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Abstract

BEST1 encodes Bestrophin-1 (Best1), a homo-oligomeric, integral membrane protein localized to

the basolateral plasma membrane of the retinal pigment epithelium. Mutations in BEST1 cause

five distinct retinal degenerative diseases, including adult vitelliform macular dystrophy (AVMD),

autosomal recessive bestrophinopathy (ARB), autosomal dominant vitreoretinochoroidopathy

(ADVIRC), and retinitis pigmentosa (RP). The mechanisms underlying these diseases and why

mutations cause one disease over another are, for the most part, unknown. To gain insights into

these four diseases, we expressed 28 Best1 mutants fused to YFP in polarized MDCK monolayers

and, via confocal microscopy and immunofluorescence, live-cell FRET, and reciprocal co-

immunoprecipitation experiments, screened these mutants for defects in localization and

oligomerization. All 28 mutants exhibited comparable FRET efficiencies to and co-

immunoprecipitated with WT Best1, indicating unimpaired oligomerization. RP- and ADVIRC-

associated mutants were properly localized to the basolateral plasma membrane of cells, while two
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AVMD and most ARB mutants were mislocalized. When co-expressed, all mislocalized mutants

caused mislocalization of WT Best1to intracellular compartments. Our current and past results

indicate that mislocalization of Best1 is not an absolute feature of any individual

bestrophinopathy, occurring in AVMD, BVMD, and ARB. Furthermore, some ARB mutants that

do not also cause dominant disease cause mislocalization of Best1, indicating that mislocalization

is not a cause of disease, and that absence of Best1 activity from the plasma membrane is

tolerated. Lastly, we find that the ARB truncation mutants L174Qfs*57 and R200X can form

oligomers with WT Best1, indicating that the first ~174 amino acids of Best1 are sufficient for

oligomerization to occur.
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1. Introduction

Mutations in the gene BEST1, encoding the protein Bestrophin-1 (Best1), are a common

cause of inherited retinal degeneration in man. Over 200 distinct mutations (http://www-

huge.uniregensburg.de/BEST1_database) have been reported to cause five clinically distinct

retinopathies (Boon et al., 2009; Marmorstein et al., 2009). These are Best vitelliform

macular dystrophy (BVMD) (Marquardt et al., 1998; Petrukhin et al., 1998), autosomal

recessive bestrophinopathy (ARB) (Burgess et al., 2008), adult-onset vitelliform macular

dystrophy (AVMD) (Kramer et al., 2000), autosomal dominant vitreoretinochoroidopathy

(ADVIRC) (Yardley et al., 2004), and retinitis pigmentosa (RP) (Davidson et al., 2009).

These diseases, collectively termed the “bestrophinopathies,” are clinically distinguished

from one another by type of inheritance, effects on the electrooculogram and

electroretinogram, age of disease onset, and location and extent of retinal lesions (Boon et

al., 2009; Marmorstein et al., 2009).

Best1 is a 68 kDa integral membrane protein that forms homo-oligomers (Stanton et al.,

2006). Within the eye, the protein is localized to the basolateral plasma membrane of the

retinal pigment epithelium (RPE) (Gouras et al., 2009; Marmorstein et al., 2000). Best1 is an

anion channel initially reported as a candidate Ca2+ activated Cl− channel (Sun et al., 2002).

However, RPE cells from Best1−/− and Best1W93C knock-in mice exhibit normal Cl−

conductances (Marmorstein et al., 2006; Zhang et al., 2010). Recently it was shown,

however, that Best1 carries a glutamate conductance in hippocampal astrocytes that is not

present in Best1−/− mice (Woo et al., 2012), providing clear evidence that Best1 functions as

an anion channel. Similarly, Best1 was found to mediate tonic inhibition in cerebellar glial

cells through direct permeation of GABA (Lee et al., 2010). Work from the Hartzell

laboratory using a heterologous expression system suggests that Best1 may function as a

HCO3
- channel, with BVMD-causing mutations abolishing HCO3

- conductance (Qu and

Hartzell, 2008). Although no published study has analyzed the ability of Best1 to mediate

HCO3
- transport physiologically, we have shown that the closely related ortholog

Bestrophin-2 (Best2) mediates a HCO3
- conductance in colonic goblet cells that is absent in
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Best2−/− mice (Yu et al., 2010). Best2 is also indispensable for generating sweat, a process

that may be driven by Best2 mediated HCO3
- flux (Cui et al., 2012). These data strongly

support the ability of Best1 to function as an anion channel, though the anion conductances

which are mediated by Best1 in the RPE remain to be determined.

Best1 is also a known modulator of intracellular Ca2+ signaling in RPE cells. Studies in

induced pluripotent stem cell (iPSC) derived RPE cells from BVMD patients (Singh et al.,

2013), Best1−/− mice (Marmorstein et al., 2006), and Best1 knock-in mice harboring the

BVMD causing mutation W93C (Zhang et al., 2010) all demonstrate that Best1 is a potent

regulator of intracellular Ca2+ levels in RPE following stimulation with ATP. When co-

expressed in heterologous systems, Best1 is capable of regulating the activity of and

physically interacting with L-type voltage-dependent Ca2+ channels (Burgess et al., 2008;

Milenkovic et al., 2011a; Reichhart et al., 2010; Rosenthal et al., 2006; Yu et al., 2008).

Recent work also suggests, however, that a sub-population of Best1 may be expressed in the

endoplasmic reticulum adjacent to the basolateral plasma membrane, where its activity may

serve to influence Ca2+ stores (Gomez et al., 2013; Neussert et al., 2010).

All disease-associated mutations of Best1 studied to date result in a loss of anion channel

activity and/or altered Ca2+ signaling (Hartzell et al., 2008; Marmorstein et al., 2009; Xiao

et al., 2010). How these aspects of Best1 dysfunction vary amongst disease phenotypes and

what underlies these dysfunctions are, for the most part, unknown. It was previously shown

that numerous BVMD mutants are mislocalized in stably transfected Madin-Darby Canine

Kidney (MDCK) epithelial cells (Milenkovic et al., 2011b). MDCK cells do not express

endogenous Best1, however, and Best1 is known to form homo-oligomers (Stanton et al.,

2006; Sun et al., 2002). For this reason, we recently analyzed BVMD mutant localization in

MDCK cells as well as fetal human RPE (fhRPE) cells and RPE in the mouse eye, as both

fetal human and mouse RPE express endogenous Best1 (Bakall et al., 2003; Johnson et al.,

2013). We found that MDCK cells are a valid, predictive model for Best1 localization in the

RPE. We also discovered that the three BVMD mutants tested form oligomers with WT

Best1 and that WT and mutant Best1 can influence the localization of each other (Johnson et

al., 2013). Since defects in localization and oligomerization are known to underlie other

channelopathies (Jentsch et al., 2005; Pedemonte and Galietta, 2012), we were curious how

mutations causal for the remaining bestrophinopathies impacted these parameters. In this

study, we examined how 28 mutations associated with AVMD, ARB, RP, and ADVIRC

(http://www-huge.uni-regensburg.de/BEST1_database) impact the localization and

oligomerization of Best1. We conclude that none of the bestrophinopathies are associated

with oligomeric defects and, while numerous AVMD and ARB mutants are mislocalized,

failure to traffic to the plasma membrane alone is insufficient to distinguish between these

retinopathies and other pathogenic mechanisms are likely involved. Recessive ARB mutants

also caused mislocalization of WT Best1 in intracellular compartments, further indicating

that mislocalization is not, on its own, pathogenic and that the functional loss of Best1 from

the plasma membrane is well tolerated.
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2. Materials and methods

2.1. Cell culture

MDCK II cells (American Type Culture Collection, Manassas, VA, USA) were maintained

in a 95% air 5% / CO2 environment at 37°C. Cells were grown in Dulbecco's Modification

Eagle's Medium (Cellgro, Manassas, VA, USA) supplemented with 10% fetal bovine serum

and penicillin/streptomycin solution (Cellgro, Manassas, VA, USA). For

immunofluorescence and co-immunoprecipitation studies, MDCK cells were plated at

confluence on 1.0 cm2 Transwell filters (Corning, Corning, NY, USA) and maintained for 5

days prior to infections with replication defective type 5 adenovirus vectors at a multiplicity

of infection (MOI) of 30 and used 48 hrs later. For fluorescence resonance energy transfer

(FRET) studies, MDCK cells were plated onto coverslips in 35 mm glass bottom culture

dishes (MatTek Corporation, Ashland, MA, USA) and subjected to the same protocol. For

FRET studies involving the positive and negative control (CFP-YFP and Best1-CFP co-

expressed with YFP, respectively), MDCK cells were transfected using Lipofectamine 2000

(Invitrogen, Grand Island, NY, USA) at ~80% confluence and used 48 hrs later.

2.2. Plasmid constructs

Best1 with a 6x-c-myc tag at the C-terminus (Best1-c-myc) in the pRK5 plasmid (kindly

provided by Dr. Jeremy Nathans (Sun et al., 2002)) as well as replication defective

adenoviral vectors carrying Best1-CFP and Best1-YFP have been previously described

(Johnson et al., 2013). Mutations causal for AVMD, ARB, ADVIRC, and RP were

generated in Best1-YFP in the viral shuttle vector pacAd5CMVK-NpA (provided by the

Gene Transfer Vector Core, University of Iowa, Iowa City, IA, USA) via site-directed

mutagenesis using a kit according to the manufacturer's instructions (Agilent Technologies,

Santa Clara, CA, USA). For those mutations resulting in early stop codons, the region prior

to the stop codon was excised and placed in-frame with YFP in the viral shuttle vector.

Best1 tagged with c-myc was inserted into the shuttle vector pacAd5CMVK-NpA and, along

with the newly generated mutants, sent to the Gene Transfer Vector Core at the University

of Iowa for generation, amplification, purification, and titration of replication defective

adenoviral vectors. Replication defective adenoviral vectors carrying the untagged Best1

mutants L140V, Y227C, and D228N were used for initial localization studies and generated

according to the method of Hardy et al. (Hardy et al., 1997) as described previously

(Marmorstein et al., 2004).

2.3. Immunofluorescence

Immunofluorescence was performed as before (Johnson et al., 2013). In brief, transduced

MDCK cells were stained for nuclei and/or the endogenous, apical plasma membrane

protein gp135 using 4′,6-diamidino-2-phenylindole and the mouse, monoclonal antibody

3F4 (generous gift of Dr. George Ojakian, SUNY Health Science Center at Brooklyn, NY,

USA), respectively. Images were obtained using a 40X oil immersion objective on a Leica

SP5 confocal microscope. For co-localization analysis, MDCK cells were stained for c-myc

using a rabbit, polyclonal antibody specific to c-myc (Sigma-Aldrich, St. Louis, MO, USA).
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2.4. FRET

FRET was performed as described previously (Johnson et al., 2013). Live MDCK cells were

imaged using a 40X oil immersion objective and the 514 nm laser on a Leica SP5 confocal

microscope was used to bleach the acceptor, Best1-YFP. Excitations were 458 nm and 514

nm and emissions were collected from 465 to 505 nm and 525 to 600 nm for the donor

(CFP) and acceptor (YFP), respectively. Fluorescence for the donor, Best1-CFP, was

measured before and after bleaching in ImageJ and FRET efficiency (%E) was calculated as

follows:

2.5. Immunoprecipitation and western blotting

Reciprocal co-immunoprecipitation experiments were done as before (Johnson et al., 2013)

using adenoviral vectors. All experiments were performed on polarized MDCK monolayers

grown on Transwell filters (Corning, Corning, NY, USA). Cells were infected at confluence

at a MOI of 30 and, 48 hrs later, filters were harvested for immunoprecipitation. Cells were

immunoprecipitated using rabbit, polyclonal antibodies specific to either YFP (Clontech,

Mountain View, CA, USA) or c-myc (Sigma-Aldrich, St. Louis, MO, USA). Western

blotting was then performed using a mouse, monoclonal antibody specific to the opposite

tag, either cmyc (9E10; Invitrogen, Grand Island, NY, USA) or YFP (JL-8; Clontech,

Mountain View, CA, USA). For the immunoprecipitation and blotting of WT Best1-YFP

compared to the four truncation mutants, MDCK cells were immunoprecipitated for YFP

using a rabbit, polyclonal antibody (Clontech, Mountain View, CA, USA) and western

blotted back using a mouse, monoclonal antibody specific to YFP (JL-8; Clontech,

Mountain View, CA, USA).

2.6. Patch clamp electrophysiology

Currents were recorded from HEK293 cells using the whole-cell configuration of the patch-

clamp technique as described in (Adomaviciene et al., 2013). Cells were transiently

transfected with 2 μg of Best1 (WT or tagged) cDNA using Fugene HD (Roche) according

to manufacturer's instructions and used 2 days after transfection. Intracellular recording

solution contained (in mM): 20 CsCl, 110 Cs-aspartate, 2 MgCl2, 10 glucose, 10 HEPES, 10

EGTA, 7.2 CaCl2 (giving free Ca2+ concentration of ~0.5 M), pH was 7.2 (adjusted with

CsOH). Extracellular recording solution contained (in mM): 140 NaCl, 2 CaCl2, 1 MgCl2,

10 glucose, 30 mannitol, 10 HEPES, pH was 7.4 (adjusted with NaOH). Recording started at

least 3 minutes after whole-cell configuration was established in order to allow the

intracellular solution to equilibrate with the intracellular milieu (Adomaviciene et al., 2013).

Current versus voltage relationships were constructed by measuring the amplitude of the

steady-state current in response to 450 ms test pulses from -120 mV to +80 mV in 20 mV

increments. The holding potential was -50 mV. Currents were sampled at 10 kHz and

filtered at 5 kHz. Membrane current densities were calculated by dividing the current by the

cell capacitance. ANOVA with Bonferroni's post-test was used for statistical analysis and

p<0.05 was considered significant. Data are given as mean±SEM.
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3. Results

3.1. The C-terminal addition of CFP and YFP tags to Best1 does not abolish Best1 anion
channel activity

It was previously shown that the addition of a 6X c-myc tag to the C-terminus of Best1 does

not impact the ability of Best1 to mediate anion transport in heterologous cells (Sun et al.,

2002). To determine if the addition of CFP or YFP to the C-terminus of Best1 impacts its

anion channel activity, we performed whole cell patch clamp on human embryonic kidney

(HEK293) cells transfected with untagged Best1, Best1-CFP, or Best1-YFP. As shown in

Figure 1, cells expressing Best1-CFP or Best1-YFP exhibited a Cl− conductance that is

absent in untransfected cells and is generally comparable to cells expressing untagged Best1.

This demonstrates that the addition of CFP or YFP to the C-terminus of Best1 does not

abolish its anion channel activity. Although cells expressing Best1-CFP or Best1-YFP

exhibited robust Cl− conductances compared to untransfected cells, currents in cells

expressing Best1-CFP were slightly higher than those in cells expressing untagged Best1.

Conversely, Cl− conductances were slightly lower in cells expressing Best1-YFP compared

to those expressing untagged Best1. Thus, it is possible that the addition of these tags may

exert mild effects on Best1's anion channel activity.

3.2. ADVIRC and RP mutants are properly localized while numerous AVMD and ARB
mutants are mislocalized

Using adenovirus-mediated gene transfer, WT and mutant Best1 were expressed in polarized

monolayers of MDCK cells grown on Transwell filters. Cells were stained for the apical

protein marker gp135 as well as nuclei for positional referencing and confocal X-Y and X-Z

scans were used to examine the localization of Best1. To help ensure that the localization

phenotypes observed were due to mutant defects and not to mis-sorting caused by excess

protein, we used a MOI for each adenoviral vector intended to limit potential artifacts due to

overexpression. As a result, expression levels varied with some cells in the confocal scans

not expressing WT or mutant protein. Consistent with its localization in RPE (Marmorstein

et al., 2000), Best1-YFP localized to the basolateral plasma membrane, with very little of the

protein accumulating inside cells. No co-localization with the apical plasma membrane was

observed (Fig. 2). The ADVIRC mutants V86M, V235A, Y236C, and V239M, the RP

mutants L140V, I205T, Y227C, and D228N, and the AVMD mutants R47H, A146L, and

A243V all exhibited a similar localization to WT Best1 (Fig. 2). The AVMD mutants T6P

and D312N, however, were found predominantly in intracellular compartments (Fig. 2).

We next examined the localization of mutants associated with ARB (Fig. 3). We found that

the mutants L41P, P101T, N179del, A195V, L472PfsX10, and H490QfsX24 were localized

to the basolateral plasma membrane (Fig. 3). In contrast, the mutants R141H, R141S,

P152A, L174Qfs*57, L191P, R200X, E213G, V317M, and M325T accumulated in

intracellular compartments (Fig. 3). These data are in agreement with findings by Davidson

et al., which showed that, when transiently transfected into MDCK cells, L41P and A195V

were properly localized while P152A, V317M, and M325T were not (Davidson et al., 2011).

Although differences were observed, most mislocalized AVMD and ARB mutants were
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found in the cytoplasm between the apical plasma membrane and the nuclei (Figs. 2 and 3),

suggesting that many may be mislocalized to the same intracellular compartments.

3.3. Mislocalized ARB and AVMD mutants co-localize with WT Best1

We have previously shown that, in polarized MDCK cells, the BVMD mutant W93C is

mislocalized on its own and is rescued to the plasma membrane by the presence of WT

Best1. Conversely, the BVMD mutant V9M mutant is mislocalized on its own and, when

co-expressed together, dominantly mislocalizes WT Best1 (Johnson et al., 2013). Since we

know that WT and mutant Best1 can influence the localization of each other , we co-

expressed mislocalized, mutant Best1 fused to YFP with WT Best1-c-myc in MDCK cells

via adenovirus-mediated gene transfer (Figs. 4 and 5). Cells were stained for c-myc as well

as the apical protein marker gp135 for positional referencing. Co-localization between

Best1-c-myc and mutant Best1-YFP was analyzed using confocal X-Y (Fig. 4) and X-Z

scans (Fig. 5). WT Best1-YFP and Best1-c-myc co-localized in the basolateral plasma

membrane (Figs. 4 and 5). Interestingly, all mislocalized mutants (T6P, R141H, R141S,

P152A, L174Qfs*57, L191P, R200X, E213G, D312N, V317M, and M325T) co-localized

with WT Best1-c-myc predominantly in intracellular compartments in both the X-Y (Fig. 4)

and X-Z (Fig. 5) scans. For some mutants (e.g., R141H, R141S, L174Qfs*57, and R200X),

cells were occasionally observed that showed some co-localization at the cell periphery in

the X-Y scans (Fig. 4), suggesting that WT Best1 may exert at least a partial rescue effect.

3.4. ADVIRC, RP, AVMD, and ARB mutants form oligomers with WT Best1

That mislocalized AVMD and ARB mutants robustly co-localize with WT Best1 (Figs. 4

and 5) suggests that these diseases are not associated with oligomeric defects. To test this

further, we performed reciprocal, co-immunoprecipitation experiments between Best1-c-

myc and all 28 mutants fused to YFP using antibodies specific to each of these tags.

Confluent, polarized MDCK cells were made to express both forms of Best1 using

replication defective adenoviruses. As we reported previously, Best1 with a 6x-c-myc tag

(~75 kDa) and Best1 with a YFP tag (~95 kDa) were capable of reciprocal co-

immunoprecipitation with each other (Fig. 6A-C). In contrast, Best1-c-myc and Best1-YFP

were unable to co-immunoprecipitate with gp135, a 135 kDa apical plasma membrane

protein endogenous to MDCK cells (Fig. 6D). Best1-c-myc and all 28 mutants fused to YFP

immunoprecipitated the other tagged form of Best1 (Fig. 6A-C), indicative of physical

interaction and hetero-oligomer formation between WT and mutant Best1. We also

immunoprecipitated and western blotted for Best1-YFP and the four truncation mutants

(L174Qfs*57, R200X, L472PfsX10, and H490QfsX24) fused to YFP. We find that all four

mutants were expressed and migrated at their predicted Mr (Fig. 6C, E).

To validate that Best1 mutants form oligomers with WT Best1 rather than aggregates due to

protein overexpression, we performed live-cell, confocal, FRET acceptor photobleaching in

polarized MDCK cells. This experimental approach has been successfully used to assess and

quantify the interaction of channels at the plasma membrane (Johnson et al., 2013; Sheridan

et al., 2011). Confluent cells were made to co-express Best1-CFP and either WT or mutant

Best1-YFP via adenovirus-mediated gene transfer. FRET was quantified by the increase in

donor (CFP) fluorescence following photobleaching of the acceptor (YFP), as indicated in
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the methods. In all cases the FRET efficiencies significantly differed (p < 0.001) from the

positive and negative controls, which were a CFP-YFP fusion protein and Best1-CFP co-

expressed with YFP, respectively (Fig. 7). FRET efficiency for the positive control, CFP-

YFP, was near-maximal at 46.74% ± 4.37 (mean ± s.d., n = 23). Pre- and post-bleach photos

highlighting this near-maximal FRET efficiency for CFP-YFP are shown in Supplementary

Figure 1. FRET efficiency for the negative control, Best1-CFP co-expressed with YFP, was

at background at 2.14% ± 2.36 (n = 24). As we observed previously (Johnson et al., 2013),

both Best1-CFP and Best1-YFP exhibited FRET in the plasma membrane (Fig. 7A, B).

When co-expressed with Best1-CFP, all 28 mutants associated with ADVIRC, AVMD,

ARB, and RP exhibited FRET efficiencies that did not differ significantly from the FRET

efficiency of Best1-CFP and WT Best1-YFP (Fig. 7C). The p-values for FRET between WT

and mutant Best1 ranged from 0.1249 (n= 21, P101T) to 0.8811 (n= 24, R200X). FRET

between Best1-CFP and Best1-YFP was 13.64% ± 1.67 (n = 21). The mutant FRET

efficiencies ranged from 12.45% ± 3.56 (n = 20, N179del) to 14.77% ± 2.33 (n = 20,

A146L) and, for all experiments, the value of n was greater than or equal to 19 (Fig. 7C).

Along with our co-localization and reciprocal co-immunoprecipitation experiments, these

data strongly suggest that none of the 28 mutants associated with these four

bestrophinopathies exhibit defects in oligomerization. The results of our localization and

oligomerization screen are summarized in Table 1.

4. Discussion

Here, we present the results of a localization and oligomerization screen for 28 Best1

mutants associated with ADVIRC, RP, AVMD, and ARB. We find that the fusion of CFP-

or YFP- tags to the C-terminus does not abrogate the associated anion conductance of Best1

in transfected HEK293 cells (Fig. 1). This is analogous to previous findings, which show

that the addition of a 6x-c-myc tag to the C-terminus of Best1 does not impact its anion

channel activity in heterologous cells (Sun et al., 2002). Our findings are summarized along

with previous data for the 28 Best1 mutants tested here regarding anion channel activity

(Burgess et al., 2008; Davidson et al., 2011; Davidson et al., 2009; Milenkovic et al., 2011b;

Yu et al., 2006) and associated disease phenotypes (http://www-huge.uni-regensburg.de/

BEST1_database) in Table 1. We find that missense mutants associated with RP and

ADVIRC are all properly localized (Fig. 2), while mutants associated with AVMD and ARB

can, like BVMD mutants (Johnson et al., 2013; Milenkovic et al., 2011b), be properly

localized or mislocalized (Figs. 2 and 3). Interestingly, the ARB mutants L472PfsX10 and

H490QfsX24 localized to the basolateral plasma membrane, indicating that amino acids

481-585 are not necessary for plasma membrane localization (Fig. 3). Our laboratories (Figs.

2 and 3) (Johnson et al., 2013) as well as other laboratories (Davidson et al., 2011; Davidson

et al., 2009; Milenkovic et al., 2011b) have investigated a number of Best1 mutants in

polarized MDCK cells. When properly localized and mislocalized mutants are highlighted in

the Best1 topology models proposed by Tsunenari et al. (Tsunenari et al., 2003) (Fig. S2)

and Milenkovic et al. (Milenkovic et al., 2007) (Fig. S3), there is no distinct correlation

between the localization of the protein and the location of the mutation within the protein.

There are, however, high concentrations of mislocalization-inducing mutants in the

intracellular N-terminus (Figs. S2 and S3) leading up to the first putative transmembrane
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domain, and (Figs. S2 and S3) immediately following the emergence of the final

transmembrane domain into the cytosol. These data suggest that these regions may contain

signals relevant to Best1 trafficking.

Consistent with our data, Milenkovic et al. also looked at the localization of mutant T6P and

reported it to be mislocalized in stably transfected, polarized MDCK cells (Milenkovic et al.,

2011b). They also examined mutants at amino acids positions 227 and 243, finding that

Y227N was mislocalized but that A243T was localized to the plasma membrane

(Milenkovic et al., 2011b). Mullins et al. found that Y227N in an eye form a donor with

BVMD was mislocalized (Mullins et al., 2005). According to our data, both Y227C and

A243V are properly localized (Fig. 2). It is interesting that the Y227N, but not the Y227C,

mutation results in mislocalization of the protein. It was recently reported, however, that

different mutations at this position can have disparate effects on the localization of Best1,

with Y227N and Y227F being mislocalized and properly localized, respectively (Doumanov

et al., 2013). Although Y227N and Y227C are mutations thought to be causal for disease,

Y227F has, to date, not been reported in association with disease. Singh et al. also examined

the localization of the BVMD mutant A146K in iPS cell-derived RPE, finding it be properly

localized (Singh et al., 2013), similar to our results for the AVMD mutant A146L (Fig. 2). In

transiently transfected MDCK cells, Davidson et al. reported that the RP mutant I205T was

properly localized but that the RP mutants L140V and D228N were mislocalized (Davidson

et al., 2009).

The latter two results conflict with our findings, which suggest that all of the RP-associated

mutants localize to the basolateral plasma membrane (Fig. 2). We have observed that, unless

Best1 is expressed in a highly confluent, polarized monolayer of MDCK cells, it will not

reliably localize to the plasma membrane. This has been shown for other epithelial proteins,

which require the formation of confluent, polarized monolayers for proper sorting to occur

(Low et al., 2000; Rodriguez-Boulan and Salas, 1989; Wang et al., 1990a, b). It has been

reported, for example, that the vasopressin type-2 receptor does not localize to the plasma

membrane in transiently transfected cells, but does so in stably transfected cells (van Beest

et al., 2006). Thus, the different results for these 2 mutants may be due to the use of transient

transfection, which is typically performed in cells not fully polarized, versus the use of

adenovirus-mediated gene transfer in highly polarized monolayers of MDCK cells.

All mutants tested could reciprocally co-immunoprecipitate and exhibit FRET with WT

Best1, including the ARB truncation mutations L174Qfs*57 and R200X (Figs. 6 and 7).

This is unlikely to be due to overexpression, as significant plasma membrane FRET was

observed between WT Best1 and properly localized mutants (Fig. 7). Furthermore, even

cells expressing small quantities of WT and mutant Best1 robustly co-localized with each

other (Figs. 4 and 5) and exhibited significant levels of FRET. These data suggest that the

first ~174 amino acids are sufficient for the formation of oligomers with WT Best1 and that,

like previously tested BVMD mutants (Johnson et al., 2013), oligomeric defects are not

associated with ADVIRC, RP, AVMD, and ARB. According to both extant Best1 topology

models (Figs. S2 and S3) (Milenkovic et al., 2007; Tsunenari et al., 2003), the first ~174

amino acids are comprised of the intracellular N-terminus, the first 2 transmembrane

domains, and all or a significant portion of an intracellular loop following transmembrane
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domain 2. Studies on the closely related Bestrophin-2 indicate that transmembrane 2 likely

forms the channel pore of the bestrophins (Qu et al., 2006; Qu and Hartzell, 2004). Given

that the channel pore is frequently the epicenter for channel formation (Clarke and Gulbis,

2012), it is quite feasible that, in heterozygous patients, the mutants L174Qfs*57 and R200X

multimerize with WT Best1. Moreover, we have previously shown that mouse and human

Best1 can exhibit FRET and reciprocally co-immunoprecipitate each other, despite having

significant disparity in their primary amino acid sequence outside of their respective

bestrophin domains (Johnson et al., 2013). Cumulatively, these data indicate that Best1

homo-oligomer formation requires at most the first 174 amino acids of the bestrophin

domain.

For ADVIRC, all 4 associated mutants localized to the basolateral plasma membrane (Fig.

2), indicating that mislocalization is not a component of disease pathogenesis. Since none of

the ADVIRC mutants have been tested for anion conductance (Table 1), it is difficult to

speculate how these missense mutations might impact Best1 function. It has been previously

reported, however, that ADVIRC mutations lie adjacent to intron-exon boundaries. Assays

of in vitro splicing indicate that these mutations disrupt mRNA splicing and generate both

missense and exon-deletion mutants (Burgess et al., 2009; Yardley et al., 2004). Although

the existence of mis-spliced Best1 mRNA has yet to be demonstrated in tissue, this may

explain why these mutations uniquely cause ADVIRC. Similar to ADVIRC, all 4 RP-

associated mutants were properly localized (Fig. 2). In transfected HEK293 cells, tested RP

mutants (Table 1) exhibit diminished Cl− conductances compared to WT Best1 and can

attenuate the Cl− current of WT protein (Davidson et al., 2009). However, numerous

BVMD, AVMD, and ARB mutants are also marked by diminished anion channel activity

and, when co-expressed with WT Best1, impair the Cl− conductance of WT Best1 as well

(Table 1) (Davidson et al., 2011; Hartzell et al., 2008; Xiao et al., 2010). While lack of anion

transport may contribute to disease pathogenesis, there are likely other mechanisms involved

which result in one bestrophinopathy over another. It is interesting that both RP and

ADVIRC missense mutants properly localize to the basolateral plasma membrane (Fig. 2) as

both RP and ADVIRC affect the peripheral retina and are marked by retinal pigmentary

abnormalities (Boon et al., 2009; Davidson et al., 2009). Thus, the pathogenic mechanisms

underlying RP and ADVIRC may be similar and RP and ADVIRC due to BEST1 mutation

may be a manifestation of the same disease. Further studies are warranted to test this

hypothesis.

2 of the 5 AVMD mutants were mislocalized and the remaining 3 trafficked to the

basolateral plasma membrane (Fig. 2). AVMD mutants exhibit a diminished Cl−

conductance in transfected HEK293 cells and, when co-expressed, can dominantly suppress

the channel activity of WT Best1 or exert no effect on WT conductance (Table 1) (Davidson

et al., 2011; Milenkovic et al., 2011b; Yu et al., 2006). Interestingly, T6P and A243V have

been independently reported to cause BVMD (Kramer et al., 2000; Petrukhin et al., 1998)

and mutations at positions T6, A146, A243, and D312 have all been reported to cause both

BVMD and AVMD (Kramer et al., 2000; Petrukhin et al., 1998; Schatz et al., 2010; Singh et

al., 2013) . We find that, just like previously tested BVMD mutants (Johnson et al., 2013),

AVMD mutants can be either properly localized or mislocalized (Fig. 2). It has been

Johnson et al. Page 10

Exp Eye Res. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



postulated that AVMD may represent a more mild form of BVMD, since its distinguishing

characteristic is that it is typically a later-onset disease and patients typically have a normal

or near-normal electrooculogram (Boon et al., 2009; Marmorstein et al., 2009). As such, it is

not surprising that, in terms of localization and Cl− conductances (Table 1), AVMD and

BVMD are mechanistically similar.

Our results for ARB are perhaps the most curious, as they were largely unexpected. It was

previously hypothesized that, due to the recessive nature of ARB, this disease may be

caused by defective oligomerization (Xiao et al., 2010). Namely, the heterozygous state

would be recessive due to an inability of mutant Best1 to interact with and impair WT Best1

(Xiao et al., 2010). This is the case for recessive myotonia caused by mutations in CLC-1, in

which some truncation mutants are unable to dimerize with WT subunits (Jentsch et al.,

2005). Although we found this theory to be plausible, particularly for the 4 ARB-associated

truncation mutants, our results indicate that all 16 ARB-associated mutants tested could

form oligomers with WT Best1 (Figs. 6 and 7). Furthermore, several ARB-associated

variants exhibit a diminished Cl− conductance in transfected HEK293 cells (Davidson et al.,

2011). Some, like L41P, significantly impair the conductance of WT Best1 as well, while

others, like V317M and R141H, fail to impact the Cl− currents of WT protein (Davidson et

al., 2011). This finding is puzzling, as our data show that WT and V317M or R141H Best1

co-localize together predominantly in intracellular compartments (Figs. 4 and 5). As of yet,

there is no distinct correlation between localization or diminished Cl− conductance and

disease phenotype (Table 1).

It is also curious that all mislocalized mutants, even those associated with the recessive

disease ARB, largely mislocalized WT Best1 when co-expressed together (Figs. 4 and 5).

This would lead us to believe that the disease pathogenesis of the bestrophinopathies is

wholly independent of Best1's localization to the plasma membrane. For example, 1 copy of

an ARB allele, such as M325T, is insufficient to cause disease (Burgess et al., 2008). Our

data show, however, that M325T causes the mislocalization of both WT and mutant protein

when co-expressed. That mislocalized ARB mutants mislocalize WT Best1 but do not

induce a disease phenotype in heterozygous patients, indicates that an inability to traffic to

the membrane cannot, on its own, cause disease. This is further indicated by our past

(Johnson et al., 2013) and current data, which show that defects in localization are unable to

differentiate between the five retinal degenerative diseases associated with Best1. Moreover,

patients homozygous for properly localized ARB mutants – such as L472PfsX10 (Fig. 3) –

still exhibit an ARB phenotype (Bitner et al., 2011), demonstrating that mislocalization is

not a necessary component of ARB pathogenesis. Given the sum of findings for all Best1

mutants we propose that failure of Best1 to traffic to the plasma membrane is not sufficient

to cause disease, and that the absence of Best1 activity at the plasma membrane is well

tolerated.

This conclusion is contingent upon the assumption that ARB mutants are truly recessive.

Although a minority, some ARB mutants have been independently reported as dominant

BVMD or AVMD mutants (http://www-huge.uni-regensburg.de/BEST1_database). For

example, D312N is associated with both ARB and AVMD and L41P is associated with both

ARB and BVMD (Table 1). The majority of ARB mutants remain exclusively associated
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with ARB, however, and our data show that these (i.e., M325T) induce the mislocalization

of WT Best1 (Figs. 4 and 5). Furthermore, we have previously shown that the BVMD

mutant W93C is mislocalized on its own, but is rescued to the plasma membrane in the

presence of WT Best1 (Johnson et al., 2013). Despite the differences in trafficking, patients

heterozygous or homozygous for the mutation W93C exhibit a comparable disease

phenotype (Bakall et al., 2007). We would thus still argue that Best1 mislocalization is not

by itself pathogenic. It remains possible, however, that these mutants may cause dominant

disease is some cases, and that other factors may cause them to present as recessive disease

in others. Further efforts are warranted to understand why some mutations are associated

with multiple disease phenotypes.

Lastly, we did not look at specific patterns of localization – we only looked to see whether

or not a mutant was localized to the basolateral plasma membrane or was mislocalized to

intracellular compartments. It was previously reported by Davidson et al. that some ARB

mutants are targeted to the proteasome while others are not (Davidson et al., 2011).

Similarly, we observed that, although most mislocalized mutants exhibited similar patterns

of localization, others were distinct. For example, in the X-Z scans, the mutant R200X was

found diffuse throughout the cytoplasm while the mutant T6P was more punctate and

concentrated between the nuclei and the apical plasma membrane. It is possible that these

mutants traffic to different compartments and also differ in their handling (e.g., degraded via

lysosomes, proteasomes, or autophagosomes). Differences such as these could further

distinguish individual mutations, and potentially differentiate mislocalization in different

diseases. Moreover, we did not assess the functional consequences (e.g., cell loss) of

mislocalized mutants in RPE cells. Although compartmental trafficking of mutants and the

functional consequences of mislocalization are beyond the scope of this study, they should

be the subject of future investigations.

In summary, we find that AVMD, ARB, ADVIRC, and RP are associated with disparate

effects on Best1 localization, but not oligomerization. The etiology of these diseases remains

poorly understood and further efforts to understand the unique pathogenesis of each one are

warranted. We postulate that unique changes in Ca2+ homeostasis, phagocytosis, binding

partners (e.g., voltage-dependent Ca2+ channels (Milenkovic et al., 2011a; Reichhart et al.,

2010; Yu et al., 2008), regulatory kinases (Marmorstein et al., 2002; Xiao et al., 2009), etc.),

and/or other factors may underlie the differential pathogenesis of one disease over another.

Supplementary Material

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

• Mislocalization of Best1 is not pathogenic.

• The absence of Best1 at the plasma membrane is well tolerated.

• Oligomeric defects are not associated with the bestrophinopathies.

• The first 174 amino acids of Best1 are sufficient for oligomerization to occur.

• Amino acids 472-585 are not necessary for proper localization of Best1.

Johnson et al. Page 17

Exp Eye Res. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. Whole-cell chloride currents mediated by untagged, CFP-tagged and YFP-tagged
Best1 channels
(A) Whole-cell currents recorded from HEK293 cells expressing untagged Best1 (WT) or

Best1 tagged with CFP or YFP, as indicated. Dashed lines represent the zero current level.

Voltage protocol is shown in the upper panel. (B) Mean whole-cell current density versus

voltage relationship. The number of experiments was 5-8 in each case. Tagged and untagged

Best1 currents were significantly higher than those observed in untransfected cells,

indicating that the C-terminal addition of CFP or YFP does not abolish the associated anion

channel activity of Best1.
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Figure 2. Localization of Best1 and ADVIRC-, RP-, as well as AVMD-associated mutants in
MDCK cells as determined by confocal microscopy
Representative X-Y and X-Z scans of WT or mutant Best1-YFP (green) are shown. WT or

mutant Best1 were expressed in confluent, polarized monolayers of MDCK cells via

adenovirus-mediated gene transfer and stained for the endogenous apical protein gp135 (red)

and nuclei (blue) for positional referencing. All ADVIRC (V86M, V235A, Y236C, and

V239M) and RP (L140V, I205T, Y227C, and D228N) mutants localized to the basolateral

plasma membrane. For AVMD-associated mutants, T6P and D312N were intracellular while

R47H, A146L, and A243V were properly localized. Ap and Bl stand for apical and

basolateral, respectively. Scale bars: 20 μm.
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Figure 3. Localization of ARB-associated mutants in MDCK cells as determined by confocal
microscopy
Representative X-Y and X-Z scans of mutant Best1-YFP (green) are shown. Mutant Best1

was expressed in confluent, polarized monolayers of MDCK cells via adenovirus-mediated

gene transfer and stained for the endogenous apical protein gp135 (red) and nuclei (blue) for

positional referencing. L41P, P101T, N179del, A195V, L472PfsX10, and H490QfsX24

were localized to the basolateral plasma membrane. In contrast, R141H, R141S, P152A,

L174Qfs*57, L191P, R200X, E213G, V317M, and M325T were found in intracellular

compartments. Scale bars: 20 μm.
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Figure 4. Co-localization X-Y scans between mislocalized AVMD- and ARB-associated mutants
and WT Best1 as determined by confocal microscopy
Representative merged X-Y scans of WT and mutant Best1-YFP co-expressed with Best1-c-

myc are shown. Confluent, polarized monolayers of MDCK cells were made to express both

Best1-c-myc and WT or mutant Best1-YFP (green) via adenovirus-mediated gene transfer.

Cells were stained for c-myc (red) and, for positional referencing, the endogenous apical

protein gp135 (cyan). Best1-YFP co-localized with Best1-c-myc in the basolateral plasma

membrane, while all 11 mislocalized mutants (T6P, R141H, R141S, P152A, L174Qfs*57,

L191P, R200X, E213G, D312N, V317M, and M325T Best1) co-localized with Best1-c-myc

predominantly in intracellular compartments. Scale bar: 20 μm.
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Figure 5. Co-localization X-Z scans between mislocalized AVMD- and ARB-associated mutants
and WT Best1 as determined by confocal microscopy
Representative merged X-Z scans of WT and mutant Best1-YFP co-expressed with Best1-c-

myc are shown. Confluent, polarized monolayers of MDCK cells were made to express both

Best1-c-myc and WT or mutant Best1-YFP (green) via adenovirus-mediated gene transfer.

Cells were stained for c-myc (red) and, for positional referencing, the endogenous apical

protein gp135 (cyan). Best1-YFP co-localized with Best1-c-myc in the basolateral plasma

membrane, while all 11 mislocalized mutants (T6P, R141H, R141S, P152A, L174Qfs*57,

L191P, R200X, E213G, D312N, V317M, and M325T Best1) co-localized with Best1-c-myc

predominantly in intracellular compartments. Scale bar: 20 μm.
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Figure 6. Reciprocal co-immunoprecipitation of Best1-c-myc and WT or mutant Best1-YFP in
MDCK cells
(A) MDCK cells were transduced to express both Best1-c-myc (~75 kDa) and WT or mutant

Best1-YFP (~95 kDa) using adenovirus-mediated gene transfer. Co-expressing cells were

lysed and Best1 immunoprecipitated using an anti-YFP antibody and western blotted using

an antibody specific to c-myc. Control lanes were loaded with immunoprecipitates prepared

from uninfected MDCK cells. All other lanes were loaded with immunoprecipitated Best1.

(B) Excluding the four ARB truncation mutants, MDCK cells were transduced to express

both Best1-c-myc (~75 kDa) and WT or mutant Best1-YFP (~95 kDa) using adenovirus-

mediated gene transfer. Co-expressing cells were lysed and Best1 immunoprecipitated using

an anti-c-myc antibody and western blotted using an antibody specific to YFP. (C) Lanes

were loaded with MDCK cells co-expressing WT Best1-c-myc and YFP-tagged ARB

truncation mutants (L174Qfs*57, R200X, L472PfsX10, and H490QfsX24 Best1-YFP ).

Cells were immunoprecipitated using an antibody specific to c-myc and blotted back using

an antibody specific to YFP. (D) MDCK cells were infected with either Best1-c-myc or

Best1-YFP via adenovirus-mediated gene transfer. Best1 was immunoprecipitated using

anti-cmyc or anti-YFP antibodies and blotted back using an antibody specific to gp135 (135

kDa). Lysate lanes were loaded using lysates from cells infected with either Best1-c-myc or

Best1-YFP. (E) MDCK cells were infected with Best1-YFP or with one of the truncation

mutants (L174Qfs*57, R200X, L472PfsX10, and H490QfsX24 Best1-YFP). Best1 was

immunoprecipitated using an anti-YFP antibody and blotted back using a separate anti-YFP

antibody.
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Figure 7. Live-cell, confocal FRET acceptor photobleaching of Best1-CFP and WT or mutant
Best1-YFP in MDCK cells
(A) Representative X-Y scan of Best1-CFP (blue, donor) and Best1-YFP (yellow, acceptor)

co-expressed in polarized MDCK cells using adenovirus-mediated gene transfer. Using a

514 nm laser on a confocal microscope, live-cell acceptor photobleaching was performed,

generating the resultant image in (B), which highlights regions in the plasma membrane

where donor intensity was increased post-bleaching. (C) For all experiments, n ≥ 19. FRET

efficiencies (% E) were determined for Best1-CFP paired with WT or mutant Best1-YFP via

adenovirus-mediated gene transfer. As a positive control, MDCK cells were transfected with

a CFP-YFP fusion protein. As a negative control, MDCK cells were cotransfected with

Best1-CFP and YFP. WT and mutant Best1 had % E's that did not significantly differ from

each other, but did significantly differ from the negative and positive controls (p < 0.001).

Scale bar: 10 μm. Error bars indicate ± S.D.

Johnson et al. Page 24

Exp Eye Res. Author manuscript; available in PMC 2015 April 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Johnson et al. Page 25

Table 1

Summary of localization, co-localization, and oligomerization findings for mutant and WT Best1.

Mutant Associated Diseases Properly Localized Co-localizes with
WT Best1 at the
Plasma
Membrane

Forms
Oligomers with
WT Best1

Diminished Chloride Conductance

WT N/A + + + N/A

T6P AVMD, BVMD - - + +,Σ

L41P ARB, BVMD + N/A + +*,¥

R47H AVMD + N/A + Untested

V86M ADVIRC + N/A + Untested

P101T ARB, BVMD + N/A + Untested

L140V RP, ARB + N/A + +*,‡

R141H ARB, BVMD - - + +**,†

R141S ARB - - + Untested

A146L AVMD + N/A + Untested

P152A ARB - - + +**,†

L174Qfs*57 ARB - - + Untested

N179del ARB + N/A + Untested

L191P ARB - - + Untested

A195V ARB, BVMD + N/A + +**,¥

R200X ARB - - + Untested

I205T RP + N/A + +*,‡

E213G ARB - - + Untested

Y227C RP, BVMD + N/A + Untested

D228N RP + N/A + Untested

V235A ADVIRC + N/A + Untested

Y236C ADVIRC + N/A + Untested

V239M ADVIRC + N/A + Untested

A243V AVMD + N/A + +**,Ω

D312N AVMD, ARB - - + +*,¥

V317M ARB - - + +**,¥

M325T ARB - - + +*,¥

L472PfsX10 ARB + N/A + Untested

H490QfsX24 ARB, BVMD + N/A + Untested

* = Mutant significantly suppresses the chloride conductance of WT Best1.

** = Mutant does not significantly alter the chloride conductance of WT Best1.

+ = Properly localized/Co-localizes at the plasma membrane/Forms oligomers with WT Best1/Exhibits a diminished chloride conductance

- = Mislocalized/Co-localizes in intracellular compartments

† Previously reported by (Burgess et al., 2008)

‡ Previously reported by (Davidson et al., 2009)

¥ Previously reported by (Davidson et al., 2011)

Σ Previously reported by (Milenkovic et al., 2011b)

Ω Previously reported by (Yu et al., 2006)
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