactivity is reduced in the citrate-bound
they are in close contact with other parts of the protein. At state (2, 14). In contrast, the two cysteine residues in the
the opposite hydrophilic face, cysteine residues at the AH loop are only accessible from the cytoplasm, and their
positions of residues A323, D330, P319, K326, G315, and reactivity does not seem to be affected by the presence of
S333 were easily labeled with FM, indicating that they are co-ion and/or substrate at all. In fact, none of the cysteine
exposed to the water phase. Moreover, the latter positionsmutants in the AH loop seems to react differently in the
that cover the complete loop were easily accessible for presence of Na(Figure 3). It follows that the surface helix
membrane impermeable AmdiS, but only when supplied at formed by loop AH does not sense the conformational
the cytoplasmic side of the membrane and not at the changes of the protein during turnover and, therefore, most
periplasmic side (Figure 5A,C), confirming that the whole likely is not directly involved in substrate or co-ion binding
stretch is cytoplasmic. Between the hydrophobic and hydro- and/or the translocation mechanism.
philic faces of the helix, the accessibility of the cysteine  Amphipathica-helices are commonly found in membrane
residues is intermediate, suggesting that a large surface ofproteins as transmembrane segments [class T helices in
the helix is embedded in the rest of the protein structure Eisenberg’s classificatior2p, 26)]. The hydrophobic side
thereby restricting the accessibility pathway either in time of the helix may face the phospholipid bilayer, while more
or in space. The lack of labeling of cysteine residues at the polar residues at the opposite side are responsible for
positions of L316 and K322 at the hydrophilic side of the interactions with other transmembrane segments. More
helix may be explained in this way. It was suggested prominent are those transmembrane amphipathic helices in
previously that the AH loop would interact with C-terminal transport proteins that form a water-filled pore or channel
cytoplasmic loop Xall). that functions as the pathway for substrate and/or ion
Replacement with cysteine resulted at only three positions, permeation. Examples of the latter have been described for
G324, F331, and F332 (Figure 6, asterisks), in transporterthe glutamate transporters GItT and human EAAZT, £8),
proteins with less than 10% activity, while at an additional humany-aminobutyric acid (GABA) transporter GAT-29),
two positions, 1321 and S333 (Figure 6, triangles), modifica- bacterial Na/proline transporter PutP3(Q), and the water
tion of the cysteine residue resulted in significantly reduced channel aquaporin AQP131). Little is known about the
activity. The less well-tolerated mutations are located at the function of amphipathic helices formed by loop regions in
more hydrophobic face of the helix and were only poorly transport proteins. Extracellular loop 4 of the rat serotonin
accessible, suggesting a disturbed interaction with other partsransporter SERT was reported to form a helmnge—helix
of the protein. Moreover, G324 and F331, two residues in structure that could play a role in conformational changes
proximity, are actually quite well conserved in the AH loop but not in substrate bindin@®®), and in the rat type lla N
throughout the 2HCT family (Figure 1D), emphasizing the P, transporter, part of extracellular loop 3 was proposed to
importance of this side of the helix. Residue F332 is located form a 2.5-turno-helical motif 33). The proline transporter
next to residue 1321 on the wheel. Treatment of the I1321C ProP of E. coli was reported to contain an amphipathic
mutant with NEM slowly resulted in the complete loss of a-helical structure in the C-terminal domain that is believed
activity of the transporter (Figure 4A). 1321 is at the face of to play a role in osmosensing through interaction either with
the helix that is not accessible for the fluorescent maleimide other membrane-associated proteins or with the surface of
FM, and treatment with hydrophilic MTSET did not affect the membrane itself3d, 35). In line with the properties of
the activity (Table 1), indicating that only small hydrophobic the AH loop reported here, it seems unlikely that amphipathic
molecules like NEM can access residue 1321. Reaction of structures in loop regions of transport proteins play an
the cysteine residue at the position of residue S333 with NEM important role in the transport mechanism itself.
resulted in rapid but incomplete inactivation. S333 is the only ~ Approximately one decade ago, in a study of Eaecoli
residue of this group that is at the hydrophilic side of the serine receptor Tsr, a short amphipathic sequence was
helix and readily accessible from the water phase. It is the identified that was shown to function as a determinant of
most C-terminal residue in the surface helix and may be closemembrane protein topologg®). Tsr is an integral membrane
to catalytically active parts of neighboring loop Xa that forms protein with two transmembrane segments connected by a
part of the translocation site. large periplasmic domain and with a large cytoplasmic
Cysteine mutants 1321C and S333C were the only mutantsdomain at the C-terminus. The 11-residue amphipathic
in loop AH that were successfully inactivated by treatment sequence was located immediately downstream of the second
with NEM in RSO membranes. Many other cysteine mutants, transmembrane segment in the cytoplasmic domain. Deletion
especially at the hydrophilic face of the helix, are likely to of the sequence or mutations that resulted in reduced
react with NEM, but apparently, the reaction did not result amphipathicity resulted in increased mislocation of the
in reduced activity. The cysteine residues in the 1321C and C-terminal domain in the periplasm. As the amphipathic
S333C mutants exhibited very different reactivities toward sequence was observed in most of the members of the family
NEM (Figure 4A,B), a difference that was also observed for of chemoreceptors, it was concluded that the sequence was
two endogenous cysteine residues in the Xa Id@). (C321 important for the proper insertion of this class of proteins
in AH, like C389 in Xa, reacted slowly with NEM, while  into the membrane. Here, we propose a similar role for the
C333 in AH, like C414 in Xa, reacted very fast. However, amphipathioo-helix that is formed by loop AH in the CitS
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protein. Evidence was presented showing that the helical
hairpin formed by TMSs VIl and IX connected by the AH
loop inserts into the membrane in a cooperative manner from

the

periplasmic side of the membran&6,( 18). Before

insertion, the TMS VIIFAH—-TMS IX sequence would be
translocated to the periplasm by the insertion machinery.
Possible roles for the amphipathic helix formed by loop AH
might be (i) stabilizing (part of) the segment after export in

the

periplasm, (ii) firmly positioning intermediate hydro-

phobic TMS IX in the membrane after insertion, and (iii)
initiating insertion of the segment. In the latter case, the
surface helix may resemble small antimicrobial peptides that
fold as amphipathic helices and are known to bind at the
membrane-water interface followed by insertion into the
membrane [e.g., nisin3{)]. Further studies are needed to
unravel the precise role of the amphipathic surface helix
formed by loop AH in the biogenesis of this part of the CitS
protein.
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