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ABSTRACT

The Slc26A proteins are a ubiquitous superfamily of anion transporters conserved from bacteria to
man, amongst which four have been identified as human disease genes. Our functional knowledge of
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Structure of bacterial SLC26 transporters

this protein family has increased but limited structural information is available. These proteins contain
a transmembrane (TM) domain and a C-terminal cytoplasmic Sulfate Transporter and Anti-Sigma
factor (STAS) domain. In a fundamental step toward understanding the structure/function
relationships within the family we have used Small Angle Neutron Scattering (SANS) on two
distantly related bacterial homologues to show that there is a common structural architecture amongst
Slc26A transporters. Pulsed ELectron—electron DOuble Resonance (PELDOR) spectroscopy confirms
the proteins form a stable dimer. Using chimeric/truncated proteins we have determined the domain
organisation, the STAS domains project away from the TM core and are essential for protein stability.
We use the SANS generated envelopes to assess a homology model of the TM core.

INTRODUCTION

The Slc26A proteins are a ubiquitous family of secondary anion transporters conserved from bacteria
to man [1] which belong to the amino acid-polyamine-organocation (APC) superfamily[2]. SIc26A
proteins exhibit a wide variety of functions, transporting anions ranging from halides to carboxylic
acids [3].

Human SLC26A proteins have been shown to play critical roles in cell physiology. They are
implicated in genetic diseases such as diastrophic dysplasia, congenital chloride diarrhoea, Pendred
syndrome and nonsyndromic deafness [4, 5], while the expression of SLC26A2 has been related to
enhanced proliferation of colon cancer cells [6]. Additional pathological phenotypes have been
reported in mice deficient in SLC26 gene expression, including male infertility, distal renal tubular
acidosis, gastric achlorhydria, and nephrolithiasis [3]. In plants and fungi, SIc26A proteins are
primarily sulphate uptake transporters, with mutations leading to auxotrophic phenotypes in fungi [7,
8].

Although these proteins are present ubiquitously amongst bacteria, their physiological functions are
almost completely unknown. The only comprehensive physiological analyses concern the
Synechococcus SIc26A protein, BicA, reported to act as a bicarbonate transporter [9] and our recent
study demonstrating that the Escherichia coli DauA protein is a succinate transporter involved in Cy-
dicarboxylic acid metabolism [10].

Members of the Slc26A family are diverse in terms of substrate specificity but are expected to share a
common structure: these proteins comprise an integral membrane domain followed by a C-terminal
cytoplasmic Sulphate Transporter and Anti-Sigma factor antagonist (STAS) domain. Topology
predictions range from 10-14 transmembrane helices (TMH), although a topology of 12
transmembrane helices has been proposed across the family based upon a model of BicA [11, 12].

High resolution structural data is only available for the soluble STAS domain; structures of two
bacterial (DauA and Mycobacterium tuberculosis Rc1739c) and the rat motor protein prestin STAS
domains (SIc26A5) [13-15] have been published, the backbone traces of which all superimpose very
closely. Recently a homology model of the TM domain of rat Prestin has been published based upon
the uracil transporter, UraA [16]. The presence of a conserved stoichiometry within the family is the
subject of debate as several members, across multiple species, have been reported to form dimers
and/or tetramers [17-19]. Using Small Angle Neutron Scattering combined with contrast variation,
we have recently proposed that a Yersinia enterocolitica Slc26A (YeSIc26A2) homologue forms a
dimer [20].

In order to gain insight into the structural architecture and domain organisation of proteins from the
Slc26A family, we have used Small Angle Neutron Scattering (SANS) to further investigate
YeSIc26A2 domain organisation and compare this with the functionally characterised E. coli DauA,
allowing us to define and propose a conserved structural architecture for Slc26A proteins. Pulsed
ELectron—electron DOuble Resonance (PELDOR) spectroscopy confirms our initial hypothesis that
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the purified proteins form stable dimers. SANS analysis on a truncated TM domain alone and an
extended C-terminally GFP-fused variant locate the domains within the structure to reveal a
multidomain organisation, consisting of a central transmembrane core which extends outwards over
the STAS domain to further form two distal domains. Homology modelling allows us to evaluate the
recently proposed atomic level structure for Slc26A proteins. Thus this work enables us to define a
domain organisation conserved among the bacterial homologues and propose this continues across
this important protein family.

EXPERIMENTAL
Expression and purification of proteins.

The E. coli dauA gene was cloned into pArno [20] between Xhol and BamHI sites using two
oligonucleotides 5’-atgcctcgagaatgectttccgegetctgatcgac-3° and 5-
atgcggatcctaaatccgecatcgecgegegacg-3’. The Ye-TM domain was cloned into pWaldo-e [21] between
Xhol and BamHI sites using two oligonucleotides 5’-atgcctcgagaatgtggcaggttttaaaatca-3> (Xhol site
underlined) and atgcggatccgatacggcgagcaaacaggat-3° (BamHI site underlined). To express the two
chimeric YeSlc26A2-GFP proteins Ye-3-GFP and Ye-11-GFP, the Y. enterocolitica Yeslc26a2 gene
(YE0973) was cloned into pWaldo-e between Xhol and BamHI sites using two oligonucleotides: 5'-
atgcctcgagaatgtggcaggttttaaaatca-3' (Xhol site underlined) and 5'-atgcggatcccctcaaatttcegetgagacg-3'
(BamHI site underlined). Subsequently, the Stratagene Quickchange Lightening Multi Site-Directed
Mutagenesis kit was used to add a Prescission Protease site between GFP and the histidine tag, then to
modify the linker between Yeslc26A2 and GFP in pWaldo-e to produce Ye-3-GFP (linker GSE) and
Ye-11-GFP (linker GSENLYFHSQF). The multiple cysteine variants of YeSIc26A2 were generated
by using the Stratagene Quikchange II Site-Directed Mutagenesis Kit using Yeslc26A2-pArno as a
template.

YeSIc26A2 and all derivatives were expressed and purified as previously described [20]. The
histidine tag was removed from Ye-3-GFP and YE-11-GFP by Prescission Protease. GFP was
removed from Ye-TM-GFP by TEV proteolysis as previously described for removal of the histidine
tags. DauA was overexpressed in E. coli strain BL21(DE3) in TB media and purified using the same
protocol as for YeSIc26A purification [20]. The samples purity and quality were estimated on SDS-
PAGE gel and by gel filtration on superdex 200 (10/60) as previously described [20]. All SANS
samples were prepared at the previously determined contrast match point of 11% D,0.

Expression of random-fractional deuterated (“match-out labelled”) YeSIc26A2 for neutron scattering
was carried out in the ILL Deuteration Laboratory, a technical platform within the Partnership for
Structural Biology (PSB), Grenoble, France. Recombinant BL21(DE3) cells were grown in a high-cell
density culture at 30°C in 85% (v/v) D,O containing minimal medium using unlabelled glycerol as
carbon source. Before induction with 0.2 mM IPTG at an ODg, of 15.2, the temperature was adjusted
to 20°C and the minimal medium supplemented with 10% of 85% (v/v) deuterated Silantes OD2
medium (Silantes GmbH, Munich, Germany). Expression tests in flask cultures had shown that
YeSIc26A2 is not expressed in deuterated minimal medium without supplementation. Deuterated cells
(70 g wet weight from 1.74 L of fermenter culture) were harvested after 20 hours expression at an
ODggo of 15.6. The final deuteration level gave a contrast match point that corresponded to
approximately 100% D,0O. For SANS experiments 11% D,0O was included in the gel filtration buffer
and the purified proteins were concentrated with a Centricon 50-K (Millipore) to 5 mg/ml and
dialysed against the same buffer.

SANS experiments, data reduction

All samples were measured on the large dynamic range diffractometer D22 at the Institute Laue-
Langevin (Grenoble, France) in Hellma® quartz cuvettes 100QS with Imm optical path-length.
Sample temperature was kept at 6°C during the exposure times. The dYeSIc26A2 and Ye-TM samples
were recorded at a 4m/4m detector/collimator distance, all other samples at two configurations;
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2m/2m and 5.6m/5.6m, using a neutron wavelength of 1 = 6A. At each configuration, the H,O/D,O-
buffers, the empty beam, an empty quartz cuvette as well as a boron sample (electronic background)
were measured. Exposure times varied between 20 minutes (empty cell, boron) and 1 hour for the
protein samples and buffers. Transmissions were measured for 1 minute. The raw data were reduced
(detector efficiency, electronic background, angular averaging) using a standard ILL software package

[22]. Finally, the corrected scattered intensities /(Q) (Q = (47/A)sin @, where 26 is the scattering

angle) from the different Q-ranges were merged (in the case of the 2m/2m and 5.6m/5.6m setups) and
the respective buffer signals subtracted using the program PRIMUS from the ATSAS suite.

SANS data analysis

Radii of gyration (Table S1). The radii of gyration, R, of all samples were extracted by the Guinier
approximation using the program PRIMUS:

n[7(Q)]=m[1(O)]-1/3R;0"
The validity of the Guinier approximation, R gQ <1.3, was verified and fulfilled in each case.

Low-resolution models determined by ab initio analysis using DAMMIN. We used the program
DAMMIN [23] to generate low-resolution envelopes of all samples. The DAMMIN input files were
generated using the program GNOM imposing the restraints p(r=0)=0 and p(r=D,.x)=0 for the pair
distance distribution function. As a quality control, the radii of gyration determined from the pair
distribution analyses were compared to those determined by the Guinier analysis of the SANS data.
P(R) curves are shown in supplementary materials for all samples.

Generation of averaged, ‘most probable’ models. For each protein at least 10 ab initio DAMMIN
models were generated with no symmetry constraints applied (P1 symmetry), all were checked for
both consistency in shape and the presence of symmetry. All proteins showed evidence of rotational
symmetry and therefore at least 10 ab initio DAMMIN models were generated with the relevant
symmetry constraints applied. Averaged models were generated by first using the programs
DAMSEL and DAMSUP to remove outliers, select the most typical and align the DAMMIN models,
then aligned models were averaged by DAMAVER. Subsequently DAMFILT was used to produce
the final, most probable model. In all cases enantiomers were allowed where relevant and at least 10
ab initio models were used by DAMAVER. Final models were aligned using SUPCOMB with
enantiomers allowed and symmetry applied where appropriate. SUPCOMB superimposes and aligns
two models based upon the minimal Normalised Spatial Discrepancy (NSD), where NSD is 0 for
identical structures and above 1 for molecules considered systematically different. Except where
stated all P1 models showed P2 symmetry and hence the process was repeated with P2 symmetry
imposed.

L abelling of single cysteine mutantswith Methoxypolyethylene glycol maleimide (MAL -PEG)

For the labelling experiment, the cysteine variants were purified by IMAC only. MAL-PEG (Sigma)
was used at 300 uM to label 6 uM of purified protein. After incubation for 1 hr at room temperature,
the reaction was quenched with 33 mM DTT and analysed by SDS-PAGE gel. MAL-PEG labelling
was detected by colloidal coomassie G-250 staining or western blot using primary antibody anti-His
(Qiagen) and secondary antibody goat anti-mouse conjugated to horseradish peroxidise; (HRP)
(Biorad).

Continuous Wave Electron Paramagnetic Resonance Spectr oscopy

Spectra were taken using a Bruker EMX spectrometer with an ER 4122SHQE resonator. MW power
was 10mW, frequency was 9.876 GHtz and Q value was 7900. The Field centre was 351.910 mT and
the Sweep Range was 10 mT (346.9 mT to 356.9 mT). Spectra were gathered using 2048 data points.
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Data was gathered at room temperature. Spin label concentration was estimated by comparison to a
standard curve calculated using serial dilutions of TEMPO.

Circular Dichroism (CD) Spectroscopy

Data were collected on an Aviv 410 CD Spectrometer using 0.05mm cell, 1nm steps and 0.5s
averaging time at 25°C. Data were analysed with CDtools software and Dichroweb [24] using
CDSSTR and reference data set 7.

Pulsed Electron-Electr on Double Resonance Spectr oscopy

The protein YeSIc26A2-D416C (4mg/ml) was mixed with a 10-fold molar excess of (1-oxyl-2,2,5,5-
tetramethylpyrroline-3-methyl)methanethiosulfonate (MTSSL) and incubated for 12 hr at 4 C.
MTSSL excess was subsequently removed by successive dialysis and buffer exchange into 200 mM
Tris, 300 mM NaCl, 0.2 % Foscholine-12 in D,O (Sigma). Experiments were performed at 50 % D-
glycerol using a Bruker ELEXSYS E580 pulsed spectrometer operating at X-band with a standard
flexline probe hosting a dielectric ring resonator (MD4) and a Bruker 400U second microwave source
unit. All measurements were made at 50 K with an overcoupled resonator giving a quality factor Q of
approximately 100. The video bandwidth was set to 20 MHz. The four pulse, dead-time free
PELDOR sequence was used, with the pump pulse frequency positioned at the centre of the nitroxide
spectrum. The frequency of the observer pulses was set 80 MHz higher, relative to the pump position,
which coincides with the low-field local maximum of the spectrum. The observer sequence used a 32
ns p-pulse; the pump p-pulse was typically 16 ns. The experiment repetition time was 4 ms, and the
number of shots at each time point was 50. The number of time points and scans used were 233 and
109 respectively. Data were analysed using the DeerAnalysis 2011 software package. The dipolar
coupling evolution data were corrected for background decay using a homogeneous three-dimensional
spin distribution model. The distance distribution was determined by fitting of a single Gaussian
distribution model, utilising a 1.5nm linewidth target.

Homology modelling and molecular dynamics

Sequences were submitted to the HHPred and MODELLER servers at the Max-Planck Institute for
Developmental Biology to select homologous proteins and generate homology models, standard
search options were implemented. The STAS domain model was generated using an optimal template
based upon STAS domains from E.coli DauA, Rhodobacter sphaeroides, Vibrio Cholerae, Wolinella
Succinogenes Slc26 proteins and Geobacillus stearothermophilus SPOIIAA.

All-atom molecular dynamics simulations were performed with GROMACS4.6[25], using the
Amber99sb-ildn force field for the protein[26], the Berger model for POPC lipids [27] and the SPC/E
model for water[28]. The structural models were equilibrated for 20 ns with position restraints on
protein heavy atoms. Three independent 100 ns simulations were then performed in the NpT-
ensemble (integration time-step: 2 fs) at 0.15 M NaCl, 1 bar and a temperature of 300 K held constant
by Berendsen [29]and velocity-rescale temperature coupling[30], respectively.

RESULTS
A conserved structural architecture amongst bacterial SIC26A transporters

We have studied two distantly related bacterial homologues to investigate the existence of a common
architecture within the Slc26A family. Analysis of prokaryotic proteins in order to gain insights into
their eukaryotic counterparts is an approach used successfully in the study of many transporter
families[31, 32]. We chose E.coli DauA, 53kDa, and Y. enterocolitica SIc26A2 (YeSIc26A2), 59kDa.
Phylogenetic analysis demonstrates they are from two distinct clades (Figure 1) with an identity of
28%, yet along with other SIc26A proteins, they are predicted to share the common architecture.
These proteins are of particular interest as YeSIc26A2 is the only bacterial homologue for which there
is full-length structural information available (low resolution SANS envelope) [20]and which can be
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purified in high enough yields for deuteration, while DauA is the only bacterial homologue for which
there is both functional and partial structural information available (high resolution structure of the
STAS domain)[10, 13].

We determined low resolution structural envelopes for DauA and YeSIc26A2 by SANS with contrast
variation. SANS is ideally suited to this purpose as contributions from the detergent to the signal can
be reduced to a minimum by the presence of D,O at the correct contrast match point, i.e. H,O/D,0
ratio in the solvent. Further, deuteration of a protein allows for a greater reduction in the relative
contribution of detergent to the signal of the protein, thus increasing the signal to noise ratio. Proteins
can be deuterated for SANS by growth in deuterated minimal media using high cell density cultures.
YeSIc26A2 is expressed readily (0.1mg protein/g cells) in M9 minimal media; DauA expression,
however, in minimal media is extremely low (data not shown) and is therefore not suitable for
deuteration. Thus, we performed SANS experiments on deuterated YeSIc26A2 (dYeSIc26A2) and
non-deuterated (hydrogenated) DauA.

We collected scattering curves from both proteins, as expected dYeSIc26A2 has a dramatically
improved scattering signal when compared to the non-deuterated DauA (Figure 2A), but both sets of
data are suitable for ab initio modelling. The proteins have very similar radii of gyration, 47.7+3.6A
(DauA) and 46.7+0.4A (dYeSIc26A2) (Table S1), suggestive of an overall similar shape.

The ab initio modelling program DAMMIN [23] was used in conjunction with the DAMAVER suite
of programs [33] to generate low resolution envelope models of the proteins as described in the
Experimental Procedures section. Initial ab initio models were generated with no symmetry
constraints (P1 symmetry); individual DauA models are presented in Figure 2B. DAMAVER was
then used to generate averaged, filtered models. Both the ab initio and final P1 (Figure 2C) DauA
models appeared to have P2 symmetry, thus the process was repeated with P2 symmetry applied to
produce a final averaged, filtered model (Figure 2D). Figure 2E shows the fit of predicted scattering
curves of the most typical P1 and P2 DAMMIN models (as selected by DAMSEL) to the SANS data,
the curves are indistinguishable with y* values of 0.679, thus fitting the SANS data well. Both final
P1 and P2 DauA models are extremely similar in appearance and have a bulky central domain with
two distal lobes projecting away. An alignment of the models using the program SUPCOMB (Figure
2F) was used to compare the similarity of the two models, the NSD value of 0.483 confirms that
DauA has genuine P2 symmetry.

The same process was used to generate a final model of dYeSIc26A2 with P2 symmetry imposed
(Figure 3A); the final, most probable P1 model is shown in Supplementary Figure S2B. Fits of the
predicted scattering curves from the DAMSEL-selected, most typical individual P1 and P2 models to
the scattering data are shown in Figure 3B, as for DauA they fit the SANS scattering data well and are
indistinguishable. The %* values, 2.57 (P1) and 2.56 (P2), are higher than for the non-deuterated
proteins as the improved signal to noise ratio means that a small discrepancy between the
experimental data and the predicted DAMMIN scattering curve is heavily weighted and penalised
within the y* value. The P1 and P2 models superimpose well (Supplementary Figure S2C) with an
NSD of 0.505.

The overall shape, architecture and dimensions of DauA and dYeSIc26A2 are very similar and the
two can be aligned with an NSD of 0.549 (Figure 3C). DauA is a slightly larger molecule than
YeSlc26A2, as reflected by the dimensions of the particles 130x80x65A for DauA and 120x75x65A
for dYeSIc26A2, the central domain of DauA appears bulkier with a more prominent central
extension than that of dYeSIc26A2. Overall the dimensions and architecture of the two proteins

demonstrate that there is a conserved structural architecture and domain organisation within the
bacterial SIc26A family.

Oligomeric state

The presence of two-fold rotational symmetry in both the DauA and YeSIc26A2 models suggests the
proteins may exist as dimers, however SANS data alone are not ideal to determine the oligomeric
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state of a protein. To investigate this directly, we used Pulsed Electron-Electron Double Resonance
(PELDOR) spectroscopy coupled with Site-Directed Spin Labelling. By creating a YeSIc26A2 mutant
containing only one cysteine residue the protein can be specifically labelled with the nitroxide spin-
label necessary for PELDOR analysis. The number of coupled spins in the molecule, and hence its
oligomeric state, can be determined by examination of the modulation depth of the[34]. The distance
between the spin labels can also be measured by extraction of distance information from the spin-spin
dipole interactions observed after pulsed microwave radiation. These properties enable us to validate
our models, both the presence of dimerisation and the accuracy of the envelopes.

By inspection of the YeSIc26A2 STAS domain model we published previously [20], position 416 was
chosen as the site for nitroxide spin labelling as it is predicted to be both accessible to the solvent,
thus maximising the likelihood of labelling, and within an a-helix, reducing the possibility of locating
the site in a highly mobile loop region (Figure 4A). The mutation D416C was made in a construct
where the three native cysteines (C15, C51 and C272) were replaced by serine to form Ye-D416C.
Ye-D416C was purified to homogeneity in Fos-cholinel2 and labelled with the nitroxide spin label,
MTSSL. The free spin label was removed by dialysis and successive rounds of buffer exchange.

Continuous Wave Electron Paramagnetic Resonance (CW EPR) was used to confirm that the mutant
can be fully labelled and that the bound label behaves in a way that is consistent with it being attached
to the protein at a solvent exposed position (Supplementary Figure S3A). CD spectral analysis
demonstrates that the labelled mutant folds correctly with a predicted secondary structure content of
51% oa-helix, 11% B-sheet, 16% turn and 21% disordered, almost identical to that of YeSIc26A2
(53% a-helix, 10% B-sheet, 15% turn and 20% disordered) (Supplementary Figure S3B).

PELDOR measurements were made at x-band (Figure 4B). The resultant data, after background
correction, showed a modulation depth of about 0.6 (Figure 4C), typically seen for a dimeric spin pair
interaction. The lack of a defined oscillation on the data negated the use of Tikhonov regularization
for distance distribution determination, however, a Gaussian distribution was fitted to this data. This
cannot give a defined distance but suggests a broad distance distribution centred at about 30-35A
(Figure 4D).

In conclusion, the D416C could be fully labelled and the mutation had no effect on the folding of the
protein. The results obtained by PELDOR spectroscopy analysis firstly demonstrate that YeSIc26A2
forms a dimer and secondly indicates that the distance between the two STAS domains in the dimer is
approximately 30-35A, in good agreement with that of 35-40 A in the SANS model.

SIc26A2 domain organisation

SLC26 proteins possess two domains: a TM domain predicted to comprise 10-14 TMHs and a
soluble, cytoplasmic STAS domain. To investigate the positioning of these domains within the
conserved structural architecture we considered how the TM and STAS domains could be arranged.
The dimerisation interface could be formed by either the TM domains or the STAS domains. To
investigate this arrangement, we generated two classes of YeSIc26A2 variants: one with green
fluorescent protein (GFP) fused after the STAS domain, forming a C-terminal extension, and the other
with the STAS domain removed, forming a C-terminal truncation. We anticipated two possible
outcomes, if the dimerisation occurs via the TM domain the extra bulk of the GFP molecule would be
seen as an extension to the distal regions in the C-terminally extended protein, while these regions, or
parts of them, would be missing in the C-terminally truncated protein, leaving only the symmetrical,
central domain. However, if dimerisation occurs via the STAS domains we expected that the central
region would increase in size when GFP is present whereas the TM domain alone would form much
smaller monomers with no rotational symmetry.

GFP increases the size of the distal lobes

To form the C-terminally extended YeSIlc26A2, two different chimeric GFP-tagged YeSIc26A2
proteins were tested with 3 and 11 amino acid linkers (GSE and GSENLYFHSQF) between the
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STAS domain and GFP to form Ye-3-GFP (MW 0nomer 80.2kDa) and Ye-11-GFP (MW onomer
81.2kDa) respectively. The two differing lengths of linkers were chosen to negate anticipated
negative effects of either a highly mobile GFP molecule causing a loss of scattering signal (in the case
of Ye-11-GFP) or a short linker (Ye-3-GFP) affecting the overall folding of the protein.

Both proteins were purified to homogeneity by gel filtration. Ye-3-GFP and Ye-11-GFP dimers would
be expected to be larger than YeSIc26A2 by ~52 and 54 kDa respectively. In practice, however, it is
not possible to measure exact differences for membrane proteins by gel filtration due to the unknown
quantity of detergent bound to the protein. Elution volumes can be used qualitatively to give an
indication of relative masses. The elution volume for Ye-3-TM from a Superdex 200 gel filtration
column indicates a molecular weight of around 200 kDa and Ye-11-TM around 215 kDa, both
appearing larger than the full length dimeric YeSIc26A2 (~175 kDa).

SANS data were collected for both chimeric proteins as described previously. The scattering curves
(Figure 5A), and thus radii of gyration (51.9£2.2 A Ye-3-GFP and 53.1+2.4 A Ye-11-GFP — Table
S1), are almost indistinguishable demonstrating that the two molecules are identical and the presence
of GFP does not impact upon the folding of Ye-3-GFP.

To identify the location of the GFP, Ye-3-GFP ab initio models were constructed and used to generate
a most probable final structure. As the scattering data for both Ye-3-GFP and Ye-11-GFP are very
similar, we present here only the modelling analysis for Ye-3-GFP. Examples of the predicted
scattering curves from individual, most typical DAMMIN models are shown in Figure 5B, the fits of
the P1 and P2 models to the SANS data are excellent with * values of 0.344 and 0.343 respectively.
P2 symmetry was observed in the initial models (Supplementary Figure S4B) and was therefore
applied to produce the final (P2) model (Figure 5C). The P1 and P2 models align well (Supplementary
Figure S4C) with an NSD of 0.609.

Ye-3-GFP molecule is indeed larger than YeSlc26A2, with dimensions of 165x95x100A (Figure 5C-
D), however when the shape of the molecules are compared it can be seen that Ye-3-GFP has
extended distal domains with the central region relatively unchanged as would be expected if GFP,
and thus the STAS domain, were located in the distal arms. In agreement with this observation, the
radii of gyration are larger for both Ye-3-TM and Ye-11-TM than for YeSIc26A2 alone (46.7+0.4A —
Table S1), also suggestive of a more elongated molecule.

We do not see a single position for the GFP molecule as might have been initially expected, however
GFP and YeSIc26A2 are not expected to specifically interact with each other. It is likely that the GFP
molecule is relatively mobile around the linker attaching it to the static STAS domain giving rise to
multiple positions which are all represented and hence averaged in the scattering data. This would
give rise to a general increase in the observed volume of the domain rather than seeing an extra single,
globular domain, exactly as we observe. Importantly nevertheless, only an increase in the volume of
the distal domains and not the central dimerization domain is observed, which qualitatively supports a
model where the dimerisation interface is formed by the TM domain and the STAS domains are
located in the distal regions.

The TM domain forms the dimerisation domain

In parallel to investigating C-terminal GFP fusion we studied the effect of removing the C-terminal
STAS domain to leave only the TM domain (Ye-TM). The TM domain could not be expressed alone,
however it was readily expressed with a C-terminally fused GFP placed after a TEV protease
cleavable linker. The GFP proteolytically removed after initial IMAC purification and the TM domain
alone further purified to homogeneity. Its apparent molecular mass can be estimated from the size-
exclusion chromatogram as ~125kDa, smaller than for the full-length protein (~175kDa) as expected,
but much larger than that predicted for the monomer (42kDa) suggesting that the TM domain, like the
full length protein, may purify as a stable oligomer.
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SANS data were collected for Ye-TM (Figure 6A) resulting in a radius of gyration of 38.9+3.8 A
(Table S1), as expected smaller than that for the full length protein and suggestive of a more compact
particle. Unexpectedly ab initio models generated with no symmetry constraints (P1) appeared to
have P222 rotational symmetry (Figure 6B), rather than the P2 symmetry seen in the full length and
extended proteins. The presence of P222 symmetry however does not fit either of the anticipated
outcomes: if Ye-TM were forming the dimerisation domain, as predicted by the Ye-3-GFP model, it
would be expected to have P2 symmetry like YeSIc26A2 and Ye-3-GFP or if the STAS domain forms
the dimerisation domain then Ye-TM would be expected to be monomeric with no symmetry.

Firstly we performed CD spectroscopy to confirm that removal of the STAS domain had not
compromised the folding of Ye-TM. The spectral analysis clearly shows that the Ye-TM is fully
folded and stable in detergent micelles with a composition of 53% o-helix, 11% B-sheet, 18% turn
and 19% disordered. To investigate the possibility that Ye-TM genuinely has P222 symmetry, ab
initio models were generated with both the predicted P2 symmetry as well as the observed P222
symmetry. The predicted scattering curves are indistinguishable from each other and the P1 model
(Figures 6C and S5B), fitting the SANS data well with % values of 0.475 (P2) and 0.474 (P222). The
P2 and P222 models are also almost identical to each other (Figure 6D), forming bow tie-like
structures and can be aligned to the P1 model with excellent NSD values of 0.480 (P2) and 0.481
(P222). It is not unexpected that the P2/P222 models are very similar as P2 symmetry is also present
in the P222 model, however from Figure 6E it can be seen that the P222 model is almost identical to
the P1 model suggesting that Ye-TM could have genuine P222 symmetry.

To investigate the possibility of a biological basis for the unexpected presence of P222 symmetry, the
Ye-TM envelope was superimposed with that of dYeSIc26A2 (Figure 6F). It can be seen that the TM
envelope is larger even than the full length protein supporting the possibility that Ye-TM forms an
oligomer of higher order than full-length YeSIc26A2. Examination of the solvent excluded volumes,
derived from a POROD analysis of the SANS data (240000+-30000A%) and the DAMMIN models
(227000A%), being 4.5 and 4.3 times the theoretical value for a monomer (53000 A*), plus the
presence of P222 symmetry which is more usually found in tetramers than dimers, suggests the
possibility that Ye-TM forms a tetramer.

Ye-TM formsadimer of dimers

Close inspection of a superimposition of Ye-TM and dYeSIc26A2 reveals that the upper half of the
molecules are very similar, it is the lower halves that differ (Figure 6F). Given the suspected P222
symmetry within Ye-TM, where the lower half of the molecule would be a rotation of the upper half,
this led us to speculate that Ye-TM consists of a ‘dimer of dimers’. We hypothesised that the STAS
domain is located in the lower portion of the distal arms and hence its removal leaves the upper
portion of the native dimer, the same structure as the upper portion of dYeSIc26A2. To investigate
whether this was possible we made a model of the upper portion of the dYeSIc26A2 P2 model by
removing beads and fitting this and the model of the STAS domain within the dYeSIc26A2 P2
envelope (Figure 7A). If the region which interacted with the STAS domain retains the potential to
form protein-protein interactions, oligomerisation with another Ye-TM dimer, is possible, hence
forming a tetramer with P222 symmetry (Figure 7B). This hypothesis predicts that the three
YeSIc26A2 native cysteine residues, C15, C51 and C272, all localised within the TM domain and
predicted to be on or towards the cytoplasmic face of the protein, would be accessible to the solvent in
the full length protein, but not in Ye-TM. We tested this prediction by attempting to label the native
cysteines with the large thiol specific probe, methoxypolyethylene glycol maleimide (PEG-MAL).

To ensure that any observed labelling was specific to these cysteine residues a cysteine-less mutant
was constructed as well as variants each containing only one of the three native cysteines. The
cysteine-less protein and the three single cysteine variants were incubated with PEG-MAL and the
effects of the label investigated by SDS-PAGE. When PEG-MAL reacts with a cysteine it causes a
band shift upon SDS-PAGE analysis. All three cysteine mutants could be labelled by PEG-MAL,
whereas the cysteine-less protein remained unmodified (Supplementary Figure S6), demonstrating
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that each single cysteine is accessible to PEG-MAL in the full length protein and confirming that any
labelling seen in the full length or Ye-TM proteins is specific to the native cysteine residues.

After incubation of the full length YeSIc26A2 with PEG-MAL three bands appear of increasing
molecular weight corresponding to successive labelling of 1, 2 and 3 cysteines (Figure 7C). When Ye-
TM was incubated with PEG-MAL there was no change in the band pattern, indicating that the
cysteines are no longer accessible to the labelling reagent as we predicted if Ye-TM forms a dimer of
dimers via the cytoplasmic face of the protein. Thus we conclude that the TM domains form the
YeSIc26A2 dimerisation interface with the STAS domain residing in the lower portion of the distal
arms.

Homology M odelling

To complement our experimental study of the domain organisation within SIc26A proteins, we sought
to build homology models for YeSIc26A2 and DauA. The HHPred server [35] for homology
prediction was used in conjunction with the MODELLER homology modelling program [36] to
generate atomic models. Sequences for full length YeSIc26A2, TM (1-429) and STAS (430-481)
domains were submitted separately, as were sequences for the full length and TM domain (1-435) of
DauA. UraA, a uracil transporter of the NCS2 family, was given a 100% probability of being
homologous to the TM domain of YeSIc26A2 and DauA when either the full length protein or the TM
domains were submitted. Hence TM domain models were built using UraA as a template. As expected
the STAS domain was found to be homologous to STAS domains of other Slc26 proteins as well as
anti-sigma factor antagonists and a model was built using the optimal top five matches as selected by
HHPred.

To allow us to confidently compare the YeSIc26A2 homology model with our SANS envelopes we
tested the structural model by subjecting it to 100-ns all-atom molecular dynamics simulations in a
fully hydrated POPC membrane bilayer. The model did not show large deviations from the initial
structure, with a root-mean-square deviation (RMSD) that remained below 1.7 A in all three
simulations, indicating that the model does not suffer from major structural weaknesses (See Figure 8
and Supplementary Figure 7).

DISCUSSION
Conserved structural architecture within the Slc26A4 family

The Slc26A protein family belongs to the APC superfamily and is present from bacteria to man. Its
members are anion transporters, variously able to function as symporters, antiporters and channels,
moving a wide variety of substrates from halides to carboxylic acids across cell membranes [3]. While
a variety of mechanisms may be responsible for this range of functions, there is expected to be a
conserved fold and, therefore, overall structural architecture across the family [12]. Slc26A proteins
are predicted to comprise two domains: a TM domain and a cytoplasmic STAS domain. However, to
date there has been no thorough study to investigate the structural architecture and its conservation
within the family. We have used SANS to investigate both the conservation of, and the domain
arrangement within, the structural architecture of two distantly related bacterial Slc26A proteins,
DauA and YeSIc26A2.

As hypothesised SANS derived envelopes for DauA and YeSIc26A2 appear very similar, consisting
of a bulky central domain with two distal lobes (Figure 3C). They align with an excellent NSD of
0.549, with only minor differences in the central region, thus confirming that there is indeed a
conserved structural architecture throughout the bacterial members of the Slc26A family. Based upon
the proposal from Shelden ef al/, 2010 [11] we infer that this architecture is conserved across the
whole SIc26A family, as has been demonstrated in other transporter families where structural
information has been determined from bacterial homologues[31, 32].

We sought to clearly define the oligomeric state of the molecule and the domain arrangements within
this envelope, allowing us to define a model for the SIc26A proteins. Firstly, as suggested by the P2
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symmetry present in the SANS models and as we previously proposed [20], PELDOR analysis
confirmed that YeSIc26A2 is a dimer. Given the structural similarity between YeSIlc26A2 and DauA
it can be assumed that DauA is also dimeric. To date in all cases where the oligomeric state of an
Slc26A protein has been determined they have been shown to be dimeric [18], except for the motor
protein Prestin for which dimeric and tetrameric states have been reported [17-19, 37, 38].

Secondly, by the use of truncated and extended mutants we investigated the positioning of the TM and
STAS domains within the SANS envelope and therefore which domain is responsible for forming the
dimerisation interface. The addition of GFP at the C-terminus of YeSIc26A2 created an extended
molecule demonstrating that the STAS domain resides within the distal lobes. This is in agreement
with studies that have expressed the isolated STAS domain of YeSIc26A2 [20] and other SIc26A
proteins as monomers with no evidence of dimerization [39]. The location of the TM domain in the
central dimerisation domain was confirmed by inspection of the SANS envelope of the TM domain
alone. This envelope suggests that the TM domain forms not only the central region but also extends
into the upper portion of the distal lobes.

Interestingly, the TM domain could only be expressed as a GFP fusion protein, appearing to form a
‘dimer of dimers’ once the GFP was removed. This suggests that a soluble C-terminal domain is
necessary for correct expression and stability of the protein, however it is not necessary for this to be
the STAS domain itself. Perhaps providing an insight into SLC26-related diseases where trafficking
impairment due to mutation in, and thus misfolding of, the STAS domain has been identified as one of
the causes.

Homology Modelling

An experimentally verified homology model of rat Prestin (SLC26A5) has recently been published
based upon the high resolution structure of UraA from the NCS2 family [16]. Both Slc26A and NCS2
families belong to the APC superfamily[40]. We generated a homology model of YeSIc26A2 based
on the UraA structure using a similar method to compare with our experimentally determined
structural architecture (Figure 8 and Supplementary Figure S7). All-atom molecular dynamics
simulations in a solvated bilayer were used to determine the structural integrity of this model. The
final model has a secondary structure content of 55% a-helix and 11% [B-sheet in excellent agreement
with our experimentally determined composition of 53% o-helix and 11% B-sheet for the TM
domain. Furthermore, the trypsin, and hence solvent, accessible sites identified previously [20] cluster
on the predicted cyto- and periplasmic edges of the molecule (Figure 8B).

In common with the prestin model and UraA structure (refs) the YeSIc26A2 homology model
comprises a ‘core’ domain containing two unusual, short -strands which are thought to play a role in
the transport pathway and a ‘gate’ domain that is proposed to undergo conformational change during
the UraA transport cycle. As in the Prestin model, helices 1, 2 and 9 which contain the Slc26A
signature sequences are situated in the core domain clustered together around the important 3-strand
motif. Residues E252 and N260 which are highly conserved and implicated in human disease are also
positioned in close proximity to this B-strand motif.

Comparison of SANS Envelopes and Homology Models

We placed the YeSIc26A2 TM domain model within the deuterated YeSlc26A2 SANS envelope
alongside a homology model of the YeSIc26A2 STAS domain, positioning the STAS domain within
the lower portion of the distal arms (Figure 8). Whilst the TM domain model appears to fit the central
region of the SANS model relatively well, it does not fill the upper portion of the distal lobe as
predicted by the TM domain SANS envelopes and consequently there is a steric clash with the STAS
domain. It is possible that the SIc26A proteins, or the bacterial members at least, deviate from the
UraA structure in this distal region. However, it is tempting to speculate that the SANS structures
presented here represent the ‘extended’ conformation whereas the homology models represent the
‘contracted’ conformation predicted to occur within these proteins.
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The reasons for the differences between the YeSIc26A2 and DauA envelopes, where the DauA upper
central region is more prominent and the lower portion bulkier than in YeSIc26A2, are clear when the
homology models of the TM domains are aligned (Supplementary Figure S7). The intramembranous
regions are essentially identical, however DauA has larger periplasmic loops, a longer cytoplasmic N-
terminus as well as extra residues within the STAS domain. Thus, when the proposed TM domain
envelopes are positioned within a theoretical membrane bilayer the extra bulk of DauA is solely in the
extramembranous regions.

Together the oligomeric state and domain organisation allow us to propose a model for the conserved,
dimeric architecture of Slc26A proteins where the STAS domains reside in the lower portion of the
distal lobes and the TM domain occupies the central region forming the dimerisation domain. It would
be interesting in the future to investigate this structure using a complete PELDOR analysis.
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Figure 1. Phylogenetic tree of bacterial DauA homologues

Modified from Karinou et al, 2013. Neighbour-joining tree of 766 DauA-related sequences retrieved
from the NCBI database BLASTP. Cluster A is a separate group without any functional annotation.
Bootstrap values are reported only for main clusters. The scale marker represents 0.1 substitutions per
residue.

Figure 2. Abinitio DauA envelope.

(A) Experimentally determined SANS scattering data for DauA and dYeSIc26A2. Q is the scattering
vector and I represent the intensity. (B) Individual DauA models produced by DAMMIN with no
symmetry constraints (P1). (C) Averaged DauA model with no symmetry constraints (P1). (D)
Averaged DauA model generated with P2 symmetry. (E) Experimental DauA SANS data and
predicted scattering curves for typical DAMMIN DauA models generated with no symmetry (P1) and
P2 symmetry constraints over the Q-range used for DAMMIN modelling. (F) Superimposition of
averaged DauA P1 (beads) and P2 (outline) models.

Figure 3. Abinitio dYeSIc26A2 envelope.
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(A) Averaged dYeSIc26A2 model generated with P2 symmetry. (B) Experimental dYeSIc26A2
SANS data and predicted scattering curves for typical DAMMIN dYeSIc26A2 models generated with
no symmetry (P1) and P2 symmetry over the Q-range used for DAMMIN modelling. Q is the
scattering vector and I represents the intensity. (C) Superimposition of averaged P2 dYeSlc26A2
(grey beads) and DauA (cyan outline) models.

Figure4. PELDOR analysis of Ye-D416C

(A) Model of dYeSIc26A2 STAS domain, the position of single cysteine residue, D416C, selected for
PELDOR measurements is highlighted. (B) Uncorrected PELDOR data showing baseline fit (black
line). (C) Background corrected PELDOR data. (D) Distance distribution, single Gaussian fit. See
also Supplementary Figure S3.

Figure5. Abinitio Ye-3-GFP envelope.

(A) Experimentally determined SANS scattering data for Y-3-GFP and Ye-11-GFP. Q is the
scattering vector and I represents the intensity. (B) Experimental Ye-3-GFP SANS data and predicted
scattering curves for typical DAMMIN Ye-3-GFP models generated with no symmetry (P1) and P2
symmetry (P2) constraints over the Q-range used for DAMMIN modelling. Q is the scattering vector
and I represents the intensity. (C) Averaged Ye-3-GFP model generated with P2 symmetry. (D)
Superimposition of averaged P2 dYeSIc26A2 (grey beads) and Ye-3-GFP (green outline) models. See
also Supplementary Figure S4.

Figure 6. Abinitio Ye-TM envelope.

(A) Experimentally determined SANS scattering data for Ye-TM. Q is the scattering vector and I
represents the intensity. (B) Averaged Ye-TM model with no symmetry constraints (P1). (C)
Experimental Ye-TM SANS data and predicted scattering curves for typical DAMMIN Ye-TM
models generated with no symmetry (P1) and P222 symmetry (P222) constraints over the Q-range
used for DAMMIN modelling. Q is the scattering vector and I represents the intensity. (D) Averaged
Ye-TM models generated with P2 and P222 symmetry. (E) Superimposition of averaged Ye-TM
models with no symmetry constraints (beads) and P222 symmetry (outline). (F) Superimposition of
averaged P2 dYeSIc26A2 (grey beads) and P222 Ye-TM models (outline). See also Supplementary
Figure S5.

Figure 7. Oligomerisation of Ye-TM.

(A) Models of the YeSIc26A2 STAS domain and a theoretical TM domain fitted into the envelope of
dYeSIc26A2. (B) Theoretical dimerisation of TM domain dimers fitted inside the envelope of P222
Ye-TM model. (C) SDS-PAGE analysis of full length YeSIc26A2 and Ye-TM labelled with PEG-
MAL. Number of labelled cysteines indicated by arrows. See also Supplementary Figure S6.

Figure 8. YeSIc26A2 Homology Moddl.

Homology model of YeSIc26A2 TM domain after all-atom molecular dynamics simulation. The core
domain (light pink), containing the (3-strand motif (red), and gate domain (light blue) are highlighted.
(A) Viewed from the periplasm. (B) Viewed from the plane of the membrane, trypsin cleavable sites
(green) are shown in stick representation. (C) YeSIc26A2 TM and STAS (cyan) models placed inside
the dYeSIc26A2 SANS envelope (grey outline). Slc26A signature motif regions are highlighted in
blue.
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Sample Rg (A) / Guinier Rg (A) / GNOM
DauA 47.7 +/- 3.6 41.4
dYeSIc26A2 46.7 +/- 0.4 41.5
Ye-3-GFP 51.9+/-2.2 51.7
Ye-11-GFP 53.1+/-2.4 -
YeSTM 39.8 +/- 3.8 38.9




Figure S1. SANS characterisation of DauA.

Distance distribution P(R) used in the modelling of DauA ab initio envelopes.

Figure S2. SANS characterisation of dYeSIc26A2.

(A) Distance distribution P(R) used in the modelling of dYeSIc26A2 ab initio envelopes. (B)
Averaged P1 dYeSIc26A2 model with no symmetry constraints. (C) Superimposition of P1
dYeSIc26A2 (beads) and P2 dYeSIc26A2 (outline) models.

Figure S3. Biochmical characterisation of Ye-D416C

(A) CW EPR spectra for Ye-D416C (B)Ye-D416C and YeSIc26A2 CD spectra.

Figure S4. SANS characterisation of Ye-3-GFP.

(A) Distance distribution P(R) used in the modelling of Ye-3-GFP ab initio envelopes. (B)
Averaged P1 Ye-3-GFP model with no symmetry constraints. (C) Superimposition of P1 Ye-3-
GFP (beads) and P2 Ye-3-GFP (outline) models.

Figure S5. SANS characterisation of Ye-TM

(A) Distance distribution P(R) used in the modelling of Ye-3-GFP ab initio envelopes. (B)
Experimental Ye-TM SANS data and predicted scattering curves for typical DAMMIN Ye-TM
models generated with no symmetry (P1) and P2 symmetry (P2) constraints.

Figure S6. Accessibility of YeSIc26A2 cysteine residues.

MAL-PEG labelling of YeSIc26A2 cysteineless (No cys) and single cysteine (C15, C51 and 272)
mutants.

Figure S7. YeSIc26A2 and DauA molecular dynamics simulations.

100ns all-atom molecular dynamics simulations of homology models in a fully solvated,
POPC bilayer. (A) Overlay of final YeSIc26A2 model after all-atom molecular dynamics
simulations in fully solvated POPC bilayer (rainbow: N-terminus blue to C-terminus red)
overlaid with UraA (grey; pdb: 3QE7). (B) Three independent RMSD trajectories for the
YeSIc26A2 homology model over the course of molecular dynamic simulations. (C) Overlay
of final DauA and YeSIc26A2 models. (D) Three independent RMSD trajectories for the DauA
homology model over the course of the molecular dynamic simulations. (E) Final YeSIc26A2
model with conserved residues shown as sphere representation. The core domain is shown
in light pink, the gate domain in light blue, the -strand motif (red) and helices containing

the signature motif (dark blue).
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