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Abstract

The Slc26 family proteins, with one possible exception, transport anions across membranes in a
wide variety of tissues in vertebrates, invertebrates, and plants. Mutations in human members of
the family are a significant cause of disease. Slc26 family proteins are thought to be oligomers, but
their stoichiometry of association is in dispute. A recent study, using sequential bleaching of
single fluorophore-coupled molecules in membrane fragments, demonstrated that mammalian
Slc26a5 (prestin) is a tetramer. In this report, the stoichiometry of two non-mammalian prestins
and three human SLC26 proteins has been analyzed by the same method, including the
evolutionarily-distant SLC26A11. The analysis showed that tetramerization is common and likely
to be ubiquitous among Slc26 proteins, at least in vertebrates. The implication of the findings is
that tetramerization is present for functional reasons.
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Introduction

The Slc26 family proteins are functionally important anion transport proteins. The family
has ten known members. They exhibit diverse anion specificities and mechanisms, including
single anion transport, paired exchange, and some members also act as ion channels to some
substrates. The Slc26 family includes one member (Slc26a5), the protein product of which is
prestin. Mammalian prestin may (Bai et al., 2009; Mistrik et al., 2012; Schanzler and
Fahlke, 2012) or may not (Schaechinger and Oliver, 2007; Tang et al., 2012) transport
anions, but is essential for hearing, as demonstrated by knock-out and knock-in mouse
models (Dallos et al., 2008; Liberman et al., 2002).

Mutations of human SLC26 proteins are involved in several significant disease processes.
Some mutations in SLC26A4, the protein product of which is pendrin, result in Pendred
syndrome, which involves both a progressive hearing loss and goiter, while other mutations
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lead to the non-syndromic hearing loss DFNB4 (Kere, 2006). Mutations in SLC26A2 result
in dystrophic dysplasia, while mutations in SLC26A3 result in congenital chloride diarrhea.
Although they are limited to a few kindreds, mutations in SLC26A5 have been linked to
sensorineural hearing loss (Liu et al., 2003; Teek et al., 2009; Toth et al., 2007).

All Slc26 proteins appear to be oligomers, but the stoichiometry of association has been in
dispute. One study used blue native polyacrylaminde gel electrophoresis (BN-PAGE) to
suggest that rat prestin, a zebrafish ortholog (Danio rerio Slc26a5), a human paralog (Homo
sapiens SLC26A3), and a prokaryotic homolog (Pseudomonas aeruginosa SulP) all formed
homo-dimers (Detro-Dassen et al., 2008). Another study suggested that, while the pendrin
can form dimers, it more likely exists as a monomer (Porra et al., 2002). Analyses of prestin
by Western blots and an electron density map have variously suggested dimeric or
tetrameric configurations (Detro-Dassen et al., 2008; Mio et al., 2008; Zheng et al., 2006). A
Western blot study also suggested that dimeric configurations were a common feature of
Slc26 proteins (Detro-Dassen et al., 2008). However, the methods employed have
limitations, including that the proteins are not in their native environment, the plasma
membrane.

A recent study analyzed the sequential bleaching of single molecules of enhanced green
fluorescent proteins (eGFPs) coupled to prestin in membrane fragments (Hallworth and
Nichols, 2012). A plasmid expressing prestin-eGFP was transfected into the Human
Embryonic Kidney (HEK) cell line. The presence of mature prestin protein in the plasma
membrane was confirmed by electrophysiological methods and by optical correlation of the
eGFP fluorescence with the binding of wheat germ agglutinin coupled to Alexa Fluor 568
(Currall et al., 2011b). Isolated membranes, attached to the glass bottom of a culture dish,
were obtained by osmotic lysis. Single molecules of eGFP were detected using a high
numerical aperture objective and a cooled electron-multiplying charge-coupled device
camera. The preparations were sequentially imaged under continuous low-level excitation
from a mercury source until all or most fluorophores were bleached to background level.
The fluorescence of single-molecules over time was analyzed off-line using code written in
MatLAB. Single molecule fluorescence was found to decrease in discrete approximately
equal steps, which were taken to signify the bleaching of single eGFP molecules. By
counting the number of steps required to bleach the single prestin-eGFP molecules to
background fluorescence levels (with a correction for inherently dark fluorophores), the
study determined that prestin in membranes adopts a tetrameric configuration. This method
overcomes the limitations of previous methods because the protein is in its natural
environment, the plasma membrane.

The existence of a common stoichiometry among Slc26 protein molecules would suggest the
existence of common functional mechanisms. This study presents the analysis of the
membrane stoichiometry of a comprehensive range of Slc26 proteins, using the same
method of bleach step counting. Included in the measurement set were a mammalian prestin
(gerbil prestin, gPres), and the orthologous chicken and zebrafish prestins (cCPRES, zpres),
which are not motor proteins and function as conventional anion transporters (Schaechinger
and Oliver, 2007). The proteins analyzed also included three mammalian (human) paralogs:
SLC26A4, SLC26A9, and SLC26A11, which is the most divergent of the family in our
analysis.

Materials and Methods

1. Plasmids, Cells, and Transfection

A plasmid encoding gerbil prestin in frame with eGFP was a gift from Peter Dallos,
Northwestern University. A plasmid encoding the gene for human ORAIL, coupled c-
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terminal to eGFP, was a gift from Michael Cahalan, University of California-lrvine (Penna
et al., 2008). Plasmids expressing cPRES and zPres cDNA were gifts from Dominic Oliver
(Phillips University, Marburg) and were cloned in-frame with eGFP. Plasmids containing
cDNA for the human SLC26A4, SLC26A9, and SLC26A11 genes were obtained from Open
Biosystems (Thermo Scientific, Huntsville, AL). Plasmids containing the SLC26A4 and
SLC26A9 genes in frames with eGFP were gifts from David He (Creighton University) and
have been demonstrated to transport anions (D.Z.Z. He, personal communication). A
plasmid encoding the gene for SLC26A11 in frame with eGFP was created by standard
methods.

Cells (HEK 293) were cultured on glass-bottomed culture dishes (MatTek, Ashland, MA).
Transfections of 60-80% confluent cells were performed using Lipofectamine 2000
(Invitrogen) following the manufacturer's instructions.

2. Osmotic Lysis Method

Dishes of cells were observed 12—-24 hours after transfection. Cells were lysed using the
method of Hallworth and Nichols (2012). Cells were exposed to a hypoosmotic buffer in the
cold for 30 mins. The buffer consisted of 4 mM PIPES and 30 mM KCI (pH 7.8, 80 mOsm).
Cells were then repeatedly subjected to a stream of buffer delivered via a blunted 28 gauge
hypodermic needle.

3. Observation of eGFP Fluorescence

Sequences of fluorescence images were acquired using a DU-897E cooled back-thinned
electron-multiplying charged-coupled device camera (Andor Technology, Belfast, Northern
Ireland). Excitation and observation were performed using a mercury excitation source
filtered by either a standard fluorescein filter set or a filter set specific for eGFP (Chroma
Endow long pass, 41018, Chroma Technology, Bellows Falls, VT). A neutral density filter
attenuated the excitation to retard bleaching. The camera electronics were cooled to —=70°C.

Presumed membrane fragments containing fluorescence were observed at room temperature
on the stage of an Olympus IX-70 inverted fluorescence microscope via a 100x
magnification, 1.40 numerical aperture objective. Images were typically acquired for 1500
frames at 0.2 s per frame over a 128 by 128 or 256 by 256 pixel image (equivalent to 19.2
by 19.2 pym or 38.4 by 38.4 pm).

4. Analysis of Single-Molecule eGFP Fluorescence

The analysis of single molecule fluorescence is illustrated in Fig. 1. Regions of interest
(ROIs) containing putative single molecule fluorescence were distinguished from random
noise by following the ROI over sequences of images. Consecutive pairs of images in a
stored sequence were averaged and the resulting images spatially filtered. Background
subtraction was performed using an estimate of the background fluorescence of each image
as a function of time, using a 9 pixel by 9 pixel ROI (1350 nm by 1350 nm) placed adjacent
to but not overlapping potential single molecules. Analysis of image sequences was
performed using a procedure developed in MatLAB (The MathWorks, Natick, MA). Images
were smoothed using a 3 point low-pass spatial filter. A clipped ROI, overall dimensions 5
pixels by 5 pixels (750 nm by 750 nm), was selected to encompass putative single-molecule
fluorescent points. The total fluorescence (in arbitrary units) of the point was calculated for
each image in a sequence using the clipped ROl illustrated in Fig. 1A as a mask. The
summed ROI fluorescence was then averaged, and the values were stored and plotted in
temporal order as a record.
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In all records, instantaneous or near-instantaneous step decrements in fluorescence were
observed. These were presumed to be single eGFP molecule bleaching events. Records were
analyzed only if the fluorescence reached background levels during the observations.

On the first analysis pass, step sizes were determined as the unsigned magnitudes of the step
decrements in fluorescence in each record. Step sizes were determined by inspection using a
custom procedure written in MATLAB (The MathWorks, Inc., Natick, MA). The sizes of all
observed steps in an experiment were then pooled and plotted in histogram form. The
distribution of step sizes was fitted to the sum of two Gaussian functions as follows:

T (_ (x— u;)z) A (_ (x — 2/1‘?)2) "
o \21 202 20, V21 802

where Az and A are positive constants and pgand o are the mean and the standard
deviation. Fits were obtained using the Levenberg-Marquardt non-linear curve-fitting
algorithm in Origin (OriginLab Corp., Northampton, MA). Experimental data were rejected
if the correlation coefficients (R?) were less than 0.9.

For each putative single molecule, the step count (the observed number of steps to bleach
the ROI to background levels) was determined by inspection of the record, informed by the
average step size p as determined above. The fluorescence in most ROIs reached
background fluorescence levels, as determined by sampling the fluorescence of ROIs
adjacent to the point, within 1500 frames. All putative single molecule observations meeting
the above criteria were included in the analysis.

The distribution of step counts was plotted in histogram form. As demonstrated in our
previous paper (Hallworth and Nichols, 2012), and elsewhere (Ji et al., 2008; Madl et al.,
2011; Ulbrich and Isacoff, 2007), not all eGFP molecules fluoresce. In the previous study,
the fraction of functional eGFP molecules was about 65%, the remaining 35% being
presumed to be dark. To correct for dark fluorophores, we analyzed the step count histogram
using a binomial model, in which the fraction of fluorescing fluorophores was assigned the
value p, the fraction of non-fluorescing fluorophores is g (= Z- p), and the integer sample
size is n. The step count histogram was fit to a binomial sampling distribution as follows:

where pand g are as defined above, A is a positive constant, and #is the integer sample size,
which in these experiments corresponds to the stoichiometry of the molecule.

5. Determination of Stoichiometry

The step count histograms could often be fit to varying degrees by a range of pand 7 values.
In these experiments, we assumed that p would be the same for each SIc26 protein, because
it is presumably an intrinsic property of eGFPin our expression system. However, the mean
of a binomial distribution, y, is 7p. We therefore made three independent measures of p
from three experiments on gPres coupled to eGFP. We assumed tetrameric stoichiometry (7
= 4), based on the findings of Hallworth and Nichols (2012) and then calculated p for each
experiment. We then calculated our estimate of p, pgss as the average of those three
determinations. For subsequent experiments, we computed the average step count p.from
the data, and estimated the stoichiometry 77 from pJpass
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6. Bioinformatics

Results

The evolutionary history of the Slc26 family was inferred by using the Maximum
Likelihood method based on the JTT matrix-based model (Jones, et al., 1992). Amino
residue sequences were curated from either Ensembl (using predefined homology) or NCBI
(using BLAST). The analysis involved 42 amino acid sequences. All positions containing
gaps and missing data were eliminated. There were 299 positions in the final dataset.
Multiple sequence alignment (MSA) and phylogeny analysis were performed using Mega5
(Tamura et al., 2011). The MUSCLE algorithm was applied for MSA and a maximum
likelihood tree algorithm used to calculate phylogeny. Initial tree(s) for the heuristic search
were obtained automatically as follows. When the number of common sites was < 100 or
less than one fourth of the total number of sites, the maximum parsimony method was used,;
otherwise the BIONJ method with the MCL distance matrix was used.

1) Evolutionary Relationships of Slc26 Proteins

To define a suitable selection of Slc26 sequences, we examined their evolutionary distance,
as described in the Methods section. The results are shown in Fig. 2. As expected, cPRES
and zpres Slc26a5 orthologs were closely related to mammalian prestin. Slc26a6 orthologs
were closely related to the Slc26a5 orthologs and the two combined represented a major
branch in Slc26 phylogeny. The next closest branches in the Slc26 family were found to be
the Slc26a3 and Slc26a4 paralogs, followed by the Slc26a8 and Slc26a9 paralog. The most
distant protein to prestin was the Slc26al1 paralogs. By this analysis, gPres, cPRES, and
zpres were considered good representatives of both mammalian and non-mammalian
orthologs. SLC26A4, SLC26A9, and SLC26A11 are representatives from major branches in
the Slc26 family of proteins and their analysis would therefore provide a comprehensive
survey of stoichiometry in Slc26 proteins.

2) Estimation of the Fraction of Fluorescing eGFP molecules, pest

As described in the Methods section, we used measurements on gPres to establish an
independent estimate of pfor eGFP in our expression system (pess), Which was then used to
determine the stoichiometry of the Slc26 orthologs and paralogs. A representative example
of the three experiments used in the determination of p,g is shown in Fig. 3. We took gPres
to be a tetramer, as had previously been established (Hallworth and Nichols, 2012). In the
three experiments, we found the average step count pto be 2.81, 2.64, and 2.80 (see Table
1). The computed value of p for each experiment was then 0.70, 0.66, and 0.70, the average
of which (pes) was 0.69 (£ 0.1). This value corresponds closely to the value of p observed in
(Hallworth and Nichols, 2012) for gPres, which was 0.67.

As a positive control, we performed three methodologically identical experiments with a
plasmid expressing the dimeric protein Orail, coupled to eGFP. A representative example of
the three experiments is shown in Fig. 4A. Fig. 4A1 shows the distribution of step sizes,
from which the average step size ugwas determined, as shown in the figure, along with the
standard deviation o, We then determined the step count for each fluorescent point
observed, using the average step size for that experiment s as a guide where ambiguity
existed. We then calculated the values of 77 for each experiment, using the average step
counts pdivided by peg. As shown in Table 2, the computed /7 was two (rounded to the
nearest integer) in all three experiments. Thus we concluded that the step counting method
and binomial analysis reliably determines the stoichiometry. The experimentally-observed
distribution of step counts is shown in Fig. 4A2, along with the predicted distribution of step
counts for the same number of observations A, assuming 7 = 2and pggis 0.67. The
agreement is remarkable.
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3) Sequential Bleaching Analysis of Prestin Proteins

We first examined stoichiometry in mammalian prestin and the non-mammalian prestins
cPRES and zpres, using the single molecule sequential bleaching analysis described in the
Methods section. Representative examples of the three experiments used in each
determination are shown in Figs. 4B and 4C. We measured the average step size and average
step count in experiments that were methodologically identical as that for gPres and ORAI1,
and calculated the stoichiometry from the average step counts p . divided by pps+ As shown
in Table 2, in both cases the calculated value of 7, when rounded, was four, which we
interpret as the number of subunits in each molecule.

4) Sequential Bleaching Analysis of Slc26 Family Proteins

We then tested the stoichiometry of the three SLC26 paralogs using the same experimental
and analytical methods. Representative experiments on each are shown in Fig. 5. As shown
in Table 2, in three experiments on each protein we found average step counts that, when
divided by p,s resulted in values of 7 (i.e., the stoichiometry of the molecules) consistent
with tetramerization.

Discussion

Comparison of the Single Molecule Sequential Bleaching Approach with Previous Studies

Our findings imply that tetramerization is a consistent feature of vertebrate Slc26 proteins
from widely divergent lineages. The implication is that tetramerization is universal in the
family, at least in vertebrates.

The sequential bleaching method of determining subunit stoichiometry is not original to us
and has been successfully applied to membrane proteins in several recent studies (Das et al.,
2007; Durisic et al., 2012; Ji et al., 2008; Penna et al., 2008; Ulbrich and Isacoff, 2007). In
some of these studies, the method was tested against membrane proteins of known
stoichiometry and found to yield the correct result (Hallworth and Nichols, 2012; Ji et al.,
2008; Ulbrich and Isacoff, 2007). The method does not rely on biochemical approaches that
remove the proteins from their normal lipid environment. In contrast, gel-based methods to
the study of stoichiometry of Slc26 proteins have given contradictory results. The BN-
PAGE approach used in Detro-Dassen et al. (2008), which yielded dimeric configurations
for three Slc26 proteins including prestin, is thought to at least reduce the effects of
solubilization on membrane proteins. However, the same claim of non-denaturing properties
was also made for the perfluoro-octonoate—-PAGE western blot used by Zheng et al. (2006),
and that study yielded tetramers of prestin from both yeast and TSA-201 expression
systems. Further, the n-dodecyl B-D-mannoside purification of prestin from membranes
yielded particles that had four-fold symmetry on examination by electron density mapping
(Mio et al., 2008).

A possible resolution of the disparity in the results may be found in the study of by Zheng et
al. (2006). This study found that that the tetrameric association of prestin was weak, in that it
was broken down in lithium dodecyl sulfate, whereas the dimer association was resistant
even to B-mercaptoethanol. The authors suggested in effect that .prestin is a dimer of dimers.
It is therefore possible that the Detro-Dassen study saw only the stronger dimer interaction
and missed the weaker “dimer of dimers interaction”, which was perhaps more likely to be
preserved in our approach.

The single molecule sequential bleaching method has its limitations, and these are
extensively discussed in {Hallworth, 2012 #11003}. The high levels of shot noise compared
to the beaching step size effectively limits stoichiometry determination to single-digit
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numbers. It is also certainly possible that smaller levels may exist undetected in the noise of
our records. However, the Gaussian fits to the histograms of our step size results (which had
correlation coefficients of greater than 0.9), strongly suggest that we are studying a uniform
population of bleaching events, consistent with the bleaching of single eGFP molecules.
Finally, the uncertainty of the determination of the value of pin our approach confers some
uncertainty about the determination of 7. However, the correct prediction of the
stoichiometries of CNGAZ3 (in our previous study) and ORAIL here reinforce confidence in
our results.

Implications of Tetrameric Oligomerization

We suggest that, because tetramerization has been preserved in evolution, it is likely to be
functionally important to Slc26 proteins. We further suggest that there may be
oligomerization motifs common to members of the Slc26 family. Our suggestion is
supported by a recent fluorescence (or Forster) resonance energy transfer study that found,
not only homo-oligomerization between identical Slc26 subunits, but also hetero-
oligomerization between subunits of divergent Slc26 proteins (Currall et al., 2011a).

We have not yet had the opportunity to examine the stoichiometry of an invertebrate Slc26
protein, such as Drosophila prestin. We note that tetrameric oligomerization may not extend
beyond the animal kingdom. A recent study using small angle neutron scattering
demonstrated that an Slc26 transporter from Yersinia enterocolitica purifies as a dimer
(Compton et al., 2011).

Possible Oligomerization Motifs

A likely location for the oligomerization motifs is the carboxy terminal. In all Slc26 proteins
so far studied, the carboxy terminal is large and intracellular (in mammalian prestin it
comprises 247 of the overall 744 residues). In Slc26 proteins, the carboxy terminal includes
a large domain with homology to the bacterial spollAA proteins, the Sulfate Transporter and
Anti-Sigma factor (STAS) domain. Fragments encompassing 200 or more residues of the
STAS domain have been shown to self-associate in solution (Pasqualetto et al., 2008).
However, in Y. enterocolitica purified dimeric protein, the carboxy terminals face away
from each other, thus their interaction motifs must lie elsewhere (Compton et al., 2011).

Cooperativity in the Slc26 Family

As suggested above, the ubiquity of tetramerization in the Slc26 family suggests it has a
functional role. It is natural to ask if the subunits act cooperatively to effect ion transport.
There is very little evidence for or against cooperativity in the Slc26 family. For the atypical
Slc26 protein prestin, which is not primarily an anion transporter, contradictory evidence
exists. One study found cooperative interactions between dual mutated copies of prestin
(Detro-Dassen et al., 2008). However, another study, using an indirect measure of function,
found no such evidence in the native protein (Wang et al., 2010). The resolution of this
question must await a deeper understanding of the relationship between structure and
function in the Slc26 family of proteins.
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Figure 1.

A) Image of a single molecule showing the mask used for analysis. The scale bar represents
750 nm. B) Representative example of the time courses of fluorescence from experiments
such as Figure 1A. The scale bars represent 50 s (time, horizontal) and 200 average counts
(amplitude, vertical).
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Figure 2.

Molecular phylogenetic analysis of SIc26 proteins by the Maximum Likelihood method. The
tree with the highest log likelihood (-15058.5) is shown. The tree is drawn to scale. The
scale bar represents the number of substitutions per residue.
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Figure 3.

Histograms of step size (A, in arbitrary units) and step counts (B) for a representative

Page 12

experiment in the determination of p. In A, the Gaussian fit parameters are given on the

figure. The solid line and points in B shows the predicted distribution of step counts

assuming n=4.
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Figure4.

Histograms of step size and step counts for single representative experiments in the
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determination of Slc26 stoichiometry. A) Histograms of step sizes (A1, in arbitrary units)

Microsc Microanal. Author manuscript; available in PMC 2013 September 10.

and step counts (A2) from a single experiment on positive control ORAI1-eGFP. B)
Histograms of step sizes (B1, in arbitrary units) and step counts (B2) from a single
experiment on cPRES-eGFP. C) Histograms of step sizes (C1, in arbitrary units) and step
counts (C2) from a single experiment on zpres-eGFP. The fit parameters for the step size
distributions are given on the figures. In the step count histograms, the parameters show are
the distribution mean . and the number of points analyzed N. The solid lines and points
show the predicted distribution of step counts assuming p = pest = 0.69and nis the
calculated integer value given in Table 2.
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Figureb.

Histograms of step size and step counts for single representative experiments on SLC26
paralogs. A) Histograms of step sizes (A1, in arbitrary units) and step counts (A2) from a
single experiment on SLC26A4-eGFP. B) Histograms of step sizes (B1, in arbitrary units)
and step counts (B2) from a single experiment on SLC26A9-eGFP eGFP. C) Histograms of
step sizes (C1, in arbitrary units) and step counts (C2) from a single experiment on
SLC26A11-eGFP eGFP. The fit parameters for the step size distributions are given on the
figures. In the step count histograms, the parameters show are the distribution mean p>¢ and
the number of points analyzed N. The solid lines and points show the predicted distribution
of step counts assuming p = pest = 0.69and nis the calculated integer value given in Table
2.
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Determination of peg;

Step Count
Number of molecules | n He p
79| 4| 281 | 0.70
75| 4] 2.64 | 0.66
59 | 4| 280 | 0.70
Mean (pes) | 0.69
SEM. | 0.01
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Table 2
Determination of Slc26 Protein Stoichiometry.
Protein Step Size Step Count Integer n (stoichiometry)
Hs 05 | Number of molecules Hc | Calculated n (= Hc /Pes)

ORAI, 65.28 | 31.48 50 | 1.42 2.07 2

86.55 | 50.68 60 | 1.58 231 2

83.45 | 49.67 51 | 1.55 2.26 2

cPRES 76.13 | 37.69 98 | 2.65 3.87 4

110.06 | 75.52 242 | 2.63 3.83 4

115.42 | 72.92 104 | 3.06 4.46 4

zpres 107.7 | 68.73 86 | 2.58 3.76 4

111.05 | 64.41 52 | 2.85 4.15 4

80.24 56.1 127 | 2.53 3.68 4

SLC26A, 7597 | 4731 63 | 2.56 3.73 4

84.92 46.2 57 | 2.42 3.53 4

86.1 | 45.65 41 | 2.59 3.77 4

SLC26Aq 77.04 | 35.02 33 | 2.67 3.89 4

71.43 | 39.73 36 | 2.50 3.64 4

94.65 | 52.82 44 | 2.89 4.15 4

SLC26A;; | 107.77 | 57.86 101 | 2.65 3.87 4

105.12 | 59.83 89 | 2.53 3.69 4

98.49 | 63.91 50 | 2.44 3.56 4
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