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A RT I C L E

Single Cl− Channels Activated by Ca2+ in Drosophila S2 Cells Are 
Mediated By Bestrophins

Li-Ting Chien, Zhi-Ren Zhang, and H. Criss Hartzell

Department of Cell Biology and Center for Neurodegenerative Disease, Emory University School of Medicine, 
Atlanta, GA 30322

Mutations in human bestrophin-1 (VMD2) are genetically linked to several forms of retinal degeneration but the 
underlying mechanisms are unknown. Bestrophin-1 (hBest1) has been proposed to be a Cl− channel involved in 
ion and fl uid transport by the retinal pigment epithelium (RPE). To date, however, bestrophin currents have 
only been described in overexpression systems and not in any native cells. To test whether bestrophins function 
as Ca2+-activated Cl− (CaC) channels physiologically, we used interfering RNA (RNAi) in the Drosophila S2 cell 
line. S2 cells express four bestrophins (dbest1–4) and have an endogenous CaC current. The CaC current is 
abolished by several RNAi constructs to dbest1 and dbest2, but not dbest3 or dbest4. The endogenous CaC cur-
rent was mimicked by expression of dbest1 in HEK cells, and the rectifi cation and relative permeability of the 
current were altered by replacing F81 with cysteine. Single channel analysis of the S2 bestrophin currents re-
vealed an �2-pS single channel with fast gating kinetics and linear current–voltage relationship. A similar chan-
nel was observed in CHO cells transfected with dbest1, but no such channel was seen in S2 cells treated with 
RNAi to dbest1. This provides defi nitive evidence that bestrophins are components of native CaC channels at the 
plasma membrane.

I N T R O D U C T I O N

Age-related macular degeneration (ARMD) is one of 

the most common causes of blindness (Penfold et al., 

2001), but its underlying mechanisms are not known. 

Although both genetic and environmental factors 

contribute to the pathogenesis of ARMD, some other 

forms of macular degeneration are inherited in 

a Mendelian fashion (Hartzell et al., 2005b). For ex-

ample, Best vitelliform macular dystrophy (BVMD) 

(Godel et al., 1986) is linked to over 85 mutations, 

many of which are dominant, in the bestrophin-1 

gene (VMD2) (Marquardt et al., 1998; Petrukhin et al., 

1998; White et al., 2000; Weber and Krämer, 2002; 

Hartzell et al., 2005b; Strauss, 2005). Mutations in 

VMD2 are also associated with a small fraction 

of cases of adult onset vitelliform macular dystrophy 

(Allikmets et al., 1999; Krämer et al., 2000) and 

 abnormal splice variants of VMD2 are associated 

with autosomal dominant vitreoretinochoroidopathy 

(Yardley et al., 2004).

A defect in epithelial ion transport is thought 

to  underlie BVMD because its hallmark feature is a 

 decreased slow light peak in the electrooculogram 

(EOG) (Deutman, 1969; Cross and Bard, 1974; Wajima 

et al., 1993). Experiments in chicken, cat, and gecko 

show clearly that the light peak is caused by a Cl− 

 conductance in the basolateral membrane of the retinal 

pigment epithelium (RPE) (Gallemore et al., 1997). 

The light peak is blocked by the Cl− channel blocker 

DIDS, the reversal potential of the light peak equals 

ECl, the reversal potential of the light peak changes in 

concert with ECl, and the relative Cl− conductance 

 increases during the light peak. Because  bestrophin-1 

immunoreactivity is found basolaterally in RPE cells 

(Marmorstein et al., 2000; Bakall et al., 2003), the 

simplest hypothesis is that BVMD is caused by a defect 

in the basolateral RPE Cl− channel that is mediated 

by bestrophin-1 (hBest1).

Strong support for this hypothesis was provided 

by the demonstration by Sun et al. (2002) that hBest1 

and other bestrophins induce Cl− currents when 

overexpressed in HEK cells. Furthermore, they 

showed that several of disease-causing mutations in 

hBest1 produce currents in HEK cells that are consid-

erably smaller than normal (Sun et al., 2002). The 

bestrophins that have been studied are dependent 

on Ca2+ in the physiological range (Qu and Hartzell, 

2003, 2004; Qu et al., 2004). Further evidence 

that bestrophins are Cl− channels was provided by 

the demonstration that mutations in both hBest1 

and mBest2 alter the relative anion conductance 

and  permeability of the currents and change their 

sensitivity to cysteine-reactive reagents (Tsunenari 

Correspondence to Criss Hartzell: criss.hartzell@emory.edu

Abbreviations used in this paper: BVMD, Best vitelliform macular 

 dystrophy; CaC, Ca2+-activated Cl−; EOG, electrooculogram; hBest1, 

bestrophin-1; RPE, retinal pigment epithelium.



248 Single Channel Properties of Drosophila Bestrophins

et al., 2003; Qu and Hartzell, 2004; Qu et al., 2004, 

2006a). The ability to change bestrophin selec tivity by 

mutations provides good evidence that bestrophin is re-

sponsible for forming the channel pore (Pusch, 2004).

Despite these fi ndings, the idea that hBest1 is an 

epithelial Cl− channel has remained in doubt. The 

fact that several mutations in VMD2, like A243V, cause 

late-onset vitelliform macular degenerations that are 

not accompanied by EOG abnormalities (Kramer 

et al., 2000; Seddon et al., 2001, 2003; Pollack et al., 

2005; Renner et al., 2005) has suggested that BVMD 

may not be caused by Cl− channel dysfunction 

(Yu et al., 2006). An alternative hypothesis, that be-

strophin is a regulator of voltage-gated Ca2+ chan-

nels, has been proposed by Marmorstein et al. (2004, 

2006) and Rosenthal et al. (2005). Overexpression of 

hBest1 in RPE-J cells causes a shift in the voltage 

 dependence of activation of L-type voltage-gated 

Ca2+ currents and changes their activation and deac-

tivation kinetics (Rosenthal et al., 2005).  Furthermore, 

overexpression of wild-type or dominant-negative be-

strophins in rats does not have the expected effects 

on the EOG if bestrophin were functioning as a baso-

lateral RPE Cl− conductance (Marmorstein et al., 

2004) and RPE cells from mBest1 knockout mice 

have normal Cl− currents (Marmorstein et al., 2006). 

These fi ndings have led these investigators to con-

clude that mBest1 is not involved in generating the 

light peak. Rather, they propose that bestrophin 

 modulates the light peak by altering the voltage de-

pendence of Ca2+ channels. Although the possibil-

ity might be considered that the light peak and its 

ionic mechanisms differ in different species (com-

pare, for example, Linsenmeier and Steinberg [1982] 

and Marmorstein et al. [2006]), the Cl− channel 

 hypothesis and the Ca2+ channel regulator hypo-

thesis for bestrophin are not mutually exclusive. 

CFTR, for example, is a Cl− channel that regulates a 

wide variety of different channels and transporters 

(Mehta, 2005).

Additional reasons to worry whether bestrophins 

are Ca2+-activated Cl− (CaC) channels are the fi nd-

ings that expressed bestrophin currents differ from 

native CaC currents (Pusch, 2004) and that muta-

tions in  mBest2 actually have somewhat unimpressive 

effects on anion selectivity (Qu et al., 2006a). These 

fi ndings may suggest that the currents induced by 

 bestrophin overexpression might be due to up-regulation 

of endogenous Cl− channels. Up-regulation of endo-

genous Cl− channels is a common response to over-

expression of a variety of membrane proteins in 

Xenopus oocytes (Attali et al., 1993; Shimbo et al., 

1995; Tzounopoulos et al., 1995). This has resulted 

in controversy about a variety of candidate Cl− chan-

nels (Clapham, 1998; Jentsch et al., 2002; Hartzell 

et al., 2005a). For example, CLCA proteins have been 

proposed to be CaC channels (e.g., Cunningham 

et al., 1995; Yamazaki et al., 2005), but the prevailing 

view is that CLCAs are not Cl− channels (Jentsch 

et al., 2002; Eggermont, 2004), partly because some 

CLCAs are secreted proteins (Gibson et al., 2005). 

This problem in unambiguously identifying Cl− chan-

nels has arisen because it is diffi cult to separate 

 endogenous and expressed currents; different Cl− 

currents are often biophysically similar and very 

few specifi c blockers exist. The observation that wild-

type mBest4 and hBest3 produce negligible Cl− cur-

rents in a physiological voltage range when expressed 

in HEK cells raises additional questions about their 

role as Cl− channels (Qu et al., 2006b).

TA B L E  I

Primers for RNAi Synthesis

Primer Sequence Product size

CON Forward 5′-T C G G G G C T G T G G C T G A G G T -3′ 785 bp

Reverse 5′-T G G T G C T T C G C G T T G A T G T G T -3′
1N Forward 5′-A T C C C A T C G C C G T G T T T G T -3′ 814 bp

Reverse 5′-A C C T C G A T C T T G G C A G T G G A C -3′
1C Forward 5′-G C A A C G C C C A G T C A G G A -3′ 793 bp

Reverse 5′-T C A T C G T C G A A T T G G A G A A C -3′
1S Forward 5′-T G A T G C C A G T G G C A T T C A C -3′ 509 bp

Reverse 5′-C G C C A G G T G G A A A T A G G T T -3′
2N Forward 5′-G A T A C G T T G G C C C T G T T C A T A A -3′ 793 bp

Reverse 5′-G C T C G T C T T T C C G G T A G T G T T C -3′
2C Forward 5′-C C A G C T C G G T C C T A A T G -3′ 798 bp

Reverse 5′-C C T C T C C G G T C T T T T G T T -3′
2S Forward 5′-A A A C A T C A C C A C T C T G T C G T -3′ 503 bp

Reverse 5′-T T G A G G G G G C C G A G G A T -3′
3N Forward 5′-G A T C G G G A T A T T A A G C A C T A C A -3′ 783 bp

Reverse 5′-G T C C T C C T C C T T T C T C T T T T T C -3′
4N Forward 5′-T G G C C A C G T A C T C C T T C T T C C T -3′ 784 bp

Reverse 5′-G C T C T G T C C C C C G C T T C C T -3′

T7 sites (5′-C T A A T A C G A C T C A C T A T A G G G A G -3′) were added to 5′ ends 

of both forward and reverse primers.

TA B L E  I I

Reverse Transcriptase PCR Primers

Primer Sequence Product size

Act5C Forward 5′-T C A G C C A G C A G T C G T C T A A T C C A G -3′ 426 bp

Reverse 5′-G C G G G G C C T C G G T C A G C -3′

dbest1 Forward 5′-T G G C G A A G A C G A T G A T G A T T T T G A -3′ 533 bp

Reverse 5′-C T G G T T T T C C G G C C G A T G T A G C -3′

dbest1’ Forward 5′-T C G A T G A A A T G G C C G A T G A T G -3′ 679 bp

Reverse 5′-A T G C T C T C C A C T G T C T C T C G -3′

dbest2 Forward 5′-C G C G G A C T A T G A A A G C G T G G -3′ 665 bp

Reverse 5′-C T G G A A T A C T G C T C G G C G T G -3′

dbest3 Forward 5′-T C G A T A A G C C T G T T T T C G A G G A -3′ 565 bp

Reverse 5′-A G G G T G A C G A C C T G T G T A T A G -3′

dbest4 Forward 5′-T G A C G A C T T C G A G C T C A A C T G -3′ 433 bp

Reverse 5′-A T C G T T A A A G T C A A T T G T G G A T T G -3′



 Chien et al. 249

At least part of the uncertainty surrounding best-

rophin function exists because an endogenous 

 bestrophin-associated current has not yet been de-

scribed in any cell type. We have used Drosophila 

S2 cells to test whether bestrophins function as CaC 

channels  natively and have characterized the single 

channel properties of these channels. These fi ndings 

strongly support the conclusion that bestrophins  are 

CaC channels.

M AT E R I A L S  A N D  M E T H O D S

Solutions
Drosophila S2 cells were cultured in Schneider’s Drosophila 
 Medium (GIBCO BRL) with 10% heat-inactivated FBS, 50 U/ml 
penicillin, and 50 μg/ml streptomycin in air at 22–24°C. 
HEK-293 cells and CHO cells (American Type Culture Collec-
tion) were cultured in Eagle’s Minimum Essential Medium 
with l-glutamine (Cellgro Co.), 10% heat-inactivated FBS 
(GIBCO BRL), and 50 U/ml penicillin and 50 μg/ml strepto-

mycin (GIBCO BRL) in 5% CO2/95% O2 at 37°C. Transfection 
was done as described by Qu et al. (2004). The “zero” Ca2+ in-
tracellular solution used for patch clamping S2 cells contained 
(in mM) 143 CsCl, 8 MgCl2, 10 EGTA-NMDG, and 10 HEPES, 
pH 7.3 (NaOH) (free Ca < 20 nM). The “high” Ca2+ (4.5 μM 
free) intracellular solution was the same, except 10 mM EGTA-
NMDG was replaced by 10 mM Ca-EGTA-NMDG. The Ca-
EGTA-NMDG stock was prepared as described previously 
(Qu and Hartzell, 2000) according to Tsien and Pozzan (1989) 
and was estimated to have �4.5 μM free Ca2+. The external 
 solution used for patch clamp recording of S2 cells contained 
(in mM) 150 NaCl, 2 CaCl2, 1 MgCl2, 10 HEPES (pH 7.3 with 
NaOH), 15 sucrose, and 10 glucose. Osmolarity was adjusted 
with water or sucrose to 320 mOsM. For inside-out excised 
patch experiments, the patch pipet contained (in mM): 143 
CsCl, 8 MgCl2, 10 EGTA, 10 HEPES, pH 7.3. The bath (cyto-
solic) was either the same as the pipet solution (zero Ca) or 
contained a 10 mM mixture of Ca-EGTA and EGTA to make 
the desired free Ca concentration. In addition, the bath 
 solution also usually contained 3 mM ATP. The standard 
 pipette solution for HEK293 recording contained (in mM)146 
CsCl, 2 MgCl2, 5 Ca-EGTA, 8 HEPES, 10 sucrose, adjusted to 

Figure 1. Endogenous Drosophila S2 cell chloride currents. (A–C) Time-dependent activation of a Cl− current with (A) high or (B) zero 
intracellular Ca2+. Current–voltage relationships were recorded by voltage ramps at 10-s intervals after establishing whole-cell recording. 
(C) Current amplitudes with time after patch break at +100 mV (red) and −100 mV (black) for high Ca2+ (solid symbols) and 0 Ca2+ 
(open symbols). (D) Current traces in response to voltage steps recorded after the currents had reached their peak (>5 min after patch 
break). (E) Steady-state current–voltage relationship in high Ca2+ (solid symbols) and 0 Ca2+ (open symbols). (F) Average current 
 amplitudes at +100 mV at the onset of whole cell recording (Initial) and after the currents have reached a steady state (fi nal) in high 
(green) and 0 (red) Ca2+.
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pH 7.3 with NMDG as described previously (Qu and Hartzell, 
2004). HEK-293 extracellular solution contained 140 NaCl, 
5 KCl, 2 CaCl2, 1 MgCl2, 15 glucose, and 10 HEPES (pH 7.4 
with NaOH). Osmolarity was adjusted to 304 mOsM. Cl− cur-
rents would be expected to have reversal potentials near zero 
with these solutions, while cation currents would have extreme 
nonzero reversal potentials. Cells exhibiting nonzero reversal 
potentials were discarded.

Electrophysiology
Patch-clamp was performed at room temperature (22–24°C). 
Fire polished pipets pulled from borosilicate glass (Sutter 
 Instrument Co.) had resistances of 2–3 MΩ for whole-cell 
and 5–9 MΩ for  single-channel recording when fi lled with 
intracellular solution. For whole-cell recording, cells were 
usually voltage clamped with 1-s duration ramps from −100 
to +100 mV run at 10-s intervals or 750-ms voltage steps 
from −100 mV to +100 mV in 20-mV  increments. Whole 
cell recording data were  fi ltered at 2–5 kHz and sampled at 
5–10 kHz by an Axopatch 200A amplifi er  controlled by 
Clampex 8.2 via a Digidata 1322A data acquisition system 
(Axon Instruments Inc.). For single channel recording, pipets 
were coated with Sylgard, recordings were obtained with an 
Axopatch 200B amplifi er, and data were fi ltered at 5–10 kHz 
and sampled at 20–50 kHz. In all cases, sampling was at 
least twice the fi ltering frequency. For analysis, single channel 
records were  fi ltered digitally at 200 Hz with an 8-pole Bessel 
fi lter. Data were analyzed using pClamp 9 software and Origin 
7.0 as described by Qu et al. (2004). Data are  expressed as 
mean ± SEM.

Cloning Drosophila Bestrophin cDNAs
The sequences of the Drosophila bestrophins used in this study 
agreed with Genbank/EMBL/DDBJ sequences for dbest1 
(AY061546), dbest2 (BT010012), dbest3 (AAF49648), and 
dbest4 (AAF49649). dbest1 and dbest2 full-length cDNAs were 
purchased from Drosophila Gene Collection (Lawrence Berkeley 
National Laboratory). The open reading frames were amplifi ed 

by PCR and subcloned into the KpnI (5′) and NotI (3′) sites of 
pcDNA3.1 and sequenced.

RNA Interference
dsRNA was synthesized from dbest cDNAs. Control dsRNA 
was prepared from mBest2 intron 9. PCR primers (Table I) 
consisted of bestrophin gene-specifi c sequences with the T7 
promoter  sequence added to the 5′ ends (Van Gelder et al., 
1990). Each primer was BLASTed against the Drosophila nucle-
otide  database (NCBI) to ensure specifi city. The PCR products 
were amplifi ed with Pfx DNA polymerase (Invitrogen), gel-
 purifi ed (QIAquick gel extraction kit, QIAGEN), and used 
for in vitro RNAi synthesis (mMESSAGE mMACHINE high 
yield capped RNA transcription kit, Ambion). RNAs were 
heated to 65°C for 10 min and annealed by slowly cooling 
to room temperature. For RNAi transfection, 106 adherent 
S2 cells in a 35-mm Petri dish were washed twice with serum-
free medium and incubated with 40 μg of dsRNA in 1 ml of 
 serum-free medium for 30 min at room temperature. 2 ml 
of medium containing serum was then added and the cells 
 cultured for 2–6 d.

Reverse Transcriptase PCR
The effi ciency of gene silencing by RNAi was evaluated by re-
verse transcriptase PCR (RT-PCR). Total RNA was purifi ed by 
the Trizol (Invitrogen) method. Bestrophin gene-specifi c prim-
ers were designed to span exon/exon boundaries to ensure that 
 genomic DNA was not amplifi ed (Table II). RT- PCR was con-
ducted using SuperScript III One-Step RT-PCR with Platinum 
Taq (Invitrogen). PCR band densities were quantified using 
an AlphaImager Imaging System (Alpha Innotech). Each PCR 
band was excised, gel-purifi ed, and cloned into pCRII-TOPO 
(Invitrogen) for sequencing.

Western Blot
Antibodies were raised in rabbits against amino acids 440–718 
of dbest1 with (His)6 tags. The construct for the His-tagged 
dbest1(440–718) was made by amplifying the dbest1 nucl eotide 

Figure 2. RNAi inhibition 
of dbest expression and CaC 
currents. (A) RNAi strategy. 
The conserved N-terminal 
regions of the four dbests 
are shown as boxes and the 
variable C-terminal regions 
shown as lines. The ruler 
shows amino acid number. 
The location of the RNAi 
constructs are shown by 
black lines below the dbests. 
(B) Expression of dbests 
by RT-PCR in cells treated 
with noninterfering dsRNA 
(CON) or a mixture of 1N 
and 2N RNAi (RNAi). Ex-
periment was repeated three 
times. (C) Current–voltage 
relationship of RNAi-treated 
cell (superimposed traces 
spanning 6 min after patch 
break). (D) Time course of 
current activation in RNAi-
treated cell after patch break.

(E) Average  current amplitudes at +100 mV immediately after patch break (initial) or after �5 min (fi nal) for cells treated 
with con trol dsRNA (red) and 1N+2N RNAi (black). 
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sequence encoding amino acids 440–718 using Pfx polymerase 
and primers to which EcoRI (forward) and NotI (reverse) 
 restriction sites had been added. The PCR product was then 
subcloned into EcoRI and NotI sites of pET28a (Novagen). 
Protein expression was induced in BL21 Escherichia coli 
by IPTG, the bacteria were lysed with Bug Buster Protein 
 Extraction Reagent (Novagen), and the His-tagged protein 
 purifi ed by chromatography on a Ni-NTA-His bind affi nity 
 column (Novagen). For Western blot, a crude membrane frac-
tion of S2 cells was separated by SDS-PAGE on 10% Tris-HCl 
polyacrylamide gels and blotted to PDVF membrane. The 
 an tibodies were used at 1:5,000 dilution and detected by en-
hanced chemiluminescence (Super Signal, Pierce Chemical Co.). 
The antibodies did not recognize a band in the dbest1  knockout 
fl y (dbest11-2 and rescued λ5; dbest11-2 lines were obtained from 
G. Mardon, Baylor College of Medicine, Houston, TX).

R E S U LT S

An Endogenous CaC Current in S2 Cells
Drosophila S2 cells express an endogenous CaC  current 

(Fig. 1). When S2 cells were whole-cell patch clamped 

with either 0 Ca2+ (<20 nM free) or high Ca2+ (�4.5 μM) 

in the intracellular (pipet) solution, the currents ob-

served with voltage ramps  immediately after breaking 

the patch to initiate whole-cell recording were small, 

on average <250 pA (n = 52) at + 100 mV. When the 

pipet contained high [Ca2+], the current ran up after 

patch break (Fig. 1, A, C, and F) with a half-time 

of �2 min and reached a  plateau that was on average 

17.1 ± 3.2-fold (mean ± SEM, n = 25) greater than the 

 initial current. The mechanisms for the run-up remain 

unknown, but preliminary data suggest phosphoryla-

tion might be involved. The run-up was  accelerated 

when Mg-ATP was included in the internal solution, and 

the run-up was blocked by staurosporin  (unpublished 

data). The external  solution contained glucose, so that 

the cell was capable of synthesizing ATP. In contrast, 

when the  pipet solution contained 0 Ca2+, the cur-

rents  remained stable after patch break (Fig. 1, B, C, 

and F). In some cells that were patched with zero Ca2+ 

 pipet solution, the  currents ran up for a short time and 

then ran down. The  reason for this transient run-up 

is not known, but may be due to a spike of cytosolic 

Ca2+ associated with making or breaking the mem-

brane patch. The  currents  stimulated by intracellular 

Ca2+ were carried by Cl− ions, because they reversed 

near ECl (Fig. 1). The currents were unaffected by re-

placement of  cations with NMDG+ and replacement 

of extra cellular Cl− with SO4
2− abolished outward cur-

rents  (unpublished data).

The currents recorded with high intracellular Ca2+ 

did not show any signifi cant time-dependent  activation 

or inactivation in response to voltage steps (Fig. 1, D 

and E). The currents had small voltage dependence 

at the extremes of the voltage range, which gave the 

I-V relationship a characteristic “S” shape (Fig. 1, A 

and E).

S2 Cells Express Four Bestrophins
To determine whether S2 cells express bestrophins, 

RT-PCR was performed with primers spanning exon–

exon boundaries. Using several different sets of 

Figure 3. Specifi c RNAi inhibition of S2 CaC currents. 
(A) Quantitation of dbest expression by RT-PCR in cells treated 
with noninterfering dsRNA (con) or specifi c RNAi to dbest1 
(1C, 679 bp), dbest2 (2C, 665 bp), or dbest3 (3C, 565bp). The 
actin-5C bands (426 bp) in the bottom panel show equal load-
ing. These bands were obtained by RT-PCR of aliquots of the 
same RNAs used for the bestrophin RT-PCR in the top panel. 
The actin-5C PCRs were run in separate lanes on the same gel 
as the bestrophin PCRs, but for clarity they are shown below 
their respective bestrophin lanes. (B) Specifi city of the dbest1 
antibody. Western blot of SDS  extracts from Malpighian tu-
bules of knockout dbest11-2 (KO) and rescued λ5; dbest1-2 (λ5) 
fl ies. Lanes 1 and 2 were loaded with 5 μl extract, whereas 
lanes 3 and 4 were loaded with 30 μl. Wild-type fl ies gave the 
same pattern as rescued fl ies (not depicted). (C) Western blot 
of S2 cell extracts from cells treated with control dsRNA 
(CON), dbest1 (1S), or dbest2 (2S) RNAi. Blot was probed with 
dbest1 antibody. (D) S2 CaC currents recorded at +100 mV 
�5 min after currents reached their plateau level in control 
cells and cells treated with RNAi as indicated. Numbers above 
bars indicate number of cells studied.
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Figure 4. Expression of dbest1 and dbest2 in HEK cells. (A) Currents in HEK cells expressing dbest1 in response to voltage ramps 
delivered once every 10 s after patch break as in Fig. 1 A. (B) Activation of CaC current after patch break in HEK cells expressing 
dbest1 (fi lled symbols) or dbest2 (open symbols) at +100 mV (squares) and −100 mV (circles). (C) Cl currents in cells expressing 
dbest1 induced by step voltages between −100 mV and +100 mV at 20-mV intervals. (D) I-V curve from step protocols. (E) Endoge-
nous expression of human bestrophins in HEK cells. Western blots using extracts from untransfected (−) HEK cells and HEK cells 
transfected with hBest1 or hBest2 as indicated. hBest1 was detected with rabbit polyclonal antibody A5045 made against a hBest1 
C-terminal peptide. hBest2 was detected with rabbit polyclonal antibody HART4, which was made against a fusion protein of the 
C  terminus of mouse Best2.
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Figure 5. Effect of mutagenesis of dbest1 F81 to cysteine. 
(A) I-V curves from voltage ramps for wild-type and F81C dbest1 
in HEK cells. (B–D) Comparison of the electrophysiologi-
cal properties of endogenous S2 CaC currents with wild-type 
dbest1 and F81C dbest1 expressed in HEK cells. (B) Rectifi ca-
tion ratio calculated by dividing the amplitude of the current 
at +100 mV by the absolute value of the current at −100 mV. 
(C) Permeability and (D) conductance of SCN relative to Cl 
for native S2 cells and HEK cells expressing wild-type (WT) or 
F81C dbest1.

 primers, we amplifi ed transcripts for four Drosophila 

bestrophins, dbest1 (AAR99659), dbest2 (AAF50668), 

dbest3 (AAF49648), and dbest4 (AAF49649) (Fig. 2 B). 

The  sequences of the PCR products matched Genbank/

EMBL/DDBJ sequences.

Endogenous S2 CaC Currents Are Abolished 
by Bestrophin-targeted RNAi
To test whether the S2 CaC current was mediated by 

 bestrophins, we used RNAi. The fi rst experiment was 

aimed at interfering nonselectively with all  bestrophins. 

Bestrophin homologues are highly  conserved in the fi rst 

�360 amino acids, but are divergent in the C termini. 

dsRNAs were synthesized to conserved  N-terminal re-

gions of dbest1 and dbest2 (Fig. 2 A; Table I) and mixed 

with the purpose of knocking down both dbest1 and 

dbest2. We also hoped that dbest3 and dbest4 would be 

reduced, because all four dbests are �65% identical at 

the nucleotide level. Fig. 2 B shows the results of RT-

PCR of cells treated with a mixture of the 1N and 2N 

dsRNAs. The transcripts for all four bestrophins were 

greatly reduced by RNAi treatment.

S2 cells treated with the 1N–2N dsRNAi mixture 

had no CaC currents (Fig. 2, C–E). Currents in RNAi-

treated cells typically remained <100 pA indefi nitely af-

ter breaking the patch with a high Ca2+ pipet solution. 

In contrast, currents in control cells that were treated 

with dsRNA to an intronic region of mBest2 were indis-

tinguishable from untreated cells as described in Fig. 1; 

the currents typically ran up from <100 pA to �1 nA. 

Control and RNAi-treated cells were prepared from the 

same passage of S2 cells and patch clamped on the same 

day. RNAi-treated cells had no apparent morphological 

differences from control cells.

To determine specifi cally which bestrophins were 

 responsible for the S2 CaC currents, dsRNA was made to 

regions of bestrophins that were divergent from one an-

other (Fig. 2 A; Table I). Four dsRNAs were made to re-

gions encoding parts of the unique C termini of dbest1 

(1S and 1C) and dbest2 (2S and 2C). Two others were 

made to regions of dbest3 (3C) and dbest4 (4C) that 

spanned conserved and unique regions. These dsRNAs re-

duced or eliminated the respective transcripts (Fig. 3 A).

dbest1 protein expression was measured by Western 

blot using an antibody developed against a fusion 

protein containing amino acids 440–718 of dbest1. 

To test whether the antibody was specifi c for dbest1, 

we compared immunoblots from fl ies in which the 

dbest1 gene was completely removed by recombina-

tion (dbest11-2 line, Tavsanli et al., 2001) with fl ies in 

which the knockout was rescued by a transposon con-

taining an 18-kb genomic fragment encompassing 

the entire dbest1 gene (λ5; dbest11-2 line, Tavsanli et al., 

2001). The antibody recognized a band near the pre-

dicted size (79.6 kD) in rescued (Fig. 3 B) and wild-

type (not depicted) fl ies. The band was absent in the 

dbest11-2 knockout fl ies (Fig. 3 B). These results show 

that the antibody was specifi c for dbest1 protein. In 

the S2 cells, a single dbest1 band was observed in cells 

treated with control RNAi and with dbest2-2S RNAi 

(Fig. 3 C). The dbest1 band was absent in S2 cells 

treated with dbest1-1S RNAi (Fig. 3 C). Because high-

quality antibodies are not available for other Drosophila 

bestrophins, we were not able to  assess effects of the 

other bestrophin RNAi constructs on protein levels. 

RNAi to dbest4 had inconsistent  effects on dbest4 

mRNA  levels (unpublished data).

Each of the four RNAi constructs to dbest1 and 

dbest2 abolished CaC currents (Fig. 3 D). In Fig. 3 D, 

the fi nal current amplitudes �5 min after patch break 

are shown. However, in all cases, the current immedi-

ately after patch break was �100 pA. In contrast to the 

absence of currents in cells treated with any of the 

dbest1 or dbest2 RNAi constructs, the RNAi constructs 

to dbest3 and dbest4 had no effect on CaC currents. 

The observation that the  endogenous CaC current was 

signifi cantly reduced by  either dbest1 or dbest2 RNAi 

suggests that the current is composed of both dbest1 

and dbest2 subunits.

Heterologous Expression of Drosophila Bestrophins 
in HEK-293 Cells
To test further whether Drosophila bestrophins are 

 responsible for the S2 CaC current, HEK-293 cells were 
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transiently transfected with cDNAs encoding dbest1 

or dbest2. Sun et al. (2002) have previously expressed 

dbest1 in HEK cells and showed that it induced Cl 

 currents. In addition, we fi nd that transfection of HEK 

cells by dbest1 alone reproduced the key characteris-

tics of the endogenous CaC current in S2 cells. (a) The 

 current activated slowly upon patch break with a half-

time of �2 min (Fig. 4, A and B). (b) The current had 

a characteristic “S” shaped I-V curve (Fig. 4, A and D). 

(c) The current was time independent and exhibited 

high current noise at negative membrane potentials 

(Fig. 4 C). (d) The permeability and conductance of 

SCN− relative to Cl− (PSCN/PCl and GSCN/GCl) were the 

same for the dbest1 current expressed in HEK cells 

and the endogenous S2 cell current (Fig. 5, B and C). 

PSCN/PCl and GSCN/GCl of dbest1 was different than 

what we have reported for wild-type mBest2 (Qu et al., 

2004a) probably because there are four amino acids that 

we have shown are important in anion permeation in 

mBest2 that are different in dbest1. T87, L88, V89, and 

H91 in mBest2 are S88, I89, M90, and T92 in dbest1.

Somewhat surprisingly, expression of dbest2 alone 

did not induce a current (Fig. 4, B and D). However, a 

mixture of dbest1 and dbest2 produced currents that 

were similar to those produced by dbest1 alone (not 

 depicted). The explanation for fi nding that dbest1 

alone is suffi cient to recapitulate the S2 current in 

HEK cells but that dbest1 and dbest2 RNAi abolish 

the S2 current is unknown. It is possible that dbest2 

is not expressed or properly traffi cked to the plasma 

 membrane, but because we do not have an antibody 

for dbest2, this cannot be tested. Another possibility is 

that there is an endogenous bestrophin in HEK cells 

that can form a functional channel with dbest1 but not 

with dbest2. However, HEK cells do not express hbest1 

or hbest2 (Fig. 4 E).

Mutagenesis Alters the Properties of dbest1 Currents
To verify that the CaC currents in dbest1-expressing 

HEK cells were mediated by dbest1 and not by an up-

 regulated endogenous channel, we changed phenylala-

nine 81 to cysteine (F81C) and examined the effect on 

the current. F81C was chosen because mutation of the 

homo logous amino acid (F80) in mBest2 alters conduc-

tance and permeability (Qu and Hartzell, 2004). The 

F81C current inwardly rectifi ed, in contrast to wild-type 

Figure 6. Single channel analysis of S2 bestrophin currents. (A) An inside-out excised patch was pulled from an S2 cell into 0 Ca2+ solu-
tion. During the break in the record, the solution was switched to one containing 650 nM free Ca. (B and C) Segments of the trace in 
A shown at higher time base as indicated. (D) All points histogram of the portion of the record in A between the arrows. (E) Time course 
of development of the current after addition of Ca2+. The current variance was calculated for 10-s segments of records from 29 patches 
at various times after Ca2+ addition.
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dbest1 and endogenous S2 currents (Fig. 5, A and B). 

Also, both PSCN/PCl and GSCN/GCl were increased by the 

F81C mutation (Fig. 5, C and D). The changes in dbest1 

 currents resulting from the mutagenesis supports the 

hypothesis that the currents were mediated by dbest1.

Single-channel Analysis of Drosophila 
Bestrophin Currents
Having clearly identifi ed the S2 CaC currents as  being 

mediated by bestrophins, we set out to determine their 

single channel properties. A typical record of S2 bestro-

phin channels are shown in Fig. 6. Membrane patches 

were excised from S2 cells into 0 Ca2+ solution and 

held at Vm = −80 mV. After �20 s, the patch was  

switched to solution that contained Ca2+. In the exam-

ple, the channels did not start to become active until 

�2 min after adding Ca2+ (Fig. 6 A). Traces of this 

 initial period of channel activation at higher sweep 

speed reveal individual channels with amplitudes of 

about −0.2 pA (Fig. 6, B and C). The all-points histo-

gram (Fig. 6 D) of this part of the trace shows peaks at 

−0.2, −0.4, and −0.6 pA, which is consistent with at 

least three channels being active in the patch. After an 

additional 30–40 s in Ca2+-containing solution, more 

channels became  active and it was not possible to clearly 

resolve individual events.

Ca2+ stimulated channel activity signifi cantly in 

29/32 patches. In some patches, the channel was 

 present before adding Ca2+, but the open probabil-

ity was low and the channel usually disappeared after 

1–2 min in zero Ca2+ solution. Most patches con-

tained >10 channels, so that isolated openings were 

resolved only during the initial period of activation. 

In about a third of the patches, it was not possible to 

resolve individual openings because too many chan-

nels were activated at once. But, even under these 

conditions, all-points histograms exhibited peaks sep-

arated by 0.15 to 0.2 pA at −80 mV, suggesting that 

the same unitary event was responsible for the activity 

that was observed.

The time course of channel activation was relatively 

slow, as suggested by the record in Fig. 6 A. To quantify 

the time course of activation, the variance of the  current 

was measured at different times after  introducing Ca2+ 

and normalized to the variance before adding Ca2+ 

(Fig. 6 E). The variance increased with a half-time of 63 s. 

This half-time was faster than we  observed for the 

whole-cell currents in Fig. 1 (�2 min). However, the 

activation of the whole cell currents was measured in 

cells with no ATP in the  internal solution, whereas 

 excised patches were  exposed to solutions that con-

tained 3 mM ATP. In whole cell experiments, if ATP was 

added to the  internal  solution, the activation of the 

whole-cell  current was accelerated approximately two-

fold (unpublished data). In excised patch experiments, 

channels were activated in only a small fraction of 

patches that were  exposed to high Ca2+ without ATP in 

a 5-min time frame. This suggests that channel activa-

tion may  involve other steps in parallel or series with 

Ca2+ binding.

The single channel exhibited a linear I-V relation-

ship (Fig. 7, A and B). This is different from the 

Figure 7. Open time and single channel I-V curve. (A) Current 
traces of single S2 channel at different voltages as indicated. 
(B) Single channel I-V relationship. (C) Mean single channel 
open time obtained from a patch that contained approximately 
three channels that had suffi ciently low open probability to  permit 
measurement of channel open time.
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 sigmoid I-V relationship observed for the whole-cell S2 

current, suggesting that the sigmoid nature of the 

whole cell current was related to channel gating. It was 

not practical to investigate channel gating quantita-

tively, however, because of the presence of multiple 

channels in the patch, the small size of the channels, 

and the short single channel open time. We estimated 

single channel open time in patches containing a few 

channels. Because it was necessary to fi lter the records 

at 200–300 Hz for analysis, channel open dwell times 

<1 ms were discarded. A fi t of these data to a single 

exponential estimated a mean open time of �1 ms at 

−80 mV.

To be certain that these channels were due to dbest1, 

we excised membrane patches from cells that had been 

treated with RNAi to dbest1 (1C) as in Fig. 3. The 2pS 

Figure 8. Single channels in 
S2 cells treated with dBest1 
1C RNAi and in CHO cells 
expressing dbest1. (A) An 
 inside-out patch was excised 
from an S2 cell treated with 
RNAi into 0 Ca2+ solution. 
During the break in the re-
cord, the patch was switched 
to solution containing 650 
nM free Ca2+. A few single 
channel openings can be 
seen. (B) Single channel 
opening from A shown on a 
faster time base. (C) Single 
channels in an inside-out ex-
cised patch exposed to 650 
nM Ca2+ solution from a cell 
transfected with dbest1. (D) 
A portion of the trace in C 
shown on a faster time base. 
(E) All points histogram of 
the trace in C.
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channels described in Fig. 6 and 7 were rarely observed 

in patches from cells that were treated with RNAi to 

dbest1 (1C) (Fig. 8, A and B). In the  example in Fig. 8, 

a few channel openings can be seen, showing that this 

patch was not simply an empty patch or a vesicle. Cells 

that were treated with control dsRNA had channels like 

those shown in Figs. 6 and 7.

As additional evidence that these channels are due 

to dbest1 expression, membrane patches were  excised 

from CHO cells that had been transfected with dbest1 

cDNA (Fig. 8, C–E). Single channels of �2 pS conduc-

tance were observed in patches bathed in high Ca2+ 

 solution. Similar channels were also observed in patches 

bathed in 0 Ca2+ solution, but at lower  frequency. Fig. 

8 D illustrates a feature of the gating of these channels 

that was typical both of the dbest1 channels in CHO 

cells and in native S2 cells. The channels appeared to 

gate in a cooperative fashion. During the burst at the 

start of the record in Fig. 8 D, three different levels of 

opening are evident (0.17, 0.34, and 0.51 pA; Fig. 8 E). 

The burst then ends and there are no channel open-

ings for several seconds. In some records, this bursting 

activity seemed to involve as many as fi ve individual 

channels, although quantitative analysis of these multi-

channel bursts was diffi cult. In any case, the results with 

RNAi treatment of S2 cells and overexpression of dbest1 

in CHO cells provide strong arguments that these chan-

nels are responsible for the whole-cell bestrophin cur-

rent in S2 cells.

D I S C U S S I O N

The experiments in this paper add considerable 

strength to the hypothesis that bestrophins are indeed 

Ca2+-activated Cl− channels. The observation that we 

can abolish the native S2 CaC current with several 

different dsRNA constructs directed against dbest1 

or dbest2, but not dbest3 or dbest4 is unambiguous 

evidence that bestrophins are essential components 

of CaC channels.  Although this alone does not prove 

that bestrophins form the pore of the channel, the 

demonstration that expression of dbest1 in HEK cells 

induces a current with the same characteristics as the 

endogenous S2 CaC current and that mutation of F81 

alters the rectifi cation properties and PSCN/PCl and 

GSCN/GCl of the current lends additional confi dence to 

the conclusion.

The single channel properties of bestrophin  currents 

have not previously been reported. The single chan-

nels that we describe here have a single channel con-

ductance of 2 pS, a value that is similar to other CaC 

channels that have been studied in Xenopus oocytes 

(Takahashi et al., 1987), cardiac myocytes (Collier 

et al., 1996), arterial smooth muscle (Klockner, 1993; 

Hirakawa et al., 1999; Piper and Large, 2003), A6 kid-

ney cells (Marunaka and Eaton, 1990), and endocrine 

cells (Taleb et al., 1988; Ho et al., 2001). Our channels 

have properties that, at least  superfi cially, are remark-

ably similar to CaC  channels that have been studied in 

arterial smooth muscle (Piper and Large, 2003) and en-

docrine cells (Ho et al., 2001).

Recently, Tsunenari et al. (2006) have described mac-

roscopic CaC currents in inside out patches excised 

from cells expressing hBest4. Interestingly, these chan-

nels activated slowly after addition of Ca2+ to the cyto-

solic face of the patch. At saturating Ca2+ concentrations 

of 10 μM, the channels  activated with a time constant 

of �15 s. This is several fold faster than we fi nd for 

dbest1, but the kinetics of  activation of  different be-

strophins may be different. For example, mBest2  ex-

pressed in HEK cells is activated very quickly after patch 

break (<10 s), whereas dbest1 requires �2 min for 

complete activation. As Tsunenari et al. point out, the 

mechanism of this slow activation is unknown, but is 

unlikely to be due to direct binding of Ca2+ to the 

channel. Clearly, an important question for future in-

vestigations will be the mechanisms of activation of 

 bestrophin channels.
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