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Synopsis

The proposed Ca2+-activated Cl− channel protein Bestrophin 1 (Best1) is expressed and

functionally important in the retina and in the brain. Human BEST1 has two known splice variants,

Best1V1 and Best1V2, which arise from alternative splicing of two exons: exon 2 splicing results

in a unique N-terminal domain, whereas alternative splicing of exon 11 produces two mutually

exclusive C-termini. Prior studies were limited to Best1V1 and its clinically relevant mutations. In

the present work, we cloned a novel splice variant of Best1V1 missing exon 2 (Best1V1Δex2) and

differing from each of the two previously identified isoforms by one alternatively spliced domain.

This finding allowed us to determine the role for alternative splicing of the Best1 N- and C-

termini. We heteroexpressed Best1V1Δex2 in HEK293 cells, and compared its properties to

Best1V1 and Best1V2. Western blot analysis confirmed protein expression from all three splice

variants. Both Best1V1 and Best1V1Δex2 successfully formed Ca2+-activated Cl− channels,

demonstrating that the N-terminus encoded by exon 2 is not essential for channel function. In

contrast, Best1V2 expressing cells had no detectable Ca2+-activated Cl− currents, pointing to a

critical role for splicing of the C-terminus. Surface protein biotinylation demonstrated that

Best1V1 and Best1V1Δex2 are trafficked to the plasma membrane, whereas Best1V2 is not. These

results define the impact of alternative splicing on Best1 function, and should be taken into

consideration in future modeling of the Best1 protein structure.
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Introduction

The Bestrophin family is composed of four human genes that form transmembrane proteins

[1-3]. When heteroexpressed in HEK293 cells, all four human Bestrophin genes produce

novel and unique Cl− anion currents [4,5]. Mutations in one family member, Bestrophin-1

(BEST1 or VMD2), have been linked to five distinct ocular pathologies in humans: an

autosomal dominant form of juvenile blindness known as Best vitelliform macular

dystrophy, adult-onset foveomacular vitelliform dystrophy, autosomal dominant

vitroretinochoroidopathy, autosomal dominant MRCS (microcornea, rod-cone dystrophy,

early-onset cataract, and posterior staphyloma), and autosomal recessive bestrophinopathy

(see [1,2,6] and reviews [7-9]). Expression of Best1 is particularly high in the retina and

retinal pigment epithelium, consistent with a role in visual system. However, Best1 mRNA

expression have also been detected in testes, spinal cord, and the brain [2,3,10]. Emerging

studies suggest that in the brain Best1 forms glial Cl−/anion channel and is responsible for

release of neurotransmitters GABA and glutamate from astrocytes [10-13]. Best1-mediated

GABA release has been shown to contribute to tonic inhibition of neuronal activity in

cerebellum and perhaps other brain regions [11].

Homologous Bestrophins genes have been identified throughout the animal kingdom,

including in the model organisms Drosophila melanogaster and Caenorhabditis elegans [7].

A high degree of conservation is seen in the N-terminal portion of all Bestrophin proteins,

particularly in areas composed of hydrophobic amino acids that are hypothesized to encode

transmembrane domains [7,14]. GenBank lists two principal human Best1 variants, Best1V1

and Best1V2, whose protein products differ in both the N- and C-termini due to alternative

splicing (first reported by Wistow et al. [15]). While the first exon is common to both

variants, it does not contain a translational start site. As translation initiates at a start codon

in either exon 2 or exon 3, depending on alternative splicing, inclusion of exon 2 in the

Best1V1 variant results in a protein with a longer, unique N-terminus. The amino acid

sequence encoded by exon 2 is thought to form a transmembrane domain and lack of this

fragment in Best1V2 may have important functional consequences [5,16]. Alternative

splicing at the C-terminus of Best1V2 replaces the terminal 5 amino acids of Best1V1 with a

unique 84-amino acid sequence. The C-terminus of canonical Best1V1 variant, which is

predicted to be located in the cytoplasm, has been shown to play numerous roles. It contains

a putative calcium-sensing domain, and both truncations or point mutations in this domain

can dramatically reduce Ca2+ activated Cl− currents in heteroexpression systems [17,18].

Furthermore, it has been reported that the N- and C-termini of the Best1 protein allow for

inter-domain interactions and binding [19]. In the latter study, the authors proposed that

Best1 multimerization via the N-C-termini interactions is critical for channel function. The

functional effects of alternative splicing of the C-terminus are not known.

In the present study, we cloned several Best1 splice variants from normal and malignant

human glial cells. In addition to the previously reported Best1V1 and Best1V2 isoforms, we

identified a novel Best1V1 splice variant lacking exon 2 (Best1V1Δex2). This splice variant

allowed us to explore the functional significance of the N- and C-terminal portions of the

Best1 protein. With this purpose, we heteroexpressed Best1V1, Best1V2, and the novel

Best1V1Δex2 in HEK293 cells and compared their ability to form ion channels.
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Surprisingly, Best1V1 and Best1V1Δex2, but not Best1V2, generated Ca2+- activated Cl−

channels. These results indicate that the exon 2-encoded N-terminus is not essential for

formation of functional Ca2+-activated Cl− channel. In contrast, the cytoplasmic C-terminus

appears to play a critical role, likely via its impact on protein stability.

Experimental

Cell cultures

HEK293 cells (ATCC, passage unknown), human glioblastoma cells U251-MG (gift of Dr.

M.G. Kaplitt, Cornell University, New York, NY; passage unknown), retinal pigment

epithelium cell line ARPE-19 (gift of Dr. S. Temple, NY Neural Stem Cell Institute,

Rensselaer, NY; passage unknown), and primary human astrocytes (ScienCell Research

Laboratories, Carlsbad, CA, passages 2-4), were cultured in DMEM medium supplemented

with 10% fetal bovine serum (FBS), 50 U/ml penicillin and 50 μg/ml streptomycin. Cells

were grown at 37°C in a humidified atmosphere of 5% CO2/95% air. Cell culture medium

was replaced twice a week, and cells were passaged as necessary using recombinant

protease TrypLE Express. All culture reagents were from Life Technologies/Invitrogen

(Carlsbad, CA).

Primary glioblastoma cells were prepared from surgical samples of pathologically confirmed

glioblastoma multiforme. All relevant procedures have been carried out in adherence to the

Declaration of Helsinki of the World Medical Association. Tissue was obtained directly

from the surgical suite under a protocol approved by the Albany Medical Center Institutional

Review Board and with written patient consent. Tumor tissue (∼200-300 mg) was washed

twice with ice-cold Ca2+-, Mg2+-free phosphate buffered saline (PBS, pH 7.4), minced to

small pieces and treated with a solution of 0.125% Trypsin/0.015% EDTA in PBS

containing 250 μg/ml DNAse I. After brief digestion, tissue fragments were triturated using

a fire-polished glass Pasteur pipette, and the resulting cell suspension was filtered through a

Nylon cell strainer (70 μm, BD Falcon, Bedford, MA, USA). Cells were grown in T75 cell

culture flasks in DMEM plus 20% FBS supplemented with 100 U/ml penicillin, and 100

μg/ml streptomycin at 37°C in a humidified atmosphere containing 95% air and 5% CO2.

The astroglial origin and homogeneity of the resulting cultures were previously confirmed

by immunocytochemical staining for glial fibrillary acidic protein (anti-GFAP monoclonal

antibody, G3893, Sigma-Aldrich, St. Louis, MO) [20].

Cloning of Bestrophin-1

mRNA was isolated from cell cultures using the RNAqueous-4PCR kit (Applied

Biosystems/Ambion, Austin, TX) according to the manufacturer's instructions.

Concentrations of mRNA were quantified using a NanoDrop 1000 (Thermo Fisher

Scientific, Wilmington, DE). mRNA was converted to cDNA using the iScript cDNA

Synthesis kit (BioRad Laboratories, Hercules, CA) following the manufacturer's

instructions, and using proportion of one μg mRNA per 20 μl reaction mix The primers used

for amplification in RT-PCR were purchased from Life Technologies/Invitrogen. The

sequence of the upstream primer located in exon 1 was

TGTTGACTGCAGCCCGGTATTCAT. This was combined with a downstream primers
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specific for either Best1V1 (ACAGCTGTATGGCTGTGACTGGAT) or Best1V2

(TGGTCAGCACAA CCTCATCTTCCT). Amplification was performed using 5 PRIME

MasterMix (5 PRIME, Inc., Gaithersburg, MD). The resulting PCR products were separated

on an agarose gel and isolated using Gel Extraction Kit from Qiagen-USA (Valencia, CA).

Cloning was performed using the TA Cloning Kit (Life Technologies/Invitrogen) per

manufacturer's instructions. Unique clones were initially identified by restriction digestion

and subsequently commercially sequenced (Genewiz, South Plainfield, NJ).

Transient transfection of Best1-containing vectors

For expression studies, two canonical Best1 clones, Best1V1 (catalogue #SC310244), and

Best1V2 (SC325224) were purchased from Origene (Rockville, MD). Additionally, C-

terminus myc/DDK tagged versions of both these proteins, Best1-DDK (RC214156) and

Best1V2-DDK (RC227442), were also acquired from Origene. The new Best1V1Δex2

splice variant was subcloned into pcDNA3 (Life Technologies/Invitrogen) for expression

studies. Best1V1Δex2-DDK was generated by replacing the N-terminus of Best1V1-DDK

with the N-terminus of Best1V2-DDK. Proper cloning was confirmed by sequencing.

HEK293 cells were grown to 10% confluence on 12×12 mm glass coverslips for

electrophysiological studies, or 50% confluence in 60 mm plastic Petri dishes for Western

blotting. Cells were transfected using Lipofectamine 2000 (Life Technologies/Invitrogen)

according to the manufacturer's instructions, using Best1 cDNA together with pMAX eGFP

expressing plasmid (Lonza, Allendale, NJ). Co-transfection with eGFP was utilized to assess

transfection efficacy and select cells for electrophysiological experiments. The transfected

cells were additionally grown for 48 hrs at 37°C before used for Western blot analysis or

electrophysiological experiments.

Whole cell electrophysiology

Whole-cell recordings from transfected cells were performed at room temperature (20°C).

Extracellular and intracellular solutions were formulated to isolate Ca2+-activated Cl−

currents. Bath solution contained (in mM): 140 NaCl, 10 TEA-Cl, 2 CaCl2, 1 MgCl2, 10

Glucose, and 10 Hepes (pH 7.4 adjusted by NaOH). The pipette solution contained (in mM):

90 NMDG, 60 NMDG-Cl, 50 aspartic acid, 3 MgCl2, 3 ATP-Na2, 5 EGTA-Na4, 10 Hepes

(pH 7.2). Free Ca2+ concentration in the pipette solution was kept nominally 0, or adjusted

to 1 μM by adding CaCl2. Free Ca2+ levels were calculated using CaBuf software (G.

Droogmans, KU Leuven, Leuven, Belgium). Patch electrodes were fabricated from

borosilicate glass capillaries using a micropipette puller (P-97, Sutter Instruments, Novato,

CA), and had a resistance of 2.5-3.5 MΩ when filled with pipette solution. Series resistances

were ≤15 MΩ. Currents were recorded with an Axopatch 200B amplifier (Axon Instruments,

Foster City, CA). pCLAMP software (version 9.2, Axon Instruments) was used for

command pulse control, data acquisition, and analysis. Current signals were filtered at 2 kHz

using a four-pole Bessel filter and digitized at 4 kHz. Two electrophysiological protocols

were used to record Best1 currents: step pulses from −100 mV to +100 mV in 20 mV

increments and voltage ramps from −100 mV to +100 mV. Current densities in all groups of

cells were calculated by measuring steady state currents at +100 mV and normalizing them

to membrane capacitance of each individual cell. Reversal potentials for currents under all
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experimental conditions were determined empirically and compared to Cl− equilibrium

potential. The Cl− equilibrium potential was calculated using the online tool (http://

www.physiologyweb.com/calculators/) based on the Nernst equation and assuming

complete exchange of Cl− between pipette and the cell cytosol.

Western blot analysis

Protein expression was assessed by Western blot analysis using two specific antibodies for

Bestrophin-1: mouse monoclonal anti-Best1 (E6-6, Abcam, Cambridge, MA, cat. # ab2182)

or mouse polyclonal anti-VMD2/Best1, (Abnova, Taipei, Taiwan, cat. # H00007439-B01).

A monoclonal antibody against DDK (Origene) was additionally used to detect the DDK

tagged Best1V1, Best1V1Δex2, and Best1V2. HEK293 cells were transfected with various

Best1 clones and 48 hours later lysed with 2% SDS plus 8 mM EDTA. The lysates were

immediately further diluted with a reducing Laemmli buffer. The total protein content in cell

lysates was determined using a colorimetric BCA assay kit (Thermo Fisher Scientific/Pierce,

Rockford, IL). Proteins were separated on a 10% polyacrylamide gel (Thermo Fisher

Scientific/Pierce) and transferred onto an Immun-Blot PVDF membrane (Bio-Rad). The

membranes were blocked with 5% non-fat milk in a Tris-buffered saline solution (TBS)

containing 0.1% Tween-20 (TBS-Tween), and incubated overnight with primary antibody

(as specified) at 1:1,000 dilution. Membranes were then washed with TBS-Tween to remove

unbound antibodies prior to incubation with a horseradish peroxidase (HRP)-conjugated

secondary antibodies (1:10,000, GE Healthcare, Piscataway, NJ). Immunoreactive signal

was detected using an ECLplus reagent (GE Healthcare) in a luminescent image analyzer

LAS-4000 (FujiFilm Medical Systems, Stamford, CT).

Surface Protein Biotinylation

HEK293 cells were grown in T75 flasks and transfected with Best1 isoforms using

Lipofectamine 2000 as described above. At 48-60 hrs after transfection, cell surface proteins

were labeled using a biotinylation kit (Thermo Fisher Scientific/Pierce) per manufacturer's

instructions. Biotinylated proteins were identified by Western blot analysis as described

above. As a control, we probed for presence of major cytosolic protein, actin, among

purified biotinylated proteins.

Statistical Analyses

All data in this study are presented as mean values ± standard error (SE) with the number of

independent experiments or cells included in electrophysiological analyses indicated in

figures or figure legends. Statistical difference between experimental groups was determined

by one-way ANOVA and post hoc Bonferroni or Tukey test for multiple comparisons unless

stated otherwise. p values <0.05 were accepted as statistically significant. Prism 5

(GraphPad Software, San Diego, CA) or Origin 8.1 (Origin Labs, Northampton, MA) were

used for statistical analyses.
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Results

Cloning of Best1 splices variants from human primary astrocytes, primary glioblastoma
cells and retinal pigment epithelium cells

To identify splice variants of Best1 expressed by glial cells, RT-PCR was performed using

cDNA from normal human primary astrocytes, two primary human cultures derived from

surgical glioblastoma specimens, and the glioma derived cell line U251-MG. Amplification

was performed using a primer in exon 1 upstream to the translational start sites paired with

downstream primers specific for either the Best1V1 or Best1V2 C-terminus. The previously

reported isoforms, Best1V1 (GenBank NM_004183) and Best1V2 (NM_001139443) were

both identified (Fig. 1A). However, we also isolated a novel Best1V1 isoform lacking exon

2 (Best1V1Δex2, GenBank JQ954696) from U251-MG cells, human primary astrocytes, and

one of the primary glioblastoma cultures (Fig. 1A). The isolation of this splice variant from

multiple cell lines suggests that alternative splicing of exon 2 in Best1V1 is a naturally

occurring phenomenon in both normal and malignant glial cells. The predicted protein

structures for three alternatively spiced variants are presented in Fig. 1B, that was prepared

based on the protein model proposed by Milenkovic et al. [16].

To determine if the Best1V1Δex2 isoform is unique to glial cells, we cloned isoforms of

Best1 expressed in the cell line ARPE-19, a retinal pigment epithelium (RPE) derived cell

line that maintains many properties of differentiated RPE cells [21]. Using the primers

described above, we were able to isolate the canonical isoforms, Best1V1 and Best1V2, as

well as Best1V1Δex2. These findings demonstrate that the novel splice variant is not unique

to cells of the glial lineage.

Heteroexpression and characterization of two canonical Best1 variants

Although several different splice variants of Best1 have been deposited in GenBank,

expression and functional studies have been restricted to the Best1V1 isoform and its

naturally occurring mutants (reviewed in [7]). We, therefore, heteroexpressed both Best1V1

and Best1V2 in HEK293 cells to compare the ability of the two canonical splice variants to

produce functional protein. Heteroexpression of Best1V1 resulted in the appearance of an

immunoreactive band that was close to the predicted molecular weight of 68 kD for the

Best1V1 protein (Fig. 2A). When Best1V2 was heteroexpressed under identical conditions,

we were unable to detect a signal on Western blot using the same monoclonal antibody (Fig.

2A).

As Best1V2 protein expression has not been reported in the literature, we performed

Western Blot analysis using two additional detection reagents. We first utilized a

commercially available polyclonal antibody raised against the full length Best1V2

(Abnova). This antibody detected an immunopositive band for Best1V1, and two weaker

bands for Best1V2. The upper Best1V2 band was of similar molecular weight to Best1V1.

The lower Best1V2 band was ∼9-10 kD lighter (Fig. 2B). To further confirm that both

bands are the products of the Best1V2 gene, we heteroexpressed commercially available

Best1V2 fusion protein (Origene) containing the DDK and myc epitopes at the C-terminus.

When probed with the polyclonal antibody raised against Best1V2, we again detected two
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bands (Fig. 2B). The molecular weights of these bands were higher than the corresponding

bands seen for Best1V2, consistent with the presence of the fusion epitopes. When probed

with an anti-DDK antibody, the same two immunoreactive bands were found as with the

Best1 polyclonal antibody (Fig. 2C). Altogether, these results unequivocally show that

Best1V2 protein can be heteroexpressed in mammalian cells. The currently available

antibodies do not permit for determination of the relative abundance or stability of Best1V2

protein as compared to Best1V1.

Channel formation by two known Best1 splice variants in HEK293 cells

To our best knowledge, all prior studies demonstrating that Best1 encodes a Ca2+-activated

Cl− channel have been performed using wild type Best1V1 or its mutant forms (reviewed in

[7], see also [19]). As similar studies have not been done with Best1V2, we expressed

Best1V1 and Best1V2 in HEK293 cells to determine if both isoforms were capable of

forming functional channels. These experiments were performed under conditions allowing

for isolation of Cl− currents, with the Cl− equilibrium potential set at ∼ −21 mV (see

Methods).

Under Ca2+-free conditions, wild type HEK293 cells showed very low current densities,

∼10 pA/pF, and a current reversal potential that was ∼10 mV more positive than the Nernst

potential for Cl− (Fig. 3G, Supplemental table 1). Thus, as expected, basal Cl− conductance

(ICl) in HEK cells was very low and, as a result, partially obscured by non-selective cation

and/or leak currents. Addition of Ca2+ into pipette solution produced no significant changes

in the amplitude of the wild type currents, but moved the reversal potential somewhat closer

to that of Cl− (Fig. 3G, Supplemental Fig. 1, and Supplemental table 1). When the inhibitor

of Ca2+-activated Cl− channels niflumic acid was added to the bath solution, it produced a

very small but statistically significant reduction in ICl (Fig. 3G, Supplemental table 1).

However, the effect of niflumic acid was independent of [Ca2+]pipette, and thus unlikely to

be mediated by Ca2+-activated Cl− channels (see Discussion for additional details).

Overexpression of Best1V1 produced strong augmentation in the transmembrane currents

under Ca2+-free conditions, with further significant increases seen upon inclusion of 1 μM

free Ca2+ into the pipette solution (24.4±6.1 pA/pF, p=0.044 and 75.0±11.1 pA/pF, p<0.001,

for Ca2+-free and Ca2+-containing conditions, respectively, as compared to 12.2±2.2 pA/pF

current densities registered in the wild type cells, Fig. 3B, D-F, H, see Supplemental Table 1

and Supplemental Fig. 1 for extended analysis and representative traces). The Ca2+-

dependent current component in the Best1V1-expressing cells were completely suppressed

by addition of 200 μM niflumic acid into bath solution (75.0±11.1 pA/pF vs. 26.0±11.3

pA/pF, p=0.036, Fig. 3H; see also Supplemental table 1 and Supplemental Fig. 2 for

extended analysis and representative traces), and this effect was accompanied by positive

shift in the current reversal potential, strongly supporting involvement of Ca2+-activated Cl−

channels. Altogether, these data suggest that overexpression of Best1V1 gives a rise to

Ca2+-dependent Cl− conductance, but may also increase nonselective plasmalemmal

conductance (see Discussion for additional details).

In striking contrast to Best1V1, transfection of HEK293 cells with Best1V2 did not produce

a statistically significant increase in transmembrane currents, nor did it lead to the
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appearance of a Ca2+- and niflumic acid-sensitive Cl− current component (Fig 3C, I,

Supplemental table 1). Furthermore, the ICl in the Best1V2 heteroexpressing cells was not

statistically different from the wild type controls

Functional characterization of the novel Best1 splice variant, Best1V1Δex2

Best1V1 and Best1V2 differ at both the N- and C-termini due to alternative splicing (see

Fig. 1B for reference). Comparison of the Best1V1Δex2 isoform to Best1V1 allows for

direct assessment of the contribution of the exon 2 encoded N-terminus to Best1 function.

When Best1V1Δex2 was heteroexpressed in HEK293 cells, Western blotting using the

monoclonal anti-Best1 antibody detected a signal close to the predicted molecular weight of

61 kD (Fig. 4A). Curiously, we also observed a lower molecular weight signal (∼9-10 kD).

The appearance of an additional band was similar to the results seen upon expression of

Best1V2, which also lacks exon 2 (compare to Fig. 2B, C). These findings may suggest that

while the exon 2-encoded N-terminus is not critical for protein synthesis, it may play a

posttranslational role affecting protein stability.

To determine if Best1V1Δex2 can form functional Cl− channels, we performed whole cell

electrophysiological recordings in HEK293 cells transfected with this isoform. In 5 out 12

recorded Best1V1Δex2-expressing cells, we detected outwardly rectifying Ca2+-activated

Cl− currents (Fig. 4B, C, Supplemental Fig. 1). These currents were quite similar to those

observed in Best1V1-expressing cells, and were sensitive to addition of 200 μM niflumic

acid (Fig. 4C, D, Supplemental Fig. 2). In the cells showing outwardly rectifying, and Ca2+-

sensitive Cl− currents, the average current density was 40.1.5±6.2 pA/pF in the presence of 1

μM free Ca2+. This was significantly higher than the average current density of 4.6±0.8

pA/pF recorded in Best1V1Δex2-transfected cells under Ca2+-free conditions (p<0.001, Fig

4D, Supplemental table 1). Overall, these results demonstrate that the Best1V1Δex2 variant,

which lacks the N-terminus encoded by exon 2, is capable of forming functional Ca2+-

activated Cl− channels.

Surface expression of Best1 isoforms

The electrophysiological differences seen in cells expressing the three Best1 isoforms may

arise from effects on protein trafficking. Because of a lack of antibodies that recognize

Best1V2 with high efficacy, we utilized C-terminus DDK-tagged versions of Best1V1,

Best1V1Δex2, and Best1V2, which were heteroexpressed in HEK293 cells. The

plasmalemmal proteins were identified by surface protein biotinylation. Consistent with the

results of electrophysiological assays, we detected surface biotinylation of both Best1V1-

DDK and Best1V1Δex2-DDK (Fig. 5A, B). To control for non-specific biotinylation of

cytosolic proteins, the biotinylated fraction was probed with an anti-actin antibody which

detected no actin signal (Fig. 5B, see also Supplemental Figure 3). While multiple

immunoreactive bands were seen in the clarified crude lysates, only one band corresponding

to the predicted molecular weights for each of the Best1 splice variants was isolated from

biotinylated fraction. Interestingly, we consistently observed much stronger signal for the

biotinylated Best1V1 than that for Best1V1Δex2. This may suggest that Best1V1 is more

efficiently trafficked to the surface than Best1V1Δex2, again in agreement with the results

of electrophysiological studies. A number of low molecular weight bands seen in the crude
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lysates of Best1V1- and Best1V1Δex2-expressing cells likely represent protein breakdown

products. Similar results were obtained when untagged Best1V1Δex2 was heteroexpressed

and detected using the monoclonal anti-Best1 antibody E6-6 (data not shown).

In contrast to Best1V1 splice variants, we found no evidence for surface expression of

Best1V2-DDK in the biotinylated fraction (Fig. 5B). In fact, the crude lysates demonstrated

two extremely faint signals for a low-molecular weight product of ∼32-35 kD and an

additional ∼60-62 kD band that was closer to the predicted molecular weight of for Best1V2

(signal is indicated by asterisks in Fig. 5B because it is too weak to be seen). The extremely

low levels of Best1V2-DDK-immunoreactivity in crude lysates were puzzling considering

results of preceding experiments (see Fig. 2B and C). The difference in signal intensity was

hypothesized to be due to the conditions used for lysis during protein extraction (2% SDS

vs. commercial non-ionic detergent-based lysis buffer optimized for the surface biotinylation

assay). Therefore, we additionally tested the remnant pellets obtained after clarification of

the biotinylated cell lysates. After the SDS solubilization of pellets, we detected several

strong DDK-immunoreactive bands representing the Best1V2 signal (see Supplemental Fig.

3B). Overall, these findings suggest that Best1V2 is not trafficked to the plasma membrane

and likely forms misfolded protein, which is targeted for degradation.

Discussion

Alternative splicing of the BEST1 gene results in multiple potential protein products [15].

When expressed in heterologous systems, “canonical” Best1—Best1V1—produces bona

fide Ca2+-activated Cl− channels [4,5]. In addition Best1V1 has also been shown to regulate

activity of the L-type of Ca2+channels, and intracellular Ca2+ homeostasis [22-26]. All

functional studies to-date have tested only wild type Best1V1 or its clinically relevant

mutants (reviewed in [7]). Prior to the present work, it was unclear if the other gene products

arising from alternative splicing of Best1 could be successfully translated into protein, or if

they are functionally relevant. Discovery of the unique Best1V1Δex2 allowed us to analyze

the relative impact of the BEST1 gene product splicing in N- and C-terminal regions on

protein translation and function. We found for the first time that the previously reported

Best1V2 mRNA can be translated into protein in mammalian cells, but is not delivered to

cell surface, and possibly misfolded. Thus, Best1V2 cannot form functional plasmalemmal

Cl− channel. Very unexpectedly, we discovered that a naturally occurring isoform missing

the N-terminal part of the protein, which is predicted to include the first transmembrane

domain, is capable of forming functional Cl− channel. These results are likely to stimulate

further work exploring and modeling the protein structure of not only the clinically relevant

hBest1 but also other members of the Best family.

The paradoxical nature of the observation of preserved Cl− channel function in

Best1V1Δex2 calls for thorough verification. To recapitulate, we have three independent

lines of evidence corroborating our conclusions. (1) Western blot analysis of Best1V1Δex2-

transfected cells clearly showed expression of the Best1 protein band with reduced

molecular weight as compared to the canonical Best1V1 (Fig. 4A). The specificity of the

immunoreactivity signal was independently confirmed using a DDK-tagged Best1V1Δex2

construct probed with an anti-DDK antibody (Fig. 5B). (2) Delivery of the DDK-tagged
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Best1V1Δex2 protein to the plasma membrane was reliably detected using a surface

biotinylation assay and a highly specific anti-DDK antibody (Fig. 5B). In controls, there was

no indication for non-specific biotinylation of cytosolic proteins as demonstrated by probing

purified biotinylated material with an anti-actin antibody (Fig. 5B, Supplemental Fig. 3A).

(3) Cells transfected with Best1V1Δex2 showed an outwardly rectifying Cl− current that

appeared to be biophysically distinct from the current produced by heteroexpression of

canonical Best1V1 (compare Fig. 3B to Fig. 4B, and also see Supplemental Figs. 1 & 2).

This latter current was seen only with Ca2+ present in the pipette solution, but not under

Ca2+-free conditions, consistent with the idea of heteroexpression of Ca2+-activated Cl−

channel. Importantly, no current similar to Best1V1Δex2 was recorded in >40 wild type

cells, mock- and GFP-transfected cells, or cells heteroexpressing Best1V2. Altogether, our

electrophysiological experiments make a very strong case for existence of Best1V1Δex2-

encoded Cl− channels, and make it unlikely that the ion currents detected by us either

represent a recording artifact or upregulation of the endogenous ion conductance.

Previous studies suggest that there is a high degree of homology in the N-terminal portion of

Best1 between species, as well as between the four human Bestrophin family members

(Best1-4) [7,14]. Although, the two presently existing topologic models differ on position

and orientation of Best1 transmembrane domains, both agree on a cytoplasmic location for

the N-terminus with exon 2 encoding the first transmembrane domain [5,16]. The functional

significance of the N-terminal domain in Best1 is implied by the fact that a number of

known human mutations in the cytosolic N-terminus (e.g., T6P, L21V, W24C, R25Q or

R25W), and in the first predicted transmembrane domain (S27R, K30R Y29H, L41P), have

been linked to diseases of visual system (University of Regensburg VMD2 database,

reviewed in [7]). Some (but not all) of these mutations dramatically reduce the whole-cell

Best1 currents in heteroexpression systems, and/or disrupt N-C terminus interactions

[19,27]. The Best1V1Δex2 splice variant is missing the translational start side encoded in

exon 2, and consequently lacking the cytosolic N-terminus and the predicted first

transmembrane domain. Such a deletion would be expected to strongly influence or

completely disrupt Best1 processing, trafficking, and/or function. Our present demonstration

that this naturally occurring Best1V1Δex2 truncation forms functional Cl− channel needs to

be further reconciled with the current structural models (see Fig 1B). Since we found that

BestV1Δex2 is (i) translated into a stable protein product, (ii) trafficked to the surface, and

(iii) forms a functional Cl− channel, the N-terminal 60 amino acids appear to not be essential

for these functions. Furthermore, our findings conflict with the idea that interaction between

the cytosolic N- and C-termini is obligatory for the formation of Ca2+-activated Cl−

channels [19].

The trafficking of truncated Best1V1Δex2 protein to cell surface is not unprecedented.

Similar phenomenon was reported for an alternatively spliced Best3 protein lacking the N-

terminal exons 2, 3 and 6 [28]. One major difference though is that despite being trafficked

to the cell surface the truncated Best3 failed to form Cl− channels or modulate activity of co-

expressed wild type Best3 channels [28]. In our assays, we found lower protein expression

and apparent reduction in surface delivery of Best1V1Δex2 as compared to the full length

Best1V1. Monoclonal anti-Best1 and anti-DDK tag antibodies consistently detected multiple
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bands below the predicted molecular weight for Best1V1Δex2. Thus, it is plausible that N-

terminus determines or regulates Best1 protein stability and turnover. This idea is indirectly

supported by the fact that Best1V2 splice variant, which also lacks exon 2, showed a similar

pattern of multiple immunoreactive bands pointing to proteolytic degradation.

The reduced protein stability and surface expression of Best1V1Δex2 can explain why

relevant currents were registered only in five out of 12 tested cells. This was in contrast to

cells heteroexpressing Best1V1, where more than 80% of the cells showed very large Ca2+-

activated Cl− conductance. Despite the fact that Ca2+-activated Cl− current was seen only in

a subpopulation of Best1V1Δex2-transfected cells, it was very distinct due to its strong

outward rectification. On the surface, these findings may suggests that the first predicted

transmembrane domain, although not critical for formation of ion channel pore, plays an

important role in regulating the biophysical properties of Best1. However, closer inspection

of the electrophysiological data indicates that the differences between Best1V1 and

Best1V1Δex2 currents may be smaller than they seem. The apparent Best1V1 rectification

was reduced by development of additional niflumic acid-insensitive currents, which were

essentially linear. The niflumic acid-insensitive current component was preserved under

Ca2+-free conditions and in majority of cells had the reversal potential more positive that the

Nernst potential for Cl− (see Supplemental Table 1). Therefore, we speculate that high

expression levels of Best1V1 cause “protein overload” and increase non-selective cation or

leak currents. In several recordings, the outward rectification of Best1V1 currents was

substantially closer to that seen for Best1V1Δex2 (see several examples in Supplemental

Fig. 1). Besides rectification, rather similar current amplitudes and kinetics for Best1V1 and

Best1V1Δex2 observed in many cells may suggest that truncation of the N-terminus does

not cause substantial changes in channel opening probability, activation, or inactivation.

Best1V1Δex2 similarly provided us with a unique opportunity to investigate the functional

impact of alterative splicing in the C-terminus. The only difference between Best1V1Δex2

and Best1V2 is in the alternatively spliced exon 11 (see Introduction and Fig. 1B for

reference). In the resulting protein product, the terminal five amino acids present in Best1V1

and Best1V1Δex2 are replaced with a unique 84 amino acid sequence. Our finding that

Best1V1Δex2 can form a Ca2+-activated Cl− channel, but that Best1V2 does not, identifies

splicing of the C-terminal domain as a critical determinant of Best1 protein function.

According to both existing topological models, the C-terminus forms a large cytoplasmic

domain [5,16]. This domain has been shown to include sequences that contain putative Ca2+

interaction motifs [17]; it has also been proposed to be involved in interdomain interactions

and formation of multimeric Best1 channels [19]. Recent publications implicated the C-

terminus in functional interaction between Best1 protein and voltage gated Ca2+ channels

[29], and found that Ca2+/calmodulin-dependent phosphorylation of Drosophila dBest1 and

human hBest1 at several putative sites on C-terminus potently regulate Cl− channel activity

[30]. All of the above mentioned amino acid sequences in Best1V1 are preserved in

Best1V2. Therefore, it was somewhat surprising to find that Best1V2, unlike Best1V1Δex2,

is incapable of forming detectable Ca2+-activated Cl− channels. We additionally co-

expressed Best1V1 and Best1V2 to see if the presence of the latter can modify Cl− channel

function via hypothetical heteromerization, but found no differences in resulting Cl− current

densities or biophysical properties (see Supplemental Table 1). Our surface biotinylation
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experiments provided a plausible explanation for these findings: Best1V2 likely forms a

misfolded product and cannot be trafficked to the cell surface. Using biotinylation, not only

were we unable to detect Best1V2 on cell surface, but the protein was conspicuously absent

in the clarified protein lysates and eventually found in the mild detergent-insoluble pellets.

Keeping these findings in mind, there is distinct possibility that that human Best1V2 splice

variant represents an error of mRNA splicing. We were unable to find reports of alternative

splicing of the C-terminus in non-human Best1 homologues, supporting the view that

Best1V2 may represent an aberrant gene product.

Understanding of the structure-function relationship in Best1 has been stimulated by clinical

findings. As already mentioned, mutations in BEST1 gene cause multiple forms of macular

degeneration, pointing to significance of Best1 in the visual system. The majority (∼90%) of

the disease-related Best1 mutations are missense mutations causing loss of endogenous

protein or Cl− channel function when tested in the heteroexpression systems. A number of

other clinically relevant mutations result in protein with partially reduced Cl− channel

function, and/or affect protein trafficking to the plasma membrane [27,31]. Yet, there is

continued debate as to the role of Best1 as a plasmalemmal Ca2+-sensitive Cl− channel

responsible for the visual system defects and global electrophysiological changes seen in the

bestrophinopathies (reviewed in [8,9]). A number of experimental observations contradict

the latter idea. Most importantly, deletion of BEST1 does not dramatically impact the visual

system in mice [9]. However, this “silent” Best1 phenotype may be a species-specific

phenomenon. A stop codon mutation in the canine Best1 homologue results in canine

multifocal retinopathy that recapitulates many aspects of human disease [32]. In this overall

context, it is difficult to reconcile our findings of preserved Cl− channel function in

Best1V1Δex2 with previous reports that single amino acid mutations in exon 2-encoded N-

terminal region cause partial or complete loss of ion channel function. We expect that the

novel knowledge and new molecular tools produced in the present work will stimulate

further structural modeling of human Best1 and other members of Bestrophin family. Since

Best1V1Δex2 was initially cloned from primary human astrocytes and primary glioblastoma

cells, it will be also interesting to explore the levels of its endogenous expression and its

potential relevance for glial cell physiology

In summary, our results define the impact of alternative splicing on Best1 protein function.

The N-terminal part of the protein was previously thought to be critical for formation of

fully active Cl− channels, possibly via the inter-domain interactions between the N- and C-

termini. Our discovery that Best1V1Δex2 forms Ca2+-activated Cl− channels call this into

question. Instead, the N-terminus appears to play a role in regulating protein stability and/or

trafficking. We also found that alternative splicing of the C-terminus in Best1V2 prevents

this protein from trafficking to the plasma membrane and formation of Ca2+-activated Cl−

channel, likely due to misfolding and degradation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

Best1 Bestrophin 1

Best1V1/Best1V2 splice variants 1 and 2 of the BEST1 gene product

Best1V1Δex2 splice variant 1 of Best1 missing exon 2

IR immunoreactivity

RPE retinal pigment epithelium

WT wild type
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Figure 1. Schematic representation of the Bestrophin-1 gene splice variants (A) and their
predicted protein products (B)
A, The Best1 gene consists of 11 exons. The Best1V1 splice variant (NM_004183) is

composed of all 11 exons, with initiation of translation (arrow) in exon 2 and termination of

translation (asterisk) in exon 11. In Best1V2 (NM_001139443), exon 2 (solid black) is

removed due to alternative splicing, and translation is initiated from a start codon in exon 3.

Additionally, Best1V2 does not splice out the intron between exons 10 and 11, and the C-

terminus is encoded by translation into the intronic sequence (open box with doted border).

The newly cloned Best1V1Δex2 (GenBank accession number JQ954696), is similar to

Best1V1 except that it is missing exon 2. B, The Best1 protein model proposed by

Milenkovic et al. [16]. This model depicts the predicted membrane topology of canonical

Best1V1. In Best1V1Δex2, the first 60 amino N-terminal acids (solid black) are missing. In

Best1V2, the first 60 N-terminal amino acids (black) are missing, and the last five amino

acids on C-terminus (multipoint stars) are replaced with unique 84 amino-acid sequence.
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Figure 2. Western blot analysis of previously cloned splice variants of Best1 heteroexpressed in
HEK293 cells
A, Best1V1 and Best1V2 were heteroexpressed in HEK293 cells and probed with a

monoclonal anti-Best1V1 antibody. B, Best1V1, Best1V2, and Best1V2 with a DDK

epitope fused to the C-terminus (Best1V2-DDK) were heteroexpressed in HEK293 and

probed with a polyclonal antibody recognizing Best1V1 and Best1V2. C, The same cell

lysates as in B were probed with an anti-DDK antibody in order to assure specificity of the

Best1V2 signal. For all Western blots the membranes were stripped and reprobed with a

monoclonal anti-actin antibody to assess equality of loading (shown in boxes below). The

figures are representative images of at least three Western blots performed in three

independent cell transfections. Abbreviations: MW, molecular weight standards; WT,

lysates prepared from mock-transfected (wild type) cells; Act, actin immunoreactivity. IR =

immunoreactivity.
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Figure 3. Electrophysiological characterization of canonical splice variants of Best1
heteroexpressed in HEK293 cells
A-C, Representative traces of chloride currents in response to step pulses from -100 mV to

+100 mV in 20 mV increments in non-transfected (Wild Type) cells and HEK cells with

heterologous expression of Best1V1 or Best1V2. D-E, Representative traces showing the

current-voltage relationship of heteroexpressed Best1V1 channels in the absence and

presence of 200 μM niflumic acid (NFA). F, The I-V plot demonstrating effect of niflumic

acid on Cl− currents in Best1V1-expressing cells. G-I, Summary of the average Cl− current

densities in non-transfected HEK cells (G) and HEK cells heterologously expressing

Best1V1 (H), or Best1V2 (I). Data are the mean values ±SE of average Cl− current densities

recorded from at least two independent cell transfections, with the total number of cells

indicated in parentheses. Recordings were performed with [Ca2+] in the pipette solution

buffered at 0 or 1 μM, in the presence or absence of 200 μM NFA. **p<0.01, vs. currents

recorded at [Ca2+]p=0 μM; #p<0.05 vs. currents recorded in the absence of NFA.
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Figure 4. Functional characterization of the novel Best1V1 splice variant missing exon 2 by
heterologous expression in HEK293 cells
A, Western blot analysis of Best1V1 and Best1V1Δex2 heteroexpressed in HEK293 and

probed with a monoclonal anti-Best1 antibody. Untransfected HEK293 (WT) cell lysates

shown as a control for signal specificity. The Western blots membranes were stripped and

reprobed with a monoclonal anti-actin antibody to compare protein loading (shown in box

below). The figure is a representative image of three Western blots in independent cell

transfections. B, Representative traces of Best1V1Δex2-mediated Cl− currents recorded in

response to step pulses from −100 mV to +100 mV in 20 mV increments. C, Representative

traces showing the current-voltage relationship of heteroexpressed Best1V1Δex2 channels in

the absence and presence of 200 μM niflumic acid (NFA). D, Summary of the

electrophysiological recording performed in HEK293 cells expressing Best1V1Δex2. Data

are the mean values ±SE of average current densities recorded with [Ca2+] in the pipette

solution buffered at 0 or 1 μM, in the presence or absence of 200 μM NFA. The recordings

were done in two independent cell transfections, with the number of cells indicated above

each bar. Not all Best1V1Δex2-trensfectected cells showed Ca2+-sensitive Cl− currents (see

text for further details). ***p<0.001, vs. currents recorded at [Ca2+]pipette = 0 μM; ##p<0.01

vs. currents recorded in the absence of NFA.
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Figure 5. Biotinylation assay of the surface protein expression for three distinct splice variants of
Best1 expressed in HEK293 cells
A, Western blot analysis of precipitated biotinylated fraction and the crude cell lysates in

HEK293 cells expressing the DDK-tagged Best1V1. Representative of four blots. Because

of the difference in the expression levels/intensity of the signal, Best1V1-DDK has been

probed separately from Best1V1Δex2-DDK and Best1V2. B, Western blot analysis of

biotinylated (surface) material and the crude cell lysates in HEK293 expressing

Best1V1Δex2-DDK and Best1V2-DDK. Representative of three blots. Asterisks in (B)

indicate two very weak immunoreactive bands in cells expressing Best1V2-DDK. Boxes

below each panel show actin immunoreactivity on the same membrane after stripping. These

controls show lack of cytosolic proteins in biotinylated fraction.
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