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ABSTRACT. Structural classification of families of membrane proteins by bioinformatics techniques has
become a critical aspect of membrane protein research. We have proposed hydropathy profile alignment
to identify structural homology between families of membrane proteins. Here, we demonstrate
experimentally that two families of secondary transporters, the ESS and 2HCT families, indeed share
similar folds. Members of the two families show highly similar hydropathy profiles but cannot be shown

to be homologous by sequence similarity. A structural model was predicted for the ESS family transporters
based upon an existing model of the 2HCT family transporters. In the model, the transporters fold into
two domains containing five transmembrane segments and a reentrant or pore-loop each. The two pore-
loops enter the membrane embedded part of the proteins from opposite sides of the membrane. The model
was verified by accessibility studies of cysteine residues in single-Cys mutants of thglifamate
transporter GItS oEscherichia colia member of the ESS family. Cysteine residues positioned in predicted
periplasmic loops were accessible from the periplasm by a bulky, membrane-impermeable thiol reagent,
while cysteine residues in cytoplasmic loops were not. Furthermore, two cysteine residues in the predicted
pore-loop entering the membrane from the cytoplasmic side were shown to be accessible for small,

membrane-impermeable thiol reagents from the

periplasm, as was demonstrated before fof-the Na

citrate transporter CitS dflebsiella pneumonig& member of the 2HCT family. The data strongly suggests
that GItS of the ESS family and CitS of the 2HCT family share the same fold as was predicted by comparing
the averaged hydropathy profiles of the two families.

Historically, hydropathy profiles of the amino acid se-

families of membrane proteins, the hydropathy profiles of

quence have played an important role in membrane proteindifferent members are strikingly similar even though se-

research. In 1982, the proposal of Kyte and Doolittle for a

guence identity may be as low as-205%. Apparently, the

simple method for displaying the hydropathic character of a hydropathy profiles, like the 3D structures of homologous
protein resulted in the first widely used secondary structure proteins are much better conserved than their amino acid

prediction programs for membrane proteit} The alternat-
ing hydrophobic and hydrophilic regions in the profiles that
correspond to the transmembranéelical segments (TMS)
and connecting loop regions of the protein, respectively,

sequence and, therefore, they report on the global fold of
the proteins in a family. Examining hydropathy profiles

provides a mechanism to identify distantly related membrane
proteins even when sequence identity is too low to detect

provided a membrane topology model of the protein that is homology. This has led to the MemGen classification in
a basic aspect of its structure. In the past, we have exploredwhich families of membrane proteins are grouped in

the idea that, in addition to secondary structure information,

hydropathy profiles also contain tertiary structure information

structural classes by comparing the averaged hydropathy
profiles of the families Z, 3). Two classes of secondary

in the sense that a hydropathy profile is characteristic for a transporters have been characterized in detail by the MemGen

specific fold of the protein in the membrang).( Within
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approach: class ST[3] groups 33 families that together
contain 2051 sequences, and class ST[4], which contains 399
sequences distributed over two famili@s4). The relevance

of a structural classification scheme for membrane proteins
is evident when considering the high sequence diversity of,
for example, secondary transport proteins, which results in
over 100 families in the transporter classification (TC) system
(5).

The MemGen classification system is not a membrane
topology prediction methoger se but a major consequence
of the approach is that all proteins in the different families
in one class share the same fold, i.e., knowing the topology
of one is knowing them all. This provides a mechanism to
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validate the principle that hydropathy profiles represent a
certain fold. Experimental support for the method came from
an analysis of the membrane proteomeEstherichia coli

in which the cellular location of the C-terminus of all
membrane proteins was determined (“in” or “out8).(The
C-terminal location of all 19E. coli proteins found in
structural class ST[3] in the MemGen classification (covering
seven different families) was correctly predicted based upon
the structural model of the 2-hydroxycarboxylate transporter
(2HCT) family, which is also in ST[3]7).

In this study, we present the first detailed experimental
support for the MemGen classification scheme. Prominent
features of the structural model of the 2HCT family are two
homologous domains that are oppositely oriented in the
membrane (inverted topology) and each containing a reen-
trant or pore-loop structure (reviewed8h The model was
used to predict the membrane topology of the ESS family
in class ST[3], a family of N&dependent glutamate
transporters. No significant (local) sequence identity is
detected in a BLAST searct®)(between members of the
two families. Importantly, the MemGen model differs from
the model predicted by TMHMM1(0), which in a recent
survey was shown to perform well relative to a number of
other membrane topology predictodsl). Here, we demon-

strate by experiment that the model based on the MemGen

classification is the right model.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Growth Conditions, and GItS Constructs.
Escherichia colstrains DHo. and ECOMUT2 12, 13) were
routinely grown in Luria-Bertani broth (LB) medium at 37
°C under continuous shaking at 150 rpm. When appropriate,
the antibiotics ampicillin and chloramphenicol were added
at final concentrations of 50 and 3@y/mL, respectively.

All genetic manipulations were done kn coli DH5a., while

the GItS protein was expressed B coli ECOMUT2-
harboring plasmid pBAD24 derivatives coding for wild type
or cysteine mutants of GItS extended with six histidine
residues at the N-terminus (His-tag). Production of the GItS
proteins was induced by addition 0.1% arabinose when the
optical density of the culture measured at 660 nm 3D
reached a value of 0.6. The Cys-less version of GItS and
the single-Cys mutants of GItS were constructed by PCR
using the QuickChange site-directed mutagenesis kit (Strat-
gene, La Jolla, CA). All mutants were sequenced to confirm
the presence of the desired mutations (ServiceXS, Leiden,
The Netherlands).

Transport Assays in RSO Membranes. E. EQIOMUT2
cells expressing GItS variants were harvestednfim 1 L
culture by centrifugation at 10 009 g for 10 min at 4°C.
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Partial Purification of GItS Deriatives by Nit-NTA
Affinity Chromatography. E. coECOMUT?2 cells expressing
single-Cys mutants of GItS were harvested from a 200 mL
culture by centrifugation at 10 009 g for 10 min at 4°C.

The cells were washed once with 50 mM KPi pH 7.0 buffer
and subsequently resuspended in 2 mL of the same buffer.
The cells were broken by a Soniprep 150 sonicator operated
at an amplitude of &m by nine cycles consisting of 15 s
ON and 45 s OFF. Cell debris and unbroken cells were
removed by centrifugation at 9000 rpm for 10 min. Mem-
branes were collected by ultracentrifugation for 25 min at
80 000 rpm at 4°C in a Beckman TLA 100.4 rotor and
washed once with 50 mM KPi pH 7.0. The His-tagged GItS
derivatives were partially purified from the cytoplasmic
membranes using Ri-NTA affinity chromatography as
follows. The membranes (4 mg/mL) were solubilized in 50
mM KPi pH 8, 400 mM NacCl, 20% glycerol, and 1% Triton
X-100, followed by incubation on ice for 30 min. Undis-
solved material was removed by ultracentrifugation at 80 000
rpm for 25 min at 4°C. The supernatant was mixed with
Ni?2*-NTA resin (50 4L bed volume per 5 mg protein),
equilibrated in 50 mM potassium phosphate pH 8.0, 600 mM
KCI, 10% glycerol, 0.1% Triton X-100, 10 mM imidazole,
and incubated overnight at°€ under continuous shaking.
Subsequently, the column material was pelleted by pulse
centrifugation and the supernatant was removed. The resin
was washed with 10 volumes of equilibration buffer contain-
ing 300 mM KCI and 40 mM imidazole. The protein was
eluted with half a bed volume of the washing buffer but
containing 150 mM imidazole. The eluted fraction was stored
at —20 °C until use.

Treatment with Thiol ReagentStock solutions of MTSES,
MTSET, NEM, and AmdiS were prepared freshly in water.
The treatment of the different reagents was stopped by
addition of an equal concentration of dithiothreitol (DTT)
in the case of NEM and AMdiS, andcysteine in case of
the MTS reagents. The presence of DTTLesysteine did
not affect the uptake rate in control experiments.

RSO membranes at a concentration of 1 mg/mL were
treated for the indicated times and at the indicated temper-
atures with the thiol reagents in 50 mM KPi pH 7.0.
Following treatment, RSO membranes were diluted twice
into 50 mM KPi pH 5.0 containing 140 mM NaCl. The pH
of the resulting suspension was 6.0, and the suspension was
immediately used for uptake measurements.

E. coli ECOMUT?2 cells expressing single-Cys mutants
of GItS from a 400 mL culture were washed and resuspended
in 4 mL of 50 mM KPi pH 7.0. Half of the cells were
sonicated (see above) in the presence of 1 mM AMdIS,
followed by incubation for 30 min at 32C and quenching
with 1 mM DTT. The other half was treated with 1 mM
AmdiS for the same time and at the same temperature,

Right-side-out (RSO) membrane vesicles were prepared byquenched with DTT, and then sonicated. Control experiments

the osmotic lysis procedure as describéd)(RSO mem-
branes were resuspended in 50 mM KPi pH 7, rapidly frozen,
and stored in liquid nitrogen. Membrane protein concentra-
tion was determined by the DC protein assay kit (Bio-Rad
Laboratories, Hercules, CA). Uptake by RSO membranes
was measured by the rapid filtration method in 50 mM KPi
pH 6.0 containing 70 mM NaCl at 3T as describedl§).

were done in an identical manner but omitting the AMdiS
treatment. The GItS derivatives were partially purified using
Ni-NTA affinity chromatography (see above) and treated
with 0.1 mM FM for 5 min at 20°C. The reaction was
stopped with 0.5 mM DTT. Samples of 24 volume were
mixed with SDS sample buffer and run on a 12% SDS-PAGE
gel. Fluorescence of proteins labeled with FM was visualized

The membranes were energized using the K-ascorbate/on a Lumi-Imager F1 imager (Roche Diagnostic GmbH,

phenazine methosulfate (PMS) electron donor systEsh (

Mannheim, Germany) by irradiation with UV light using a
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520 nm filter. All samples containing FM were kept out of

bright light until the gel was exposed. After exposure, the
gel was stained with Coomassie brilliant blue (CBB) to

compare the GItS protein levels. Quantification was done
using the LumiAnalyst 3.1 software package supplied by
Roche Diagnostic (Roche Diagnostic GmbH, Mannheim,
Germany).

Computational Method#\ structural class in the MemGen
classification contains a subset of the entries in the NCBI %
protein database (http://www.ncbhi.nlm.nih.gov/entrez/)
that are stored locally in the MemGen database (http://
molmic35.biol.rug.nl/). Building of a structural class has been -
described before in detaiB(4) and involves a combination
of BLAST searches9), multiple sequences alignmenis),
and hydropathy profile alignment2)( The [st324]ESS
family in class ST[3] contains 96 entries, 76 of which
represent unique proteins. A set of 27 sequences shows nc .0
pairwise sequence identity higher than 60% with any of the
other sequences in the set, which prevents a bias toward very
similar sequences. This set was used to construct the multiple
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sequence alignment and the family profile in Figure 1. The

sequences are listed in the “multiple sequence alignment”

section in the MemGen database.

Materials. The methanethiosulfonate (MTS) derivatives
MTSET and MTSES were purchased from Anatrace Inc.
(Ohio). NEM was purchased from Sigma-Aldrich BV
(Zwijdrecht, The Netherlands), AMdiS and FM were pur-
chased from Molecular Probes Europe BV (Leiden, The
Netherlands).

RESULTS

Structural Model of GItS of Escherichia coli by MemGen.
The Na'-glutamate transporter GItS &. coli is a member
of the [st324]ESS family in the MemGen classification
scheme. The ESS family and the 2HCT family ([st326]-
2HCT) are found both in structural class ST[3] of the
classification 8). A detailed structural model of the trans-
porters in the latter family is availabl8)( Optimal alignment
of the averaged hydropathy profiles of the two families
resulted in a similarity scor&) of 0.8, indicating very similar

28\
in 88

Ficure 1: Topology model of the ESS family by MemGen. (top)
Hydropathy profile alignment of the family profiles of the 2HCT
family (red) and the ESS family (blue). The profiles of the 2HCT
and ESS families represent 23 and 27 members, respectively, with
pair wise sequence identities between 20 and 60%. SDS values (2)
of the profiles were 0.114 and 0.117, respectively. The alignment
resulted in a similarity score (2) of 0.8. The membrane topology
model of the 2HCT family was indicated in the upper part.
Transmembrane segments (red boxes), cytoplasmic loops (blue
lines), periplasmic loops (green lines). Thickened parts of loop
regions indicate the positions of pore-loops. Horizontal blue and
red lines indicate positions of gaps introduced by the algorithm in
the alignment in the blue and red profiles, respectively. (bottom)
Membrane topology model of the ESS family based on the profile
alignment. Dashed boxes indicate two homologous domains with
inverted orientation in the membrane. Vb and Xa correspond to
pore-loop structures. Circles in the loop regions indicate positions
for which the location was determined. The numbers correspond
to the residues in the GItS protein.

profiles (Figure 1). The alignment allows for a projection of

the 2HCT structural model on the ESS family. The transport- and one pore-loop structure each (Figure 1). Both the N-
ers of the 2HCT family contain 11 transmembrane segmentsand C-termini are located in the periplasm. The model
(TMS) with the N-terminus in the cytoplasm. Two times five corresponds to the core structure of the ST[3] proteli&}. (
segments (TMSs HVI and TMSs VII-XI) form two Cloning of the glItS Gene of E. coli and Construction of
homologous domains that have opposite orientations in thea Set of Single-Cys Mutant$he gItS gene ofE. coli was
membrane. The two domains are connected by a largecloned into vector pBAD24, yielding pBADHNGItS that
hydrophilic loop. In between the fourth and fifth TMS of codes for the GItS protein extended with six histidine residues
each domain, the connecting loop folds back between theat the N-terminus under control of the arabinose promoter.
TMSs, forming a so-called reentrant or pore-loop. The pore- A Cys-less version of the GItS protein was constructed by
loop in the N-terminal domain (loop Vb) enters the membrane- mutating the four native cysteine residues one by one into
embedded part from the periplasmic side, the one in the serine residues. Transport activity of GItS with[**C]-
C-terminal domain (loop Xa) from the cytoplasmic side of glutamate as the substrate was measured in right-side-out
the membrane. The two loops are believed to contact each(RSO) membrane vesicles prepared frarmoli ECOMUT?2
other in the three-dimensional structure, where they would cells, which contain a copy of thgltS gene on the
form the translocation path. The N-terminal TMS is not part chromosome X3). Thus, the background activity was esti-
of the two-domain structure and seems to form a separatemated in RSO membranes containing the Mérate trans-
domain by itself. The alignment of the two family hydropathy porter CitS ofKlebsiella pneumonifrom the 2HCT family
profiles shows that this N-terminal transmembrane segmentthat was produced from exactly the same expression system
is absent in the ESS transporters. The resulting model for (pBADCItS) and which does not transparglutamate 19).

GItS of E. coli consists of two domains containing five TMSs RSO vesicles containing recombinant GItS showed at least
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temperature, and the Cys-less version of GKS$. ( i il o il e
a five times higher uptake activity in comparison to RSO FIGURE 3. Accessibility of cysteine residues in single-Cys mutants

: P : of GItS by AMdiS. Single-Cys mutants were treated with) (or
vesicles containing only endogenous GItS (Figur@and w0 5 1M AMGIS for 30 min, followed by the addition of

m). RSO vesicles containing the Cys-less version 'of_ the GItS 1 mm DTT. (a) AMdiS was present during the breaking of the
protein showed a comparable level of uptake activity as the cells by sonication and 30 min thereafter. (b) The AMdiS treatment
wild type GItS protein. (Figure 24). A set of 15 single- and quenching with DTT was done before breaking the cells.
Cys mutants was constructed, using site-directed mutagenesiEOHOW'”g purification, the GItS proteins were treated with 0.1 mM

. FM for 5 min. Top rows labeled “FM” show the fluorescence image
and the Cys-less version of tigtS gene as a template, to of the gel and those labeled “CBB” show the gel after Coomassie

probe the membrane topology of the protein. The positions pyjiant blue staining. Numbers indicate the position of cysteine
of the mutations were selected in putative loop regions. residues in the corresponding single-Cys mutants. Dots mark the
Uptake activities of the single-Cys mutants measured in RSO position of the GItS protein.

membrane vesicles were comparable to the wild-type protein,

indicating that the mutations did not significantly affect the in the membrane. The protein bands in the Coomassie
folding of the proteins in the membrane (not shown). The brilliant blue stained image show that the lack of fluorescence
positions of the cysteine residues introduced in the protein was not due to loss of the protein. Mutants S117C and S145C

were indicated in Figure 1 and correspond to the following were only partly labeled with AMdiS in the first step, which
mutants: H3C, S28C, N61C, R88C, S117C, D122C, S145C, suggests a restricted accessibility. These two mutants that

T155C, S187C, A239C S276C, S301C, R327C, R363C, andreside both in the Vb region of the sequence were not

G401C. considered further in this study.

Accessibility of the Cysteine Residues in the Single-Cys Accessibility of the Cysteine Residues in Single-Cys
Mutants of GItS from Either Side of the MembraAeces- Mutants of GItS from the Periplasmic Side of the Membrane.
sibility of the cysteine residues introduced into the GItS The sidedness of the cysteine residues introduced into the
protein from the water phase was shown by sonicating cells GItS protein was determined by treating whole cells with
expressing the mutants in the presence and absence oAMdiS before sonication. The AMdiS reagent cannot perme-
4-acetamido-4maleimidylstilbene-2,2disulfonic acid (AM- ate the membrane and, therefore, can reach only residues
diS), a membrane-impermeable, negatively charged male-located at the periplasmic side of the membrane. The labeling
imide derivative. Following sonication and quenching of the by AMdiS was identified as above by treating purified
excess of the AMdIS reagent, the GItS single-Cys mutants proteins with FM followed by fluorescence imaging. The
were purified from the membrane by Ni-NTA affinity results for mutants H3C, N61C, D122C, T155C, A239C,
chromatography. To identify labeling with AMdIS in the first  S301C, and G401C were very similar, as in the previous
step, purified proteins were treated with the fluorescent thiol experiment. Treatment with AMdiS inhibited subsequent
reagent fluorescein-5-maleimide (FM). Labeling with FM labeling of the purified protein by FM (Figure 3b, lan¢$,
was detected by fluorescence imaging of the gel after SDS-indicating that AMdiS reacted at these sites in whole cells,
PAGE. The upper rows (FM) in Figure 3 show the indicating that these residues are located in the periplasm.
fluorescence image of the gel, and the bottom rows (CBB) Opposite results were obtained for mutants S28C, R88C,
show the same part of the gel after staining with Coomassie S187C, S276C, R327C, and R363C. The ratio of fluores-
brilliant blue. All mutants that were not treated with AMdiS cence intensity in AMdIS treated(lanes) and untreated
showed a clear fluorescent band when treated with FM in (— lanes) samples was similar to the protein intensities of
detergent solution. In contrast, all mutants, except S117Cthe bands in the Coomassie Brilliant Blue stained gel,
and S145C, were not labeled with FM after treatment with indicating that AMdIS did not react with these sites in whole
AMdiS during the sonication step, demonstrating the acces-cells. Because the experiment above demonstrated that these
sibility of the thiol group to AmdiS when the mutants reside sites are accessible from the water phase, it is concluded
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that these residues are exposed to the cytoplasm. The two

groups of mutants are presented as green and blue circles in a. NEM
the model in Figure 1. The results support the MemGen

topology model. The Vb region in between TMSs IV and V

and the Xa region in between TMSs IX and X are clearly

located in the periplasm and cytoplasm, respectively.

Accessibility of Cytoplasmic Loop Xa from the Periplasm.
Treatment of wild-type GItS, which contains four cysteine
residues, three of which are located in transmembrane 327 339 347 355 363
segments and one in the Xa region, with the membrane-
permeable thiol reagerd-ethylmaleimide (NEM) did not b. AMdis
affect glutamate uptake by RSO membranes (Figur® 2,
andO). As expected, the activity of the Cys-less version of
GItS was insensitive to the same treatment (not shown). More
surprisingly, none of the single-Cys mutants was affected
by NEM treatment. Apparently, labeling of the Cys residues
did not affect the transport activity. It was shown before that
labeling of two endogenous cysteine residues located in the 0
pore-loop region Xa of CitS oKlebsiella pneumoniaén 327 339 347 355 363
the 2HCT family resulted in decreased uptake activity, which 100 r
emphasized the importance of this part of the sequence in
catalysis 20) and, ultimately, resulted in the identification
of the pore-loop structurelp). Three additional single-Cys
mutants were constructed in GItS, yielding a total of five
single-Cys mutants in the Xa region of the GItS protein:
R327C, A339C, L347C, A355C, and R363C. Uptake activity
measured in RSO membranes revealed a comparable level 0
of activity as wild-type GItS. Treatment of the RSO vesicles 327 339 347 355 363
with NEM, which is nonpolar and membrane-permeable, 100
reduced uptake activity for the middle three single-Cys
mutants (A339C, L347C, A355C) down to-3@0%, while
the activity of the two flanking mutants (R327C and R363C)
was not affected (Figure 4a). About-120% of the uptake
activity in RSO vesicles is due to the chromosomal copy of
wild type gltSgene, which is not sensitive to the thiol reagent
(Figure 2). Increasing the NEM concentration and time of 0
treatment did not result in lower activity of the single-Cys 327 339 347 355 363
mutants, suggesting that the labeled molecules still haveFicure 4: Inactivation of single-Cys mutants of GItS by various

residual activity. The same observation was made for the thiol reagents. RSO membrane vesicles containing single-Cys
endogenous cysteines in the Xa region of CitKlabsiella mutants R327C, A339C, L347C, A355C, and R363C were treated

. at room temperature with 1 mM NEM for 10 min (a), 0.25 mM
pneumoniag15, 20). Treatment of RSO membranes con-  Amdis for 20 min (b), 10 mM MTSES for 20 min (c), and 1 mM

taining the five single-Cys mutants with membrane- MTSET for 10 min (d). Residual uptake activity was plotted as
impermeable AMdiS did not significantly decrease the uptake the percentage of the rate obtained with untreated membranes. Bars
activity, which is in line with a cytoplasmic location of the represent the average and standard deviation obtained from at least
Cys residues (Figure 4b). three independent measurements.

The methanethiosulfonate (MTS) derivatives 2-(trimethy-
lammonium)ethyl methanethiosulfonate bromide (MTSET)
and sodium (2-sulfonatoethyl) methanethiosulfonate (MT-
SES) represent small thiol-reactive reagents that react WithOf MTSE,T' However, treatment of mutgnts A339C and
cysteine residues in proteins to form mixed disulfidegy(  A3°°C with MTSES or MTSET resulted in a significantly
MTSET and MTSES differ in the charge of the groups lower residual activity (Figure 4c,d). The actmtyes were
attached to the reactive MTS moiety; MTSET is positively down to the level observed after treatment with NEM.
charged, and MTSES is negatively charged, which makes Treatment of mutant L347C with MTSET resulted in slightly
them membrane-impermeable. Treatment of RSO membraned€ss inactivation, while the same mutant was not affected
with these reagents has been shown before to Compromisé)y MTSES. The results demonstrate that residues in the Xa
the energy-generating system in the membranes to a certaifégion in the cytoplasmic loop between TMS IX and X are
level (20). Accordingly, treatment of RSO membranes accessible from the periplasmic side of the membrane for
containing wild-type and Cys-less GItS with MTSET and small, but not for more bulky membrane-impermeable
MTSES resulted in a decrease of-2400% of the uptake  reagents. The same observation was made for the endogenous
activity (not shown). A similar reduction in uptake activity Cys residues in the Xa region of CitS Kf pneumoniaén
was observed for mutants R327C, L347C, R363C in the casethe 2HCT family (5).
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DISCUSSION mic location and five cytoplasmic loops. Again, the cyto-
o plasmic location of the cysteine residues in R327C and
The glutamate transporter GItS &. coli is the only ~ R363C shows that the Xa region is not transmembrane.
characterized member of the ESS family of secondary pore-loop structures are commonly found in channel
transporters. TheyltS gene product was shown bea proteins like the well- studied K channels 25) and
glutamate transporter that also has affinity, albeit much lower, aquaporins Z6), where they function as selectivity filters.
for p-glutamatep-methylglutamate, and homocysteai®(  The recently reported crystal structure of a glutamate
22-24). Glutamate transport was observed only in the transporter homologue of the archaéyrococcus horikoshi
presence of Na irrespective of pH, suggesting an obligatory revealed that they may be essential features in secondary
coupling ofL-glutamate and Natranslocation. GItS is one  transporters as welR{). The pore-loop structure in the Xa
of threeL-glutamate transporters coded on the genome of region of the transporters of the 2HCT family is based mostly
E. coli K12. The [st324]ESS family in the MemGen on experimental studies of the Naitrate transporter CitS
classification consists of 76 unique members, all from of K. pneumoniagl5, 20) and, to a lesser extent, the citrate/
bacterial origin, mostly from they subdivision of the  malate transporter CimH @acillus subtilis(28). Identifica-
Proteobacteria. The sequences in the family show a remark-tjon followed from the accessibility of sites in the cytoplas-
ably narrow size distribution, with most of the sequences mic loop by small water-soluble thiol reagents from the
consisting of 406410 residues. Because no significant periplasmic side of the membrane. The access pathway is
sequence similarity could be detected with members of otherpelieved to be the translocation pathway of substrate and
families, the ESS family is not in any of the known co-jons through the proteir8(15). Using similar criteria,
superfamilies in the transporter classification (TC) system the present study identifies the pore-loop structure in the
(2.A.27 ESS) §). In the MemGen classification, the ESS  corresponding Xa region in the GItS transporter of the ESS
family is in structural class ST[3] together with 32 other family. Labeling of cysteine residues in the Xa region in
families of membrane proteins. three single-Cys mutants of GItS, A339C, L347C, and
The structural model for the members of the ESS family A355C with membrane-permeable NEM resulted in reduced
presented in Figure 1 is based on a different approach thantransport activity. The same sites were not accessible to
models produced by predictors like TMHMM.@). While membrane-impermeable AMdiS when added at the periplas-
the latter rely on general features of membrane proteins, themic side of the membrane in RSO membranes, but two of
MemGen method is basically homology modeling, porting the three, A339C and A355C, were clearly accessible for
information between families in the same structural class. the small, membrane-impermeable MTSES and MTSET
Therefore, the MemGen method relies on the correct reagents in the same experimental system. The third mutant,
classification of families in structural classes. The MemGen L347C, that was inactivated by NEM was clearly less
method allows for the incorporation of structural details like reactive with MTSES and MTSET, which suggests that not
domain structure and pore-loop structures, while TMHMM all positions of the Xa region are equally accessible to all
is restricted to loops and transmembrane segments. In areagents. No experimental evidence for the pore-loop in the
recent analysis in which the performance of transmembraneN-terminal domain is available for any of the proteins in
helix predictors was tested on a database of high-resolutionthe 2HCT family or any other family in structural class ST-
structures of membrane proteirisl), hidden Markov model [3]. The pore-loop is based on weak homology between the
based approaches were shown to perform well for proteinsN- and C-terminal halves of the proteins in ST[3] detected
consisting of transmembrane helices and loops, but less sdyy bioinformatics tools18). The pore-loop regions in both
when the protein contained structural elements like pore- domains are characterized by the well-conserved sequence
loops. For most sequences in the ESS family, TMHMM motif GGXG, which is believed to be at the vertex of the
predicts the putative pore-loop in the second domain (Xa, loops @). The motif is present in the putative pore-loop
Figure 1) to be a transmembrane segment, while this is thesequence in the N-terminal domain of GItS as GGHG at
case for about half of the putative pore-loops in the first positions 136-1309.
domain (Vb). This results in models with-22 TMS for The folding of the GItS protein in the membrane in 10
the different members. TMHMM predicts nine transmem- TMS and the identification of the pore-loop structure in
brane segments for GItS &. coli, three in the N-terminal  between TMS IX and X strongly indicates a similar fold for
half and six in the C-terminal half. The experimental data the members of the ESS and 2HCT families. Apart from
presented here is according the 10 TMS model predicted byyielding a detailed structural model for the members of the
the MemGen method. Cysteine residues placed in the N-ESS transporter family, the experimental data presented in
and C-termini (H3C and G401C) of the GItS proteinf this study supports the MemGen classification method, which
coli were both localized in the periplasm by the accessibility is based on hydropathy profile alignment.
of the bulky, membrane-impermeable thiol reagent AMdIS.
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