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Abstract

The growing number of reported X-ray crystal stowes of membrane proteins
has revealed that many of them consist of two hogmls domains, or structural repeats,
that share a similar fold. This structural motifeéspecially widespread in the group of
secondary transporters. A plausible model for thelugion of two-domain membrane
proteins with an internal structural repeat invehae duplication of a primordial gene
followed by a fusion, thus resulting in a singlengeencoding a protein with two
homologous domains. The two domains have the sparallel) or opposite (antiparallel)
orientation in the membrane. The evolution of tméiparallel two-domain membrane
proteins requires an ancestral protein with saedattiual-topology” that inserts into the
membrane with random orientation. In this chapt& 8tructures of secondary
transporters are described with emphasisis on wleedbmain structure. Remarkably,
secondary transporters that are classified intargel number of different families by

sequence similarity (TC system), show a much smalienber of specific folds.
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1. Introduction

All living cells are surrounded by biological merahes, which consist of a
phospholipid bilayer and a variety of proteinsJedimembrane proteins. The membrane
proteins are responsible for the contact betwe#rand its environment. Biomembranes
are the interface of two compartments, such agthe- and extracellular environment or
mitochondrial matrix and cytosol. Membrane proteim®ract closely with both water
and lipids in their environment. They are synthedias other proteins at the ribosome
and, at the same time, targeted to the differemblomane localization within a cell. Most
membrane proteins are involved in transport andadigg, or they are key components in
energy transduction, such as converting the chémiegy in ATP into electrochemical
energy, or, in reverse, in ATP synthesis.
Knowledge about the structure of membrane prote;nsan important source of
information in molecular biology. Together with fitronal studies, the structures provide
insight into the molecular mechanism by which tkeyk. This knowledge helps in the
search for improved medicines, since many targetsn@mbrane proteins responsible for
signaling or transport at the cell membrane (69).
Recently, the availability of 2D and 3D structu@stained by tools such as electron
microscopy (EM) and X-ray crystallography combinetth theoretical analysis has
significantly increased our understanding of thelemalar functionality of membrane
proteins. Integral membrane proteins form a comalde part of all proteins in a cell. It
was shown that on average about 30% of genes eth@odlee genome of a cell code for
integral membrane proteins (65, 155). Despite #ut that nowadays almost 300 unique
structures of membrane proteins are available e Rhotein Data Bank (PDB), this
number is still limited in comparison to the manyustures published for soluble
proteins (6). The low number of crystal structuseelated to the difficulties encountered
in obtaining crystals that give a good diffractipattern. Membrane proteins are very
hydrophobic and can be only purified in a detergaiubilized state. The hydrophobic
surface of the protein provides very few contacinggoto form a crystal lattice.
Nevertheless, in the last decade, great progresbd®wn made in obtaining 3D structures
of membrane proteins. In spite of this great pregyrét should be noted that transport

across membranes, by definition, is a dynamic m®cend it is difficult to fully
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understand the mechanism exclusively on the bdsstatc pictures, even if they are of
high resolution.

In spite of a great diversity in functions, intedgraembrane proteins share a similar
architecture. Membrane proteins follow some re#dyivsimple rules governed by their
hydrophobic nature and restrictions imposed by lihie bilayer. Membrane proteins
consist of eithera-helical bundles o3-barrels (Fig.1). The fully satisfied backbone
hydrogen bonding found in these secondary strustaveid unfavorable interactions of
backbone amide or carbonyl groups with the hydrbph@nvironment of the lipid
bilayer. With few exceptionss-helical bundles are found in cytoplasmic and sliblee
compartment membranes arfidbarrels in the outer membranes of Gram-negative
bacteria, mitochondria and chloroplasts (170). Tudypeptide chain of membrane
proteins composed of a transmembraméelical bundle orp-barrel crosses the
membrane in a zig-zag fashion. The parts of a chah connect the transmembrane
segments (TMSs) are termed loops. Consequentlyembmane protein contains both

intracellular and extracellular loops.

Figure 1. Two types of membrane protein structures. d4melical (left) and3-barrel (right) membrane
proteins. (http://www?2.warwick.ac.uk/alumni/sengéeportfolios/msrfas/research/)

The recent presentation of quite a number of 3Dckires of membrane proteins has
revealed another feature of membrane proteinsish&und in many of them. Many
membrane proteins consist of two homologous domiasresult in structural repeats

and two-fold symmetry in the structure. Structurapeats are found in membrane
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proteins of different functions. They have beeneobsd in channel proteins, the
translocon of the protein excretion machinery, claxp of the respiratory chain and are
especially frequent in secondary transporters. $tnectural repeats are believed to
originate from ancient gene duplication events.sThtroductory chapter gives an

overview of the fold of secondary transporters vaittvo-domain structure.

2. Structural repeats in membrane proteins

A common feature shared by many membrane protents especially by
secondary transporters is the presence of strdetpaats (10, 38). Each repeat typically
comprises several contiguous TMSs, which assunpedcfs three-dimensional fold that
is repeated two times (or three in case of ADP/AddPrier). Structural repeats are
thought to have arisen from gene duplications Wdd by fusion resulting in two
homologous domains after translation. Evolution dmg two-domain membrane
proteins increases the asymmetry in the transpgutetein, which may widen the
spectrum of substrates. Broad substrate specifindy have provided the evolutionary
pressure for obtaining these proteins. In many s;aee structural repeats were not
detected before the 3D structure was solved, becatitong sequence divergence
between the two domains did not allow the detectibsignificant sequence similarity
(85).
The duplicated domains can be arranged in the nmambwith parallel or antiparallel
topology (Fig. 2). Structural repeats with paralbeientation are related by a pseudo-
symmetry axis perpendicular to the membrane plaig Major Facilitator Superfamily,
MFS). Opposite, so-called ‘inverted’ structural eafs with antiparallel orientation of
domains in the membrane are related by a pseudoisyiy axis parallel to the
membrane (e.g. The Amino Acid-Polyamine-Organocatguperfamily, APC). The
orientation of the two domains is determined byesan (parallel) or odd (antiparallel)
number of TMSs in the repeats. Interestingly, easrisuch as the zinc transporter YiiP
(95) and the multidrug-resistance protein EmrE (133) probably represent ancient

functional homodimers that preceded gene duplinatio
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Figure 2. Two types of 2-domain membrane proteins withrimérepeats. The two domains have the same
(parallel - left) or opposite (antiparallel - rigtdrientation in the membrane depending on an éedt) or

odd (right) number of transmembrane segments (TNd&s)Yomain. Cylinders represents transmembrane
segments, triangles in the background emphasizeetative orientation of the domains in protein.

3. Evolution of two-domain membrane protein

With the rising number of membrane proteins stmeguobtained by X-ray
crystallography it has become clear that many man®rproteins consist of two
homologous domains. The repeat was not obvious ftleenamino acid sequences,
probably because the sequences diverged too fatadsible path for the evolution of
membrane proteins with internal repeats has beepoped before (11, 124, 125, 128,
129). The hypothesis concentrates on the duplicaifca primordial gene followed by a
fusion, thus resulting in a single gene encodimpgatein with two homologous domains
(Fig. 3). As was mentioned above the two domaing lihe same (parallel) or opposite
(antiparallel) orientation in the membrane. A piotevith parallel orientation of two
domains could evolve by duplication and fusion afeme encoding a protein forming a
homodimer with the same orientation of the subu(itg. 3A). Examples of this class are
the members of the Major Facilitator Superfamilggsection 4.1). To account for the
antiparallel orientation of the two domains, thecestral membrane protein was
hypothesized to be “dual topology”; i.e., it woultsert with a random orientation into
the membrane (Fig. 3B). Following duplication, tweo dual topology proteins would
adopt fixed but opposite orientations by genetidt,ddriven by the introduction of
positively charged amino acid residues in cytopladoops (according to the “positive-
inside rule” introduced by von Heijne (47)). Thesfigene on the chromosome may
encode one orientation or the other; at the prdeaial, this has no consequences for the
antiparallel heterodimer that is formed. Howeverthe fused state, this results in two
different proteins with the N-terminus either iresior outside the cell. Therefore, the
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Figure 3. Model for the evolution of two-domain membranetpmns. The left column shows genetic
states, the right column shows the encoded protgintsedded in the membrane. (A) Parallel two-domain
membrane proteins. A primordial gene (blue) enapdimprotein (blue - homodimer) with fixed orienteti

in the membrane, results, after duplication andeierdrift, in an operon of two genes (blue) enogdi
homologous proteins (blue - heterodimer) with aafpelr orientation. Finally, a fusion of the two gen
results in the parallel two-domain membrane proté#) Antiparallel two-domain membrane proteins. A
primordial gene (orange) encoding a dual topologygin (orange - homodimer) results, after dupiarat
and a genetic drift, in an operon of two genesldyeknd red) encoding homologous proteins (yellow a
red - heterodimer) with a fixed but opposite oréian. Finally, fusion of the two genes resultsthie
antiparallel two-domain membrane protein with twosgible orders of the domains.
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evolutionary pathway has two outcomes represermgioteins that differ in the order of
the two domains in the primary structure. In theurse of evolution, one of these
outcomes may be selected at random or becaussetdéctive advantage.

Support for the evolutionary model comes from Hmimatics analyses of protein
families and from experiments. The different statehe model may still be recognized
in a few families of membrane proteins existinglede. The DUF606 family, a family of
membrane proteins of unknown function, is especiaith in evolutionary states
proposed in the pathway: single genes that woutte dor dual topology homodimeric
proteins, paired genes coding for homologues prsteith fixed but opposite orientation
in the membrane, that would form heterodimers, fasdd genes that encode antiparallel
two-domain fusion proteins (85). Bioinformatics bsés of the DUF606 family revealed
a total of nine independent duplication eventss fi¥ which resulted in paired genes, and
four resulted in fused genes. The general conalusiom these studies was that
antiparrallel two-domain proteins are the direcuteof a gene duplication event rather
than a sequential mechanism in which fusions evélgen a pair of genes. Further
support for the evolutionary model comes from tthentification of two subfamilies of
the NhaC family, a family of putative Rid* antiporters, the members of which show the
two possible orders of the homologous domains enahtiparallel fusion proteins (Fig.
3B; (87, 159)). The N-terminal half's of the seqcerof the proteins in one subfamily
share significant sequence identity with the C-teaihalf’'s of the proteins in another
subfamily. Experimental evidence for the two memkerséopologies has been presented
(159). Experimental support for the propertieshef ancestor proteins in the evolutionary
pathway comes from studies of members of the Smdiltidrug-Resistant (SMR)
transporter family. The best-studied SMR proteinEisirE from E. coli, an inner-
membrane drug efflux pump containing four TMSs, ekhis coded by a single gene and
believed to form an antiparallel homodimer (1289,1P66) which implies that the EmrE
protein inserts in both orientations in the membrgfdual topology”). With few
exceptions, a selection of SMR proteins encoded bingle gene was shown to be dual
topology as well (72). It should be noted thatdnéparallel orientation of the subunits in
the EmrE dimer are still under debate and databkas presented that favors a parallel
homodimer (141, 142, 152, 153). In the same SMRIyarhe EbrA and EbrB proteins
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from Bacillus subtilis are encoded in an operon and the gene productsddreterodimer
with antiparrallel oriented subunits providing stgo evidence for the antiparallel
orientation in general (67). Similarly, a selectiohSMR proteins encoded in pairs of
genes revealed in all cases opposite orientatibrieeotwo proteins in the membrane
(72). Further evidence follows from experimentswihich the protein is changed from
one state to the other by genetic manipulationratidnal design based on the positive-
inside rule as the determinant of the orientatiorthe membrane. The positive-inside
states that the loops that connect the TMSs atyt@plasmic side of the membrane
contain a surplus of positively charged arginind Bsine residues relative to the loops at
the opposite side of the membrane (47). The EbicAEWYB proteins oB. subtilis could
both be mutated back to dual topology proteins) @&8d, in an elegant series of
experiments with EmrE, an evolutionary path cotingca dual topology protein to a
pair of oppositely oriented homologues could bailated (129). One step further was
taken in the re-routing of the evolution of thetglaate transporter GItS, an antiparallel
two-domain membrane protein that is at the endt®ofevolution with respect to the
orientation in the membrane. TQHS gene was split in the two halves encoding the two
domains and put back together again with the twtvelsain the opposite order.
Functional assays showed that rerouting the pathwdle alternative output (Fig. 3B)
by swapping the domains does not significantlydffies biogenesis and function. These

experiments are discussed in chapter 5 of thissi(24).

4. Secondary transporters.

Secondary transporters are ubiquitously distribumedecular machines found in
every cell. InEscherichia coli 10,8 % of all chromosomal genes code for membrane
transport proteins and one of the largest functicagegory are secondary transporters
(122). They accept a broad range of solutes, imgugbns, neurotransmitters, nutrients,
and numerous drugs. Secondary transports use ékeefiergy stored in ion or solute
gradients to drive the transport of a solute actbeytoplasm or internal membranes of
biological cells. Accumulation of the solute at aide of the membranes is achieved by
coupling the translocation of the solute to thengtacation of one or more ions lér

Na’) that move down their own gradients, the protonivedorce and/or Na-ion motive
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force, respectively (86). Secondary transporteescammonly classified in three groups
based on their mode of energy coupling: (i) uniartcatalyze the translocation of a
single solute across the membrane, (ii) sympodeuple the translocation of a solute to
the translocation of a co-ion(s) in the same dioectand (iii) antiporters couple the
translocation of a solute and a co-ion(s) in opgeogirections (Fig. 4). Many antiporters
couple the translocation of one solute to the toaadion of another solute rather than a
co-ion. They exchange a substrate at one sideeomiambrane for another substrate at
the other side of the membrane. The different modkesnergy coupling enable
transporters to play an important role in differaspects of the physiology of the cell.
Thus, the symport and uniport mechanisms allowcieto take up nutrients from the
medium, while antiporters may function in the exiore of end products or in defense
mechanisms by removing harmful compounds from #le Antiporters may combine
the uptake of a nutrient from the environment ane éxcretion of a metabolic end
product (149).

o o L N
v ! ! ! i‘
UNIPORT SYMPORT ANTIPORT

Figure 4. Schematic representation of the three modesaofsport of secondary transporters, uniport,
symport and antiport. Circles represent solutemndinds the co-ions, and triangles the co-ions lotesoin
exchange.

According to the transport classification syster@ @ystem), which is based on sequence
and functional similarities, secondary transportaes represented by over 100 families

(13, 134, 138)fattp://www.tcdb.org). However, many of these families are evolutionary

and structurally related (12, 87) suggesting thdeva membrane protein folds have
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successfully evolved to provide a transport medranand widely divergent substrate
specificities (114, 161). The distant evolutioneglationships and structural similarity of
secondary transporters from different gene familiess predicted by Lolkema and
Slotboom by identifying distant evolutionary retatships by hydropathy profile
alignment of the amino acid sequences (88-91) (@emclassification system; see also
section 4.3 of this chapter). The unexpected figdithat transporters unrelated in
sequence share a similar structure, emphasize®mharkable plasticity of transporters,
which allows them to use a common scaffold to ioade different substrates (10).

A central concept in the mechanism of secondanysparters is the alternating access
mechanism proposed by Jardetzky (57). Accordinght® mechanism, the carrier or
transporter isomerizes between an outward-faciage stvith a substrate-binding site
accessible from the external solution, and inwacAgy state with the site accessible
from the cytoplasm (106, 121). Two conceptual megeevail: the “rocker-switch” and
the “gated pore”. The former involves rocking mowsis of protein domains pivoting at
the substrate-binding site. The latter involveslounotions of external and internal gates
flanking the substrate-binding site, and undergaattgrnating openings and closings.
Recent studies suggest that the transport mecharmissecondary transporters probably
integrate both modes of action, thereby includingsomerization between the inward-
and outward-facing states, as well as local opeamdjclosure of gates that partially or
completely occlude bound substrates.

To date, over twenty 3D structures of individuabteins from different families of
secondary transporters have been determined (TBbl&any of them contain two
homologous domains in either parallel or antipatadrientation. Below, the different

folds of such proteins are discussed, mainly basegroteins with known 3D structure.

4.1 MFS fold (ST[1])

The Major Facilitator Superfamily (MFS) represemnit® largest group of secondary
transporters. It is predicted that about 25% okatlwn transport proteins in prokaryotes
belong to this superfamily (15, 119, 136). The mersbof MFS, like secondary

transporters in general, are found ubiquitouslglikkingdoms of life. The MFS members
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Table 1 Secondary transporter structures containing teradiogous domains or structural repeats.

“Core” fold®  Family/TC# Protein Function E(%Bé Ref.
Glycerol-3-phosphate/
L GlpT phosphate antiport 1PW4 (55)
2 LacY H'/sugar symport 1Pv7 (1)
3 11646 MFS/2.A.1 EmrD H'/drug antiport 2GEP  (181)
4 FucP H/fucose symport 3070 (20)
5 PepTsc H'/oligopeptide symport 2XUT (112)
6 NSS/2.A.22 LeuT Na’ /leucine symport 2A65 (279)
7 SSS/2.A.21 VSGLT  Na' /glucose symport 3DH4 (34)
8 NCS1/2.A.39 Mhpl Na' /hydantoin symport 2JLN (176)
9 NCS2/2.A.40 UraA Muracil symport 3QE7 (94)
10 |15+5 BCCT/2.A.15 BetP Betaine-glycine/Nasymport ~ 2WIT (130)
11 caiT L-carnitinely-butyrobetaine 3HEX (143)
antiport Ea—

12 APC/2.A.3 ApcT H* /amino acid symport 3GIA (247)
13 AdiC Arginine/agmatine antiport 3LRB (42)
14 11545 2HCT/2.A.24 CitS N&citrate symport - (149)
15 ESS/2.A.27 GItS Na+/glutamate symport - (26)
16  |[13+3+2+2 DAACS/2.A.23 G}, Na'/aspartate symport 1XFH (180)
17 AcrB H'/drug antiport 1IWG (109)
18 116+6 RND/2.A.6 CusA H/metal ion antiport 3K07 (93)
19 MexB H*/drug antiport 2V50 (146)
20 116+6 MATE/2.A.66.1 NorM H/drug antiport 3MKT (46)
23 |13+3 FNT/2.A.44 FocA Hformate antiport 3KCU (172)
24 StCIC H/CI” antiport 1KPL (28)
25 EcCIC H/CI” antiport 10TS (29)
2 11848 CICi2.A.29 CcmCIC  H/CI antiport 30RG  (36)
27 sycic H'/CI” antiport 3NDO (58)
21 11545 NhaA/2.A.33 NhaA N&H" antiport 1ZCD (56)
22 BASS/2.A.28 ASBim Na'/bile acid symporter 3ZUY (54)
28  112+2+2 MCF/2.A.29 AAC1 ADP/ATP antiport 10KC (123)

The table lists secondary transporters containimg homologous domains. The proteins are grouped
according to core structure, based on reported yX-rstructures in the PDB database
(http://www.pdb.org/pdb/home/home)dor by biochemical and bioinformatics studies. Manof families
and TC numbers correspond to the Transporter @lzesdn Database (TCDBhttp://www.tcdb.orgy
1) arrows represent a parallel or antiparallel degian of domains (or structural repeats) in thenheane,
numbers give the number of TMSs per domain (arcstiral repeats)
% PDB code of first protein with specific structinethe database
%) abbreviations:MFS — The Major Facilitator Superfamily

NSS — The Neurotransmitter Sodium Symporter Family

SSS - The Solute Sodium Symporter Family

NCS1 — The Nucleobase-Cation-Symport-1 Family

NCS2 — The Nucleobase:Cation Symporter-2 Family

BCCT — The Betaine/Choline/Carnitine Transportemfa

APC — The Amino Acid/Polyamine/Organocation Supmifa

2HCT — The 2-Hydroxycarboxylate Transporter Family

ESS - The Glutamate/N&ymporter (ESS) Family

DAACS - The Dicarboxylate/Amino Acid:Cation (Nar H") Symporter Family

RND - The Resistance-Nodulation-Cell Division Sdperily

MATE - The Multi Antimicrobial Extrusion Family

FNT- The Formate-Nitrite Transporter Family

CIC - The Chloride Carrier/Channel Family

NhaA - The NhaA N&H*Antiporter Family

BASS - The Bile Acid/NaSymporter Family

MCF — The Mitochondrial Carrier Family
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represent all types of energy coupling, symportjpant and uniport. Some of the
individual members within the MFS show a stringspecificity, yet as a group the
superfamily accepts an enormous diversity of sabstiypes like sugars, polyols, drugs,
neurotransmitters, Krebs cycle metabolites, phogpdied glycolytic intermediates,
amino acids, peptides, osmolites, siderophoreduf@ff iron-siderophores (uptake),
nucleosides, organic anions, inorganic anions,cthelrs.

Before the first 3D structure of a membrane proteas obtained, sequence analysis and
topology studies revealed that most transportets dhainiform topology of 12 TMSs
connected by hydrophilic loops, and with both N &termini located in the cytoplasm
(119, 136). Often, the N-terminal half of the pioge (TM1-TM6) displayed weak
homology to the C-terminal half (TM7-TM12) of theogeins, suggesting that the
molecule may have arisen from a gene duplicatisigfuevent (80, 135). This prediction
had implications regarding an underlying structusgimmetry of two domains. The
studies were confirmed in 2003 with the simultarsdpueported high-resolution 3D
crystal structures of the glycerol-3P#ntiporter GlpT (55) and the lactosé/gymporter
LacY (1), both ofE. coli, and later by structures of the drug/entiporter EmrD (181),
the fucose/H symporter FucP (20), again both Bf coli and the oligopeptide/H
symporter Pepdo of Shewanella oneidensis (112) (Table 1) and a lower-resolution
structure of the oxalate/formate exchanger OxITO=élobacter formigenes (49, 50).
MFS transporters consist of a core of two homolggdomains each consisting of 6
TMSs inserted into the membrane in the same otientdparallel topology; Fig. 5A).
The interface between two domains creates a cehy@ophilic cavity that forms a
substrate-binding cleft. The structure supportsaternating access model for substrate
translocation in which two domains move relativedyone another thereby opening the
hydrophilic cleft containing the substrate alteaetytto the two sides of the membrane
(rocker-switch mechanism (38, 80)).
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Figure 5. Membrane topology of the “core structure” of seaary transporters with parallel and
antiparallel structural repeats. The topologiesstu@vn for (A) the MFS transporters-ST[1], (B) Lelilke
transporters — ST[2], (C) CitS/GItS like transpaste ST[3], (D) DAACS transporters - ST[4], (E) RN
transporters, (F) FNT transporters, (G) CIC tramsgs, (H) BASS — NhaA transporters, and (I) MCF
transporters. The structural repeats are highldybte triangles, which emphasize the relative oetah
and different intensities of gray. Cylinders regrstransmembrane segments (TMSs); non-helicabmegi
in the middle of the TMS are shown as lines; togirazellular side of the membrane, bottom, cytaplias
side of membrane.
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Exceptions to the 12 TMSs rule exist. A number divprotein families consist of 14
TMSs and one other family of 24 TMSs. Examplesamhifies with 14a-helical spanner
proteins are the POT family containing the Pgptransporter mentioned above (112)
and the DHA2 Family containing drug/Hantiporters. TetL, the Mé&tetracycline/H
antiporter ofBacillus subtilis (60) is in the latter family. The extra two heBcare
inserted in between the two domains into the ceogttaplasmic loop. The core structure
of 2x6 TMSs with twofold symmetry is still consedelnterestingly, the TetL Mé
tetracycline/H antiporter ofB. subtilis can be converted to a monovalent cation” (K3,
H™") antiporter that lacks tetracycline transport\agtiby deletion of TMSs 7 and 8, the
two extra TMSs (161). The 24 TMS MFS transportearky of Paracoccus pantotrophus
consists of two 12 TMS domains, NarK1 and NarK2thbof which are required for
normal nitrate uptake. NarK1 catalyzes NB" symport, dependent on the pmf, while
NarK2 catalyzes NeYNO," antiport, independent of the pmf (177). Thus, gha&ein is a
fusion protein of two homologous but distinct MF&mpeases. All members of the MFS
superfamily are grouped in structural class STilihe MemGen classification system

(see section 4.3) that is based on similarity ofikahydropathy profiles..

4.2 LeuT fold (ST[2])

The name “LeuT fold” for this group of secondargrtsporters comes from the bacterial
leucine/alanine transporter LeuT in the Neurotratiem Sodium Symporter (NSS)
family, which was the first crystallized proteinttithis structure in 2005 (179). By now,
a similar fold was found for seven other transpsrt€Table 1): the Nagalactose
symporter vSGLT (34) fronVibrio parahaemolyticus of The Solute/Sodium Symporter
(SSS) family, the benzyl-hydantoin transporter Mh@176) from Microbacterium
liquefaciens of the nucleobase/cation symporter (NCS1) fantig, H/uracil symporter
UraA (94) from E. coli from nucleobase/cation symporter (NCS2) familye th
Na'/glycine betaine symporter BetP (130) fr&@uarynebacterium glutamicum and the L-
carnitinef-butyrobetaine antiporter CaiT (143, 158) frdmcoli or Proteus mirabilis,
both members of the betaine-choline-carnitine parter (BCCT) family, the H
coupled amino acid transporter ApcT (147) frivethanocal dococcus jannaschii as well

as in the arginine/agmatine antiporter AdiC (35) #2m E. coli, both of which are
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members of the amino acid-polyamine-organocatioPGA super family. The core
helices of all theses proteins from different faesilshare a similar fold but they show
little or no sequence similarity. This was notedtfby Lolkema and Slotboom in 1998
using a hydropathy profile alignment approach ptmany structure determination (88,
90). All proteins with resolved X-ray structuresaghg this type of fold, belong to
structural class ST[2] in the MemGen classificatgystem (see section 4.3). Although
differing in total number of TMSs, all the ‘LeuTI& transporters share a common core
structure of 10 TMSs (Fig. 5B) build by two strueily similar domains of 5 TMSs
each. The variation in TMSs numbers, between diffeffamilies of the “LeuT fold”
group of secondary transporters shows 2 TMSs doearst of the core (LeuT and
Mhpl), 1 TMS before, and 3 TMSs after core (vSGlahd 2 TMSs before the core
(BetP). The two domains of the core have oppositentation (antiparallel) in the
membrane. The first helix of each of the two doreaontains an unwound helical region
that is involved in the interaction with the substr (74). The first two helices of each
domain in LeuT come together to form a four-helindle that is surrounded by an outer
scaffold of helices. Depending on the specifictite, this helix bundle either contains
within it (e.g., for BetP), or lines one side ofge for LeuT) the central translocation
pathway and contains the binding sites for substaaid co-ions. Although the relative
location of a substrate binding sites may be sharedng the transporters, the specific
interactions vary in order to accommodate the deeange of substrates. An additional
difference between the transporters is the org#oizaf the access pathway for substrate
and ion binding sites. Different TMSs participatehe formation of the extracellular and
intracellular vestibule. Another difference comeeni different sodium to substrate
stoichiometries of transport: LeuT and BetP hav&lastoichiometry; and vSGLT and
Mhpl a 1:1 stoichiometry. In the structures of LetwWo likely sodium sites (Nal and
Na2) were identified, close to the unwound heli¢testSGLT and Mhp1 the Nal site is
absent [50]. One of most significant differencesMeen various “LeuT fold” structures
is the orientation of the bundle of 1 and 2 TM3srfreach domain to the scaffold of the
rest of core TMSs. The angle between the bundle amd the vertical scaffold TMSs
varies from +15° in LeuT to -14° in vSGLT (and MhiBetP and ApcT at intermediate
angles) (39).
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4.3 CitS and GItS like fold (ST[3])

CitS of Klebsiella pneumoniae and GItS ofEscherichia coli are secondary transporters
catalyzing N& symport, and are the main subject of the studgriesd in this thesis.
The 3D structures for these two families are glilisive, and for this reason extensive
bioinformatic and biochemical studies were carr@d. The two proteins belong to
different families. The Nacitrate transporter CitS belongs to the 2-hydraxigoxylate
Transporter (2HCT) family (reviewed in (149)) whilee Nd-glutamate transporter GItS
(22, 62) belongs to the Glutamate Sodium SympdBE&S) family (Table 1). Members
of the 2HCT and ESS families are found exclusiwelpacteria. No sequence homology
can be detected between members from the two &anitiut both families are found in
the same structural class ST[3] of the MemGen iflegon system (87-91, 160).

The MemGen classification system groups membraoeips in structural classes based
on hydropathy profile analysis. The hydropathy peodf the amino acid sequence of a
membrane protein is taken to be characteristictlier folding of the protein in the
membrane. The hydropathy profiles, like the 3D atrres of homologous proteins are
much better conserved than their amino acid seguand, therefore, they report on the
global fold of the proteins in a family. The MemGelassification system is not a
membrane topology prediction methper se, but a major consequence of the approach
is that all proteins in the different families ineclass share the same fold, i.e., knowing
the topology of one, is knowing them all. Basedtbis approach the well-established
membrane topology model of the 2HCT family, mosthsed on studies of Naitrate
transporter CitS (84, 92, 149, 151, 168), was usgoredict the membrane topology of
Na'-glutamate transporter GItS, a member of the E&8lyaThe model was verified by
accessibility studies of cysteine residues intredumto the GItS protein (26). The
structural model of the transporters shows a cbtevo homologous domains consisting
of five TMSs each that are connected by a largeptgtsmic loop region (Fig. 5C). The
CitS protein and all members of the 2HCT family édaan additional TMS at the N-
terminal end of the core structure, placing theeNminus in the cytoplasm. Members of
the ESS family including GItS do not have this éddal segment and their structure

corresponds to the core structure that has themittas in the periplasm. Other families
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in class ST[3] are characterized by additional TM$she C-terminal end. Recently a
topology screening study (TopScreen method (16@)) described for structural class
ST[3] in MemGen (159). Because of the odd numbemnadices in the two domains that
form the core structure, they have opposite ortearia in the membrane. In between the
4™ and %' TMS in each domain, the connecting loop folds biacketween the TMSs to
form a so-called ‘pore loop’ or ‘reentrant loop’hd reentrant loop in the N-terminal
domain enters the membrane from the periplasmeg #$iiek one in the C-terminal domain
from the cytoplasm. Sequence motifs GGXG presetitartransporters of both the 2HCT
and ESS families are at the vertex of the reenti@opis and were demonstrated to be
crucial for the activity of the CitS and GItS prioie (25). Additional evidence was
presented suggesting that in the 3D structurergetrant loops of the two domains are
in close vicinity and overlapping at the interfadfethe two domains (23). It is believed
that they form the translocation pore and thatdi@ation proceeds through an alternate
access mechanism (150, 151) involving movementeftivo domains relative to one
another (24). In addition to a similar 3D structutee CitS and GItS proteins also share
the same quaternary structure. Several techniquse wsed to demonstrate that the
proteins are dimeric in the detergent solubilizedes(48, 64, 77, 108, 126).

Extensive studies of the CitS and GItS proteinsagibthat even when lacking an X-ray
structure it is possible to obtain good structurBdrmation about a membrane protein, by
using the MemGen approach to predict the sametstaldold for many other families
of membrane proteins. In addition to the 2HCT ai@EHamilies, class ST[3] contains
over 30 other families of secondary transporterduting the ion transporter (IT)
superfamily (127). Strong support for MemGen classion was obtained by a similar
organization of the core in high-resolution struetuof the proteins described in 4.2
containing proteins with a “LeuT fold”, all clas&ifl in ST[2] (90).

4.4 DAACS fold (ST[4])

The Sodium/Aspartate Symporter frofyrococcus horikoshii (Gltpr), an archaeal

homologue of the EAATS, was one of the first sodicmapled transporters for which a
3D structure was determined (180). The p@lttransporter belongs to the
Dicarboxylate/Amino Acid:Cation (Naor H) Symporter (DAACS) Family (Table 1).
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The transporter is a bowl-shaped trimer with aaol:illed extracellular basin extending

halfway across the membrane bilayer. In each,@lotomer the first six transmembrane
helices form a distorted cylinder, which in turnckises a compact core domain
containing two reentrant helical hairpins, calleBlHand HP2. The HP1 and HP2 loops,
together with flanking regions from TM7 and TM8gastructurally related and can be
superimposed, even though HP1 and HP2 have nofisati amino acid sequence

identity. At first it was considered that an antgdkel topology of duplicated segments
was observed only in the helices involved in tramsput not in the rest of protein (9,

180). However, a new structure for &zlf131) trapped in an inward-facing conformation
by the introduction of a disulfide bridge, showédtt in this state, there is an additional
antiparallel topology in the N-terminal region thatnot obvious in the outward-facing

structure (Fig. 5D). The members of DAACS famile a@rouped together in structural

class ST[4] in the MemGen classification.

4.5 RND fold

AcrB of E. coli, a proton dependent multidrug transporter belapginthe Resistance-
Nodulation-cell Division (RND) superfamily was tHest secondary transporter for
which a 3D crystal structure was reported in 200Q9§. Other proteins from this
superfamily with known structure are CusA frdincoli, a metal ion efflux pomp (93)
and the multidrug transporter MexB fraRseudomonas aeruginosa (146) (Table 1). All
these proteins are subunits of a larger complek itheesponsible for the extrusion of
toxic compounds over the cell envelope (inner anttromembrane) of Gram-negative
bacteria. For example, AcrB forms together withAAand outer membrane pore TolC a
complex that together export drugs from the ceile Transmembrane part of AcrB shows
pseudo-two-fold symmetry: six N-terminal helicege aymmetrically arranged with six
C-terminal helices and thus form two parallel stwuglly homologous domains that are
different from the MFS domains (Fig. 5E). Two latgemologous extracellular domains
are inserted in-between the first and second TM8seatwo domains (TMSs I-1l and VI-
VII). These two periplasmic domains extent up ® ToIC pore in the outer membrane.
The AcrB is organized as a trimeric complex withtlaee-fold symmetry axis

perpendicular to the membrane in which periplagmaits form a central channel ending
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in a funnel at the side of TolC. At the oppositgesithe channel is connected to a central
cavity at the level of the outer leaflet of thealygr, which contains the substrate binding
sites. Three vestibules at the interface of theBAmotomers provide the access pathway
through which the substrates diffuse in via latenalement from the lipid bilayer (109,
145).

4.6 MATE fold

NorM from Vibrio cholerae represents another multi drug resistant proteih &itwo-
domain structuré46). NorM is a member ohe Multi Antimicrobial Extrusion (MATE)
family (Table 1).MATE transporters are involved in a variety of imamt biological
functions across all kingdoms of life (78, 107, LIEhe members of the MATE family
are the dtestof MDR transporters that were structurally charazésl. The NorM
transporter consists of 12 TMSs organized like M{S8e section 4.1) and RND
transporters in two parallel domains (TMS 1-6 aMST7-12), but in contrast to RND
transporters they do not contain extracellular domgFig. 5 A and E). The two
domains of NorM form an internal cavity open to theracellular space. The topology of
NorM is unique among all known transporters, theSEvare organized in the different

way then in other 12 TMSs transporters with twcaflat domains.

4.7 FNT fold

The members of the Formate—Nitrite Transporter (Ffdmily are predicted to transports
low molecular weight acids like formate and nitratéacteria, archea, fungi, algae, and
parasites but not in higher eukaryotes (137). Thderof energy coupling and substrate
transport mechanism used by FNT proteins is unkndiwis even unclear whether they
function as channels or transporters (132, 157¢omfusion that is reflected in the
nomenclature. The founding member of the familpasned as a channel (hence the “c”
in FocA), but the entire group of proteins is cifisd as a transporter family (hence the
“T” in FNT). The best-characterized FNT member tHas is the above mentioned
formate transport protein FocA (Table 1, (157))glidiresolution crystal structures of
FocA homologues were obtained from three sourBesoli (EcFocA) (172),Vibrio
cholerae (VcFocA) (171) andsalmonella typhimurium (StFocA) (96). The three obtained
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structures are in general similar but also somtemifices were observed (see below).
FocA forms a symmetric pentamer with each protooossisting of six transmembrane
segments. Each FocA protomer contains an axiabgadhat is roughly perpendicular to
the plane of the lipid membrane. Interestingly, trentamer assembly of FocA also
contains a central pore, which is probably occuigdipid molecules within the plasma
membrane. The six transmembrane segments of ea¢hgemtamer subunit have the N
and C terminus in the cytoplasm. Each protomerainatan internal structural repeat
formed by two homologous domains (Fig. 5F). TheeNrinal domain of the protomer,
TM1-TM3 is structurally related to the C-terminadndain, TM4-TM6, with a quasi-
two-fold axis in the plane of the lipid membraneespite a low sequence identity of
about 8%, these two halves can be superimposedadh domain, the middle TMS
(TMS2 and TMS5) consists of two lineghelices connected by an extended loop, which
is highly conserved among the FNT family membelsesE two signature loops, placed
roughly parallel to the plane of the membrane, lacated in the axial passage of the
FocA protomer.

FocA has been proposed to switch its mode of ojp@arétom a passive export channel at
high external pH to a secondary active formateitidporter at low pH.EcFocA and
VcFocA structures were obtained at pH 7.5 and thpiesent the high-pH form, in which
FocA was suggested to function as a formate chamhelSFocA was crystallized at pH
4.0 and the obtained structure shows that the Bwittween channel and transporter
involves a major rearrangement of the amino terroinindividual protomers in the
pentameric channel. The amino-terminal helices apeblock transport in a concerted,
cooperative action showing how FocA is gated itHadependent way (96).

Strikingly, the structure of FocA is similar to tls&ructure of proteins belonging to the
Aquaporin family, a family of water and glycerolarinels. The FocA protomer can be
superimposed on that of tischerichia coli water channel AgpZ (140) and the glycerol
channel GIpF (40). The similarity is particularlwidgent in the inverted twofold
symmetry, in the total number of transmembraselices (six), in their topology, in the
right-handed twist of the helix bundle, and everthie existence of a pore in the middle
of the monomer. FocA is an integral membrane pnotgith no sequence homology with

AQPs but they share a similar fold. Despite theralestructural similarity, FocA has
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prominent features that distinguish it from AQP#ieMf the most important is that the
two loops that disrupt TM2 and TM5, have differeonfigurations from those of AQPs

were they adopt a reentrant loop structure.

4.8 CIC

CLC proteins form a large family of membrane pnosgaihat transfer chloride ions across
cell membranes. Present in all kingdoms of lifejsexg in both cytoplasmic and
intracellular membranes, CLCs mediate a wide rarigehysiological processes (59, 98).
In muscle they govern resting membrane potentiddjdney they facilitate transepithelial
fluid flow, and in intracellular compartments thegntrol pH through coupled TH"
exchange (154, 173, 183). Two subgroups of CLCisteghannels and secondary active
transporters (104). Even though channels and toatesp catalyze different reactions,
conservation of specific amino acids indicates ttiese functionally distinct CLC
subgroups must share the same basic architectre8{] 33). This remarkable finding
suggests that the structural boundary separatiagrneis and transporters is not as clear-
cut as previously thought (103).

By now structures of four members of CLC family balveen determined by X-ray
crystallography, two closely related transportensmf Escherichia coli (EcCIC) and
Salmonella typhimurium (StCIC) (28, 29), one eukaryotic CmCLC from a thephilic
red algaeCyanidioschyzon merolae (36) and finally a slow CIC QH" antiporter from
Cyanaobacterium (58) (Table 1).

All CLC proteins are homodimers with each subumhsisting of a transmembrane
component that forms the ion pathway. The mainedéffices between the bacterial
channels of known structure and eukaryotic CIC ok&n are the presence of large
intracellular domains at the C-terminus of mostayktic and some prokaryotic CIC
channels (they are absent in EcCIC and StCIC)49R, The transmembrane part of CIC
contains 18 TMSs, which are remarkably tilted aratiable in length. The CIC
transporter protomers consist of two topologicalyated domains, which span the
membrane in opposite orientations in an antipdradkehitecture (Fig. 5G). Each
homologues domain contains 8 TMSs, however thense@dS and the third TMS of

each domain are short and span the membrane indoeetion. Therefore, the
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polypeptide chain crosses the membrane an odd nutinbes resulting in an inverted
topology. Structurally the two domains are reldigc pseudo two-fold axis of symmetry
in the plane of the membrane. This pseudo two-feldtionship makes it possible to
bring together loops at the endwhelices from different parts of the structure aonfi a
selectivity filter for CI.

The internal repeat pattern in CIC @lansporters was not previously recognized in the
amino acid sequences, but careful alignment witbwkedge of the protein structure
shows that the two halves are indeed weakly cde@lan their sequence, particularly

with respect to the position of glycine residues)(2

4.9 BASS and NhaA fold

The N&/H* antiporter NhaA ofE. coli and the bile acid/Nasymporter ASBT of
Neisseria meningitides are members of two different families that have detectable
sequence homology. Nevertheless, crystal structfréise two proteins show that they
share the same fold.

NhaA is the main NdH" antiporter ofEscherichia coli and other enterobacteria (117)
(Table 1). N&H" antiporters are integral membrane proteins thahaxge N&for H
across the cytoplasmic membrane. The functionshe$e antiporters is regulation of
intracellular pH, cellular Nacontent and cell volume, which are essential mses for
all living cells (116, 118, 175). NhaA is indispabte for pH and Nahomeostasis iE.
coli because of its unique ability for ‘sensing’ the ieommental signals Naand H and
transducing them into a change in activity so tadiular homeostasis is maintained. The
crystal structure of NhaA was obtained in 2005 (&6) has provided insight into the
mechanism of NhaA N#H" antiporter activity and its unique regulation dy.p

ASBT is a member of the Bile Acid/N&ymporter (BASS) family (Table 1), which is a
part of the Bile/Arsenite/Riboflavin TransporterART) superfamily (100). ASBT like
other members of the BASS family catalyzes trartspbbile acid across the membrane
in symport with two sodium ions (174). The humanBASs a pharmaceutical target for
drugs aimed at lowering cholesterol, and severd8A#hibitors have been developed
that are effective in animal models (7). The relyergported crystal structure of ASBT
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from Neisseria meningitides (54) showed a remarkably similar protein architeztas
observed previously for the NhaA antiporter (56).

The proteins contain two homologous domains, cordi® TMSs each, and therefore
have opposite orientation in the membrane. The Nha#porter contains two TMSs
inserted in between the two homologous domainsateahot found in the ASBT protein
(Fig 5H), and that increases the number of TMSE2tdn each domain the fourth TMS is
interrupted in the middle (discontinuous) and forriselical hairpins with the next TMS
that is kinked. At the point where the two disconbus TMSs are broken by well-
conserved sequence motifs, they cross over. Theowmiv stretches that cross in the
middle of the membrane form the binding sites fa'.NDiscontinuous transmembrane
helices are a common motif in secondary activesparters (144). However, the NhaA
and ASBT are the only known example in which suelichs cross in this specific way.
Each repeating unit is made of an N-terminal V-m@tist two TMSs) and a core motif
(next three TMSs). The core motifs from each regean the “core domain/bundle”,
whereas the two V-motifs create a “panel-like dawftaindle”. The movements between
these two bundles of TMSs, during transition frootward to inward—facing states,

probably form a translocation pathway for substgate

4.10 MCF fold

Membrane transport proteins found in the inner ahitmdrial membrane are collectively
called mitochondrial carriers. All of them are merd of the same family, the
Mitochondrial Carrier (MC) Family (70). The thre@rhologous repeats of about 100
amino acids result in membrane proteins with sixSEMTable 1). The presence of
triplicated helical hairpins in mitochondrial canms was first identified in the amino acid
sequence of the ADP/ATP translocator (71, 139). Bheicture of the ADP/ATP
translocase from bovine mitochondria crystallizedhie presence of carboxyatractyloside
showed the six TMSs bundle (Fig. 51) with the halibairpins related by a pseudo
threefold axis (123). The N- and C-termini face tytoplasmic side of the membrane
and the three hairpin loops of the repeats facerthieix. The six TMSs form a compact
barrel domain that shows a deep cone-shaped dapreas the surface facing the

intermembrane space. The ADP/ATP catrrier is probaldlimer, which is consistent with
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other structural, biochemical and functional dashlighed so far (113). The ADP/ATP

translocator is the most abundant and probably rtost important carrier in the

mitochondrion. It is an electrogenic transporteat texchanges ADP from the cytoplasm
with ATP synthesized by;Fy-ATPase.

5. Other two-domain membrane proteins

The two-domain organization of membrane proteineasunique to secondary
transporters but is also observed in many chanmméips and also in the translocon of
the protein export machinery and the transmembpaneof complex | of the respiratory
chain. In this subsection some of these proteirkshei briefly presented (Table 2 and
Fig. 6).

A. MIP B. AmMt/IMEP/Rh
e JJUU
N = c

Figure 6. Membrane topology of the “core structure” of 2xtin membrane proteins. The topologies are
shown for (A) MIP channels, (B) Amt channels (Ct%dranslocon, (D) UT channels, and (E) antiporter
like subunits (NuoM) of Complex | of respiratoryath. For further explanation see the legend torédu
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The Major Intrinsic Protein (MIP) Family is a larged diverse family of transmembrane
channels. The members of MIP function in watercegipl, urea, Nkl CO,, H,O, and ion
transport by energy-independent mechanisms anfbanel ubiquitously in all kihngdoms
of live organisms (120). The best studded are thiemchannels, called “aquaporins” and
the glycerol channels (Table 2). The aguaporin® l@vimportant function in organisms
to maintain water homeostasis. Several MIP chanredpecially aquaporins, were
crystallized and 3D structures were obtained (37,48, 45, 51-53, 81, 110, 111, 140,
156, 164). Aquaporins are tetrameric. The most mamb structural feature of the
monomer is an internal duplication and each hathefprotein consists of 3 TMSs and a
reentrant loop (Fig. 6A). The two domains have rtec orientation in the membrane and
as a consequence the two reentrant loops, congainuportant asparagines-proline-
alanine (NPA) motifs, fold into the protein frompmsite sides and meet in the middle of
the bilayer. A similar fold was observed for thdsnits of the pentameric FOCA protein,
but with a different organization of the discontis helices (see 4.6).

Table 2 A representative structure of membrane proteamsaining two homologous domains or
structural repeats.

“Core” fold®  Family/TC#  Protein  Function PDB cofle Ref.
1 AgpO HO channel 1YMG (45)
o 11343 MIP/LA8  GiboF1  Glycerol,@NHs, H,O channel  1FX8 (40)
3 AmtB NH; channel 1U7G (66)
4 11545 Amt/MEP/Rh  Amtl NH;;CH,NH, channel 2B2F (4)
5 1.A11 NeRh NH;CO, channel 3B9Y (83)
6 RhC NH channel 3HD6 (44)
7 115+5 Sec/3.A.5 SecY Protein-conducting channel 1RHZ (167)
8 116+6 UT/1.A.28 dvuT Urea channel 3K3F (82)
9 115+5 NDH/3.D.1 NuoM Complex | respiratory chain 3RKO (30)

The table lists examples of membrane proteins aintatwo homologous domains. The proteins are
grouped according to core structure, based on teghoX-ray structures in the PDB database
(http://www.pdb.org/pdb/home/home)dloNames of families and TC numbers correspond he t
Transporter Classification Database (TCDtp://www.tcdb.orgy
1) arrows represent a parallel or aniparallel ogigah of domains (or structural repeats) in the ineme,
numbers give the number of TMSs per domain (arcstiral repeats)
% PDB code of first protein with specific structinethe database
% abbreviations: MIP - The Major Intrinsic Protéiamily

Amt/MEP/Rh - The Ammonia Channel Transporter Family

Sec - The General Secretory Pathway Family

UT - The Urea Transporter Family

NDH - The H or Nd-translocating NADH Dehydrogenase (NDH) Family

Members of Ammonia Transporter Channels (Amt) fgnailte membrane proteins that
transport NH, NH;*, CH:NH, or CQ by energy-independent, bidirectional diffusion.
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They are involved in the regulation of nitrogen ametism. The methylammonium
permeases (MEPSs) from yeasts and the Rh familyaijms from animals belong to the
same family and, therefore the family is referredas Amt/MEP/Rh family (Table 2).
The names still reflect the confusion about thedpmrter/channel status of the proteins.
The crystal structures of the ammonium channel fEorooli (66, 182),Archaeoglobus
fulgidus (4), Nitrosomonas europaea (83, 97) and a human Rh protein (44) have been
determined by X-ray crystallography. Amt channeatsnf a trimer with a separate
pathway in each monomer for transport. Each monawoeprises 11 TMSs. The TMSs
from 1 to 5 and from 6 to 10 are organized in twacturally homologous domains with
inverted topology in the membrane (Fig. 6B). TMSid hot the part of structural repeat.
In bacteria, export of proteins produced in theoplasm through the inner membrane
requires the SecYEG translocon complex (101). Téwestocon structures were obtained
from Methanococcus jannaschii (167) andThermotoga maritima (165, 184). The SecY
channel-forming subunit has 10 TMSs that are aedno two structurally related
domains; TMS1 to TMS 5 and TMS6 to TMS10 are relaby a pseudo twofold
symmetry axis parallel to the membrane (Fig. 6Q)e Tetailed arrangement of the
helices in SecY is unique between other proteirth Ritimes 5 TMSs. Subunits SecG
and SecE are located at the periphery of the commplerhaps to provide structural
stability to SecY, which is believed to undergorlfailarge structural changes during
protein export.

Members of The Urea Transporter (UT) Family, whietve been found in animals, fungi
and bacteria (105) transport urea with channetsdliltechanisms. The structure of urea
channel fromDesulfovibrio vulgari (dvUT — Table 2) was obtained by Levin and co
workers (82). In the dvUT trimer, each protomertears two homologous domains of 6
TMSs, oppositely oriented in the membrane (Fig..6Ie first TMS of each domain is
short and ends in the middle of the membrane. dbp tonnecting this short helix with
next TMS turns sharply and exits on the same sidthe@® membrane. Therefore, the
polypeptide chain crosses the membrane an odd numhibenes resulting in an inverted
topology. The next four TMSs from each domain spgan entire membrane. The last
TMSs of each domain are perpendicular to the menebeand unwind at the middle of

the membrane into an extended coil to cross thebrame. Interestingly, a mammalian
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urea transporter UT-Al consists of two tandem opkUT sequences resulting in a
total of 20 TMSs (105) like was observed for the®yaf Paracoccus pantotrophus (see
section 4.1).

Finally, the last examples of 2-domain membranegmes are the subunits of complex |
of the respiratory chain d&. coli the structure of which was reported at a resatutib
3.0 A resolution (30). The complex includes six s, NuoL, NuoM, NuoN, NuoA,
NuoJ and NuoK, with a total of 55 TMSs. The foldtbé homologous antiporter-like
subunits L, M and N is novel, with two invertedustiural repeats of five TMSs arranged,
unusually, face-to-back. Each repeat includes eodinuous forth TMS and forms half

of a channel across the membrane (Fig. 6E).

6. Summary

The growing number of reported 3D structures of tmeme proteins provides
new insights into molecular organization and fumedlity of membrane proteins. It is
clear that many of them contain two homologous domar structural repeats, a feature
that is especially widespread among secondary gaatess. A few topology models of
two-domain membrane proteins were identified not @ystallography, but by
bioinformatics and biochemical studies, such asdhdescribed in section 4.3 for the
members of 2HCT and ESS family. Another exampléena@-domain protein recognized
by bioinformatic tools is, not mentioned above, #B&*/Cation Antiporter (CaCA)
Family (TC #2.A.19) (14).
The relatively high number of secondary transpogtares found in sequenced genomes
that are grouped in a large number of familiedikedy to represent a smaller number of
unique structures and, consequently, transport amesims. It is clear that different genes
families with similar functions may represent hoogwus 3D structures. The motif of
two homologous domains present in most of the sggntransporters evolved by a
gene duplication and fusion. There is an enormauety of gene duplication both in the
numbers of TMSs that are duplicated and in thelatiee orientation, parallel or
antiparallel in the membrane. The most primitivansporters possibly consisted of
multimers of identical domains, presumably pairddMSs as seen in subunit ¢ of the F-

type ATPases (102). It is logical to imagine thaini a simpler structure of multiple
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identical subunits, evolution favored a reduction subunit number by gene fusion

together with an increase in the complexity of seguence, therefore allowing greater
specificity or efficiency of a given protein tramster but also functional diversity (170).

Other feature observed in the structures of seagrtdansporters is the discontinuity in

the middle TMSs and the presence of reentrant loops

Now that quite a number of folds of secondary tpamsproteins are known, the goal is
to solve the structure of the proteins in each efdpe transport cycle to fully understand

the different transport mechanisms.

7. Outline of the thesis

The work described in this thesis focuses on theestigation of structural
similarity between two families of secondary tram$ers and at the same time on the
experimental validation of the MemGen classificatisystem. The main transporter
proteins in the studies described in this thesisCitS ofKlebsiella pneumoniae, a Na-
citrate transporter that belongs to the 2-hydroryoaylate transporter (2HCT) family
and GlItS ofEscherichia coli, a Na-glutamate transporter that belongs to the Glutamat
Sodium Symporter (ESS) family. Members of these favoilies are not related in amino
acid sequence but share similar hydropathy profidsch suggest a similar folding of
the proteins in the membrane. Starting from thenfdomatics data obtained from the
MemGen classification system and a previous topokigdy of CitS we were able to
predict and confirm experimentally the membranetogy of GItS and in this way show
that analysis by hydropathy profiles of membranetgns is a powerful tool to study
structures of membrane proteins in the absencerafy)structural data.
The aims of the research described in this thesre \{f) verifying experimentally that the
CitS and GItS share a similar folding in the memiketawith special emphasis on two
trans reentrant loops, (ii) showing that GGXG segeemotifs present in the putative
reentrants loops are important for the activitytloé transporters, (iii) prove that two
reentrant loops in N and C domains of the trangp®iihteract at the interface of the two
domains and form a translocation pathway for sabstr and co-ions, and (iv)
demonstrate that genetic engineering allows thenstcuction and manipulation of

evolutionary pathways of two-domain membrane pnstei
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Chapter 1 reviews secondary transporters with known strectumd consisting of two
homologous domains or structural repeats. Additlipnahe possible evolutionary

pathways of these proteins are discussed.

In chapter 2, we describe the first detailed experimental suppar the MemGen
classification scheme. The known structural modethe 2HCT family was used to
predict the membrane topology of the ESS familythenmodel, the transporters fold into
two domains containing five transmembrane segnamdsa reentrant loop each. The two
reentrant loops enter the membrane-embedded p#ré gfroteins from opposite sides of
the membrane. The model was verified by accedsitstudies of cysteine residues in
single-Cys mutants of the Rglutamate transporter GltS &kcherichia coli, a member
of the ESS family. Importantly, two cysteine regduin the predicted reentrant loop
entering the membrane from the cytoplasmic sideevsbown to be accessible for small,
membrane-impermeable thiol reagents from the sip] as was demonstrated before
for the Na-citrate transporter CitS dflebsiella pneumoniae, a member of the 2HCT
family. The data strongly suggests that GItS of H&S family and CitS of the 2HCT
family share the same fold as was predicted by eoimg the averaged hydropathy

profiles of the two families.

Chapter 3 reports a study of GGXG sequence motifs presemnihenputative reentrant
loops of the CitS and GItS proteins. Experimentaskhat the motifs are important for
the activity of the transporters. Mutation of thenserved Gly residues to Cys in the
motifs of the N&-citrate transporter CitS in the 2HCT family anc tN&-glutamate
transporter GItS in the ESS family resulted in sty reduced transport activity.
Similarly, mutation of the variable residue “X” ©ys in the N-terminal half of GItS
essentially inactivated the transporter. The cpoeding mutations in the N- and C-
terminal halves of CitS reduced transport actidtywn to 60 and 25% of wild type
activity, respectively. Importantly, the X to Cysutation (S405C) in the cytoplasmic
loop in the C-terminal half of CitS rendered thetpm sensitive to the bulky, membrane

impermeable thiol reagent AMdiS added at the pasiplic side of the membrane,
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providing further evidence that this part of thedds positioned between the TMSs. The
putative reentrant loop in the C-terminal half bétESS family does not contain the
GGXG motif, but a conserved stretch rich in Gly idess. Cysteine-scanning
mutagenesis of a stretch of 18 residues in the @hSein revealed two residues
important for function. The data support, in gehethe structural and mechanistic
similarity between the ESS and 2HCT transporterd, anore particularly, the two-

domain structure of the transporters and the poesand functional importance of the
reentrant loops present in each domain. It is ppegdhat the GGXG motifs are at the

vertex of the reentrant loops.

Chapter 4 describes studies verifying the hypothesis thatéentrant loops in the N and
C domains in the structural model of the 2HCT iattrat the interface of the two
domains. This was validated by cross-linking stadising a split transporter approach. It
was shown that a CitS variant genetically splib@ween the two domains forms a stable
complex in the membrane that is active in"Maupled citrate transport and that retains
its quaternary structure after purification frone thembrane. In the purified complex, the
two domains could be chemically cross-linked byulfide bond formation between
cysteine residues positioned in the two reentr@opd. A model is proposed in which the
reentrant loops in the N and C domains are oveilgpgt the domain interface in the 3D

structure, where they form (part of) the translmrapathway for substrate and co-ions.

Chapter 5 of this thesis deals with a plausible evolutionpathway for two-domain

membrane proteins. The proteins are believed te leawlved by gene-duplication and
fusion events. By genetic manipulations we constdica set of GItS versions

corresponding to different evolutionary states: tyges of gene pairs encoding domains
as separated proteins forming antiparallel hetemeds, and a swapped domain GItS
corresponding to a two-domain protein but with reeeorder of the domains found in
wild type GItS. All artificial evolutionary statewere active supporting the proposed

evolutionary pathway.
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Abstract

Structural classification of families of membraneotgins by bioinformatics
techniques has become a critical aspect of memimantein research. We have proposed
hydropathy profile alignments to identify structud@aomology between families of
membrane proteins. Here, we demonstrate experithetitat two families of secondary
transporters, the ESS and 2HCT families indeedessiamilar folds. Members of the two
families show highly similar hydropathy profilegjtbcannot be shown to be homologous
by sequence similarity. A structural model was prtedl for the ESS family transporters
based upon an existing model of the 2HCT familyngporters. In the model, the
transporters fold into two domains containing :israembrane segments and a reentrant
or pore-loop each. The two reentrant loops enterntembrane embedded part of the
proteins from opposite sides of the membrane. Thdeinwas verified by accessibility
studies of cysteine residues in single-Cys mutahtie Nd-glutamate transporter GItS
of Escherichia coli, a member of the ESS family. Two cysteine residogke predicted
reentrant loop entering the membrane from the dgtopic side were shown to be
accessible for small, membrane impermeable thejeats from the periplasmic side of
the membrane as was demonstrated before for thecitMate transporter CitS of
Klebsiella pneumoniae, a member of the 2HCT family. The data stronglggasts that
GItS of the ESS family and CitS of the 2HCT fanslyare the same fold as was predicted
by comparing the averaged hydropathy profiles eftito families.
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Introduction

Historically, hydropathy profiles of the amino acs#quence have played an
important role in membrane protein research. 2188 proposal of Kyte and Doolittle
for a simple method for displaying the hydropattiharacter of a protein resulted in the
first widely used secondary structure predictiongopams for membrane proteins (79).
The alternating hydrophobic and hydrophilic regionthe profiles that correspond to the
transmembrane-helical segments (TMS) and connecting loop regiohshe protein,
respectively, provided a membrane topology modehefprotein which is a basic aspect
of its structure. In the past, we have explored ittea that, in addition to secondary
structure information, hydropathy profiles also t@am tertiary structure information in
the sense that a hydropathy profile is charactefist a specific fold of the protein in the
membrane (88). Within families of membrane proteitite hydropathy profiles of
different members are strikingly similar even thbwggquence identity may be as low as
20-25 %. Apparently, the hydropathy profiles, likee 3D-structures of homologous
proteins are much better conserved than their amam sequence and, therefore, they
report on the global fold of the proteins in a fgmiExamining hydropathy profiles
provides a mechanism to identify distantly relat@@mbrane proteins even when
sequence identity is too low to detect homologyisThas led to the MemGen
classification in which families of membrane prateare grouped in structural classes by
comparing the averaged hydropathy profiles of thmilies (87, 88). Two classes of
secondary transporters have been characterizeztai Hy the MemGen approach. Class
ST[3] groups 33 families that together contain 2@®&huences and class ST[4] that
contains 399 sequence distributed over 2 famii&s 91). The relevance of a structural
classification scheme for membrane proteisasevident when considering the high
sequence diversity of, for example, secondary pamgroteins that results in over 100
families in the Transporter Classification (TC) teys (134).
The MemGen classification system is not a membtapelogy prediction methoger
se, but a major consequence of the approach is thataeins in the different families in
one class share the same fold, i.e. knowing thelogy of one is knowing them all. This
provides a mechanism to validate the principle thyadropathy profiles represent a

certain fold. Experimental support for the methoame from an analysis of the
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membrane proteome @&scherichia coli in which the cellular location of the C-terminus
of all membrane proteins was determined (‘in’ aut'p(19). The C-terminal location of
all 19 E. coli proteins found in structural class ST[3] in the MM&en classification
(covering 7 different families) was correctly pretgid based upon the structural model of
the 2-hydroxycarboxylate transporter (2HCT) fantiigt is also in ST[3] (84).

In this study, we present the first detailed expertal support for the MemGen
classification scheme. Prominent features of thecgiral model of the 2HCT family are
two homologous domains that are oppositely orientedthe membrane (inverted
topology) and each containing a reentrant or poog-istructure (reviewed in (149)). The
model was used to predict the membrane topologh®fESS family in class ST[3], a
family of Na dependent glutamate transporters. No significxcal) sequence identity
is detected in a BLAST search (3) between memUddiseedwo families. Importantly, the
MemGen model differs from the model predicted by HMM (75) which in a recent
survey was shown to perform well relative to a neambf other membrane topology
predictors (18).Here, we demonstrate by experiment that the modskd on the

MemGen classification is the right model.

Experimental Procedures

Bacterial strains, growth conditions and GItS constructs. Escherichia coli strains DH&
and ECOMUT2 (41, 163) were routinely grown in LuBartani Broth (LB) medium at
37°C under continuous shaking at 150 rpm. When apjataprthe antibiotics ampicillin
and chloramphenicol were added at final concewotnatof 50 and 3Q.g/ml, respectively.
All genetic manipulations were done B coli DH5a while the GItS protein was
expressed ii. coli ECOMUT2 harbouring plasmid pBAD24 derivatives cagfor wild
type or cysteine mutants of GItS extended withigidine residues at the N-terminus
(His-tag). Production of the GItS proteins was el by addition 0.1% arabinose when
the optical density of the culture measured at&®0ODss0) reached a value of 0.6. The
Cys-less version of GItS and the single-Cys mutant&ItS were constructed by PCR
using the QuickChange Site-Directed MutagenesiéStratgene, La Jolla, Ca, USA). All
mutants were sequenced to confirm the presencheotlésired mutations (ServiceXsS,
Leiden, The Netherlands).
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Transport assays in RSO membranes. E. coli ECOMUTZ2 cells expressing GItS variants
were harvested from a 1 L culture by centrifugat@ri0,000 x g for 10 min at 4C.
Right-side-out (RSO) membrane vesicles were prelphyethe osmotic lysis procedure
as described (61). RSO membranes were resuspem88dmM KPi pH 7, rapidly frozen
and stored in liquid nitrogen. Membrane proteincaniration was determined by the DC
Protein Assay Kit (Bio-Rad Laboratories, Hercul€sA, USA). Uptake by RSO
membranes was measured by the rapid filtration aakeith 50 mM KPi pH 6.0 containing
70 mM NaCl at 30°C as described (151). The membranes were energgiag the K-

ascorbate/phenazine methosulfate (PMS) electroordgystem (73).

Partial purification of GItS derivatives by Ni**-NTA affinity chromatography. E. coli
ECOMUT?2 cells expressing single-Cys mutants of GitSe harvested from a 200 mL
culture by centrifugation at 10,000 x g for 10 nain4° C. The cells were washed once
with 50 mM KPi pH 7.0 buffer and, subsequently,usggended in 2 ml of the same
buffer. The cells were broken by a Soniprep 150cstor operated at amplitude ofuéh

by 9 cycles consisting of 15 sec ON and 45 sec @eH.debris and unbroken cells were
removed by centrifugation at 9,000 rpm for 10 mibembranes were collected by
ultracentrifugation for 25 min at 80,000 rpm 4€C4n a Beckman TLA 100.4 rotor and
washed once with 50 mM KPi pH 7.0. The His-taggdts @erivatives were partially
purified from the cytoplasmic membranes using"WTA affinity chromatography as
follows. The membranes (4 mg/ml) were solubilized® mM KPi pH 8, 400 mM NacCl,
20% glycerol and 1% Triton X-100 followed by inctiba on ice for 30 min.
Undissolved material was removed by ultracentrifiegaat 80,000 rpm for 25 min at
4°C. The supernatant was mixed with*NNTA resin (50l bed volume per 5 mg
protein), equilibrated in 50 mM potassium phosphpk¢ 8.0, 600 mM KCI, 10%
glycerol, 0.1% Triton X-100, 10 mM imidazole anctibated overnight at 2C under
continuous shaking. Subsequently, the column natewas pelleted by pulse
centrifugation and the supernatant was removed.résia was washed with 10 volumes

of equilibration buffer containing 300 mM KCI an@ 4nM imidazole. The protein was
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eluted with half a bed volume of the washing buffat containing 150 mM imidazole.

The eluted fraction was stored at >ZDuntil use.

Treatment with thiol reagents. Stock solutions of MTSES, MTSET, NEM and AMdIiS
were prepared freshly in water. The treatment ef dliferent reagents was stopped by
addition of an equal concentration of dithiothre®TT) in case of NEM and AMdIS,
and L-cysteine in case of the MTS-reagents. Thegoree of DTT or L-cysteine did not
affect the uptake rate in control experiments.

RSO membranes at a concentration of 1 mg/ml weeddd for the indicated times and at
the indicated temperatures with the thiol reagent$0 mM KPi pH 7.0. Following
treatment, RSO membranes were diluted twice intan®0 KPi pH 5.0 containing 140
mM NaCl. The pH of the resulting suspension was &t@l the suspension was
immediately used for uptake measurements.

E. coli ECOMUT2 cells expressing single-Cys mutants ofSGtom a 400 mL culture
were washed and resuspended in 4 mL 50 mM KPi gH Half of the cells were
sonicated (see above) in the presence of 1 mM AMi®wed by incubation for 30
min at 30°C and quenching with 1 mM DTT. The other half wesated with 1 mM
AMdIS for the same time and at the same temperaguenched with DTT, and then
sonicated. Control experiments were done in anticedmanner but omitting the AMdiS
treatment. The GItS derivatives were partially ped using Ni-NTA affinity
chromatography (see above) and treated with 0.1 FM/for 5 min at 20°C. The
reaction was stopped with 0.5 mM DTT. Samples ofiRéolume were mixed with SDS
sample buffer and run on a 12% SDS-PAGE gel. Feaaece of proteins labeled with
FM was visualized on a Lumi-lImager F1 imager (Robiegnostic GmbH, Mannheim,
Germany) by irradiation with UV light using a 52fhrilter. All samples containing FM
were kept out of bright light until the gel was espd. After exposure, the gel was
stained with Coomassie Brilliant Blue (CBB) to caanp the GItS protein levels.
Quantification was done using the LumiAnalyst 3ottware package supplied by Roche

Diagnostic (Roche Diagnostic GmbH, Mannheim, Geryhan
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Computational methods. A structural class in the MemGen classification teors a

subset of the entries in the NCBI protein datalfagie://www.ncbi.nlm.nih.gov/entrey/

that are stored locally in the MemGen databage:(/molmic35.biol.rug.n). Building of

a structural class has been described before &l 87, 91) and involves a combination
of BLAST searches (3), multiple sequences alignséfh62) and hydropathy profile
alignments (88). The [st324]ESS family in class 3Tdontains 96 entries, 76 of which
represent unique proteins. A set of 27 sequenc@sssho pair wise sequence identity
higher than 60% with any of the other sequenceidrset, which prevents a bias towards
very similar sequences. This set was used to aarisine multiple sequence alignment
and the family profile in Figure 1. The sequences lssted in the ‘multiple sequence

alignment’ section in the MemGen database.

Materials. The methanethiosulfonate (MTS) derivatives MTS&Td MTSES were
purchased from Anatrace Inc. (Ohio, USA). NEM wascpased from Sigma-Aldrich
BV (Zwijndrecht, The Netherlands), AMdiS and FM, r&epurchased from Molecular
Probes Europe BV (Leiden, The Netherlands).

Results

Structural model of GItS of Escherichia coli by MemGen. The Nd-glutamate
transporter GItS ofE. coli is a member of the [st324]ESS family in the MemGen
classification scheme. The ESS family and the 2H&mily ([st326]2HCT) are found
both in structural class ST[3] of the classificati®7). A detailed structural model of the
transporters in the latter family is available (L149Qptimal alignment of the averaged
hydropathy profiles of the two families resulted an similarity score (88) of 0.8,
indicating very similar profiles (Fig. 1). The ahigient allows for a projection of the
2HCT structural model on the ESS family. The tramsgs of the 2HCT family contain
11 transmembrane segments (TMS) with the N-terminuthe cytoplasm. Two times
five segments (TMSs II-VI and TMSs VII-XI) form twleomologous domains that have
opposite orientations in the membrane. The two dasnare connected by a large
hydrophilic loop. In between thé"4nd %' TMS of each domain the connecting loop
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Hydrophobicity
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Figure 1. Topology model of the ESS family by MemGen. (tépydropathy profile alignment of the
family profiles of the 2HCT family (red) and the &Samily (blue). The profiles of the 2HCT and ESS
families represent 23 and 27 members, respectivéliy pair wise sequence identities between 20 and
60%. SDS values (88) of the profiles were 0.114 @rid 7, respectively. The alignment resulted in a
similarity score (88) of 0.8. The membrane topologydel of the 2HCT family was indicated in the uppe
part. Trans membrane segments (red boxes), cytodsops (blue lines), periplasmic loops (greerrs).
Thickened parts of loop regions indicate the posgiof reentrant loops. Horizontal blue and reédin
indicate positions of gaps introduced by the atbami in the alignment in the blue and red profiles,
respectively. (bottom) Membrane topology model loé t£SS family based on the profile alignment.
Dashed boxes indicate two homologous domains witlerted orientation in the membrane. Vb and Xa
correspond to reentrant loop structures. Circleténloop regions indicate positions for which kbeation
was determined. The numbers correspond to theuesie the GItS protein.

folds back between the TMSs forming a so-calledhtre@t or pore-loop. The reentrant
loop in the N-terminal domain (loop Vb) enters thembrane embedded part from the
periplasmic side, the one in the C-terminal donm{ioop Xa) from the cytoplasmic side
of the membrane. The two loops are believed to ambneach other in the three
dimensional structure where they would form thengtacation path. The N-terminal

TMS is not part of the two domain structure andnseé¢o form a separate domain by
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itself. The alignment of the two family hydropatpyofiles shows that this N-terminal
transmembrane segment is absent in the ESS traesporhe resulting model for GItS
of E. coli consists of two domains containing five TMSs ané ceentrant loop structure
each (Fig. 1). Both the N- and C-termini are lodate the periplasm. The model

corresponds to the core structure of the ST[3]ganst(92).

Cloning of the gItS gene of E. coli and construction of set of single-Cys mutants. The
oltS gene ofE. coli was cloned into vector pBAD24, yielding pBADHNGItBat codes
for the GItS protein extended with 6 histidine desis at the N-terminus under control of
the arabinose promoter. A Cys-less version of thiS @rotein was constructed by
mutating the four native cysteine residues one g mto serine residues. Transport
activity of GItS with L-f“C]-glutamate as the substrate was measured in-sigatout
(RSO) membrane vesicles prepared fiewooli ECOMUT2 cells which contain a copy of
the gItS gene on the chromosome (163). Thus, the backgraatidty was estimated in
RSO membranes containing the *Mitrate transporter CitS oflebsiella pneumonia
from the 2HCT family that was produced from exadiiye same expression system
(pPBADCItS) and which does not transport L-glutaméi¢. RSO vesicles containing
recombinant GItS showed at least a five times highmake activity in comparison to
RSO vesicles containing only endogenous GItS (Rige and m). RSO vesicles
containing the Cys-less vesrsion of the GItS proggiowed a comparable level of uptake
activity as the wild type GItS protein. (Fig. &). A set of 15 single-Cys mutants was
constructed, using site-directed mutagenesis an€ils-less version of tlggtSgene as a
template, to probe the membrane topology of théeproThe positions of the mutations
were selected in putative loop regions. Uptakevdigs of the single-Cys mutants
measured in RSO membrane vesicles were comparablthet wild type protein,
indicating that the mutations did not significangiffect the folding of the proteins in the
membrane (not shown). The positions of the cysteesalues introduced in the protein
were indicated in Fig. 1 and correspond to theofaithg mutants: H3C, S28C, N61C,
R88C, S117C, D122C, S145C, T155C, S187C, A239C G28301C, R327C, R363C
and G401C.
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Figure 2. Glutamate uptake activity in RSO membranes*‘CJglutamate uptake was measured in RSO
membrane vesicles expressing CitKopneumoniae (m), GItS of E. coli before @) and after ¢) treatment
with 1 mM NEM for 10 min at room temperature and @ys-less version of GItSA().

Accessihility of the cysteine residues in the single-Cys mutants of GItS from either side

of the membrane. Accessibility of the cysteine residues introducetb ithe GItS protein
from the water phase was shown by sonicating aellsressing the mutants in the
presence and absence of 4-acetamido-4’-maleimiliydse-2,2’-disulfonic acid
(AMdiS), a membrane impermeable, negatively chargattimide derivative. Following
sonication and quenching of the excess of the AMdi&gent, the GItS single-Cys
mutants were purified from the membrane by Ni-NT#ingy chromatography. To
identify labeling with AMdIS in the first step, ptied proteins were treated with the
fluorescent thiol reagent fluorescein-5-maleimié®). Labeling with FM was detected
by fluorescence imaging of the gel after SDS-PAGEe upper rows (FM) in Fig. 3
show the fluorescence image of the gel, and theimotows (CBB) show the same part
of the gel after staining with Coomassie Brilliditie. All mutants that were not treated
with AMdiS showed a clear fluorescent band wheat&é with FM in detergent solution.
In contrast, all mutants, except S117C and S145€¢wot labeled with FM after

treatment with AMdiS during the sonication stepmdastrating the accessibility of the

50



Membrane topology of GItS

thiol group to AMdiS when the mutants reside in tembrane. The protein bands in the
Coomassie Brilliant Blue stained image show thatl#itk of fluorescence was not due to
loss of the protein. Mutants S117C and S145C walhg partly labeled with AMdIS in
the first step, which suggests a restricted adoiisgi These two mutants that reside both
in the Vb region of the sequence were not consieneher in this study.
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Figure 3. Accessibility of cysteine residues in single-Cystamts of GItS by AMdiS. Single-Cys mutants
were treated with (+) or without (-) 1 mM AMdiS f80 min followed by the addition of 1 mM DTT. (a)

AMdiS was present during the breaking of the ceilssonication and 30 min there after. (b) The AMdiS
treatment and quenching with DTT was done befoemking the cells. Following purification, the GItS

proteins were treated with 0.1 mM FM for 5 minpTimws labeled ‘FM’ show the fluorescence image of
the gel and those labeled ‘CBB’ show the gel @fteomassie Brilliant Blue staining. Numbers indicidte

position of cysteine residues in the correspondingle-Cys mutants. Dots mark the position of the&sG
protein.
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Accessibility of the cysteine residues in single-Cys mutants of GItS from the
periplasmic side of the membrane. The sidedness of the cysteine residues introdunted i
the GItS protein was determined by treating whaksowith AMdiS before sonication.
The AMdIS reagent cannot permeate the membrane,tlae@fore, can reach only
residues located at the periplasmic side of the Ionene. The labeling by AMdiIS was
identified as above by treating purified proteinghwFM followed by fluorescence
imaging. The results for mutants H3C, N61C, D122d55C, A239C, S301C and
G401C were very similar as in the previous expenimé&reatment with AMdiS inhibited
subsequent labeling of the purified protein by FMg( 3b, lanes +), indicating that
AMdIS reacted at these sites in whole cells, inihcathat these residues are located in
the periplasm. Opposite results were obtained fotants S28C, R88C, S187C, S276C,
R327C and R363C. The ratio of fluorescence intgrisitAMdiS treated (+ lanes) and
untreated (- lanes) samples was similar as theeiprantensities of the bands in the
Coomassie Brilliant Blue stained gel, indicatingtthAMdiS did not react with these sites
in whole cells. Since the experiment above demateirthat these sites are accessible
from the water phase, it is concluded that these&lues are exposed to the cytoplasm.
The two groups of mutants are presented as grekblaa circles in the model in Fig. 1.
The results support the MemGen topology model. Yheegion in between TMSs IV
and V and the Xa region in between TMSs IX and X @early 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 ofctwhare located in transmembrane
segments and one in the Xa region, with the menebgarmeable thiol reagem-
ethylmaleimide (NEM) did not affect glutamate umdky RSO membranes (Fig. €,
and o). As expected, the activity of the Cys-less varsid GItS was insensitive to the
same treatment (not shown). More surprisingly, noheghe single-Cys mutants was
affected by NEM treatment. Apparently, labelingtioé Cys residues did not affect the
transport activity. It was shown before that labglof two endogenous cysteine residues
located in reentrant loop region Xa of CitSkdébsiella pneumoniae in the 2HCT family

resulted in decreased uptake activity, which empgkdgshe importance of this part of the
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Figure 4. Inactivation of single-Cys mutants of GItS by wars thiol reagents. RSO membrane vesicles
containing single-Cys mutants R327C, A339C, L34/A355C and R363C were treated at room
temperature with 1 mM NEM for 10 min (a), 0.25 mMWA4iS for 20 min (b), 10 mM MTSES for 20 min
(c), and 1 mM MTSET for 10 min (d). Residual uptaaivity was plotted as the percentage of the rate
obtained with untreated membranes. Bars reprebenaverage and standard deviation obtained from at
least three independent measurements.

sequence in catalysis (150), and, ultimately, teduih the identification of the reentrant
loop structure (151). Three additional single-Cystants were constructed in GItS
yielding, a total of five single-Cys mutants in tda region of the GItS protein: R327C,
A339C, L347C, A355C and R363C. Uptake activity nuead in RSO membranes
revealed a comparable level of activity as wildetypItS. Treatment of the RSO vesicles
with NEM, which is non-polar and membrane permeatg@duced uptake activity for the
middle 3 single-Cys mutants (A339C, L347C, A355@wd to 30-40%, while the
activity of the two flanking mutants (R327C and R89 was not affected (Fig. 4a).
About 10-20% of the uptake activity in RSO vesidesdlue to the chromosomal copy of
wild type gItS gene, which is not sensitive to the thiol reagéing. 2). Increasing the
NEM concentration and time of treatment did noules lower activity of the single-
Cys mutants suggesting that the labeled molectilk$i@ve residual activity. The same

observation was made for the endogenous cystairtbe iXa region of CitS dflebsiella
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pneumoniae (150, 151). Treatment of RSO membranes containieg 3 single-Cys
mutants with membrane impermeable AMdIS did nonhificantly decrease the uptake
activity, which is in line with a cytoplasmic looan of the Cys residues (Fig. 4b).

The methanethiosulfonate (MTS) derivatives 2-(ttimpeammonium)ethyl
methanethiosulfonate  bromide  (MTSET) and  sodium suy@snatoethyl)
methanethiosulfonate (MTSES) represent small thealctive reagents that react with
cysteine residues in proteins to form mixed disieli (2). MTSET and MTSES differ in
the charge of the groups attached to the reactifé& vhoiety, MTSET is positively
charged and MTSES is negatively charged which mékes membrane impermeable.
Treatment of RSO membranes with these reagentsdemsshown before to compromise
the energy generating system in the membranesciertain level (150). Accordingly,
treatment of RSO membranes containing wild type @ypstless GItS with MTSET and
MTSES resulted in a decrease of 20-40% of the epéadtivity (not shown). A similar
reduction in uptake activity was observed for mtgdR327C, L347C, R363C in case of
MTSES and for mutants R327C and R363C in case oBBMT However, treatment of
mutants A339C and A355C with MTSES or MTSET regulte a significantly lower
residual activity (Fig. 4c,d). The activities wedown to the level observed after
treatment with NEM. Treatment of mutant L347C wiMiT SET resulted in slightly less
inactivation while the same mutant was not affedtgdTSES. The results demonstrate
that residues in the Xa region in the cytoplasnoiopl between TMS IX and X are
accessible from the periplasmic side of the mendfan small, but not for more bulky
membrane impermeable reagents. The same observedi®made for the endogenous
Cys residues in the Xa region of CitSkafpneumoniae in the 2HCT family (151).

Discussion

The glutamate transporter GltS Bfcoli is the only characterized member of the
ESS family of secondary transporters. TH& gene product was shown be a L-glutamate
transporter that also has affinity, albeit much éowfor D-glutamateq-methylglutamate
and homocysteate (21, 22, 62, 163). Glutamate pgoahsvas observed only in the
presence of Na irrespective of pH, suggesting an obligatory dimgpof L-glutamate

and Na translocation. GItS is one of three L-glutamasmsporters coded on the genome
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of E. coli K12. The [st324]ESS family in the MemGen classifion consists of 76
unique members, all from bacterial origin, mostipnh the y subdivision of the
Proteobacteria. The sequences in the family shoamearkably narrow size distribution
with most of the sequences consisting of 400-4%@ues. Since no significant sequence
similarity could be detected with members of otfaanilies, the ESS family is not in any
of the known superfamilies in the Transporter Gfeesdion (TC) system (2.A.27 ESS)
(134). In the MemGen classification, the ESS fanslyn structural class ST[3] together
with 32 other families of membrane proteins.

The structural model for the members of the ESSIygonesented in Figure 1 is based on
a different approach than models produced by predidike TMHMM (75). While the
latter rely on general features of membrane pretdine MemGen method is basically
homology modeling, porting information between fa@si in the same structural class.
Therefore, the MemGen method relies on the corctassification of families in
structural classes. The MemGen method allows ferirtborporation of structural details
like domain structure and reentrant loop structudsle TMHMM is restricted to loops
and transmembrane segments. In a recent analysiwhioh the performance of
transmembrane helix predictors was tested on das¢aof high resolution structures of
membrane proteins (18), Hidden Markov Model baspgr@aches were shown to
perform well for proteins consisting of transmenm@ahelices and loops, but less so
when the protein contained structural elements fdentrant loops. For most sequences
in the ESS family, TMHMM predicts the putative r&@amt loop in the second domain
(Xa, Fig 1) to be a transmembrane segment, whiteishthe case for about half of the
putative reentrant loops in the first domain (Vblis results in models with 9-12 TMS
for the different members. TMHMM predicts 9 transniwane segments for GItS Bf
coli, 3 in the N-terminal half and 6 in the C-termirfalf. The experimental data
presented here was according the 10 TMS model giegtliby the MemGen method.
Cysteine residues placed in the N- and C-termiBiGtand G401C) of the GItS protein of
E. coli were both localized in the periplasm by the adbésdy of the bulky, membrane
impermeable thiol reagent AMdiIS. The same was oskrfor five other cysteine
residues in mutants N61C, D122C, T155C, A239C aBrilS, suggesting the presence

of four periplasmic loops. The periplasmic locatafrboth cysteine residues at positions
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122 and 155 in region Vb indicates that the reg®onot transmembrane. Six cysteine
residues in single-Cys mutants S28C, R88C, S18206G, R327C and R363C were not
accessible for AMdiS in whole cells while they wexecessible from the water phase
which indicates a cytoplasmic location and 5 cyasplic loops. Again, the cytoplasmic
location of the cysteine residues in R327C and R36Bows that the Xa region is not
transmembrane.

Reentrant loop structures are commonly found imokhaproteins like the well studied
K* channels (27) and aquaporins (110) where theytibmas selectivity filters. The
recently reported crystal structure of a glutantedasporter homologue of the archaeon
Pyrococcus horikoshi revealed that they may be essential features otonskry
transporters as well (180). The reentrant loopctine in the Xa region of the
transporters of the 2HCT family is based mostlyexperimental studies of the Na
citrate transporter CitS oK. pneumoniae (150, 151) and, to a lesser extent, the
citrate/malate transporter CimH Bécillus subtilis (76). Identification followed from the
accessibility of sites in the cytoplasmic loop madl water-soluble thiol reagents from
the periplasmic side of the membrane. The accesiswpg is believed to be the
translocation pathway of substrate and co-ionsugjnothe protein (149, 151). Using
similar criteria, the present study identifies theentrant loop structure in the
corresponding Xa region in the GItS transportethef ESS family. Labeling of cysteine
residues in the Xa region in three single-Cys nistahGItS, A339C, L347C and A355C
with membrane permeable NEM resulted in reducedspart activity. The same sites
were not accessible to membrane impermeable AMdi8nwadded at the periplasmic
side of the membrane in RSO membranes, but twheofttree, A339C and A355C were
clearly accessible for the small membrane imperteelld SES and MTSET reagents in
the same experimental system. The third mutant C3#hat was inactivated by NEM was
clearly less reactive with MTSES and MTSET, whidlggest that not all positions of the
Xa region are equally accessible to all reagents. edperimental evidence for the
reentrant loop in the N-terminal domain is avagafdr any of the proteins in the 2HCT
family or any other family in structural class SJ[[8he reentrant loop is based on weak
homology between the N- and C-terminal halves ef photeins in ST[3] detected by

bioinformatics tools (92). The reentrant loop reman both domains are characterized
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by the well-conserved sequence motif GGXG whichekeved to be at the vertex of the
loops (149). The motif is present in the putatieentrant loop sequence in the N-terminal
domain of GItS as GGHG at positions 136-139.

The folding of the GItS protein in the membraneldhTMS and the identification of the
reentrant loop structure in between TMS IX and Xrmsgly indicates a similar fold for
the members of the ESS and 2HCT families. Apamnfrpelding a detailed structural
model for the members of the ESS transporter farthily experimental data presented in
this study supports the MemGen classification nathwehich is based on hydropathy

profile alignment.
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Abstract

Members of the 2HCT and ESS families of secondanysporters are unrelated
in amino acid sequence but are believed to shaesdime fold. Structural models show
two homologous domains containing a reentrant eemop each. Here we show that
GGXG sequence motifs present in the putative raanioop structures are crucial for
the activity of the transporters. Mutation of thenserved Gly residues to Cys in the
motifs of the N&-citrate transporter CitS in the 2HCT family anc tN&-glutamate
transporter GItS in the ESS family resulted in sty reduced transport activity.
Similarly, mutation of the variable residue ‘X’ ©ys in the N-terminal half of GItS
essentially inactivated the transporter, while tberesponding mutations in the N- and
C-terminal halves of CitS reduced transport agtidown to 75 and 40 % of wild type,
respectively. Residual activity of any of the musarcould be further reduced by
treatment with the membrane permeable thiol reajegthylmaleimide. The Cys residue
in CitS mutant S405C (‘X’) was accessible to thékpumembrane impermeable thiol
reagent 4-acetamido-4’-maleimidylstilbene-2,2’-disnic acid (AMdiS) from the
opposite side of the membrane, providing furtheidence for the existence of the
reentrant loop structure. The putative reentraap Istructure in the C-terminal halve of
the ESS family does not contain the GGXG motif, kaiher a conserved stretch rich in
Gly residues. Cysteine-scanning mutagenesis ostiteech of 18 residues revealed that
mutant N356C was completely inactivated by treatméth NEM, while mutant P351C
appeared to be the counterpart of mutant S405Git8f e mutant was inactivated by
AMdiS added at the opposite side of the membrahe. data supports, in general, the
structural and mechanistic similarity between ti8SEnd 2HCT transporters, and, more
particularly, the two domain structure of the tyamders and the presence and functional
importance of the reentrant loops present in eachath. It is proposed that the GGXG
motifs are at the vertex of the reentrant loops.
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Introduction

The 2HCT (2-HydroxyCarboxylate Transporter; TC 24 (134)) and ESS
(Glutamate:N& Symporter; TC 2.A.27) families represent familie§ ion-driven
transporter proteins that are exclusively foundhe bacterial domain. Members of the
two families do not share any significant aminodasequence similarity but the
hydropathy profiles of the sequences are very amnfor this reason, the two families
are in the same structural class (ST[3]) in the I&em classification system that we have
introduced to identify membrane proteins sharing game fold (87-89, 91). The
MemGen classification system groups membrane mr®tai structural classes based on
hydropathy profile analysis. The hydropathy profitethe amino acid sequence of the
membrane protein is taken to be characteristictlier folding of the protein in the
membrane. Recently, strong support for the MemGassification was obtained by the
similar organization of the core in the high resioln structures of members of the NSS
(Neurotransmitter Sodium Symporter, TC 2A.22, (3785S (Sodium Solute Symporter,
TC 2A.21, (34)) and NCS1 (Nucleobase Cation SymppitC 2A.39, (176)) transporter
families. While the members of the NSS, SSS and Bfanilies do not share sequence
similarity, the families are all found in the sasteuctural class (ST[2]) in the MemGen
classification (89, 90).
Experimental support for the same fold of the prstén the 2HCT and ESS families was
obtained by demonstrating a similar membrane tapokor two transporters from the
two families (26). The well-established membrangotogy model of the 2HCT family,
mostly based on studies of the "Natrate transporter CitS dflebsiella pneumoniae
(reviewed in reference (149)), was used to preitietmembrane topology of the Na
glutamate transporter GItS Btcherichia coli (22, 62), a member of the ESS family. The
model was verified by accessibility studies of eys¢ residues introduced into the GItS
protein (26). Though membrane topology of a protepresents a low structural
resolution, the result is not trivial and does date the MemGen classification because of
specific structural features of these proteins. o8dary structure predictors like
TMHMM (75) predict different models for both CitSé GItS that were inconsistent

with the experimental data (26).
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The structural model of the transporters in the B88 2HCT families, and in all 33
families of structural class ST[3] in the MemGeasdification, consist of two domains
each containing 5 transmembrane segments (Fig. IA)e total number of
transmembrane segments is variable between diffémemlies. For instance, the 2ZHCT
proteins have an additional segment at the N-tersjinvhich is missing in the ESS
proteins. In the model, the two domains of 5 TM&sheshare a similar fold but have
opposite orientations in the membrane (84, 92, ,149%tructural motif seen more
frequently in membrane proteins (inverted topold@#, 56, 66, 110, 167, 176, 179). The
loops between the"™and %' transmembrane segment in each domain are beli@ved
form so-called pore loops or reentrant loops, whichd back in between the
transmembrane segments from opposite sides of ¢éinebnane tfans reentrant loops (84,
92)). The reentrant loops in the N- and C-termihainains are believed to be in close
vicinity in the 3D structure and to form the traswdtion pathway for substrate and co-
ions.

The putative reentrant loop regions, termed Vihim M-terminal domain and Xa
in the C-terminal domain, are well conserved witthie families throughout structural
class ST[3] and contain a remarkable high fractibresidues with small side chains like
Gly, Ala and Ser (149). In almost all families off[3] small stretches of highly
conserved residues are found in the putative raentoop regions Vb and Xa. Sequence
analysis of the 138 members of the ESS family &ed/4 members of the 2HCT family
showed that in the Vb regions of both families @inel Xa region of the 2HCT family
these conserved stretches contain a GGXG sequerntdamwhich X is a less conserved
residue (see Fig. 1B). The same motif cannot ledoin the Xa region of the ESS
family but also here, 3 conserved Gly residuedaurd in a stretch of 8 residues.

Here, we present a mutational study of the sequeratés GGXG found in the putative

reentrant loops of the CitS and GItS proteins tiewheine the relevance of the motifs for
the transport function of the proteins. The funcéibrelevance of the Xa region in GItS in
which the motif is not found is addressed by cysescanning mutagenesis. It follows
that the motifs play an important role in the tyo$ mechanism catalyzed by both

transporters and further evidence for the exist&fithe reentrant loops is obtained. The
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corresponding properties of CitS and GItS furthgpport a similar core structure and

mechanism for the two transport proteins.
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Figure 1. (A) Structural model for the transporters of thdCX and ESS families. Two homologous
domains containing 5 TMS each with an inverted togy in the membrane were indicated dashed
boxes. Each domain contains a reentrant loop structoterieg the membrane embedded part of the protein
from the periplasmic and cytoplasmic side of thanbeane, respectively (Vb and Xa). Members of the
2HCT family have an additional TMS at the N-ternsrthat is not present in members of the ESS family.
(B) Sequence logos of regions Vb and Xa showings#tgience motifs GGXG in the 2HCT (left) and ESS
(right) families. Position numbers correspond te tesidue numbers in the CitS (2HCT) and GItS (ESS)
sequences. Residues mutated into cysteines weieated in the red dotted boxes. The logos were
generated using WebLogo, version 2.8t/ www.bio.cam.ac.uk/cqgi-bin/seqglogo/logo.xgi
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Experimantal procedures

Bacterial strains, growth conditions and GItS and CitS constructs. Escherichia coli
strain DH® was routinely grown in Luria Bertani Broth (LB) aiam at 37°C under
continuous shaking at 150 rpm. Ampicillin was uséd final concentration of 50g/ml.
The GItS and CitS proteins were expressed.ircoli DH5a cells harboring plasmid
pBAD24 (Invitrogen) derivatives coding for wild tgpor cysteine mutants of GItS (26)
and CitS (150) extended with 6 additional histidiesidues at the N-terminus (his-tag).
In case of CitS variants a sequence encoding anakimase cleavage site was present in
between the his-tag and theS gene. Expression of genes cloned in pBAD24 is unde
control of the arabinose promoter. Production ef @itS and CitS proteins was induced
by addition 0.01% arabinose when the optical dgrdithe culture measured at 660 nm
(ODes0) reached a value of 0.6. The cysteine mutantsltd énd CitS were constructed
by PCR using the QuickChange Site-Directed Mutagisniat (Stratgene, La Jolla, Ca,
USA). All mutants were sequenced to confirm thespnee of the desired mutations
(ServiceXS, Leiden, The Netherlands).

Transport assays in RSO membranes. E. coli DH5a cells expressing CitS or GItS
variants were harvested from a 1 L culture by d¢kergation at 10,000 x g for 10 min at 4
°C. Right-side-out (RSO) membrane vesicles were gregb by the osmotic lysis
procedure as described (61). RSO membranes wearspesded in 50 mM KPi pH 7,
rapidly frozen and stored in liquid nitrogen. Mermbe protein concentration was
determined by the DC Protein Assay Kit (Bio-Rad &atories, Hercules, CA, USA).
Uptake by RSO membranes was measured by the ralidtidn method. The
membranes were energized using the K-ascorbatedpimen methosulfate (PMS)
electron donor system (73). Membranes were diluteé final concentration of 0.5
mg/ml into 50 mM KPi pH 6.0 containing 70 mM Nan a total volume of 100l at 30
°C. Under a constant flow of water-saturated aid wahile stirring magnetically, 10 mM
K-ascorbate and 100M PMS (final concentrations) were added and thegoronotive
force was allowed to develop for 2 min. Then,fg]-glutamate or }'C]-citrate was
added at a final concentration of UM and 4.4uM, respectively. Uptake was stopped

by the addition of 2 ml of ice-cold 0.1 M LiCl, folved by immediate filtration over
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cellulose nitrate filters (0.4fm, pore size). The filters were washed once withl 2f a
0.1 M LiCl solution and assayed for radioactivifyhe background was estimated by
adding the radiolabeled substrate to the vesialepension after the addition of 2 ml of

ice-cold LiCl, immediately followed by filtering.

Partial purification of GItS and CitS derivatives by Ni%*-NTA affinity chromatography.

E. coli DH5a cells expressing CitS or GItS variants were haetgefom a 200 ml culture
by centrifugation at 10,000 x g for 10 min at@. Cells were washed with 50 mM KPi
buffer pH 7 and resuspended in 2 ml of the samé&bahd, subsequently, broken by a
Soniprep 150 sonicator operated at an amplitu@poh by 9 cycles consisting of 15 sec
ON and 45 sec OFF. Cell debris and unbroken cetlee wemoved by centrifugation at
9,000 rpm for 5 min. Membranes were collected hyaaentrifugation for 25 min at
80,000 rpm at & in a Beckman TLA 100.4 rotor and washed once &@mM KPi pH
7.0.

His-tagged GItS and CitS derivatives were partigiyrified from the cytoplasmic
membranes or RSO membranes prepared as described abing Ni*-NTA affinity
chromatography as follows. Membranes (4 mg/ml) veatabilized in 50 mM KPi pH 8,
400 mM NacCl, 20% glycerol and 1% Triton X-100 falled by incubation for 30 min at
4°C under continuous shaking. Undissolved material reanoved by ultracentrifugation
at 80,000 rpm for 25 min at°C. The supernatant was mixed wittf NNTA resin (50ul
bed volume per 5 mg protein), equilibrated in 50 pdMassium phosphate pH 8.0, 600
mM NaCl, 10% glycerol, 0.1% Triton X-100, 10 mM iaizole and incubated overnight
at 4°C under continuous shaking. Subsequently, the aolomaterial was pelleted by
pulse centrifugation and the supernatant was rethoVke resin was washed with 10
volumes of equilibration buffer containing 300 mMa@l and 40 mM imidazole. The
protein was eluted with half a bed volume of theskwiag buffer but containing 150 mM

imidazole. The eluted fraction was stored at Q@ntil use.
Treatment of RSO membrane vesicles with thiol reagents. Stock solutions of the thiol

reagents N-ethylmaleimide (NEM) and 4-acetamidordleimidylstilbene-2,2’-

disulfonic acid (AMdiS) were prepared freshly intefa The treatment of the reagents
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was stopped by addition of an equal concentratfadithiothreitol (DTT). The presence
of DTT did not affect the initial rate of uptake transport assays. RSO membranes at a
concentration of 1 mg/ml were treated for the iathd times and at the indicated
temperatures with the thiol reagents in 50 mM KHRi p0. Following treatment, RSO
membranes were diluted twice into 50 mM KPi pH &dhtaining 140 mM NaCl. The
pH of the resulting suspension was 6.0 and theensspn was immediately used for

uptake measurements.

Materials. NEM was purchased from Sigma-Aldrich BV (Zwijndn¢, The Netherlands),
AMdiS was purchased from Molecular Probes Europe(Baiden, The Netherlands). L-
[**C]-glutamate and'{C]-citrate were obtained from Amersham Pharmactsendaal,

The Netherlands.

Results

Sequence motif GGNG in region Vb of CitS. Each of the amino acid residues in
sequence motif 184-GGNG-187 found in the Vb regifrthe N&-citrate transporter
CitS of Klebsiella pneumoniae in the 2HCT family was substituted with a cysteine
residue. The 4 mutants, G184C, G185C, N186C and/G1fere tested for their ability
to accumulate'fC]-citrate in right-side-out (RSO) membrane vesigkeepared fronf.
coli DH5a cells expressing the mutants. Citrate uptake weesored in the presence of a
proton motive force (pmf) that was generated usimgartificial electron donor system
K-ascorbate/PMS (Fig. 2A). RSO membrane vesiclepamed from cells not expressing
CitS lack citrate uptake activity because of theesize of a citrate transport system in the
E. coli membrane. Membranes containing mutants G184C a®d G$showed a similar
uptake activity that was about 10-15 % of the dtgtiof membranes containing wild type
CitS, while mutant G185C resulted in complete lathctivity (Fig. 2A). Mutation of the
non-conserved position in the motif, N186 to Cysuteed in an uptake activity of
approximately 75% of wild type CitS. Protein levelsthe mutants in the membranes
were estimated by small-scale purifications makiag of the N-terminally fused His-tag
and Ni-NTA affinity chromatography (Fig. 2B). All mants showed similar expression

levels as observed for wild type CitS indicatingttthe lower transport activity of the
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membranes containing the mutants was a conseqoétive mutation in CitS rather than
lack of production or degradation of the proteitisfollows that the conserved Gly
residues in the GGXG motif at positions 184 and, B8id especially Gly185 appear to be
critical for the activity of the protein while muian of the non-conserved N186 to Cys

had only a marginally effect on the specific a¢yiof CitS.
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Figure 2. Sequence motif GGNG in Vb of CitS ¢. pneumoniae. (A) [*C]-citrate uptake in RSO
membrane vesicles containing Cit® @nd the CitS mutants G184@)( G185C @A), N186C ¢) and
G187C (). (B) SDS-PAGE of partial purified CitS and the 8T, G185C, N186C and G187C mutants
purified from the RSO membranes used in the uptadsays shown in panel A. (C-H) Residual activity
after treating RSO membranes containing C&gand the mutantsaj G184C (C,F), N186C (D,G) and
G187C (E,H) with 1 mM NEM (C,D,E) or 0.25 mM AMdi&,G,H) for the indicated time. Initial rates
were expressed as the percentage of the initelcatblyzed by untreated membranes.

N-ethylmaleimide (NEM) is a small, membrane permedbiol reagent. Treatment of the
RSO membrane vesicles containing wild type CitSiciwvltontains 5 cysteine residues,
with 1 mM NEM results in a slow inactivation of tipeotein down to 10%-20% of wild
type activity with a half-time of inactivation otbaut 4 min ((150); Fig. 2C,D,E). In
contrast, the three mutations in the GGXG motift thesulted in CitS proteins with
residual activity (G184C, N186C and G187C) renddtet proteins highly sensitive to
NEM with inactivation half-times shorter than 1 midoreover, treatment with NEM

resulted in lack of significant residual activityig. 2C,D,E).
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The site of reaction of wild type CitS with NEM dxeo cysteine residues in cytoplasmic
region Xa (150). Consequently, wild type CitS i4 mactivated by AMdiS, a maleimide
derivative containing a bulky, negatively chargedup that, in contrast to NEM, is
membrane impermeable and cannot reach these Bies2F, G, H). In contrast, the
three active cysteine mutants in the GGNG motif881, N186C and G187C, were
rapidly inactivated by AMdIS, with half-times ramgi from 1 to 3 min, demonstrating
that the introduced cysteine residues were readitgssible from the periplasmic side of
the membrane (Fig. 2F,G,H). Residual activity of tmembranes containing mutants
N186C and G187C was around 20 % after treatmerit AKIdiS, while membranes
containing mutant G184C did not show significarthity anymore.

Mutants G184C, N186C and G187C were constructedGys-less version of CitS (151)
to reveal the site of reaction of the mutants il thiol reagents. Unfortunately, uptake
activity by these mutants in RSO membrane vesigkesto low to measure transport in a
reliable way. The low activity correlated with amMdevel of the CitS protein in the
membrane (not shown). As an alternative, corresipgnishutants with Ala replacements
were constructed in the wild-type background. Mtga@184A and N186A showed the
same residual activity after treatment with NEMbaserved for the wild-type, while both
mutants were insensitive to treatment with AMdit8orsgly indicating that in the G184C
and N186C mutants, the introduced Cys residues werdified by the thiol reagents
(Table 1). Similarly, mutant G187A was insensitbiee AMdiS showing that the Cys
residue at position 187 in the G187C mutant wasifieddoy AMdiS and responsible for
the inactivation of the transporter. Remarkablygchivation of the G187A mutant by
NEM was the same as observed for the G187C muwaggesting that the Gly to Ala
mutation increased the reactivity of the endogen®ys residues with NEM. In this
respect, the G187A mutant in the Vb region of iehaves like the C398S mutant
described before (150). Cys398 is situated ink&eegion of CitS.

Sequence motif GGHG in region Vb of GItS. In the Nd-glutamate transporter GItS of

Escherichia coli the GGXG motif in the periplasmic Vb region is regented by residues
136-GGHG-139. In a similar approach as a descifitbe@itS above, each position was
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Table 1 Residual activity after treating RSO membraneickes containing CitS wild type (WT) and
cysteine (Cys) and alanine (Ala) mutants with NEnM AMdiS®,

Residual activit} (%)

Position Inhibitor Cys Ala
G184 NEM 12+3 62+6
AMdIS 2+3 95+5
N186 NEM 21+4 55+4
AMdIS 22+6 95+2
G187 NEM 11+3 5+8
AMdIS 21+4 99 +5
NEM 42 +5 68+5
S405 )
AMdIS 5+5 97 +3
NEM 63+6
WT _
AMdIS 96 +3

2 RSO membranes were treated with 1 mM NEM for 2 wmmd 0.25 mM AMdiS for 12 min? The
indicated values give the residual uptake actiitfRSO membranes as the percentage of an untreated
sample. The average and standard deviation ofi@2i&€iendent measurements were reported.

mutated to a Cys residue and activities of the ntatavere evaluated in RSO
membranes. Membrane vesicles prepared toooli DH5a cells contain a basal level of
glutamate transport activity due to endogenousagtate transporters encoded on the
chromosome (21). The background activity was ed@than membrane vesicles
containing the citrate transporter CitS producemnfithe same expression system (Fig.
3A). CitS does not transport L-glutamate. RSO memés containing plasmid-encoded
GItS showed an activity that was approximately rie higher than the background
activity (Fig. 3A). RSO membrane vesicles contagnimutants G136C, G137C and
H138C of GItS showed an uptake activity similarthe background level (Fig. 3A).
Mutant G139C repeatedly revealed an activity shghbove background, but potential
changes in the background activity do not allow #&rfirm conclusion about the
significance of this residual activity. Partial gisation of the proteins showed that the
lack of activity was not due to a lack of produatiof the proteins (Fig. 3B). It follows
that mutations in the sequence motif in region YIBS are deleterious for the transport

activity of the protein.
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Figure 3. Sequence motif GGHG in Vb of GItS Bf coli. (A) L-[**C]-glutamate uptake in RSO membrane
vesicles containing GItS) and the GItS mutants G1366)(G137C @A), H138C @) and G139Cq), and
CitS as control ¥). (B) SDS-PAGE of partial purified GItS and the tamts G136C, G137C, H138C and
G139C purified from the RSO membranes used in fitake assays shown in panel A.

Sequence motif GGSG motif in region Xa of CitS. The GGXG sequence motif in
cytoplasmic region Xa of CitS is represented byduwess 403-GGSG-406. Similar as
observed for the motif in the Vb region of CitSe least conserved residue in the motive
was the least sensitive to mutation to a Cys residddembranes containing mutant
S405C showed a relative uptake activity of appragety 40 % of wild type CitS, while
mutation of the 3 Gly residues to Cys (G403C, G408@06C) resulted in membranes
with no significant citrate uptake activity (FigA¥} Expression levels of the mutants
were not significantly different from the wild typevel (Fig. 4B).

Evidence for the folding of the cytoplasmic Xa wgiin between the transmembrane
segments as a reentrant loop structure followen fite accessibility of two endogenous
Cys residues, Cys398 and Cys414 for the small, gedbrthiol reagent 2-
(trimethylammonium) ethyl methanethiosulfonate (NENS from the periplasmic site of
the membrane (150). Both sites could not be reablgetie more bulky charged reagent

AMdIS, suggesting a restricted access pathway ftbhen periplasm. In motif mutant
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S405C the introduced Cys residue is in between @/sBd Cys414. Treatment of RSO
membranes containing S405C with membrane permé#bl resulted in a higher rate
of inactivation than observed for the wild type lwito residual activity indicating that
position 405 site is accessible from the water pi{&sy. 4C). Remarkably, the transport
activity of the S405C mutant was also effectivathibited by treatment with AMdiS

under conditions where the wild-type is insensitwéhe reagent (Fig. 4D).
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Figure 4. Sequence motif GGSG in Xa of CitS &f pneumoniae. (A) [*C]-citrate uptake in RSO
membrane vesicles containing Cit® @nd the CitS mutants G403C)( G404C @A), S405C ¢) and
G406C 6). (B) SDS-PAGE of partial purified CitS and the tamis G403C, G404C, S405C and G406C
purified from the RSO membranes used in the uptdsays shown in panel A. (C,D) Residual activity
after treating CitS«) and the mutant G405G) with 1 mM NEM (C) or 0.25 mM AMdiS (D) for the

indicated time. Initial rates were expressed aspbeentage of the initial rate catalyzed by un&ea
membranes.
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The half-time of inactivation was approximately 4¥bn with essentially no residual
activity. Apparently, the Cys residue at positiddb4s well exposed to the periplasmic
side of the membrane. Mutant S405C was also ramaigtivated by treatment with the
small, positively charged thiol reagent MTSET (isbiown). In a control experiment,
S405 was replaced by Ala. The S405A mutant wadirsded by NEM at the same rate

as observed for the wild-type and no inactivati@swbserved with AMdiS (Table 1).

Cysteine scanning mutagenesis of the Xa region of GItS. A set of 17 cysteine mutants of
the GItS protein was constructed having mutationgytoplasmic region Xa between
TMS IX and X. Together with Cys343 in wild type Sltthe mutants cover a stretch of
18 residues from A340 to M357, which representsnttost conserved region in the C-
terminal half of the ESS family (Fig. 1B). Partmlrification following expression ik.
coli DH5a showed that the mutations did not significantffieeff the levels of the mutant
proteins in the membrane (Fig. 5A, top panel). Asatdibed above for the Cys mutants in
region Vb of GItS, the mutants were tested for rtlaility to accumulate glutamate in
right-side-out (RSO) membrane vesicles (Fig. 5A)e Tutations were remarkably well
tolerated by the transporter. Twelve of the 17 mistgzhowed glutamate uptake activities
not significantly different from the wild type aety. The GItS proteins mutated at the
two adjacent positions G341 and H342 showed afgignily decreased activity of 30-
40% of wild type activity. Similarly, a second des of 4 mutants A349C, P351C,
T352C and A353C showed an activity of 30-60% ofiviyipe.

The wild type GItS protein contains 4 cysteine dass, three in transmembrane
segments (TMS IV, V and VI) and one in region Xaasition 343. Nevertheless, it was
shown before that the activity of wild type GItS RSO membranes is not sensitive to
treatment with the membrane permeable thiol readdi, nor to the membrane
impermeable, bulky reagent AMdiS ((26); see algp 5B, C343). In the group of 12 Xa
mutants showing comparable specific activity aseoked for the wild type, only the
activity of N356C was dramatically affected by treant with NEM. The mutant was
essentially inactivated by NEM. In contrast, treattwith the membrane impermeable
reagent AMdiS did not affect the activity suggegtihat the residue at position 356 is not
accessible to the latter in RSO membranes (Fig. lBBhe pair of mutants G341C and
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Figure 5. Cys-scanning mutagenesis of the Xa region of Gft&. coli. (A) Relative L-}*C]-glutamate
uptake activity in RSO membrane vesicles contair@®itp mutants with Cys residues at positions 340
through 357. Initial rates of glutamate uptake werpressed as percentage of the rate measured in
membrane vesicles containing wild type GItS (C34R)take rates were corrected for the rate observed
control membranes that contained CitS produced floensame expression system (see also Figure 3).
Expression levels of wild type GItS and the mutaafter partial purification form cells were indiedt at

the top. (B) Residual activity of glutamate uptakeRSO membrane vesicles after treatment with 1 mM
NEM (black bars) and 0.25 mM AMdIS (grey bars) f@rmin. Residual activity represents the initidesa

as percentage of the initial rate catalyzed byaatead membranes.
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H342C, that both showed reduced transport actirgtgitive to wild type, the former
appeared to be unaffected by both NEM and AMdiSilentine latter was marginally
sensitive to NEM resulting in 60 % residual actiaind not sensitive to AmdiS. Mutants
T352C and A353C in the cluster of 4 mutants withueed activity between positions
349 and 353 were also not affected by the thiogees while the activitiy of mutant
A349C was reduced to 40 % by NEM, but not sensitovéAMdiS. Clearly, the most
interesting mutant in this cluster was P351C. P3&&E completely inactivated by NEM
and, most importantly, also by AmdiS. The resutticates that the proline residue at
position 351 in cytoplasmic loop Xa of GItS is assible from the periplasmic side of the
membrane. In this respect, P351 in GItS behavesrékidue S405 in the Xa region of
CitS.

Two types of control experiments demonstrated ttiatCys residues at positions 351 and
356 in GItS mutants P351C and N356C, respectivedye the actual target sites for the
thiol reagents. One, mutants containing P351C aB&bi in the Cys-less background of
GItS (26) showed similar residual activities aftezatment with NEM and AMdIS as
observed in the wild type background. Two, replageinof P351 and N356 by Ala in the
wild-type background, rendered the mutant trangpsiinsensitive to treatment by NEM
and AMdIS (Table 2).

Table 2 Residual activity after treating RSO membranagaiaing GItS cysteine (Cys) and alanine (Ala)
mutants in wild type and Cys-less background wilvMNand AMdiS.

Residual activity

Position Inhibito? (%)
Cys/WT Cys/Cys-less Ala/WT
NEM 2+4 3+4 100+ 4
P351
AMdIS 2+6 4+4 96 + 2
NEM 1+8 1+ 5 99 +6
N356
AMdIS 82+5 87+ 7 96 +4

2 RSO membranes were treated with 1 mM NEM and MREAMdIS for 10 min.” The indicated values
give the residual uptake activity in RSO membrapesected for the background activity and as the
percentage of an untreated sample. The averagstandard deviation of 2-3 independent measurements
were reported.
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Discussion

The putative reentrant loop structures in the Nt @nterminal halves of the Na
citrate transporter dklebsiella pneumoniae CitS and in the N-terminal half of the Na
glutamate transporter discherichia coli GItS contain a GGXG sequence motif. The
present study demonstrates that these motifs aportemt for the function of the
transporters. Mutant transporters in which the eored Gly residues of the motifs were
replaced by Cys residues were completely inactivesliowed a severely reduced
transport activity. CitS mutants with the variaplesitions (‘X’) mutated to Cys revealed
a lower, but significant residual activity, whilaet corresponding mutant of GItS was
inactive. The residual activity appears to coreelaith the level of conservation at the
‘X’ position as the His residue in GItS is, in fatiighly conserved in the family (see
sequence logo’s in Fig. 1). Others have shownrthaation of the variable residue in the
motif GGNG in the N-terminal half of CitS to Valdeced the affinity for citrate by one
order of magnitude (63). Further evidence for avaht role of the motifs in the properly
functioning of the transporters was obtained bywshg that the residual activity of the
Cys mutants could be further reduced by treatmdht thiol reagents.
Structural models for the CitS and GItS proteinssist of two homologous domains with
opposite orientations in the membrane (Fig. 1APRj1#Lrominent in the models are two
reentrant loops that fold back between the transilonene segments from opposite sides
of the membrane. These are the regions in the sequéat contain the GGXG motifs.
The present results give support to the modelsinitnportant aspects: (i) CitS and GItS
proteins share a similar fold, and (ii) the proseirave a two-domain structure.
The CitS and GItS proteins belong to different sfaorter families (2HCT and ESS,
respectively) and do not share any sequence sityildthe same structural model for
both CitS and GItS is based on the highly simiamity hydropathy profiles of the
transporters in the 2HCT and ESS families (88jhtnMemGen classification system the
2HCT and ESS families are in structural class S1¢ggther with 31 other families of
transport proteins ((87http://molmic35.biol.rug.nl/memgen/mgweb.dll). Thgpothesis
is that the proteins from all families in one stural class have the same fold. The
membrane topology of the CitS and GItS proteinthenmodels was recently confirmed

experimentally by Cys accessibility studies (2@)eTunctional importance of the GGXG
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motifs in corresponding parts of the CitS and G3&juences reported here provide
further evidence for a similar structure and medrarof the two transporters.

The two domain structure in the CitS and GItS medelbased on sequence analysis of
all protein families in structural class ST[3] metMemGen classification reported before
(92). A low, but significant sequence identity wdsntified when the N-terminal halves
of the proteins were compared to the C-terminavdglsuggesting sequence homology
between the two halves that, consequently, wodttlifdo two domains sharing a similar
fold. The putative reentrant loop in the N-termidalmain in the model is a copy of the
reentrant loop in the C-terminal domain that hasnb@demonstrated experimentally in the
CitS and GItS proteins (see below). Mutation of theee Gly residues to Cys in both
GGXG motifs of CitS inactivate or strongly redude tactivity, while mutation of the
variable residue reduces the activity down to 40%5n the motifs in the N- and C-
terminal halves. The ‘functional symmetry’ stronglypports the ‘structural symmetry’
of the two domains and provides, for the first timong experimental support for the
reentrant loop structure in the N-terminal domain.

Reentrant loops in membrane proteins are identiigdaccessibility studies of sites
(usually Cys residue) in loop regions. Accessipitit the Cys residue from the opposite
side of the membrane by water soluble, membranerimeable thiol reagents is taken as
evidence that the loop folds between the transmangbsegments exposing the residue
more or less to the opposite side of the membranease of the CitS protein, two
endogenous Cys residues, Cys398 and Cys414, ipufagive reentrant loop in the C-
terminal domain were shown to be accessible for rtf@mbrane impermeable thiol
reagent MTSET from the periplasmic side of the memeé (150). The reactivities of the
sites could be modified by the presence of the tsaflescitrate and the co-ion Na
providing further evidence for an important funatb role in catalysis. In GItS, two
engineered Cys residues at positions 339 and 38%iputative reentrant loop region in
the C-terminal domain were accessible to MTSET ftbmn periplasm as well (26). For
both transporters, the Cys residues were not abtessr the more bulky reagent AMdiS
suggesting a size restriction in the access patHveay the periplasm which would be
compatible with a funnel-like pore structure witte ttarget sites deep down in the narrow

part (151). The characteristics of the putativenti@mt loops in the C-terminal domains
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of CitS and GItS differed in this respect from tha¥ a reentrant loop in the glutamate
transporter GItT ofBacillus stearothermophilus. GItT, a glutamate transporter not be
confused with GItS, has a completely different &nee, but, similar to the CitS/GItS
model, two reentrant loops enter the core of thetegam from opposite sites of the
membrane. The reentrant loops were confirmed by d¢hestal structure of the
homologous transporter Gitof the archaeoiyrococcus horikoshi (180). Accessibility
studies of Cys residues engineered in the loopiagtérom the cytoplasmic side showed
that three consecutive positions were accessibléht bulky AMdIS reagent from the
periplasmic side (148). The present results nowatestnate that a similar situation exists
for the CitS and GItS proteins. Residue S405 aw#r@ble position in the GGXG motif
of CitS and P351 of GItS were both accessible fiotdiS added at the periplasmic side
of the membrane. This suggests that these pos#i@nslosest to the periplasm and at the
vertex of the reentrant loop. It was noted befdva the putative reentrant loops in the
ST[3] structural class contain an unusual hightioacof residues with small side chains
which was interpreted as indicative of a compaakjpey of the loops in between the
helices with a strong bending at the vertex allowgdhe Gly residues in the GGXG
motif (149). The accessibility of S405 in the GGX@tif of CitS by AMdIS is in line
with the latter view. In GItS, which lacks the GGXfotif in the C-terminal domain, the
P351 residue is flanked by Ala and polar Thr ressd(ATPTA) which to some extent
resembles the vertex of the reentrant loop in GIfTB. stearothermophilus which
contains a Glu residue flanked by Ala and polar&et Thr residues (TASSE Please,
note that 9 out of the 18 residues that form theatpue reentrant loop in the C-terminal
domain of GItS have small side chains (A, G or i@; EB).

By analogy to the transporter @itof the archaeorPyrococcus horikoshi (180) it is
believed that the reentrant loops in the N- andei@inal domains of the ST[3]
transporters are in close vicinity in the 3D stasetof the proteins where they would
form the translocation path for substrates andoos-i(149). Turnover would follow an
alternating access mechanism by which the transtoc@ore would open up to either
side of the membrane in an alternating manner (16ig easy to envision how changes
to the reentrant loops that make up the transloeatath could interfere with this process

thereby explaining the high sensitivity of the GGXtifs to mutations and chemical
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modifications. Possibly, in the conformational statith the pathway opened up to the
cytoplasm, alkylation of Cys residue at positior6 38 GItS mutant N356C that is 5
positions away from P351 at the vertex blocks ti®pmasmic access pathway to the
pore thereby inactivating the transporter (Fig..5B)lso, giving the dynamic nature of
the protein in the alternate access model, theivetgof sites on the reentrant loops with
thiol reagents may be sensitive to changes in thalierium between the inward and
outward conformations. Three conditions have bdewa to affect the sensitivity of
CitS to thiol reagents in a similar way, two mutas, C398S in the Xa region (150) and
G187A in the Vb region (this study), and the preseaf the proton motive force (150).
The three conditions do not affect the (in)sengitivof CitS to AMdIS which is
diagnostic for the periplasmic access pathway,iferease the sensitivity to membrane
permeable NEM. Possibly, the Cys residues in tlentrant loop in the Xa region
(Cys398 and/or Cys414) that are the target siteshe reagents have become more
accessible in these conditions by a shift of theildgium towards the inward

conformation.
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Abstract

The membrane topology model of the Mitrate transporter CitS dflebsiella
pneumoniae shows a core of two homologous domains with ogpaiientation in the
membrane and each containing a so called reerltvapt A split version of CitS was
constructed to study domain interactions and prayimelationships of the putative
reentrant loops. Split CitS retained 50% transpativity of the wild-type version in
membrane vesicles. Unspecific cross-linking ofpihafied complex with glutaraldehyde
revealed a tetrameric complex with 2 N and 2 C dosmeorresponding to dimeric CitS.
The separately expressed domains were not detiected membrane. Strong interaction
between the two domains followed from successfurifipation by NF-NTA
chromatography of the whole complex when only comain was His-tagged. Different
kinetic states of the transporter did not seem ffect the interaction significantly.
Successful disulfide cross-linking was obtainedweein single cysteine residues
introduced in the highly conserved GGNG sequenctf mbthe vertex of the reentrant
loop in the N domain and either of two endogenoysgaine residues at the base of the
reentrant loop in the C domain. The disulfide baras formed within one subunit in the
dimer. It is concluded that the reentrant loopthenN and C domains are overlapping at
the domain interface in the 3D structure and fopart( of) the translocation pathway for
substrate and co-ions. Sites at the interface weebln conformational changes pertinent

to turnover are distinct from sites involved in thiading between the domains.
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Introduction

The 2-hydroxycarboxylate (2HCT; TC 2.A.24, (134jartsporter family is a
family of secondary transporters found exclusivielybacteria. Members of the family
transport substrates that contain the 2-hydroxypailate motif, as in citrate, lactate and
malate (149). Like in other families of secondagnsporters, the members of the 2HCT
family represent different modes of energy couplifige transporters are eithef idr
Na" symporters or they catalyze exchange between wustsates. More or less
characterized members of the family include the€ Ngmporters CitS oKlebsiella
pneumoniae and MaeN oBacillus subtilis, the H symporters CimH oBacillus subtilis
and MalP ofStreptococcus bovis, and the citrate/acetate exchanger CitWKtdbsiella
pneumoniae and the malate/lactate exchanger MleP and citaatate exchanger CitP
both found in lactic acid bacteria
The 2HCT family is found in class ST[3] in the Mem® system that classifies
membrane proteins in structural classes based dropgthy profile analysis (87-89, 91).
Proteins in the different families in a structucdss in the MemGen system are not
related in sequence but are believed to shareatine global folding and, most likely, the
same mechanism. Support for the approach was hreadatained for different families in
classes ST[2] (90, 160) and ST[3] (25, 26). Clagg8Fcontains 32 families of secondary
transporters including the ion transporter (IT) esdigmily (127). No high resolution 3D
structure is available for any of the >10,000 tpamters found in the public databases
that belong to structural class ST[3]. Therefomgforimation on the structure and
mechanism of 2HCT transporters bears upon an impogroup of transporter families
for which an X-ray structure is still elusive.
By far the best studied transporter in the 2HCTilfams the N&-citrate symporter CitS
of Klebsiella pneumoniae. Studies on mostly CitS have resulted in a detaskedctural
model for the transporters in the family (149, 15@8). The proteins exist as dimers in
the membrane (108). The monomeric subunit consistkl transmembrane segments
(TMSs) with the N and C termini at the cytoplasnaind periplasmic side of the

membrane, respectively (see Fig. 1A). The N-termidS is not part of the core
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structure and absent in most other families ofcstmal class ST[3]. The core structure is

formed by two homologous domains of 5 TMSs eacheshaimilar fold but have

GGS

[ e

5 :
CitS-hNhC —%*m m

P A m

Figure 1. Schematic representation of (A) the structuratiet@f CitS ofKlebsiella pneumoniae and (B)

the genetic constructs used to express split @it8 the separate domains. (A) Dashed boxes repithse

N and C domains containing five TMSs (cylindersattitogether form the core structure of CitS. Two
reentrant loops termed Vb and Xa enter the membkearigedded part of the protein from the periplasmic
and cytoplasmic side of membrane, respectivelyu8ece motifs GGNG and GGSG at the vertex of the
reentrant loops were indicated by open dots. Twapganous cysteine residues in reentrant loop Xa& wer
indicated by open diamonds. The two homologous dlsrere connected by a long cytoplasmic loop. The
arrow indicates the site where CitS was split yredsplit CitS. (B) Operon structures are showthatleft,

the encoded proteins at the right. Closed ovallsealN-termini of the proteins represent His-tags.

opposite orientation in the membrane (84, 92). fieetopology of homologous domains
is a structural motif observed in several other -redated transporter families, i.e.
aquaporin (110), the N&d™ antiporter NhaA (56), the ammonium transporter Bi{&6),
and the N&leucine transporter LeuT (179). The two domaires laglieved to originate
from an ancient duplication of a gene encoding @ mumber of TMSs (85). The loops

between the @ and ' transmembrane segment in each domain in the 2H@¥lyf
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model form so-called pore loops or reentrant loopkich fold back in between the
transmembrane segments from opposite sides of dmbmnane tfans reentrant loops).
Embedded in a different structural context, a @iamglair of reentrant loops is observed in
the structures of aquaporins (110) and the glutantiegnsporter homologue of the
archaeorPyrococcus horikoshi (180). The vertexes of the reentrant loops of tHEP
transporters are formed by GGXG sequence motifs wesie shown to be crucial for
transport activity (25). Aspects of the model avpported by membrane topology
studies, cysteine accessibility studies, mutagserstsidies and kinetic analyses that were
recently reviewed in (149) or presented in subsegpapers (25, 26, 108).

An appealing hypothesis (149) positions the reentiaops in the N and C
domains in the structural model of the 2HCT tramsge at the interface of the two
domains where they would constitute the transloogpiathway for substrate and co-ions.
In this paper this possibility is addressed by s#asking studies using a split permease
approach (8). It is shown that a CitS variant gea#y split in between the two domains
forms a stable complex in the membrane that isy@dti Na-coupled citrate transport.
Cross-linking of the two domains by disulfide bdndmation demonstrates close vicinity

of the reentrant loops in the two domains in theghdimensional structure of CitS.

Experimental Procedures

Bacterial strains, growth conditions and expression of CitS derivatives. Escherichia coli
strain DH% was routinely grown in Luria Bertani Broth (LB) diam at 37°C under
continuous shaking at 150 rpm. Ampicillin was useéd final concentration of 50g/ml.
CitS and split CitS versions were expressedircoli DH5a cells harboring plasmid
pBAD24 (Invitrogen) derivatives (150). The protemwere extended with 6 additional
histidine residues at the N-terminus (His-tag) amderokinase cleavage site unless
otherwise stated. Expression of genes cloned in[pBAis under control of the arabinose
promoter. Production of the proteins was induceddbgition 0.01% arabinose when the

optical density of the culture measured at 660 ®Ds6o) reached a value of 0.6.
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Construction of split citS genes. All genetic manipulations were done kcoli DH5a
cells. Plasmid pCitS-hNC was constructed by PCRertien mutagenesis. Synthetic
primer 5-GGGGAACTGGTGCGTAAAAA GCTAGCAGGAGGAATTCACCATGG
CCTCGTTCAAAGTGG-3 was designed to insert a sequence containitggraination

codon, a ribosomal biding site (RBS) and a stadooo(marked in bold) into theitS
gene in plasmid pBAD-CitS (150) between the codemsoding K249 and A250 in the
CitS protein (underlined bases correspond to semseim thecitS gene). Plasmid pCitS-
hNC encodes a protein containing the N-terminal 849no acid residues of the CitS
protein (N domain + TMSI) extended with a N-ternmiirtdis-tag and enterokinase
cleavage site and a protein consisting of the @iteal 198 amino acid residues of CitS
(C domain). Plasmid pCitS-hC was constructed byetded aNcol-Ncol fragment from
pCitShNC which results in a single gene encodirgg@domain extended with His-tag
and enterokinase cleavage site at the N-terminhs.pCitS-hN vector was constructed
by first PCR insertion of sequence containfmgal restriction site between stop codon
after N domain and RBS site before C domain in $QINC vector, and subsequently
deletingSmal/Mscl fragment. Plasmid pCitS-hNhC was constructedidpting aNhel
fragment excised from pCitS-hNC into pCitS-hC dtgdswith the same restriction
enzyme. Plasmid pCitS-NhC was constructed by hgesiBpul102I/Sall fragment from
pCitS-hNhC into a pBAD24 vector containing tlgS gene without His-tag and
eneterokinase site (unpublished). Plasmid pSSSC&@hiNas constructed by ligating
Bpul1021&ul fragment from pCitSCysless-hNhC, made in simdtaps as pCitS-hNhC
but with the Cys-less version of théS gene, vector into similarly digested pCitS-hNhC.
Plasmid pSSSCC-183-hNhC and the other mutants @ythinserted in GGGNG motif
of Vb region and two native cysteines in Xa regiwere constructed by cloning
Bpull021/Sp0el fragments from pSSSCC-hChN construct into siylaligested pCitS-
G183C (25). All plasmids were sequenced and sh@aphtain the desired constructs
(ServiceXS, Leiden, The Netherlands).

Transport assays in RSO membranes. E. coli DH5a cells expressing CitS variants were

harvested from a 1 L culture by centrifugation @000 x g for 10 min at 4C. Right-
side-out (RSO) membrane vesicles were preparedhéyosmotic lysis procedure as
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described (61). RSO membranes were resuspendedl im\Vb KPi pH 7, rapidly frozen
and stored in liquid nitrogen. Membrane proteinaamiration was determined by the DC
Protein Assay Kit (Bio-Rad Laboratories, Herculés,, USA).

Uptake by RSO membranes was measured by the ralidtidn method. The
membranes were energized using the K-ascorbatedpimen methosulfate (PMS)
electron donor system (73). Membranes were dilute@ final concentration of 0.5
mg/ml into 50 mM KPi pH 6.0 containing 70 mM Nan a total volume of 100l at 30
°C. Under a constant flow of water-saturated aid wahile stirring magnetically, 10 mM
K-ascorbate and 100M PMS (final concentrations) were added and thegpranotive
force was allowed to develop for 2 min. Then, [¥'G}-citrate was added at a final
concentration of 4.44M. Uptake was stopped by the addition of 2 ml &-oold 0.1 M
LiCl, followed by immediate filtration over cellude nitrate filters (0.4%m, pore size).
The filters were washed once with 2 ml of a 0.1 MILsolution and assayed for
radioactivity. The background was estimated by agldhe radiolabelled substrate to the
vesicles suspension after the addition of 2 micefdold LiCl, immediately followed by
filtering.

Partial purification by Ni?-NTA affinity chromatography. E. coli DH5a cells
expressing CitS variants were harvested from a @20Culture by centrifugation at
10,000 x g for 10 min at 2C. Cells were washed with 50 mM KPi buffer pH 7ritla
resuspended in 2 ml of the same buffer and, sulesdigu broken by a Soniprep 150
sonicator operated at an amplitude qirB by 9 cycles consisting of 15 sec ON and 45
sec OFF. Cell debris and unbroken cells were rechbyecentrifugation at 9,000 rpm for
5 min. Membranes were collected by ultracentrifiogafor 25 min at 80,000 rpm at°€

in a Beckman TLA 100.4 rotor and washed once with BM KPi pH 7.0. The
membranes (4 mg/ml) were solubilized in 50 mM KPi .0, 400 mM NacCl, 20%
glycerol and 1% Triton X-100 followed by incubatidor 30 min at 4°C under
continuous shaking. Undissolved material was remdwe ultracentrifugation at 80,000
rpm for 25 min at £C. The supernatant was mixed with*NNTA resin (50pl bed
volume per 5 mg protein), equilibrated in 50 mM K#il 8.0, 600 mM NaCl, 10%
glycerol, 0.1% Triton X-100, 10 mM imidazole anctibated overnight at 2C under
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continuous shaking. Subsequently, the column natewas pelleted by pulse
centrifugation and the supernatant was removed.ré@$iea was washed with 10 volumes
of equilibration buffer containing 300 mM NaCl aa@ mM imidazole. The protein was
eluted with half a bed volume of the washing buffat containing 150 mM imidazole.

The eluted fraction was stored at >ZDuntil use.

Labeling and cross-linking studies. Aliquots of purified proteins were gently thawed on
ice and treated with 0.1 mM fluorescein-5-maleimi¢feM) for 5 min at room

temperature in the dark. The treatment was stoppdd 1 mM DTT. Samples were

treated with 2.5 mM glutaraldehyde (GA, Sigma)@im temperature for 20 min. The
treatment was quenched with 100 mM Tris-HCI pH aftér which the samples were left
at room temperature for 10 min. In control expenise0.1% SDS was added to the
samples, before GA treatment. Samples were treaidd2 mM sodium tetrathionate

(NaTT, Sigma) at 37 °C for 30 min. In control expents, 5 mM DTT was added to the
samples following NaTT treatment. Following treathesamples were mixed with SDS
sample buffer and run on a 12% SDS-PAGE gel. Fhamet labelling of proteins labeled

with FM was visualized on a Fuijifilm LAS-4000 lungiscent image analyzer (Fuji).

Mass Spectrometry Analysis. Partially purified split CitS variants treatedtlvisodium
tetrathionate (NaTT) were separated by SDS-PAGHgus 12% gel, and stained with
Coomassie Brilliant Blue. Selected bands were mrhfthe gel. The pieces of gel were
fragmented and distained in 50 mM ammonium bicaab®nwith 50% acetonitrile,
Reduction and alkylation of cysteine residues veetgeved via incubation with 100 mM
dithiothreitol, followed by iodoacetamide treatmeftetonitriledehydrated pieces of the
gel were reswollen via addition of 1@ of a 10 ngaiL trypsin solution and incubated
overnight at 37 °C. Tryptic peptides were extradteide with 30uL of 60% acetonitrile
in 1% trifluoroacetic acid (TFA) in water and vaowdried. Dried peptides were
resuspended in 0.1% TFA and separated on a ClBacamiolumn (C18 PepMap 300,
75 um x 150 mm, 3um particle size, LC-Packing, Amsterdam, The Netreik)
mounted on an UltiMate 3000 nanoflow liquid chroagaaphy system (LCPacking).
Aqueous solutions of 0.05% TFA (A) and 80% acetdaitwith 0.05%TFA (B) were
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used for elution. Agradient from 4 to 40%B overrah was used at a flow rate of 300
nL/min. Column effluent was mixed in a 1:4 (v/vjicawith a solution of 2.3 mg/mL R-
cyano-4-hydroxycinnamic acid (LaserBio Laboratagri€®phia-Antipolis, France) in a
60% ACN/0.07% TFA mixture. Fractions of 12 s wepetsed on a blank MALDI target
with a Probot MALDI spotter system (Dionex). Maspestrometric analysis was
conducted with a MALDI-TOF/TOF 4800 Proteomics Arrr (Applied Biosystems) in
the range ofr/z 600-4000, in positive ion mode. Peptides with algn-noise levels of
>50 were selected for MS/MS fragmentation. Matclohthe MSMS spectra to the CitS

sequences was performed with Mascot, version 24tr{iScience, London, U.K.).

Results

Split CitS is an active transporter. The CitS protein was genetically split in two
nonoverlapping polypeptides corresponding to thand C terminal domains (Fig. 1).
Plasmid pCitS-hNhC contains an artificial operonwb genes, the first one coding for
the first 249 amino acids of CitS (TMSI plus thedbimain), the second for the last 198
amino acids (C domain). The operon is under comtthe arabinose promoter. The two
halves of theitS gene were cloned separately yielding plasmids$6N and pCitS-hC.

In all cases, the encoded polypeptides were extewité six histidine residues (His-tag)
and an enterokinase site at the N-terminus.

Split CitS-hNhC and the two domains CitS-hN andSchC were tested for the ability to
accumulate [1,3%C]-citrate in right-side-out (RSO) membrane vesicigepared from
E.coli DH5a cells harboring the appropriate plasmid. Citrgitake was measured in the
presence of a proton motive force (pmf) that wasegated using the artificial electron
donor system ascorbate/PMS (Fig. 2A). RSO membyasecles prepared from cells
harboring the empty vector lack citrate uptakevitgtbecause of the absence of a citrate
transport system in th&. coli membrane. RSO membranes prepared from cells co-
expressing the two domains retained about 50% epatvity of membranes containing
the wild-type version of CitS. In contrast, memlasuprepared form cells expressing the
isolated domains did not show any citrate uptakiviac

N-terminally His-tagged CitS purified by NiNTA affinity chromatography migrates as
a single band with apparent molecular mass of 38 kD SDS-PAGE (Fig. 2B, left
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panel) (150, 151). The co-expressed N and C domaits His-tags at the N-termini

were purified using the same protocol. On SDS-PA&& bands showed up with

apparent molecular masses of 19 and 25 kDa, syraugigesting that they correspond to
the C domain (198 residues) and N domain (249 wesiq respectively. The bands were
identified by labeling the purified proteins befo&DS-PAGE with fluorescein-5-

maleimide (FM), followed by fluorescence imagingtioé gel. The CitS protein contains
5 cysteine residues, all of them located in theo@ain. The image showed the labeling
of full-length CitS and the 19 kDa band (Fig. 2Bght panel). Therefore, the latter
corresponds to the C domain. Production of oneailomm the absence of the other from
constructs pCitS-hN and pCitS-hC was not detectgmharently, the domains are not

stably inserted into the membrane as separatéesntit
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Figure 2. Activity and expression of split CitS. (A) [1Xc]-citrate uptake by RSO membrane vesicles
containing CitS €), split CitS-hNhC &) and the separately expressed domains of CitS-I@it (A) and
CitS-hC ). (B) SDS-PAGE of purified CitS, split CitS-hNhCitS-hN and CitS-hC after Coomassie
Brilliant Blue staining (left panel-CBB) and flu@eence imaging of the same gel (right panel-FM).
Samples were treated with fluorescein-5-maleimidiote running the gel. Arrows point at CitS and the
domains hN and hC. Lane M, molecular mass standkrdsn top to bottom the bands correspond to 200,
150, 100, 75, 50, 37, 25, 20 and 15 kDa. The saarkenwas used in all figures.

CitS was shown before to be a dimeric protein legtebn microscopy, BN-PAGE and by
single-molecule fluorescence spectroscopy (64,.188greement, treatment of purified
CitS with the unspecific cross-linker glutaraldebydllowed by analysis by SDS-PAGE
resulted in complete disappearance of the 38 kDwl lzend, at the same time, a new,
somewhat fuzzy, band appeared running at approglyngouble the mass (Fig. 3). A

small fraction of the protein did not enter the gelany significant extent, suggesting
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some aggregation in the protein preparation. Treatnwith glutaraldehyde in the
presence of SDS prevented cross-linking of theepmashowing that cross-linking was
the result of complex formation rather than randmiisions. The same fuzziness of the
band suggests that it is due to random labelin@it$ molecules with glutaraldehyde.
Treatment of purified split CitS-hNhC with glutadahyde resulted in a similarly sized
complex as observed with wild type CitS suggestirmgpmplex consisting of 2 N and 2 C
domains like in dimeric CitS (Fig. 3). Again, trent with glutaraldehyde in the
presence of SDS did not result in cross-linking.

It follows that split CitS, expressed from an actdl operon encoding the two domains as
separate proteins forms a complex of two N domanmtstwo C domains that is active in
pmf-driven citrate uptake. The separately expressewhains of CitS are not stably

produced, suggesting that the N and C domainsligebne another.

CitS CitS-hNhC
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Figure 3. Glutaraldehyde cross-linking of CitS and splitSSHNhC. Purified CitS and split CitS-hNhC
were treated with glutaraldehyde (GA) at a coneiun of 2.5 mM for 20 min in the presence and abse
of 0.1% SDS as indicated at the top followed by SEXSSE. Left arrows point at monomeric CitS and
dimeric CitS (Cit9). Right arrows point at the domains hN and hC tredtetrameric complex of two N
domains and two C domains hNhC

Domain interactions in CitS. Two additional vectors encoding the two domainsie

operon were constructed to study the interactiomwéen the N and C domains. CitS-
hNC represents split CitS with only the N domairs-tigged, while CitS-NhC has only
the C domain His-tagged. RSO membrane vesiclesaprdpirom cells expressing the
latter showed citrate uptake activity similar tce thctivity observed for membranes
containing split CitS with a His-tag at both dom&({itS-hNhC), i.e. about 50% of wild
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type CitS activity (Fig. 2A and 4A). In contrastjtivthe His-tag only at the N domain
(CitS-hNC) the activity was approximately threeagriower.

For both combinations, the untagged domain wasucifigd with the His-tagged domain
by Ni**-NTA affinity chromatography indicating high affigi between the two domains
(Fig. 4B, left panel). The N domain of CitS withddis-tag migrated on SDS-PAGE at
an apparent molecular mass of about 22 kDa, witagged C domain migrated at 17
kDa. The C domains were identified by FM labelingg( 4B, right panel). The
expression level of CitS-hNC was clearly lower tlwdoserved for CitS-NhC, which is in
line with the citrate uptake experiments. Appangnthgging of the C domain with the
His-tag and enterokinase site at the N terminusltees a more stable integration into
the membrane. Cross-linking of both variants hM@ BIhC by glutaraldehyde resulted
in a band of around 80 kDa indicating that the @nes or absence of His-tags does not
interfere with complex formation (data not shown).
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Figure 4. Domain interactions in CitS. (A) [15C]-citrate uptake by RSO membrane vesicles comgini
CitS (#), split CitS-hNhC ), split CitS-hNC @&) and split CitS-NhC«). (B) SDS-PAGE of CitS-NhC
(NhC) and CitS-hNC (hNC) after Coomassie BrillidBitie staining (left panel-CBB) and fluorescence
imaging of the gel (right panel-FM). Samples weaeated with fluorescein-5-maleimide. Arrows indicat
the position of the N and C domains with (hN, h€without (N, C) a His-tag at the N-terminus. (D&
PAGE of CitS-hNC purified in 50 mM KPi pH 7 in thigesence of 200 mM KCI (K), 200 mM NaCl (Na),
10 mM citrate (Cit), and 10 mM citrate plus 200 nNéCI. Arrows point at the hN and C domains.
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The interface of the N and C domains has been stemeto form the substrate
translocation pathway (149). The interaction betwt#e two domains was investigated
in different catalytic states of the transporter ligding the CitS-hNC and CitS-NhC
complexes to Ni-NTA resin and washing the columns with buffer @ming 10 mM of
citrate or 200 mM of N3 or both. SDS-PAGE analysis after elution of this-tagged
domain revealed that neither substrate or co-idraffect co-purification of the untagged
domain (Fig. 4C), suggesting that the binding #ffilbetween the two domains is the
same in the free and bound conformations of thesgrarter.

Subunit interaction in dimeric CitS. In the model of the structure of CitS each of the t
domains contains one reentrant-loop that togethee lbeen hypothesized to form the
translocation pathway through the proteins at tierface of the two domains (Fig. 1A).
The functional complex formed by CitS-hNhC allowsr fanalysis of proximity
relationships between the two domains by formatbrdisulfide cross-links between
cysteine residues located in the two domains. Amkig of cysteine residues present
in the two reentrant loops may be readily detebie&DS-PAGE.

Wild type CitS contains five cysteine residues,ialithe C-terminal domain (Fig. 2B,
right panel). Wild type CitS purified in the absenof reducing agents revealed in
addition to the bulk of the protein running at thenomer position, a minor band running
at the position of a dimer (Fig. 5A). Treatmenttio¢ protein with the oxidant sodium
tetrathionate (NaTT) significantly increased théensity of the dimer band and a new
band appeared with an apparent molecular masspobdmately a tetrameric complex.
At the same time the intensity of the monomericcbdacreased. The multimeric species
were not observed in the Cys-less version of tlotepr indicating that they were the
consequence of the formation of disulfide croskdibetween cysteine residues present
in the C domains of the two subunits. Two of the fcysteines (Cys-398 and Cys-414)
are in the putative reentrant loop (Fig. 1A, op@annds) and important for activity of
the transporter, while the other three (Cys-278s-8Y%7 and Cys-347) do not seem to
play a role in catalysis (150, 151). Treatment &@itS mutant in which the former two

cysteine residues were mutated to Ser (CCCSS)Nathil showed the same behavior as
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wild type CitS (Fig. 5A; compare lanes 6&7 with én3&4). In contrast, treatment of the
complementary mutant with the latter three cysteimeitated to Ser (SSSCC) behaved
like the Cys-less mutant. It follows, that the thren-essential Cys residues are involved

in the cross-linking of dimeric CitS by NaTT.
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Figure 5. Disulfide cross-linking of CitS (A) and split Git(B) derivatives. (A) Purified CitS (A, WT),
Cys-less CitS (A, Cysless), Cys mutant CCCSS (ACSS), Cys mutant SSSCC (A, SSSCC), split CitS-
hNhC (B, CitS-hNhC) , and split Cys mutant SSSCCQHNB, SSSCC-hNhC) were treated with NaTT in
the presence and absence of DTT as indicated abdtiem followed by SDS-PAGE. * cross-linked

products# N domain hNe C domain hC.

In agreement, treatment of split CitS-hNhC with Natlinder the same conditions

resulted in the disappearance of the C domain artdeasame time the appearance of
bands with apparent molecular masses corresportdirtge di-, tri and tetrameric C

domain (Fig. 5B). The N domain was not affectedtbg oxidant. Treatment of the

oxidized protein complex with the reducing agent TD$howed that the disulfide

formation was fully reversible.

A split CitS version of the SSSCC mutant was camcséd for cross-linking studies

between the N and C domain. RSO membrane vesiofgaining SSSCC-hNhC showed
about half of the citrate uptake activity that wadrserved for CitS-hNhC which largely
correlated with a lower level of expression (Fid\).6Unspecific cross-linking of the

purified SSSCC-hNhC complex with glutaraldehydeegded the high molecular weight
band on SDS-PAGE corresponding to dimeric CitS (slodwn). Most importantly,
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treatment of purified SSSCC-hNhC with NaTT did mesult in the formation of cross-
links between the C domains (Fig. 5B).

Cross-linking of the reentrant loops. A set of 5 single-Cys mutants of the N domain of
the split CitS version SSSCC-hNhC was constructealch of the amino acid residues in
the conserved sequence motif 184-GGNG-187 belieteedorm the vertex of the
reentrant loop (Fig. 1A; (25)) and the glycine des at position 183 was substituted with
a cysteine residue. Then, each mutant resultsS8&CC-hNhC complex with a single
cysteine in the putative reentrant loop in the Mndm and two cysteines, Cys-398 and
Cys-414, in the reentrant loop in the C domain. BGi83C mutation did not affect the
activity of the complex to a significant extent dFi6A). The N186C variant showed
about 50 % of the citrate uptake activity obserwvdth the SSSCC-hNhC complex.
Membranes containing mutants G184C and G187C drldibd low but significant
activity of less than 10%, while the G185C mutatiesulted in complete lack of activity.
These results correlate well with the activitiestttd same mutations in wild type CitS
that were reported before (25).

The split SSSCC mutants were purified under reduconditions and analysis by
SDS-PAGE revealed the 19 and 25 kDa bands corrdsppio the N and C domains,
respectively (Fig. 6B, C; closed circle and diamorieatment of the samples with
NaTT resulted in a decrease of the intensity otweebands (Fig. 6B,C). The decrease in
intensity was stronger for the N domain than fa @& domain. Mainly, two new bands
showed up running at molecular masses of aboutDtb &nd 48 kDa (arrow head and
square, respectively). Analysis by mass spectrgmeéntified peptides originating from
both the N domain and C domain in the lower 45 kBad (arrow head), while the upper
48 kDa band contained peptides of the N domain.dxlhird minor new band observed
with some of the mutants and running at a apparahecular mass of about 40 kDa was
identified as thée. coli CAMP receptor protein (CRP) which apparently weespnt as an
impurity in the preparations. It is concluded titfa¢ 48 kDa band corresponds to two
cross-linked N domains and the 45 kDa band to dinked N and C domains of CitS.
Cross-linking efficiency between two N domains agpdao be more or less the same for

all mutants while the efficiency of cross-linkingtiveen the N and C domain was higher
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for the G183 and G184 mutants than observed folGh85, N186 and G187 mutants.
Repeating the purification under non-reducing cbods resulted in a small fraction of
the domains running as the cross-linked produggpakently, the disulfide bonds forms
spontaneously between the cysteines, but this apeatis cross-linking was less efficient
(data not shown).
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Figure 6. Disulfide cross-linking of the reentrant loopstire N and C domains. (A) [18€]-
citrate uptake by RSO membrane vesicles contaiS®§CC-hNhCx), SSSCC-183-hNhCs],
SSSCC-184-hNhCr), SSSCC-185-hNhC0}], SSSCC-186-hNhC&) and SSSCC-187-hNhC
(®). Numbers refer to the position in the reentrafpl in the N domain that was mutated to a
cysteine residue. (B,C) Split SSSCC variants SS$8%hNhC, SSSCC-184-hNhC, SSSCC-
185-hNhC, SSSCC-186-hNhC and SSSCC-187-hNhC wesatetd with NaTT and with and
without consecutive treatment with DTT as indicatgdthe bottom followed by SDS-PAGE.
Proteins were purified under reducing conditiancross-linked product of two N domain
cross-linked product of a N and C domaiy domain hNe C domain hC.
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Since CitS is dimeric, the cross-link between theidl C domain in the mutant split
SSSCC complexes may be formed between the domaimseosubunit or between the
domains of different subunits. Obviously, the crlisk between the N domains is
between different subunits. Mutants of ‘full leng@itS were constructed containing the
G183C and N186C mutants in the SSSCC backgroundcrbis-linking was detected
between the subunits upon treatment of the purihiedeins with NaTT demonstrating
that the cross-link between the N and C domaimisne subunit and the cross-link
between the two N domains is only observed in ghi¢ GitS constructs (data not shown).
The results support a close proximity of reenttaaps Vb and Xa (Fig. 1A) in the N and
C domain of one subunit of dimeric CitS.

Discussion

The structural model of the CitS transporteKédbsiella pneumoniae shows two
homologous domains, each containing 5 TMSs, witlerited topology in the membrane
(92, 149). Prominent in the model are two reenttaops connecting the fourth and fifth
TMSs in each domain that fold back in between tMS$ from opposite sides of the
membranet(ans reentrant loops). The reentrant loop regions akly conserved in the
2HCT family and contain a sequence motif GGXG tlvas shown to be essential for
activity of the transporter (25). By analogy to @tltwo-domain transporter structures (1,
55, 66, 147, 179), it was proposed that the traasion site would be formed at the
interface of the two domains and, consequently, tthe reentrant loops would be
positioned at the interface. In this study we desti@ate that the reentrant loops are in
close vicinity in the 3D structure. Cysteine regigllengineered in the reentrant loop in
the N domain (VB, Fig. 1A) were shown to form auffisle bond with either of two
endogenous cysteine residues in the reentrantifotpe C domain (XA, Fig. 1A, open
diamonds). The disulfide bond cross-linked the M @& domains in a split version of
CitS, but not the subunits in ‘full-length’ CitSditating that in dimeric CitS (108) the
reentrant loops of the same subunit are in closgact In the N domain, the cysteine
residues involved in the cross-links were posittbrae the 184-GGNG-187 sequence
motif that is believed to be at the vertex of tkentrant loop (25). They cross-link to

cysteine residues Cys398 and/or Cys414 positiondtedase of the reentrant loop in the
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C domain where the sequence motif is 403-GGSG-4#Qgparently, the two loops
overlap one another at the domain interface sumggettat they may constitute a major
part of the wall of the translocation pore (Fig. Accessibility of a Cys residue
substituting for Ser405 in sequence motif 403-GG®G- by a bulky, membrane
impermeable thiol reagent 4-acetamido-4’-maleinsgtidene-2,2’-disulfonic acid
(AMdIiS) from the periplasmic side of the membraeendnstrated previously (25) is the
best evidence for the reentrant loop in the C dart@stick through the membrane all the
way. The accessibility of Cys residues at posiBd8 and 414 from the periplasm was
shown to be restricted to small thiol reagents like [2-(trimethylammonium)ethyl]
methanethiosulfonate bromide (MTSET, (150)) sugggghat they are located deeper in
a more narrow part of the pore from a periplasneicspective. The disulfide cross-links
to the latter demonstrated here represent theefigérimental evidence that the putative
reentrant loop in the N domain may actually enlter membrane embedded part of the
protein as depicted in Figure 7. At consecutivatms 183 through 187, highest cross-
linking efficiency was observed with Cys residuépaeasitions 183 and 184, suggesting

that movement of the tip of the loop is constraibgdhe conformation of the protein.

domain interface ~ 403-GGSG-406

TMS X
TMS VI

periplasm

TMS V TMS XI

cytoplasm

1

Figure 7. Structural model of the domain interface of GifX. pneumoniae. Shown are TMSs V
and VI in the N domain and TMSs X and Xl in the Gn@in together with the connecting
reentrant loops. See text for further explanation.
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The disulfide bond formed between the putative tre@m loops of CitS upon oxidation,
was identified by cross-linking the two domainsaisplit version of CitS. Split CitS was
expressed from an artificial operon encoding twon-nwerlapping polypeptides
corresponding to TMSI plus the N domain and thedihain, respectively. Polytopic
membrane proteins are cotranslationally insertetthiénmembrane by the Sec machinery.
A single ribosome sitting on the SecYEG channehdiates the sequence on the
messenger and pushes the nascent polypeptide hetaranslocation channel. The
transmembrane segments move laterally into the pghtodipid bilayer one by one and
probably start assembling into the native conforomabf the protein as they leave the
insertion machinery. Therefore, assembly of the demains of CitS expressed from a
singlecitS gene is a sequential and coupled event. In additiee single gene warrants a
1:1 stoichiometry of the two domains. In contrdst,case of the artificial two-gene
operon encoding split CitS, translation and inseris parallel and not coupled. N and C
domains are synthesized and inserted into the nmameloy different ribosome/SecYEG
complexes in an uncoordinated manner with no gueeafor a 1:1 stoichiometry. Once
in the membrane they assemble into a conformatidegendent of the other domain,
after which they have to find each other to alldwe formation of the native complex.
Nevertheless, the different steps proceed sucdbssince stable insertion of the two
domains in the membrane was observed and signifiNaficitrate transport activity
detected (Fig. 2A). The same result was obtainéoréddor a split version of the lactose
transportrer LacY (8, 178). Two observations sugties the interaction between the two
domains are crucial for the stability of the Cit®tein, (i) individually expressed N and
C domains could not be detected in the membrase (@served for split LacY; Fig. 2),
and (ii) only a single complex containing 2 N dongaand 2 C domains corresponding to
dimeric CitS was detected in the membrane (FigTBjation of purified split CitS with
increasing concentrations of the non-specific cltog®r glutaraldehyde resulted in two
intermediate bands on SDS-PAGE in the lower comagah domain (data not shown).
The bands disappeared at higher concentrationdutdrgldehyde to yield the single
cross-linked product shown in Figure 3. It follothst only the complex corresponding to
the original CitS dimer is stable in the membrand any N or C domain produced in

excess is being taken care of by the proteolytstesy of the cells. Apparently, during
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production, time allows for a significant part diet domain proteins to find their
counterpart before being degraded. The importariched domain interaction is also
evident from the strength of the interaction. Birglbf one domain to Ki-NTA affinity
resin through an engineered His-tag resulted ipwdication of the other domain (Fig.
4). The co-purified domain could not be eluted byeasive washing under different
conditions unless non-physiological conditions wesed (not shown). The high affinity
between the domains was not affected by the diftecatalytic states of the complex
(Fig. 4C), while, at the same time, it is propogkdt translocation takes place at the
interface of the two domains (Fig. 7). Apparenthg sites at the interface involved in the
conformational changes associated with turnoveddferent from the sites that keep the
two domains together.

The split CitS complex consists of 2 N and 2 C dom& an arrangement as in dimeric
CitS. In addition to cross-linking of the N and ©naains within one subunit, the same
split CitS variants resulted in cross-linking ofdtW domains. The cross-link must be the
result of disulfide formation between the singlsteyne residues in the reentrant loops in
the N domains and correspond to a inter subungseliak.

Nevertheless, cross-linking of purified CitS toimer was not observed when the single
Cys183 and Cys186 variants of ‘full-length’ CitSrevé¢reated with NaTT under the same
conditions, suggesting that cross-linking of twodbinains is an artifact of the split
versions of CitS. The conclusion is supported l®y Itk of specificity of cross-linking
efficiency for the cysteine residues at the diffeérpositions in the reentrant loop. One
possible scenario might be that a fraction of gentrant loops in the N domain are not
properly inserted in the membrane embedded paheofomplex as a consequence of the
alternative biogenesis route for split CitS (seeva). The unstructured loop outside of
the translocation pore and with a length of uphe thickness of the membrane may
easily reach a similar structure in the other sitband form a disulfide bond upon
oxidation. Possibly, proper insertion of the reantrloop in the N domain requires the
coordinated insertion of the C domain, which is tiermal situation when CitS is
synthesized from a single gene. When translated fveo different genes, the time delay
in the interaction between N and C domain and/erdifferent folding states of the two

proteins may prevent proper insertion of part of fbops during assembly of the
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complex. The lack of overlap between the sites kieap the two domains together and
the sites involved in translocation (the reenttanps) noted above would be consistent
with such a proposal. In addition, the assistecerimmn of TMS VIII of CitS by
downstream TMS IX that was reported before (169vigles a precedent for a
mechanism by which proper insertion of the reenttanp in the N domain would

depend on C-terminal sequences in CitS.
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Chapter V

Abstract

X-ray crystallography has revealed that many irdegrembrane proteins consist
of two domains with a similar fold but opposite tfparallel) orientation in the
membrane. The proteins are believed to have evdbyedene-duplication and fusion
events from a ‘dual topology’ ancestral membraneten, which adapted both
orientations in the membrane and formed antiparéitenodimers. We used a Na
glutamate transporter GItS dscherichia coli, an antiparallel two-domain protein to
study evolutionary pathways of membrane proteinsefof evolutionary states of the
GItS was engineered. The two half genes encodiagwio domains were placed in a
single operon in both orders (GIt%) and the split genes were fused in the reverserord
compared to the original protein (Git$). The transporter halves were produced and
shown to be active in Nacoupled glutamate transport. Git¥was equally active as the
original transporter provided that the domains wewanected by a linker of the same

size connecting them in the original transporter.
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Introduction

Crystallography studies have shown that many menabpaioteins consist of two
domains that share a similar fold. The two domaiage the same (parallel) or opposite
(antiparallel) orientation in the membrane corregpiog to even or odd numbers of
transmembrane segments (TMS) per domain. Repréisenégxamples of proteins with a
parallel domain organization are LacY (1), GlpT)35mrD (181) and FucP (20) in the
Major Facilitator Superfamily (MFS), AcrB (109) ankde ADP/ATP carrier (123). The
antiparallel domain organization is observed maegdently in the 3D structures of
membrane proteins, and examples of this organizadi@ the aquaporins (40, 110),
AmtB (66), SecY (167), LeuT (179), the’/@I" exchanger CLC (28), NhaA (56) FocA
(172), vSGLT (34). All of these proteins containoteasily recognizable domains or, at
least, structural elements, that have the sameaiottthat are oppositely oriented in the
membrane. In addition, biochemical evidence hasnbpeesented indicating this
structural organization to be more widespread &8, 92, 133, 149). Although the
domain structure is clearly recognizable in the hhigsolution crystal structures,
homology was in most cases not obvious from thenanaicid sequences of the two
domains probably because they have diverged too far
A plausible model for the evolution of two-domairembrane proteins with an internal
repeat involves duplication of a primordial genliofeed by fusion and, thus, resulting in
a single gene encoding a protein with two homolsgdomains (11, 124, 125, 128, 129)
(Fig. 1). Alternatively, the duplication and fusieteps proceed in a single step ((85), see
below). As mentioned above, the two domains hawe gshme (parallel) or opposite
(antiparallel) orientation in the membrane. To astdor the antiparallel orientation of
the two domains, the ancestral membrane proteypsthesized to be ‘dual topology’,
i.e. it inserts with random orientation into themiwane. Following duplication, the two
dual topology proteins would adopt fixed, but opf®orientations by genetic drift
resulting in the introduction of positively chargaciino acid residues in cytoplasmic
loops (positive-inside rule) (47). The first gene the chromosome may either encode
one or the other orientation; at the protein letres has no consequences for the

antiparallel heterodimer that is formed. Howevaerthe fused state this results in two
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different proteins with the N-terminus either insidr outside the cell (Fig. 1). Therefore,
the evolutionary pathway has two outcomes repreasgproteins that differ in the order
of the two domains in the primary structure. In dwrse of evolution, one of these

outcomes will be selected at random or becausesefegtive advantage.

dual topology protein
(antiparallel homodimer)

primordial gene

antlparallel 2-doma|n
membrane proteins

Figure 1. Model for the evolution of antiparallel 2-domaimembrane proteins. The left column shows a
genetic states. Genes are color-coded as follovesige, gene encoding a dual topology protein; yello
gene encoding a protein with a fixed orientationtile membrane; red, same as yellow but with the
opposite orientation. The right column shows endofdeteins embedded in the membrane. Cylinders
represent transmembrane segments. N, N-terminusdieates the positions of positively charged ami
acid residues in the protein sequence.
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Experimental support for the proposed evolutionpgghway comes from studies of
members of the small multidrug-resistance (SMRhdpmrter family. The best-studied
SMR protein is EmrE fronk. coli, an inner-membrane drug efflux pump with four
TMSs, which is coded by a single gene and formardiparallel homodimer (128, 129,
166). It should be noted that the dual topologyrati®r of EmrE and the antiparallel
orientation of subunits are still under debate dath has been presented that favors a
parallel homodimer (141, 142, 152, 153). In the s&8MR family, the EbrA and EbrB
proteins fromB. subtilis are encoded in an operon and the gene products #or
heterodimer with antiparrallel oriented subunitoyiding strong evidence for the
antiparallel orientation to be true in general (@Y genetic manipulation, it was shown
that these proteins could be mutated back to atdpalogy protein (68).

The model presenting the antiparrallel two-domaiotgins as the direct result of an in-
gene duplication event rather than a sequentiahar@sm, in which fusions evolve from
a pair of genes, was suggested by a bioinformatiady of the DUF606 family (85). The
DUF606 family is especially rich in evolutionaryasts proposed in the evolutionary
pathway: single genes that would code for dual ltmpo homodimeric proteins, paired
genes coding for homologues proteins with fixed lopposite orientation in the
membrane, that would form heterodimers, and fuseteg that encode antiparallel two
domain fusion proteins.

GItS of Escherichia coli transports glutamate in symport with™Nans (22, 62) and is a
member of the bacterial ESS family (Glutamaté:Sgmporter; TC 2.A.27; (134)). The
transporter is active as a homodimer (108). Previstudies on this transporter have
resulted in a detailed structural model showing B&S is an antiparallel two-domain
protein (25, 26). GItS contains two homologues dama@f 5 TMSs each. The loops
between theand 8" TMS in each domain form so called reentrant lompgore-loops,
which fold back in between the TMS from oppositgesi of membraner@ns reentrant
loops, Fig. 2A).

In this study, we used the GItS protein to study @volution of membrane proteins
consisting of two antiparallel domains by reconding the proposed evolutionary
intermediates and showing that they produce adtaesporter proteins and finally to

redirect the pathway to the alternative outcome= @éne encoding GItS protein was split
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into two genes encoding the two domains after whieh genes were placed in both
orders in artificial operons (GIt&"). Next, a set of genes encoding swapped GItS
proteins (GIt8"*) was constructed by fusing the two half geneshim teverse order.
Presumably, GIt$*" has the N-terminus of the first domain in the pjasm (Fig. 2B).
The study shows that the intermediates in the éwwolary pathway can be reconstructed

successfully.

A

GItSsplit
Gits-hNhC —ET:{)—-—

Gltsswap

GItS-hC-InkX-N—IZ_::>—

Figure 2. Schematic representation of (A) the structuraldetoof GItS of Escherichia coli and (B)
reconstructed evolutionary states of GItS usedhia study.(A) Dashed boxes represent the N and C
domains containing five TMSs (cylinders). Two reant loops termed Vb and Xa enter the membrane-
embedded part of the protein from the periplasmid eytoplasmic side of membrane, respectively. The
two homologous domains are connected by a longptagmic loop. (B) The left column shows genetic
constructs. The N and C domain encoding part ofgidrees were indicated in two different gray colors.
Upper, gitS™" operons containing the genes encoding the N addrain in both orders, bottogitS™*
gene with swapped N and C domains. The right colshows a topology models of encoded &lt%nd
GlItS™ proteins. Cylinders represent transmembrane segnaeml closed ovals at the N-termini of the
proteins represent His-tags. The periplasm is ghtbeecytoplasm below the models.
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Experimental Procedures

Bacterial strains, growth conditions and expression of CitS derivatives. Escherichia coli
strain DH® was routinely grown in Luria Bertani Broth (LB) diem at 37°C under
continuous shaking at 150 rpm. Ampicillin was uséd final concentration of 50g/ml.
GItS and GItS versions were expresseé#.inoli DH5a cells harboring plasmid pBAD24
(Invitrogen) derivatives (150). The proteins werdeaded with 6 additional histidine
residues at the N-terminus (His-tag). Expressiomyeries cloned in pBAD24 is under
control of the arabinose promoter. Production @& photeins was induced by addition
0.01% arabinose when the optical density of théuoelmeasured at 660 nm (&b

reached a value of 0.6.

Construction of gltS™" and gltS*® carrying plasmids. Construction of the plasmids
encoding the GItS variants used in this study waset on plasmid pBADHN-GItS
described before (26). All genetic manipulationsrevelone inE. coli DH5a cells.
Plasmid pGItS-hNC was constructed by PCR insemimtagenesis. Synthetic primers
GltS_RBS_F and GItS_RBS_R (Table 1) were desigoedsert a sequence containing a
termination codon, a ribosomal biding site (RBS) anstart codon into thgitS gene in
plasmid pBADHN-GItS between the codons encodingIrTafdd A202 in GItS. Plasmid
pGItS-hNC encodes a protein containing the N-teain#©1 amino acid residues of the
GItS protein (N domain) extended with a N-termiktid-tag and a protein consisting of
the C terminal 200 amino acid residues of GItS veithadditional Met residue on N-
terminus (C domain). Plasmid pGItS-hC was constdichy deleting aNcol-Ncol
fragment from pGItS-hNC which results in a singleng encoding the C domain
extended with His-tag at the N-terminus. Plasmidt$®&NhC was constructed by
ligating aEcoRI- EcoRI fragment excised from pGItS-hNC into pGItS-hC efited with
the same restriction enzyme. Plasmid pGItS-hNh@ees a protein containing the N-
terminal 201 amino acid residues of the GItS pro{@& domain) extended with a N-
terminal His-tag and a protein consisting of thee@ninal 200 amino acid residues of
GItS (C domain) and an additional Met residue aefainus, and, also, extended with a
N-terminal His-tag (GIt¥"). Plasmid pGItS-hChN was constructed by ligatinhNA
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fragment containing the N domain of GItS, produtgdPCR with the use of primers
GItS hN_F and GItS_N_R and pGItS-hNC as template, digested withHpal/ Sphl
restriction enzymes into pGItS-hC digested withghme enzymes. Plasmid pGItS-hChN
encodes the N and C domain as in pGItS-hNhC buthénreverse order (GR&!).
Plasmid pGItS-hC2N was constructed by ligating aADikagment, produced by PCR
with the use of primers GItS_N_F and GItS_N R am@t®-hNC as template, and
digested withSul/Sphl into pGItS-hC digested witlHpal/Shl restriction enzymes.
Plasmid pGItS-hC2N encodes a single protein comgi#04 amino acid residues (a Met
residue followed by the C domain (200 residueRdthwith 2 Ser residues linked to the
N domain (201 residues)) extended with a N-termitiattag (GItS"®). Plasmid pGItS-
hC12N was constructed by ligating a DNA fragmemgdpiced by PCR with the use of
primers GItS_NInk12_F and GItS_N_R and pGItS-hNCeamplate, and digested with
Sul/Sphl into pGItS-hC digested witldpal/Sphl restriction enzymes. Plasmid pGItS-
hC12N encodes a single protein containing 414 aratid residues (like pGItS-hC2N,
but with 12 residues in the linker) extended witN-ferminal His-tag (GIt3®). Plasmid
pGItS-hC19N was constructed by ligating a DNA fragt produced by PCR with the
use of primers GItS_NInk19 F and GItS N_R and p@IE32N as template, and
digested withSul/Sphl into pGItS-hC digested witlHpal/Shl restriction enzymes.
Plasmid pGItS-hC19N encodes a single protein coimgithe 421 amino acid (like
pGItS-hC2N, but with 19 residues in the linker) emded with a N-terminal His-tag.
Plasmids pGItS-hNC and pGItS-hC were not used duthis study to produce proteins.
All plasmids were sequenced and shown to contandésigned inserts (ServiceXS,
Leiden, The Netherlands).

Table 1. Sequences of the primers used in this study

) . Introduced

Primer name Primer sequefce e .
restriction site

GItS_RBS_F 5'-CCAGGAAGTCCCGACGTAAGCTAGC AGGAGGAATTC ACCATG GCGTTTGAAAAGCCGG™® | Nhel,Ncol,EcoRl

GItS_RBS_R 5'-CCGGCTTTTCAAACGCCAT GGTGAATTC CTCCTGCTAGC TTACGTCGGGACTTCCTGG Nhel,Ncol, EcoRl

GItS_hN_F 5-CGCGGTTAAC GCTAGCAGGAGGAATTC Hpal

GItS_N_R 5'-CGCGOGCATGCTTCCTCCTGCTAGCTTAC Sphi

GItS_N_F 5'-CGCGAGGCCT CAATGGTTCATCTCGATAC® Sul

GltS_NInk12_F | 5-CGCGAGGCCTCAGGATCCGGGAGCGGTTCGGGAAGTGGCTCATGGTTCATCTCGATAC® Sul

GltS N_Ink19 F | 5CGCGAGGCCT CAGGGTCAGGCTCGGGATCAGGTGGATCCGGGAGCGGTTC Sul

2 indicated in bold are introduced restriction sitésndicated by underline are introduced termination
codon, a ribosomal biding site (RBS) and a stadbn,® indicated in italic are bases, which correspond to
sequences in thgitSgene.
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Transport assays in RSO membranes. E. coli DH5a cells expressing GItS variants were
harvested from a 1 L culture by centrifugation @000 x g for 10 min at 4C. Right-
side-out (RSO) membrane vesicles were preparedhéyosmotic lysis procedure as
described (61). RSO membranes were resuspendedl im\Vb KPi pH 7, rapidly frozen
and stored in liquid nitrogen. Membrane proteinaaniration was determined by the DC
Protein Assay Kit (Bio-Rad Laboratories, Herculgs,, USA).

Uptake by RSO membranes was measured by the rajpidtidn method. The
membranes were energized using the K-ascorbatedpimen methosulfate (PMS)
electron donor system (73). Membranes were dilute@ final concentration of 0.5
mg/ml into 50 mM KPi pH 6.0 containing 70 mM Nan a total volume of 100l at 30
°C. Under a constant flow of water-saturated aid, while stirring magnetically, 10 mM
K-ascorbate and 100M PMS (final concentrations) were added and thegoronotive
force was allowed to develop for 2 min. Then,{G]-glutamate (Amersham Pharmacia,
Roosendaal, The Netherlands) was added at a famalenitration of 1.9M. Uptake was
stopped by the addition of 2 ml of ice-cold 0.1 ML, followed by immediate filtration
over cellulose nitrate filters (0.45m, pore size). The filters were washed once withl 2
of a 0.1 M LiCl solution and assayed for radioatyivThe background was estimated by
adding the radiolabelled substrate to the veswlspension after the addition of 2 ml of

ice-cold LiCl, immediately followed by filtering.

Partial purification by Ni?-NTA affinity chromatography. E. coli DH5a cells
expressing GItS variants were harvested from a @20Culture by centrifugation at
10,000 x g for 10 min at 4C. Cells were washed with 50 mM KPi buffer pH 7 and
resuspended in 2 ml of the same buffer and, sulesdigu broken by a Soniprep 150
sonicator operated at an amplitude qirB by 9 cycles consisting of 15 sec ON and 45
sec OFF. Cell debris and unbroken cells were reohbyecentrifugation at 9,000 rpm for
5 min. Membranes were collected by ultracentrifioyafor 25 min at 80,000 rpm at°€

in a Beckman TLA 100.4 rotor and washed once with BM KPi pH 7.0. The
membranes (4 mg/ml) were solubilized in 50 mM KMP B, 400 mM NaCl, 20%
glycerol and 1% Triton X-100 followed by incubatidor 30 min at 4°C under
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continuous shaking. Undissolved material was remdwe ultracentrifugation at 80,000
rpm for 25 min at £C. The supernatant was mixed with*NNTA resin (50pl bed
volume per 5 mg protein), equilibrated in 50 mM K#il 8.0, 600 mM NaCl, 10%
glycerol, 0.1% Triton X-100, 10 mM imidazole anctibated overnight at 2C under
continuous shaking. Subsequently, the column natewas pelleted by pulse
centrifugation and the supernatant was removed.résia was washed with 10 volumes
of equilibration buffer containing 300 mM NaCl aa@l mM imidazole. The protein was
eluted with half a bed volume of the washing buffat containing 150 mM imidazole.

The eluted fraction was stored at °2Duntil use.

Cross-linking studies. Aliquots of purified proteins were gently thawed e treated
with 2.5 mM glutaraldehyde (GA, Sigma) at room temgture for 20 min. The treatment
was quenched with 100 mM Tris-HCI pH 7.4 after whibe samples were left at room
temperature for 10 min. In control experiments 0.3%S was added to the samples,
before GA treatment. Following treatment, samplesenmixed with SDS sample buffer
and run on a 12% SDS-PAGE.

Mass spectrometry analysis. Partially purified GItS variants were separated SI9S-
PAGE using a 12 % gel and stained by Coomassid¢idaitilBlue. Selected bands were
cut from the gel. The pieces of gel were fragmeintesimaller pieces, distained in 50 mM
ammonium bicarbonate in 40% ethanol, dehydrated byee times repeated treatment
with 100 pl acetonitril, and dried completely usm@peedVac centrifuge. The pieces of
gel were reswollen by adding 20 ul of a 10 ng/pbsin solution and the samples were
incubated overnight at 37°C. The peptides wereaeted from the fluid by shaking for
20 min with 30 pl of a mixture of 60% acetonitriida1% trifluoroacetic acid (TFA) in
water. The extracted peptides were dried in a Sp@edentrifuge and dissolved in 10 pl
of 0.1% TFA in water. Aliquots of 0.75 pl of thepile suspension were spotted on the
MALDI target and mixed on the target in a 1:1 ratitth the matrix solution consisting
of 10 mg/mla-cyano-4-hydroxycinnamic acid (dissolved in 70%tanéril and 0.1%
TFA). The spots were allowed to dry completely befthe MALDI-TOF experiment
was performed on the Applied Biosystems 4700 Proie® Analyzer.
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Results

Split GItS is an active transporter. The GItS protein was genetically split in two non-
overlapping polypeptides corresponding to the N @nderminal domains (Fig. 2B).
Plasmid pGItS-hNhC contains an artificial operorntwbd genes, the first one coding for
the first 201 amino acids of GItS (N domain), tleeand for the last 200 amino acids of
GItS (C domain) plus an additional Met residue reg N-terminus (start codon). The
operon is under control of the arabinose promotar.both cases, the encoded
polypeptides were extended with six histidine reegl(His-tag) at the N-terminus.

GItS*™" (GItS-hNhC) was tested for the ability to accurteila-[**C]-glutamate in right-
side-out (RSO) membrane vesicles prepared froms dedirboring the pGItS-hNhC
plasmid. Glutamate uptake was measured in the mpresa a proton motive force (pmf)
that was generated using the artificial electronadsystem ascorbate/PMS. Membrane
vesicles prepared frorascherichia coli DH5a cells contain a basal level of glutamate
transport activity due to endogenous glutamatespariers encoded on the chromosome
(21). The background activity was estimated in meme vesicles containing the citrate
transporter CitS produced from the same expressistem (Fig. 3B, close circles). CitS
does not transport L-glutamate. RSO membranes ioomgawild type GItS showed an
activity that was approximately 5 times higher ththe background activity (Fig. 3B,
diamonds). RSO membranes prepared from cells ceessing the two domains of GItS
retained about 50% uptake activity of membranedatoimg the wild-type version of
GItS (Fig. 3B, open circles).

N-terminally His-tagged GlItS purified by NiNTA affinity chromatography migrates as
a single band with apparent molecular mass of 38 kB SDS-PAGE (Fig. 3A, right
panel) (26). The co-expressed N and C domains Wisiitags at the N-termini were
purified using the same protocol. On SDS-PAGE tvands showed up close to each
other with apparent molecular masses around 17B488 Ktrongly suggesting that they
correspond to the N domain (201 residues) and Cadoif200 residues) (Fig. 3A, left
panel). Mass spectrometry analysis of the bandswethothat the upper band
corresponded to the N domain and the lower bar@ domain. It follows that split GItS,
expressed from an artificial operon encoding the lemains as separate proteins forms

an active complex.
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Figure 3. Expression (A) and activity (B) of reconstruceblutionary states of GItS. (A) SDS-PAGE of
purified GItSP™ (left) produced from plasmids with the two halfags in both orders (lanes 1 and 2) and
the full-length GItS variants (right): wild-typeafhe 3), swapped with the 12-residue linker (lanent)
swapped with the 19-residue linker (lane 5). Blaokl white circles indicate the positions of therd &
domain, respectively. Lanes marked M show molecuatass standards with the masses in kDa as
indicated. The gel was stained with Coomassie iBnill Blue. (B) Glutamate uptake activity of GItS
variants in RSO membranes. t¢]-glutamate uptake was measured in RSO membraseles
containing wild type GItS«), the two versions of GIf8" (0,A), the two versions of GIf&* with the 12

(o) and the 19« linker, and control membranes)(

Almost identical results were obtained when theeoaf the two genes encoding the two
domains of GItS in the artificial operon was reeeksin plasmid pGItS-hChN the first
gene in the operon encodes the polypeptide comelspg to the C domain, while the
second gene encodes the N domain (Fig. 2B). Merebvasicles prepared from cells
harboring plasmid pGItS-hChN showed glutamate wgtaiivity similar as observed for
membrane vesicles prepared from cells harboringnuih pGItS-hNhC, i.e. about 50% of
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wild type GItS activity (Fig. 3B, triangles). Thm-expressed, His-tagged domains of
GItS™" (plasmid pGItS-hChN) showed a similar behavior intyr SDS-PAGE like
domains expressed from pGItS-hNhC (Fig. 3A, leftgda It follows that the order of the
genes in the operon does not affect the assembBctvity of the GItS complex in

membrane.

Domain swap in full length GItS. Three vectors were constructed encoding in a single
gene versions of GItS with swapped domains thderifl in the length of the linker
between the C-terminus of the C domain and theriiteis of the N-domain (Fig. 2B).
GItS-hC2N represents a swapped GItS protein with 8er residues between the two
domains. In GItS-hC12N the linker consists of 1&daes (SSGSGSGSGSGS) and in
GItS-hC19N the linker is 19-residues long (SSGSGESE6SSGSGGSGS). All versions
of the GItS$"*Pversions were extended with a N-terminal His-tag.

As mentioned above, N-terminally His-tagged wilipeyGltS purified by Ni*-NTA
affinity chromatography migrates as a single baritth wpparent molecular mass of 35
kDa on SDS-PAGE (Fig. 3A, right panel). Followingirification using the same
protocol, no protein product of the expected sizs wbserved for GIEE® with the
shortest linker of two Ser residues (not shown).affreement, membrane vesicles
containing GIt8"* with the 2-residue linker showed glutamate upta@tivity
corresponding to the background level, indicatihgt tthis version of GIt$%" is not
active (not shown). Apparently, the protein is stably assembled in the membrane. In
contrast, the versions with 12- and 19-residue Ibmiers resulted in bands on SDS-
PAGE with apparent molecular masses slightly latgan wild type GItS, in line with
the additional mass introduced by the linkers (Bif, right panel). However, only the
version with the longest linker of 19 residues w&esve in glutamate uptake activity. The
activity was comparable to the activity observed vold type GItS (Fig. 3B, closed
squares). The vesicles containing Glf8with a 12-residue linker showed activity at the

background level (Fig. 3B, open squares).

Dimer structure of swapped GItS. GItS was shown before to be a dimeric protein by

electron microscopy and BN-PAGE (108). In contréastias not possible to demonstrate
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the dimeric structure of purified wild type GItS Ingatement with an unspecific cross-
linker like glutaraldehyde as it was demonstrat@ddther transporter proteins (77). A
possible explanation for this apparent discrepamayld be that the GItS dimer does not
contain suitable reactive sites that would be pectide in cross-linking. Surprisingly,
treatment of the purified GIE&™® with 12- and 19-residue linkers with glutaralde@yd
followed by analysis by SDS-PAGE resulted in cortelgisappearance of the 35 and 36
kDa bands, respectively, and, at the same time, semewhat fuzzy, bands appeared
running at approximately double the mass (Fig. 44 &8). A small fraction of the
protein did not enter the gel to any significantesix, suggesting some aggregation in the
protein preparation. Treatment with glutaraldehyaehe presence of SDS prevented
cross-linking of the proteins showing that crosgillg was the result of complex
formation rather than random collisions. The saomzihess of the band suggests that it
is due to random labeling of versions of GItS protaolecules with glutaraldehyde. The
results suggest that the introduced linkers aretdinget sites for cross-linking in the
swapped GItS proteins.

A. 12 linker B. 19 linker
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Figure 4. Dimeric state of GIt8®. Purified GItS"*" variants with 12 (A) and 19 (B) residue long lirke
were treated with glutaraldehyde (GA) at a coneiun of 2.5 mM for 20 min in the presence and abse
of 0.1% SDS as indicated, followed by SDS-PAGEntonomeric GItS, **, dimeric GItS. Lane M —
molecular mass standards as indicated on thenl&fDa.
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Discussion

The structural model of the GItS transporterEofcoli shows two homologous
domains, each containing five TMSs with inverteddiogy in the membrane (26). The
motif of two antiparallel domains appears to be esplead in structures of many
membrane proteins. The proposed model of evolubébnthese proteins involves
duplication of a primordial gene followed by fusiand, thus, resulting in a single gene
encoding a protein with two homologous domains (1229) (Fig. 1). In case of the
antiparallel orientation of the two domains, thecestral membrane protein is
hypothesized to be ‘dual topology’, which meanss trotein inserts with random
orientation into the membrane. In this study a sktgltS genetic constructs was
engineered that correspond to different evolutipretiates in the pathway presented in
Figure 1 with the aim to redirect the pathway te #iternative outcome. First, the
protein was taken back one step in evolution byttsg the gltS gene in half and
constructing two artificial operons containing trenes encoding the N and C domains in
both orders (GIt8"™ Fig. 2B). Next, a set of genes encoding swapp#8 @roteins
(GItS*®) was constructed by fusing the two half genedé@reverse order (Fig. 2B).
The GItSP™, expressed from an artificial operon encodingtthe domains as separate
proteins is stably expressed, correctly assemhbhd the membrane and active in
glutamate transport. The order of the two half ganehe artificial operons did not seem
to affect the expression and activity levels. Thveesions of GIt&"*’were constructed
that differed in the length of the linker that ceots the C-terminus of the C domain and
the N-terminus of the N-domain. The linkers coregistf 2, 12 or 19 residues. The
experiments show that the version of Glf8with the shortest linker was not stably
assembled in the membrane. The two remaining°GftSersions were produced and
inserted into the membrane but only the versiom whe 19-residue linker was active in
glutamate transport. The activity was comparabléhactivity observed for wild type
GItS. Additionally, based on the previous experitaesuggesting that GItS is a dimeric
protein (108) cross-linking experiments were perfed. Both expressed versions of
GItS"® formed a dimeric complex after treatment with gtatdehyde. The results
indicate that even though GW$P with the 12-residue linker was not active in*Na

coupled glutamate transport, the protein still fecha dimeric complex.
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Apparently, there is a threshold distance betwaenG-terminal of one domain and the
N-terminus of the other domain above which staBkembly in the membrane occurs. A
linker of 2 residues resulted in complete degramatif the polypeptide chain suggesting
conformational stress and misfolding. Additional d&sidues in the linker would be
above the threshold and results in a stable dimemmplex in the membrane (Fig. 4).
However, the complex is not active. Activity wassebved when the linker was increased
up to 19 residues. The latter suggests that tumaivihe complex involves inter subunit
movement and that the 12-residue linker versioloéked in one catalytic state of the
protein.

GItS of E. coli is a member of the ESS family, that is believedhare the antiparallel
two-domain structure with 32 other families in stural class ST[3] of the MemGen
classification (87, 90, 91). Sequence analysis sldowhat in all but one family,
[st312]NhaC (TC 2.A.35), the N-terminus of the Nntion is at the external face of the
membrane and the N-terminus of the C domain in di®plasm (87). The high
frequency of one particular order of the domainggests an evolutionary advantage for
this organization or, alternatively, the familiesigmmate all from a single ancient
duplication event before diversification into th&etent gene families occurred. Arguing
against a single duplication event, an analysishef DUF606 family, a family of
membrane proteins in which different evolutionattes depicted in Figure 1 are found
in nowadays members, demonstrated that duplicavemts within one family are quite
frequent (85). In this study we demonstrate thainging the order of the domains in an
antiparallel two-domain membrane protein that ithatend of its evolution with respect
to the orientation in the membrane does not sigpifily affect its biogenesis and
function. GItS"*is produced by the cells, inserted in the membrand equally active
in ion-coupled solute transport. The only conditiappears to be that the linker
connecting the two domains is of about the samgtlteas the linker in the original
protein. Evolution towards the same domain ordeanlmost all families sharing this
structural organization must be driven by less pumted features that nevertheless are
important at an evolutionary time scale. Possililye cellular disposition of the
connecting loop in the cytoplasm or exposed tchdémardous external medium may have

played a role. At any rate, the study demonstritaisgenetic engineering allows for the
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reconstruction of evolutionary pathways and thabl@ionary pathways can be

manipulated.
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All cells of living organisms are surrounded by ambrane that encloses the content of
the cell (the cytoplasm). The membranes not onlyeha very important role in
sustaining contact with the outside of the cell &igo in protecting the cell against the
stressful environment surrounding it. The plasmanbranes have to be a resistant to
harmful compounds and, at the same time, they havenable uptake of different
substrates, like nutrition factors, and extrusibnvaste products. Biomembranes consist
of a phospholipid bilayer and a variety of proteicalled membrane proteins. The
membrane proteins serve multiple functions, moghem are involved in transport and
signaling, or they are key components in energgstiaction, such as converting the
chemical energy in ATP into electrochemical eneagyijn reverse, in ATP synthesis.
Membrane proteins involved in transport catalyze physical process of movement of
substances from one side of the membrane to thes.dthportant for the survival of the
cell is uptake of required compounds. Membranegmetparticipating in the transport of
solutes and ions across the membrane may be dividethannels and transporters.
Channels or pores form holes in the membrane tleat on may not be gated, which
facilitate the diffusion of substrates without remg energy. Transporters are enzymes
that couple the translocation of the solute to conftional changes of the transporter
protein. The latter show a great variety of tramspmechanisms, structures and
specificities and they differ in the source of gyerequired for the transport process.
Based on the energy requirement for the transpoxtess they are divided in primary
transporters using chemical energy, such as tieeeinergy released in the hydrolysis of
ATP, and secondary transporters using energy storeslectrochemical gradients of
solutes and/or ions.

Secondary transporters, which are the main subjetitis thesis, are one of the largest
functional categories of membrane transport pretéliney use the free energy stored in
ion or solute gradients to drive the transport eblute across the cytoplasmic or internal
membranes of biological cells. Accumulation of sidute at one side of the membrane is
achieved by coupling the translocation of the sohat the translocation of one or more
ions (H or N&) that move down their own gradients, the protonivedorce and/or Na
-ion motive force, respectively. Secondary transgsrare commonly classified in three

groups based on their mode of energy couplinguriporters catalyze the translocation
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of a single solute across the membrane, (ii) sytep®rcouple the translocation of a
solute to the translocation of a co-ion(s) in thme direction, and (iii) antiporters couple
the translocation of a solute and a co-ion(s) ipagite directions. The different modes of
energy coupling enable transporters to play an rtapbrole in different aspects of the
physiology of the cell.

Secondary transporters are typical integral menggoteins that fold as a bundle of
hydrophobica-helices, which are oriented more or less perpetalido the membrane.
At the two sides of the membrane, thensnembrane egments (TMSs) are connected by
hydrophilic loops of various lengths. Membrane eno$ traverse the hydrophobic
membrane in a zig-zag fashion. The hydropathy lerafi the amino acid sequence of a
membrane protein shows the distribution of thes#rdphobic and hydrophilic residues
over the sequence, which is believed to repredemtfolding of the protein in the
membrane. The hydropathy profiles, like the 3D atrres of homologous proteins are
much better conserved than their amino acid seguand, therefore, they report on the
global fold of the proteins in a family. Knowledgdout the structure of membrane
proteins is an important source of information iml@cular biology, which allowed
understanding the function of transporters and igiog insight into the molecular
mechanism by which they work. Unfortunately, obitagna high-resolution structure of
membrane proteins in general is problematic becafsheir hydrophobic character,
which makes it difficult to obtain good 3D crystéts X-ray diffraction. For this reason,
bioinformatics and biochemical structural studyrm@mbrane proteins are so important.
Examining hydropathy profiles provides a mechanigmidentify distantly related
membrane proteins even when sequence identitypi®te to detect homology. This has
led to the MemGen classification in which famil@smembrane proteins are grouped in
structural classes by comparing the average hythgparofiles of the families. The
MemGen classification system is not a membranelogygrediction methoger se, but

a major consequence of the approach is that aleimoin the different families in one
class share the same fold, i.e., knowing the tapobd one, is knowing them all.

The work described in this thesis focuses on tivegtigation of structural similarity
between two families of secondary transportersatrtie same time on the experimental

validation of the MemGen classification system. &xments were performed on two
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transport proteins, CitS and GItS. The CitS protdiKlebsiella pneumoniae is a sodium
dependent citrate transporter that belongs to tHeydPoxycarboxylate transporter
(2HCT) family. The GItS transporter &bcherichia coli is a sodium dependent glutamate
transporter that belongs to the Glutamate Sodiumfyter (ESS) family. Both proteins
transport the substrate in symport with two sodiems. These two proteins, and all
members of their families, are not related in amawd sequence but share similar
hydropathy profiles (Fig. 1A) and are found in theme structural class ST[3] of the
MemGen classification system. Since the MemGenaggbr states that all proteins in
one structural class share a similar fold, the \@sthblished membrane topology model
of the 2HCT family, mostly based on studies of K&-citrate transporter CitS, was used
to predict the membrane topology of the membeth®ESS family.

The model was verified by accessibility studies aysteine residues in single-Cys
mutants of the GItS proteircl{apter 2 of this thesis). The structural model of the
transporters shows a core of two homologous donw@insisting of five TMSs each that
are connected by a large cytoplasmic loop regiag. (EB). The CitS protein and all
members of the 2HCT family have an additional TM$ha N-terminal end of the core
structure, placing the N-terminus in the cytopladembers of the ESS family including
GItS do not have this additional segment and teeucture corresponds to the core
structure that has the N-terminus in the periplaBetause of the odd number of helices
in the two domains that form the core structureythave opposite orientations in the
membrane. In between th& 4nd %' TMS in each domain, the connecting loop folds
back in between the TMSs to form a so-called ‘nearitloop’. The reentrant loop in the
N-terminal domain enters the membrane from thepfssmic side, the one in the C-
terminal domain from the cytoplasm. Importantlywiis shown experimentally that two
cysteine residues in the predicted reentrant |ddplts entering the membrane from the
cytoplasmic side are accessible for small, membnapermeable thiol reagents from the

periplasm, as was demonstrated before for the CitS.
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Figure 1(A) Hydropathy profile alignment of the family pitefs of the 2HCT family (red) and the ESS
family (blue). The membrane topology model of th¢CT family was indicated in the upper part. Trans
membrane segments (red boxes), cytoplasmic lodps [ines), periplasmic loops (green lines). Thivke
parts of loop regions indicate the positions ofntesnt loops. Horizontal blue and red lines indkcat
positions of gaps introduced by the algorithm i@ éfignment in the blue and red profiles, respetfiv

(B) Structural model for the transporters of thdCX and ESS families. Two homologous domains
containing 5 TMSs (cylinders) each with an invertegology in the membrane were indicated in dashed
boxes. Each domain contains a reentrant loop str@iatntering the membrane embedded part of the
protein from the periplasmic and cytoplasmic sifithe membrane, respectively (Vb and Xa). Membérs o
the 2HCT family have an additional TMS at the Nstgtus that is not present in members of the ESS
family. GGXG sequence motifs present in reentréodps are indicated.

Chapter 3 reports on the sequence motifs GGXG present irrgbatrant loops of the
transporters of both the 2HCT and ESS families. imutifs were shown to be at the
vertex of the reentrant loops and were demonstratdee crucial for the activity of the
CitS and GItS proteins (Fig. 2). Importantly, thetX Cys mutation (S405C) in the
cytoplasmic loop in the C-terminal half of CitS demed the protein sensitive to the

bulky, membrane impermeable thiol reagent AMdiSeatldt the periplasmic side of the
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membrane, providing further evidence that this pathe loop is positioned between the
TMSs. Similar conclusions were obtained from cystescanning mutagenesis of a
stretch of 18 residues in the reentrant loop inGk#omain of GItS.

Evidence presented ahapter 4 suggested that in the 3D structure, the reenkoapts in
the N and C domains are in close vicinity and @aming at the interface of the two
domains (Fig. 2). This was validated by cross-gkistudies using a split transporter
approach. It is believed that the two reentranpsoform (part of) the translocation pore
and that translocation proceeds through an alterrsicess mechanism involving
movement of the two domains relative to one another

Membrane proteins, like GItS and CitS that consistwo homologous domains are
believed to have evolved by gene-duplication arglofu events. Irchapter 5 of this
thesis reconstruction and manipulation of the pseploevolutionary pathway by genetic

engineering are described. A set of GItS versiamseesponding to different evolutionary

domain interface ~ 403-GGSG-406

TMS VI

periplasm

TMS V

cytoplasm

183-GGGNG-187 C414

Figure 2. Structural model of the domain interface of Cit3<opneumoniae. Shown are TMSs V

and VI in the N domain and TMSs X and Xl in the @ndhin together with the connecting
reentrant loops. Two native cysteine residues éndh region are represented as open diamonds,
and conserved GGXG motifs are represented as aaodes.

124



SUmmary

states was constructed. The set consisted of tpestgf gene pairs encoding domains as
separated proteins forming antiparallel heterodsmand a gene with swapped 3’ and
5'halves of thegltS gene encoding GItS protein but with reverse omfethe domains

found in wild type GItS. All artificial evolutiongr states were active supporting the

proposed evolutionary pathway.

The main object of the research described in thesis was to obtain structural data of
the GItS and CitS proteins and at the same timé érperimental validation of the
MemGen classification system. The data support,géneral, the structural and
mechanistic similarity between the ESS and 2HCTsjparters and, more particularly,
the two-domain structure of the transporters ardptiesence and functional importance
of the reentrant loops present in each domain isf tiype of secondary transporters.
Starting from the bioinformatic data obtained frdtemGen and a previous topology
study of CitS we were able to predict and confistpegimentally the membrane topology
of GItS and in this way show that the analysis lygrbpathy profiles of families of
membrane proteins is a powerful tool to study $tmes of membrane proteins in the
absence of X-ray structural data. In addition te 2HCT and ESS families, class ST[3]
of MemGen contains over 30 other families of seeopdransporters including the ion
transporter (IT) superfamily, which shows the ubefas of MemGen. Additionally, the
experimental data showed that reentrant loops amgorntant structural feature of
secondary transporters.

Now that a structure at the low resolution levehvsilable for the GItS, CitS and for all
proteins in ST[3], the next step will be to obtami high-resolution structural data. Next,
the goal will be to solve the structure of the s@ort proteins in each step of the transport
cycle to fully understand the transport mechanishithis information will be helpful for

a better understanding of the function and impaganf the secondary transporter

proteins for living organisms.
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Alle cellen van organismen zijn omgeven door eembraan die de inhoud van de cel,
het cytoplasma, omsluit. Het membraan heeft nleealeen belangrijke rol in het contact
met de omgeving, maar ook in het beschermen varedgegen potentiéle gevaren van
buiten. Het moet schadelijke stoffen buiten houdeaar ook de opname van allerlei
stoffen, zoals bijvoorbeeld nutriénten, en hetahiésden van afvalproducten mogelijk
maken. Biomembranen bestaan uit een dubbele |afgjifpden en een assortiment van
eiwitten, de zogenaamde membraaneiwitten. Dezeokgen allerlei functies. De meeste
zijn betrokken bij transport en het overbrengen signalen uit de omgeving; andere zijn
belangrijke componenten in energiehuishouding \&anrel, zoals bij het omzetten van de
chemische energie van ATP in electrochemische @nergf, omgekeerd, van
electrochemische energie in ATP.

Membraaneiwitten die nodig zijn voor transport kggaren het overbrengen van stoffen
van één kant van het membraan naar de anderetkamgl¢catie). Ze kunnen ingedeeld
worden in “kanalen” en “transporters”. Kanalen, ookl porién genoemd, vormen
openingen in het membraan die al dan niet afgesl@tenen worden en faciliteren
diffusie van substraten zonder dat daar energigdsljruikt wordt. Transporters werken
als enzymen die verplaatsing van een verbindingp&lgm aan conformationele
veranderingen van het transporteiwit. Transportentonen een grote diversiteit aan
transportmechanismen, structuren en substraatvakesn ook verschillen ze onderling
met betrekking tot het soort energie dat gebruiktdvin het transportproces. Aan de
hand van de bovengenoemde eigenschappen zijn edealgl in primaire transporters,
die chemische energie zoals die van ATP gebruikansecundaire transporters die de
energie van elektrochemische gradiénten van veriged en/of ionen gebruiken.
Secundaire transporters, het onderwerp van ditfgebeft, vormen een van de grootste
categorieén van membraan-transporteiwitten. Ze ugedm de vrije energie die
opgeslagen ligt in de gradiénten van ionen of vetinigen, als drijvende kracht voor het
transport van een verbinding over het membraanuactatie van een verbinding aan
een kant van het membraan is mogelijk doordat fagisport gekoppeld wordt aan de
translocatie van een of meerdere ionen die metetekirochemische gradiént meegaan.
Deze ionen zijn meestal protonen’{if natrium ionen (N§ en hun elektrochemische

gradiénten worden respectievelijk proton motiveéoof Nd-ion motive force genoemd.
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Secundaire transporters worden doorgaans ingedeealde groepen, gebaseerd op de
wijze van energiekoppeling: (i) “uniporters” katagren de translocatie van slechts één
verbinding over het membraan, (ii) “symporters” gefen de translocatie van een
verbinding aan de translocatie van één of meererégonen” in gelijke richting, en (iii)
“antiporters” koppelen de translocatie van een welihg aan de translocatie van een
andere verbinding of co-ion in tegengestelde nchtDoor deze verschillende manieren
van energiekoppeling kunnen transporters een beileegol spelen in verschillende
aspecten van de fysiologie van de cel.

Secundaire transporters zijn eiwitten die opgevougig als een bundel hydrofolwe
helices die, ingebed in het membraan, min of maauirecht op het membraan staan. Aan
beide zijden van het membraan zijn deze helicek, wel transmembraansegmenten
(TMS) genoemd, aan elkaar verbonden door hydrofiedsen of “loops” van variabele
lengte. Membraaneiwitten doorsteken zo het memhbopagen zigzag manier. Het profiel
van hydrofobiciteit van de aminozuursequentie vam membraaneiwit laat de verdeling
van hydrofiele en hydrofobe aminozuren over de spti@ zien. Er wordt aangenomen
dat deze de vouwing van het eiwit in het membraamrerspiegelt. De
hydrofobiciteitsprofielen zijn, evenals 3D stru@nr binnen een groep homologe
eiwitten veel beter geconserveerd dan de aminogquenties en geven de globale
vouwing van eiwitten binnen een familie weer. Kennvan de structuur van
membraaneiwitten is een belangrijke bron van infdrenin de moleculaire biologie en
heeft het mogelijk gemaakt de functie van trangseren hun transportmechanismen
beter te begrijpen. Helaas is het verkrijgen vaoctiren van membraaneiwitten met
hoge resolutie over het algemeen problematisch,abrhét hydrofobe karakter het
verkrijgen van goede kristallen voor rontgen ditra bemoeilijkt. Om deze reden is
bioinformatisch en biochemisch onderzoek aan meamgisvitten zo belangrijk.

Het vergelijken van hydrofobiciteitsprofielen madddt mogelijk om overeenkomsten in
structuur te identificeren tussen membraaneiwitienver verwant zijn, zelfs als deze zo
weinig overeenkomen in aminozuursequentie dat gpsbdaarvan geen homologie te
ontdekken is. Dit heeft geleid tot de MemGen cfasgie, waarin families van
membraaneiwitten gegroepeerd zijn in structurel@asdén door de gemiddelde

hydrofobiciteitsprofielen van de families te veig@n. Het MemGen classificatie
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systeem is niet een methode voor het voorspellennvambraantopologiper se, maar
een belangrijke consequentie van de benaderingtisalte eiwitten van verschillende
families binnen één klasse dezelfde vouwing hebbahbetekent dat als je de topologie
van één weet, je ook die van alle andere weet.

Het werk dat in deze studie beschreven staat, zattt op de overeenkomsten in
structuur tussen twee families van secundaire p@ters en daarnaast op de
experimentele validatie van het MemGen classifcalisteem. Twee transporteiwitten
werden gebruikt in deze studie: CitS en GItS. Hé$ @iwit vanKlebsiella pneumoniae

is een natrium afhankelijke citraat transporter loghoort tot de 2-hydroxycarboxylaat
transporter (2HCT) familie. De GItS transporter Vascherichia coli is een natrium
afhankelijke glutamaat transporter die behoorti®Glutamate Sodium Symporter (ESS)
familie. Beide eiwitten transporteren het subste@tin symport, twee natrium ionen.
Deze eiwitten, en hun families, vertonen geen a@emst in aminozuursequentie,
maar hebben wel hetzelfde hydrofobiciteitsprofi€ig( 1A) en zitten in dezelfde
structurele klasse van het MemGen classificatiesyst Omdat volgens het MemGen
systeem alle eiwitten binnen een structurele klasse overeenkomstige vouwing
hebben, is het gevestigde topologiemodel van deT2fd@ilie, gebaseerd op onderzoek
aan met name de Naitraat transporter CitS, gebruikt om de membmaoibgie van de
leden van de ESS familie te voorspellen.

Het model werd geverifieerd met experimenten wadédrtoegankelijkheid van cysteine
residuen in GItS mutanten, die slechts één cystehben, getest wertidofdstuk 2 van

dit proefschrift). Het structurele model van densiporters bestaat uit een kernstructuur
van twee homologe domeinen die elk uit vijf TMSlsgstaan en die verbonden zijn door
een grote cytoplasmatische “loop” (Fig. 1B). HetSCeiwit en alle andere leden van de
2HCT familie hebben een additionele TMS aan hetemiinale uiteinde van de
kernstructuur, waardoor de N-terminus in het cyaspla uitkomt. Leden van de ESS
familie, inclusief GItS, hebben dit segment niethem structuur komt overeen met de
kernstructuur, waarvan de N-terminus in het pesipla uitkomt. Omdat het aantal
helices van elk domein in de kernstructuur oneven hebben de domeinen een
tegengestelde oriéntatie ten opzichte van elka&etnrmembraan. Tussen het vierde en

vijfde TMS van elk domein vouwt de verbindende ldepug, in plaats van het
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Figuur 1. (A) Alignment van de gemiddelde hydrofobiciteitsfielen van de 2HCT familie (rood) en de
ESS familie (blauw). Het membraantopologiemodel d@n2HCT familie staat aangegeven boven de
profielen, met de transmembraansegmenten als exdg¢hoeken verbonden door de cytoplasmatische en
periplasmatische loops, weergegeven als respelifiehiauwe en groene lijnen. De verdikte delen n
loops geven de positie van de reentrant loops Ranosse horizontale blauwe en rode lijnen geven de
posities van "gaps” aan die voortkomen uit het atgee van de alignment van respectievelijk de blauw
en rode profielen. (B) Structureel model van dexdpmrters van de 2HCT en ESS families. De twee
homologe domeinen met elk 5 TMS’en (cilinders) en kegengestelde oriéntatie zijn afgebeeld binren d
gestippelde vierkanten. Beide domeinen hebben esntrant loop die het membraan-ingebedde deel van
het eiwit binnengaan aan, respectievelijk, de pesipatische of cytoplasmatische zijde van het maarbr
(Vb en Xa). Leden van de 2HCT familie hebben eatitemhele TMS aan de N-terminus die niet aanwezig
is in de ESS familie. De GGXG sequentie-motievedérreentrant loops zijn aangegeven.
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membraan in zijn geheel te doorkruisen (Fig. 1B)vermt daarmee een zogenaamde
“reentrant loop”. De reentrant loop in het N-teralendomein gaat het membraan binnen
aan de periplasmatische zijde en die van het Citalen domein aan de
cytoplasmatische. Een belangrijk experimenteellt@sutoonde aan dat de twee cysteine
residuen in de voorspelde reentrant loop van Gieyéne die het membraan aan de
cytoplasmatische zijde binnengaat) vanuit het jesipa bereikbaar zijn voor kleine thiol
reagentia die niet door het membraan kunnen difitemd zoals eerder was aangetoond
voor CitS.

Hoofdstuk 3 handelt over het GGXG sequentie-motief dat aamgvexzin de reentrant
loops van de transporters van zowel de 2HCT alE$i® familie. Er is aangetoond het
motief op het uiteinde van de reentrant loopsdigtdat het cruciaal is voor de activiteit
van CitS en GItS (Fig. 2). Een belangrijke vindings dat de mutatie van de serine naar
een cysteine op positie 405, oftewel X in het GGX@&ief van de reentrant loop van het
C-terminale domein, het eiwit gevoelig maakte vean buiten toegevoegd AMdIS, een
relatief groot en membraan impermeabel thiol reagBiit verschafte extra bewijs dat dit
deel van de loop gepositioneerd is tussen de TMS®rereenkomstige conclusies
konden worden getrokken uit “cysteine scanning” agehese van een reeks van 18
residuen in de reentrant loop in het C-domein vi8.G

Resultaten beschreven mofdstuk 4 suggereerden dat in de 3D-structuur, de reentrant
loops van het N- en C-domein dicht bij elkaar ligge overlappen daar waar de twee
domeinen tegen elkaar aan liggen (Fig. 2). Dit wbeVestigd door cross-linking
experimenten waarbij een opgesplitste transpoebrugkt is. Er wordt aangenomen dat
de twee reentrant loops (een deel van) de trartgoparie vormen en dat translocatie
zich voltrekt volgens een mechanisme van altermisretoegang waarbij de twee

domeinen zich ten opzichte van elkaar bewegen.
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Samenvatting

domain interface ~ 403-GGSG-406

TMS VI

periplasm

TMS V

cytoplasm

183-GGGNG-187 C414

Figuur 2. Model van het snijvlak van de twee domeinen vai$ @anK. pneumoiae. Afgebeeld zijn TMS

V en VI in het N-domein en TMS X en Xl in het C-dem, samen met de verbindende reentrant loops.
Twee oorspronkelijke cysteines in de Xa loop zfgreheeld als ruiten; de residuen van de geconselwee
GGXG motieven als cirkels.

Er wordt aangenomen dat membraaneiwitten die, Zo&8s en GItS, uit twee domeinen
bestaan, geévolueerd zijn door genduplicaties esies. In hoofdstuk 5 van dit
proefschrift worden de reconstructie en manipulaae de voorgestelde evolutionaire
route door middel van genetische recombinatie begsen. Een set van GItS mutanten
die corresponderen met de verschillende evolutiertassenvormen werd geconstrueerd.
De set bestond uit twee types genenparen die code@ de domeinen als gescheiden
eiwitten die antiparallelle heterodimeren vormem.,een gen waarin de 3’- en 5-helften
van hetgltS gen van positie gewisseld zijn en dat daarmeeesbdeor een GItS eiwit
waarbij de domeinen in de omgekeerde volgorde aetkaar gezet zijn. Alle artificiéle
evolutionaire tussenvormen waren actief en ondensien daarmee de voorgestelde

evolutionaire route.

Het hoofddoel van het onderzoek dat in dit proaificheschreven staat was om

structuur data van het GItS en CitS eiwit te véglem en tegelijkertijd experimentele
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validatie van het MemGen classificatie systeem.dB& ondersteunen in algemene zin
de structurele en mechanistische overeenkomsteeriude ESS en 2HCT transporters
en, meer in het bijzonder, de twee-domein structanrde transporters, de aanwezigheid
van de reentrant loops - die in elk domein vartygie secundaire transporters aanwezig
zijn — en hun belangrijke rol in de functie van betit. Beginnend met bioinformatische
data verkregen met MemGen en een eerder onderaoetteatopologie van CitS, konden
we een membraantopologie van GItS voorspellen en wvdirvolgens experimenteel
bevestigen. Hiermee lieten we zien dat de analyse hydrofobiciteitsprofielen van
families van membraaneiwitten een effectieve methas om de structuur van
membraaneiwitten te onderzoeken als een kristatsinu niet voorhanden is.

Nu een structuur van lage resolutie van GItS, @mnSdaarmee alle andere eiwitten in
ST[3], bekend is, is de volgende stap het verknijgan hoge-resolutie data van de
structuur. Vervolgens zal het doel zijn om de dtruc van de transporters in elke
afzonderlijke stap van de transportcyclus op tesdasom het transportmechanisme
volledig te kunnen begrijpen. Al deze informati¢ lzaelpen bij het beter begrijpen van de

functie en belang van secundaire transporters/gnige organismen.

(trand ated by Hein Trip)
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Chapter VIlI

Wszystkie komorkizywych organizmow otoczonea orzez btog cytoplazmatycza
ktora utrzymuje zawarté komorki (cytoplazm). Btony komérkowe pehai nie tylko
niezwykle wang role w podtrzymywaniu kontaktow zéwiatem zewrtrznym, ale
jednoczénie ochraniaj komoérke przed szkodliwynmsrodowiskiem zewetrznym. Btony
aby spetnid swa role ochronna, musza bynieprzepuszczainbarien dla substancji
szkodliwych dla zywej komorki, ale jednocZeie, musz umaldiwia¢ pobieranie
roznorodnych substratow, takich jak czynnikizgdicze oraz pozwatana usuwanie
niekorzystnych produktow metabolizmu. Biomembrarkfadap sic z dwu-warstwy
lipidowej oraz biatek, nazywanych biatkami btonowynBiatka btonowe petni
réznorodne funkcje, wkszagé z nich zaangewana jest w transport i przekazywanie
sygnatow, lub s one gtdbwnymi komponentami w szlakach przekazywaanergii,
takich jak przeksztatcanie energii chemicznej zésyaw ATP w elektrochemiczn lub
przeciwnie, zaangawane § w syntez ATP.

Biatka btonowe zaangawane w transport katalizyjfizyczny proces przenoszenia
transportowanej substancji z jednej strony btony draga. Niezwykle wane dla
przezycia komorki jest pobieranie nieginych dozycia czynnikow. Biatka btonowe
biorace udziat w transporcie naa podziek na kanaty i transportery. Kanaty lub pory
tworza w blonie komoérkowej ,dziury”, ktdre mag posiada system bramkggy
pozwalagcy na swobodsn dyfuzje zwazkOow bez naktadu energii. Transportery s
enzymami ktore podczas przenoszenia substratow ngae swop konformacg.
Transportery g bardzo zrénicowary grum biatek, wykazujca réznorodne mechanizmy
transportu, struktury oraz ifia sie sposobami pozyskiwania energii potrzebnej do
przeprowadzenia procesu przenoszenia substangujd8ana sposobie pozyskiwania
energii do transportu, $&dd transporteréw mma wyr&nic¢ (i) pierwotne transportery
aktywne, wykorzystujce energi chemiczn, wydzielory na przyktad podczas hydrolizy
czasteczki ATP oraz (i) wtérne transportery aktywneykerzystupce energi
zmagazynowanw elektrochemicznym gradiencie jonow.

Wtérne transportery, ktoreasgtownym przedmiotem tej rozprawy,a sjedra z
najwickszych grup funkcjonalnych transpodeych biatek btonowych. kywaja one
wolnej energii zakumulowanej w gradiencie elekteicznym jonéw lub innych

zwiazkow do transportu innych substancji przez btonpplazmatyczne lub wewtrzne
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btony komorek. Akumulacja danego z@ku po jednej ze stron btony jest uzyskiwana
poprzez sprzony transport tego zwzku wraz z transportem jednego lukekgzej ilasci
jonéw (H" lub N&), ktére g przenoszone zgodnie z gradientem igjzestia, tzw. sita
motoryczna jondéw wodorowych lub sita motoryczna gan sodowych. Wtdrne
transportery § powszechnie dzielone na trzy typy: (i) uniportdtalizup transport
jednej substancji przez bien(ii) symportery sprggaja transport danej substancji z
transportem jonu/jonéw w tym samym kierunku, ofag antyportery transportyj
substancje w przeciwnych kierunkach. Wszystkie tygansportu pozwalajwtérnym
transporterom odgrywavazna role w raznych aspektach fizjologii komorki.

Wtérne transporteryastypowymi biatkami blonowymi. Ze wzgtlu na toze biatka te
wbudowuj sie w hydrofobiczna btog komdrkows, czs¢ ich tancucha polipeptydowego
tworzy charakterystyczne spirale;helisy, ktére przecinaj btone mniej lub bardziej
prostopadle. Hydrofobicznexr-helisy, nazywane gsto segmentami transbtonowymi (z
ang. transmebrane segments, TMSspalaczone przez hydrofilowegfle znajdugce se
na zewatrz btony. W ten sposob biatka btonowe przecinaydrofobows btone
komorkowy w sinusoidalny sposob. Profile hydrofobaowio sekwencji aminokwasow
budupcych biatko btonowe pokazufransbtonowe obszary hydrofoboweHelisy) oraz
hydrofilowe obszary odpowiadgje hczacym je gtla co jednoczénie daje informacje na
temat budowy (faldowania) danego biatka w btoniefie hydrofobowdci, podobnie
jak tréjwymiarowe struktury homologicznych bialek znacznie lepiej zachowywane w
ewolucji niz ich sekwencja aminokwasowa, dlategbo2awarta jest w nich informacja na
temat struktury w catej rodzinie biatek. Znajos@ostruktury biatek btonowych jest
waznym zroédtem informacji w biologii molekularnej poniewaimazliwia zrozumienie
samego procesu transportu oraz dostarcza infornmacjitemat jego mechanizmu i
sposobu pracy transporterow. Niestety, otrzymywastiektur biatek blonowych w
wysokiej rozdzielczéci jest bardzo problematyczne i trudne dagsiccia z powodu ich
wiasciwosci hydrofobowych, ktére powodajproblemy z otrzymaniem dobrej jadad
krysztatdbw do dyfrakcji rentgenowskiej. Z tego pamowane w analizie biatek
btonowych staty si narzdzia bioinformatyczne i biochemiczne.

Badanie profili hydrofobowszi pozwala na zidentyfikowanie podobnej budowy dkat

btonowych nawet woéwczas gdy biatka tezmia sie na poziomie sekwencji
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aminokwasowej na tyleze trudno wykrg¢ homologie pongdzy nimi. Powyszy tok
dziatania doprowadzit do powstanie bazy danych Mem@ ktorej system klasyfikacji
polega na grupowaniu rodzin biatek btonowych w opao podobiastwa yrednionych
dla rodzin profili hydrofobowéci. System klasyfikacji biatek MemGen nie jest nuato
przewidywania topologii (faldowania) biatekper se, ale gtown konsekwengj tego
sposobu grupowanie biatek jesta® wszystkie biatka z édych rodzin znajduage s¢ w

tej samej klasieaspodobnie sfaldowane w btonie komorkowej. Z teganikg nastpna
konkluzja, ¥ znapc budowe jednego biatka z danej klasy, znamy budowszytych
biatek znajdujcych s¢ w tej samej klasie.

Praca opisana w niniejszej rozprawie skupionanestposzukiwaniu podohistwa w
budowie biatlek znajdagych s&é w dwdch rodzinach wtérnych transporteréw oraz
jednoczénie na eksperymentalnym potwierdzeniu prawdzovesystemu klasyfikacji
bazy MemGen. Prace bylty prowadzone na dwoch tratespoh, CitS oraz GItS. Biatko
CitS jest zalenym od jonow sodu transporterem cytrynianu z bakt&tebsiella
pneumoniae, nalezacym do rodziny biatek 2HCT (ang. 2-hydroxyccarb@tg).
Natomiast biatko GItS z bakterkscharicha coli transportuje w symporcie z dwoma
jonami sodowymi glutaminian i nalg do rodziny biaek ESS (ang. glutamate-E sodium
symporter). Biatka te, oraz cztonkowie ich rodzire s podobne do siebie na poziomie
sekwencji aminokwasowej ale mgjodobne profile hydofobadei (Rys. 1A) i znajduj

sig w tej samej klasie strukturalnej ST[3] w systenkiasyfikacji bazy MemGen.
Poniewa uwaza sk, iz wszystkie biatka znajdage s¢ w tej samej klasie strukturalnej
majy podobra budowe, uzylismy dobrze znanego modelu budowy biatek z rodziny
2HCT, bazujcego gtébwnie na badaniach przeprowadzonych na wid@ktS, do
zbudowania modelu fatldowania biatek z rodziny ESS.

Model ten zostat zweryfikowany poprzez studia gdastsci cystein wprowadzonych do
mutantow GItS zawieragych tylko jeden taki aminokwas (ang. single-Cys)zostato
opisane w rozdziale 2 tej rozprawy. Zaproponowany model strukturalny htyc
transporteréw zaktada biatka te zawieraj gtowna cze¢ (rdzer) zbudowan z dwdéch
homologicznych domen zawiesajych po p¢¢ segmentdw transbtonowych (TMS), ktére
Sa polaczone za pomacdtugiej cytoplazmatycznejefli (Rys. 1B). Biatko CitS, oraz

wszystkie inne biatka z rodziny 2HCT majlodatkowy transbtonowy segment na N-
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terminalnym kacu gtownej struktury (rdzeniu) biatka. Biatka nalee do rodziny ESS
nie posiadaj dodatkowego segmentu transbtonowego i dlatego badowa jest
rownoznaczna z budawgtéwnej czsci (rdzenia) modelu. Poniewakazda z dwoch
homologicznych domen budigych rdzé biatka zbudowana jest z nieparzystej liczby
segmentéw transbtonowych posiagdaw. przeciwi orientacje w btonie. §la taczaca 4

i 5 segment transbtonowy w #@ej z domen, falduje sitworzac nietypowa struktue
tzw. powtdrnej ptli (ang. reentrant loop) lubefi kanatowej (pore loop). la ta
zawraca i zawija g8iw btonie wchodac pomkdzy a-helisy, ale nigdy nie przebijaesi
catkowicie na drug strorg btony. Rtle znajdugjce s¢ w N-domenie biatka wchodzlo
btony z peryplazmatycznej strony, natomiagieznajdugce s¢ w C-domenie wchodgz

w btore z cytoplazmatycznej strony. Nale podkréli¢ iz zostatlo eksperymentalnie
udowodnioneze dwie cysteiny znajdage s w powrotnej gtli biatka GItS wchodzcej

do btony z cytoplazmatycznej strony (C-domena) dostpne dla matych ale
nieprzechodzcych swobodnie przez blerreagentdw z przeciwnej, peryplazmatycznej
strony. Udowadnia to obecfopetli kanatowych w biatku GItS, wykazanych w ten sam
sposob w biatku CitS.

Badania opisane wozdziale 3 skupione sa na obedwd i wiasciwosciach motywu
GGXG sekwencji aminokwasowej zlokalizowane] w p@giizio wspomnianychetlach.
Motyw ten znajduje sie w sekwencji biatek w rodoh&@HCT oraz ESS. Udowodnione
zostatoze motyw ten znajduje sie na wierzchotketlipi jest kluczowy dla aktywngci
biatek CitS oraz GItS (Rys. 2). Nalezaznaczy, ze mutacja wprowadzgja aminokwas
cysteirg w miejsce aminokwasu X z motywu wetfp cytoplazmatycznej w biatku CitS
(tzw. mutant S405C) wykazalaze aminokwas ten jest depnhy dla duego,
nieprzchodzcego przez bilony reagentu AMdIS dodanego z perymddéyczne) -
przeciwnej strony btony. Eksperyment ten byt kojgndowodem na tée biatko CitS
posiada ptle kanatow ktéra wchodzi pomidzy segmenty btonowe zawijagsizawraca.
Podobne wyniki uzyskano dla badaad gtla cytoplazmatyczip w biatku GItS, tutaj

jednak badania dotyczyty wprowadzenia mutacji vafr@nokwasowym odcinkugli.
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A Hydrophobicity
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Rysunek 1. (A) Alignment (dopasowanie) profili hydrofobowa rodzin 2HTC (czerwony) i ESS
(niebieski). W gérnej e&ci znajduje si model faldowania (topologii) w btonie biatek z mialy 2HCT.
Segmenty transbtonowe (czerwone prostgk petle cytoplazmatyczne (linie niebieskie),ctie
peryplazmatyczne (linie zielone). Pogrubiortigpoznaczaj petle powrotne (ang. reentrat loop). Poziome
czerwone i niebieskie linie oznaczajniejsca wystpienia przerw w alignmencie odpowiednio; profili
czerwonych i niebieskich. (B) Model strukturalngiisporteréw z rodzin 2HTC i ESS. Dwie homologiczne
domeny zbudowane z 5 segmentdéw transbtonowych é)al@da z odwrdcom orientacja w bilonie,
zaznaczoneasprostoktami z przerywanej linii. Kada domena zawieraibe powrotra wchodzca w btorg

z peryplazmatycznej (Vb) lub cytoplazmatycznej (O&iony. Biatka nalece do rodziny 2HCT maj
dodatkowy segment transbtonowy na N-terminalnymckotahcucha polipeptydowego, ktérego brak jest u
biatek z rodziny ESS. Zaznaczone zostaty motywy @&¢kwencji aminokwaséw wetbach powrotnych.

Badania przedstawione wozdziale 4 sugerw iz w strukturze przestrzennejetfe
powrotne z N (peryplazmatyczna) i C domen (cytoplai/czna) opisywanych biatek
znajdup sie blisko i nachodgzna siebie w miejscu styku dwoch domen budujacgch t
biatka (Rys. 2). Zbadane zostato to za pomelsperymetdéw zwanych ,cross-loinking” z
uzyciem rozdzielonych domen transporterow (uzyskanydnoga genetycznej
modyfikacji). Uwaa sk ze pgtle powrotne tworz szlak transportu substancji w biatku i
poprzez zmiag konformacji dwoch domen wzglem siebie pozwalajna transport w

tzw. mechanizmie alternatywnego dgmt (ang. alternate access model).
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Rysunek 2. Model strukturalny powierzchni pogidzy domenami w biatku CitS K. pneumoniae.
Pokazanessegmenty transbtonowe (TMS) numer V i VI z N-domenaz segmenty transbtonowe numer
X'i Xl z C-domeny wraz zaczacymi je petlami powrotnymi. Dwie naturalnie wygiujace cysteiny w
regionie Xa zaznaczoneg @ko romby, natomiast motywy sekwencji GGXG zostatnaczone jako kota.

Uwaza st ze biatka btonowe, wdd nich CitS oraz GItS, zbudowane z dwbdch
homologicznych domen wyewoluowatly na drodze dugiikapdzniejszej fuzji gendéw
pierwotnych. Wrozdziale 5rozprawy opisana zostata proba rekonstrukcji i ipjaaciji
proponowanej drogi ewolucji. Skonstruowano, droganipulacji genetycznych, zestaw
wersji biatka GItS odpowiadgych r&nym etap ewolucji. Zestaw skladatsz dwoch
typéw par gendw kodagych domeny jako osobne biatka, wzméj kolejngci w
operonie, formujce przeciwstawne hetrodimery, oraz gen z przestawiolejnacia
domen w porownaniu do oryginalnego geghts. Wszystkie sztucznie utworzone biatka
korespondujce do ra@nych etapow ewolucji dwu-domenowych biatek bytly yakbe

przez co potwierdzaty zaproponowany szlak ewolugyjn
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Glownym celem bada opisanych w tej rozprawie bylo zdobycie danych taemat
budowy biatek GItS i CitS oraz jednoczesne ekspenmine potwierdzenie
prawidtowaci systemu klasyfikacji bazy MemGen. Dane uzyskanezasie bada
potwierdzity podobiéstwo w strukturze oraz w mechanizmie transportu ipdny
transporterami z rodzin ESS i 2HTC. Poznane oramvodnione zostaty nowe szczegoty
na temat budowy dwu-domenowej tych biatek oraz nb&c i kluczowym znaczeniu,
petli powrotnych w kadej z domen tych wtornych transporterow. Rozpocgynprace
na danych bioinformatycznych uzyskanych za pambazy danych MemGen oraz
danych z wczaniejszych bada nad topologi biatka CitS mogkmy zbudowa oraz
udowodné eksperymentalnie model budowy transportera Gtyni samym wykazaze
analiza profilow hydrofobow&ei rodzin biatek btonowych jest pginym i skutecznym
narzdziem do studiowania struktur biatek btonowych, asvicza przy braku danych
strukturalnych uzyskanych dradrystalografii rentgenowskiej. Klasa struktura®a[3]

z bazy MemGen, oprocz rodzin 2HCT i ESS, zawienaada30 innych rodzin wtornych
transporteréw wiczapc w to superrodziglT (ang. ion transporter), co wskazuje naalu
uzyteczng¢ MemGen. Dodatkowo uzyskane wyniki pokazake mptle powrotne
zawijajgce sie w bionie stanowiniezwykle wany element budowy i dziatania we
wtornych transporterach.

Obecnie, gdy znaneasogolne zarysy budowy biatek GItS i CitS, oraz tgamym
wszystkich biatek w ST[3], naginym etapem d@zie uzyskanie doktadnych danych na
temat struktury tych transporteréw, np. za po#ndcystalografii rentgenowskiej.
Kolejnym krokiem lydzie uzyskanie danych strukturalnych dla biatekgportowych w
kazdym z etapdéw cyklu transportu, co ufhiwi lepsze zrozumienie mechanizmu
transportu. Wszystkie powgze informacje pozwel na lepsze i dokladniejsze

zrozumienie funkcji i dziatania wtornych transpodte w zywych organizmach.
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TMS — transmembrane segment

pmf — proton motive force

RSO - right-side-out

PMS — phenazine methosulfate

NEM —N-ethylmaleimide

FM — fluorescein-5-maleimide

AMdIS - 4-acetamido-4’-maleimidylstilbene-2,2’-disulforacid
MTSET - [2-(trimethylammonium)ethyl] methanethiosulfomdétromide
MTSES - sodium (2-sulfonatoethyl) methanethiosulfonate
DTT - dithiothreitol

NaTT — sodium tetrathionate

GA - glutaraldehyde
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