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Bestrophins (VMD2,VMD2L1,VMD2L2, andVMD2L3) are a
new family of anion channels. Themechanisms of their regulation
are not yet well understood. Recently, we found that a domain
(amino acids 356–364) in the C terminus of mouse VMD2L3
(mBest3) inhibited channel activity when it was expressed in
HEK293 cells (Qu, Z., Cui, Y., andHartzell, H. C. (2006) FEBSLett.
580, 2141–2214). Here we show that this auto-inhibitory (AI)
domain inmBest3 and human (h)Best3 is composed of seven crit-
ical residues, 356IPSFLGS362. Replacement of any residue (except
Pro357) in the domain with alanine activated Cl� currents. Substi-
tution of Pro357 with other amino acids, especially phenylalanine,
did activate currents. Membrane biotinylation demonstrated that
nonfunctional mBest3 protein was trafficked to the plasma mem-
brane, implying that the AI domain inhibited channel gating but
not trafficking. mBest3-F359A and hBest3-G361A mutations
induced outwardly rectifying currents, suggesting that the AI
domain is associated with the channel pore or gating mechanism.
Supporting this suggestion, the mBest3 AI domain was demon-
strated to be located within amembrane-associated region.When
the wild-type mBest3 C terminus (amino acids 292–669) was
expressed in HEK293 cells, the protein was located mainly in the
particulate fraction, but it became soluble when a sequence con-
taining the AI domain was deleted (�353–404). There is an AI
domain (357QPSFQGS363) inmouseVMD2L1(mBest2)aswell, but
its inhibitory effect is competed by a downstream facilitatory
sequence (amino acids 405–454). These results suggest that an
auto-inhibitory mechanism in C termini may be universal among
bestrophins investigated in the study.

Bestrophins are a new family of Cl� channels, some of which
are sensitive to intracellular Ca2� (2–6). There are four bestro-
phin genes in humans but three in mice, and there may be
several alternatively spliced forms of bestrophins in the two
species (7–9). Human VMD2 (human bestrophin 1 or hBest1)2

has been recognized as a gene responsible for inherited Best
vitelliformmacular dystrophy (8, 10). However, the tissue-spe-
cific functions of other three members remain poorly under-
stood. Recently, there has been significant progress in uncover-
ing the physiological functions of bestrophins. Using an RNAi
strategy, Hartzell and co-workers (11) demonstrated that
bestrophins represent the endogenous Ca2�-dependent Cl�
channels in Drosophila S2 cells. S2 cells express four bestro-
phins (dbest1–4). The endogenous CaCl current (ICaCl) was
abolished by RNAi to dbest1 or dbest2 but not to dbest3 or
dbest4, suggesting that the endogenous CaCl channel is com-
posed of a heteromer of dbest1 and dbest2. Also with an RNAi
approach, Kunzelmann and co-workers (12) showed that
hBest1 was the molecular counterpart of the Ca2�-activated
Cl� current (ICaCl) in epithelial tissues. Native ICaCl coincided
with endogenous expression of hBest1 in 16HBE cells, but the
current was absent in H441 cells that did not express hBest1
protein. Blocking expression of hBest1 in HT29 human colonic
epithelial cells with short interfering RNA suppressed the
whole-cell ICaCl induced by extracellular ATP application
(which raises intracellular Ca2� concentration). Furthermore,
it has been suggested that the ICaCl in olfactory sensory neurons
(OSNs), which is important in amplification of olfactory trans-
duction, is mediated by mouse VMD2L1 (mBest2) (13). By sin-
gle-cell reverse transcription-PCR, mBest2 was found to be
expressed in OSNs but not in supporting cells. By immunocyto-
chemistry, mBest2 was localized on the cilia of OSNs and colocal-
izedwith theCNGA2channel subunit. Electrophysiological prop-
erties of ICaCl in dendritic knob/cilia of mouse OSNs were
comparable with those induced bymBest2 expression inHEK293
cells. Therefore, the authors suggest that mBest2 is a molecular
component of the olfactory CaCl channel.
Despite rapid progress in the molecular characterization of

bestrophins, not much is known about their regulation. We do
not know how they are activated by Ca2� or how their intra- or
extracellular domains regulate channel function. Although
hBest1, hBest2, hBest4, and mBest2 have been shown to func-
tion as CaCl channels in heterologous expression systems,
hBest3 andmBest33 did not induce significant currentswithin a
physiological voltage range (1, 6). This phenomenon prompted
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3 Mouse VMD2L3 was named as mBest4 in our previous publication (1).
According to the bestrophin nomenclature by the HUGO gene (HGNC:
17105) and the Mouse Genome Database nomenclature committees (MGI:
3580298), mouse VMD2L3 has been corrected to mBest3 (17).
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us to search for regulatory domains in the C terminus of the
Best3 proteins.We found an auto-inhibitory (AI) domain in the
mBest3 C terminus, which turned off the channel. We nar-
rowed the AI domain to the 356IPSFLGSTI364 sequence (1). In
this study, we have investigated further the function of the AI
domain.We found that the AI domain ofmBest3 ismembrane-
associated. An AI domain was also identified to be present in
mBest2, which is competed by a downstream stimulatory
sequence. Therefore, we suggest that the AI domain may be a
common mechanism for the channel regulation of the bestro-
phins we have studied.

EXPERIMENTAL PROCEDURES

Generation of Bestrophin Mutations and Heterologous
Expression—mBest2 (mouse VMD2L1) in pSPORT6 expres-
sion vector was obtained from the ATCC (2). mBest3 (mouse
VMD2L3) cDNAwas cloned by reverse transcription-PCR and
subcloned into pcDNA3.1 (1). hBest3 (human VMD2L3) was
obtained fromDr. JeremyNathans (The JohnsHopkinsUniver-
sity) (6). Site-specific mutations were generated using a PCR-
based mutagenesis kit (Quickchange, Stratagene) as described
previously (2). The cDNA expression vectors were co-trans-
fected with pEGFP (Invitrogen) into HEK293 cells (ATCC)
using FuGENE 6 transfection reagent (Roche Applied Science).
The transfected cells were identified by the pEGFP-expressed
green fluorescence. The transfection efficiency was 20–30%.
0.1–0.3 �g of plasmid was used to transfect HEK293 cells on
one 35-mm culture dish. The next day, cells were trypsinized
and placed on the coverslips for electrophysiological recording.
Electrophysiology—Recordings were performed at 22–24 °C

using the whole-cell configuration of the patch clamp (14).
Voltage steps were used as indicated in the figure legends with
a holding potential of 0 mV. The standard pipette solution
(�4.5 �M free Ca2�) contained (in mM) 146 CsCl, 2 MgCl2, 5
(Ca2�)-EGTA, 10 sucrose, 8 HEPES, pH 7.3 (2). The standard
extracellular solution contained (in mM) 140 NaCl, 4 KCl, 2
CaCl2, 1 MgCl2, 10 glucose, 10 HEPES, pH 7.3. This combina-
tion of solutions set Erev for Cl� currents to zero, whereas cat-
ion currents carried by Na� or Cs� had very positive or nega-
tive Erev, respectively (2). To verify the currents were carried by
Cl�, cells were exposed to a solution containing 100 mM

Na2SO4, 1mMCaCl2, 10mMHEPES, pH 7.3. Because SO4 is not
permeant through bestrophin channels, this solution blocked
outward current, if it was carried by bestrophin channels. The
amplitude of whole-cell currents at the end of 100-mV pulse
was measured and is shown as mean � S.E. The Student’s t test
was used for statistical analysis.
Development of a Polyclonal Antibody to mBest3—The

cDNA encoding the last 200 amino acids of the mBest3 C
terminus was subcloned into pET-28a vector to produce a
hexahistine-tagged protein. The protein was purified on
nickel-nitrilotriacetic His�Bind resin (Novagen) and used to
raise the polyclonal antibody to mBest3 in rabbits. The anti-
mBest3 antibody (05619) recognizes mBest3 specifically. For
Western blotting, 1/2000 dilution was used, but 1/1000 was
used for immunocytochemistry.

Biotinylation of the Proteins on the Plasma Membrane
Surface—The mBest3 proteins in the plasma membrane of
HEK293 cells were examined with membrane biotinylation,
affinity purification, and Western blotting. Membrane surface
biotinylation has been described previously (12). Briefly,
transfected and native HEK293 cells were exposed to themem-
brane-impermeable Sulfo-NHS-LC biotin for 30 min at 4 °C.
The biotinylated membrane proteins were solubilized and
affinity-purified with streptavidin beads. The purified proteins
were subjected toWestern blotting probedwith the antibody to
mBest3 (05619) (1/2000 dilution) followed by horseradish per-
oxidase-conjugated goat anti-rabbit IgG (1/3000 dilution)
(Jackson ImmunoResearch). Anti-GAPDH (a cytoplasmic pro-
tein) antibody was used to probe immunoblots to indicate the
specificity of membrane protein biotinylation.
Solubility of Bestrophin C Termini—mBest3 C-terminal

domains, 292–669 or 292–669(�353–404) cDNA, subcloned
in the pcDNA3.1 vector (1) were transfected into HEK239 cells
with Lipofectamine 2000 (Invitrogen). The transfection effi-
ciency was about 60%. The transfected cells were harvested 2
days after transfection, sonicated briefly in phosphate-buffered
saline (PBS) containing 1mM dithiothreitol, 1mM phenylmeth-
ylsulfonyl fluoride, and 1/200 (volume) protease inhibitor set III
(Calbiochem), and ultracentrifuged at 42,500 � g (Beckman
Optima TLX ultracentrifuge, TLS 55 rotor). The supernatant
was collected as a soluble fraction. The pellet was washed with
PBS, dissolved in a nonionic detergent lysis buffer (mM) (1%
Triton X-100, 150 NaCl, 0.5 EGTA, 10% glycerol, 1 dithiothre-
itol, 10 HEPES, pH 7.3, 1 phenylmethylsulfonyl fluoride, 1/200
protease inhibitor mixture III), and centrifuged at 16,000 � g.
The supernatant contained the Triton-soluble membrane pro-
teins. Protein concentrations were measured with the BCA
Protein Assay kit (Pierce). Western blotting was performed
with equivalent amounts (10 �g/lane) of protein from each
sample. mBest3 C termini were detected with the anti-mBest3
antibody (05619) followed by horseradish peroxidase-conju-
gated goat anti-rabbit Ig G and chemiluminescence.

RESULTS

The Auto-inhibitory (AI) Domain in mBest3 or hBest3 Is
Composed of SevenResidues—Inour previous study, we showed
that a domain in the C terminus ofmBest3 inhibited its channel
activity. By deletion or mutation of groups of amino acids, we
localized theAI domain to nine residues (356IPSFLGSTI364) (1).
To determine which residues are responsible for the inhibition,
we individually mutated each residue in the domain to alanine.
Alanine substitution of residues 356 and 358–362 activated the
mBest3 channel (Fig. 1A), whereas the D353A, Y354A, C355A,
P357A, T363A, I364A, and Gln365 mutations were not effective
in activating mBest3. hBest3 (6) is 86% identical to mBest3 (see
alignment in Fig. 8A). It possesses an AI domain (boldface let-
ters in Fig. 8A) identical to that of mBest3. Neither hBest3 nor
mBest3 induced significant Cl� currents in HEK293 cells with
voltage pulses in a physiological range (1, 6). Therefore, we
hypothesized that both channels share the same mechanism
for their activation. As expected, mutation of the homolo-
gous residues in hBest3 AI domain activated the channel as
well (Fig. 1B).
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The finding that the P357Amutation did not activatemBest3
or hBest3 currents can be interpreted as evidence that Pro357
has no role in channel inhibition or, alternatively, that the
P357A mutant was nonfunctional for another reason, such as

proteinmis-folding. Because proline residues often play impor-
tant roles in protein secondary structure and Pro357 is flanked
by residues that are important in the AI domain, we tested the
possibility that substituting other amino acids for Pro357 might
activate the channel. Substitution of Pro357 with Arg, Asp, Thr,
and Gln resulted in small but distinct currents (Fig. 1C). The
P357Fmutation produced large currents. To test the specificity
of the Pro to Phemutation, wemutatedCys355 into Phe because
the C355A mutant was nonfunctional (Fig. 1, A and B) and
Cys355 is just one amino acid away from Pro357. The C355F
mutation did not activate significant current (Fig. 1C), indicat-
ing that the effect of the P357F mutation on hBest3 is specific.
Without a tertiary structure of VMD2L3, we do not have an
explanation why the Phe but not the Ala substitution activates
hBest3 currents, but these data show that Pro357 is also a critical
residue for the inhibitory effect of the AI domain.
mBest3 Is Trafficked to the Plasma Membrane—The obser-

vation that wild-type mBest3 and hBest3 did not evoke signifi-
cant Cl� currents under physiological conditions could be
explained by two mechanisms. The AI domain could block the
channel in the plasmamembrane by interacting with the chan-
nel pore or channel gating machinery, or the AI domain could
prevent the channel protein from trafficking properly to the
plasmamembrane. To clarify the uncertainty, we developed an
antibody to the last 200 amino acids of the mBest3 C terminus.
This antibody recognizes a single protein band of �80 kDa
from HEK cells expressing mBest3. This value is close to the
calculated mBest3 molecular mass of 78 kDa (upper panels in
Fig. 2). The band was absent in nontransfected HEK cells. To
determine whether wild-type mBest3 was expressed in the
plasmamembrane, we biotinylated plasmamembrane proteins
with a membrane-impermeant biotinylation reagent and then
examined the presence of mBest3 with the anti-mBest3 anti-
body. Fig. 2 shows that both the nonfunctional mBest3 and its
functional mutant, mB3(�353–367) were located in the plasma
membrane of HEK293 cells. The results strongly suggest that

FIGURE 1. Critical residues in the AI domains responsible for mBest3 and
hBest3 activation. Upper panel shows a schematic of mBest3 where seven
boldface italic letters indicate the AI domain. AI domain mutants were trans-
fected into HEK cells which were whole-cell voltage clamped with high
[Ca2�]i in the pipette. Voltage steps were applied in 20-mV increments
between �100 and 100 mV for 1 or 3 s. Internal and external solutions were
described under “Experimental Procedures.” Average amplitudes of Cl� cur-
rents at the end of the �100-mV trace are shown. A, effect of alanine substi-
tution on mBest3 channel activation. The current amplitudes of I356A, S358A,
F359A, L360A, G361A, and S362A mutants were dramatically increased, com-
pared with wild-type mBest3 (p � 0.01, n � 4 –7). Other mutations did not
significantly change the channel activity. B, effect of mutations in the AI
domain on hBest3 channel activation. As with mBest3, I356A, S358A, F359A,
L360A, G361A, and S362A significantly activated the hBest3 channels. Their
activities were statistically higher than wild-type hBest3 (p � 0.01, n � 4 –5).
C, effects of various mutations at position 357 on hBest3 channel activation.
P357F mutation activated the wild-type hBest3 channel (p � 0.01) more than
P357R, P357D, P357T, or P357Q mutations (p � 0.05) (n � 4 –10).

FIGURE 2. mBest3 proteins are expressed in the plasma membrane. Wild-
type (wt) mBest3, �353–367, or G361A mutant-transfected and nontrans-
fected HEK293 cells were exposed to the membrane-impermeable sulfo-
NHS-LC biotin for 30 min at 4 °C. The biotinylated membrane proteins were
affinity-purified with streptavidin resin. The purified proteins were subjected
to Western blotting with an antibody to mBest3 (upper panels). GAPDH (a
cytoplasmic protein, detected with an antibody to GAPDH in the lower panels)
was not biotinylated, indicating the specificity of the membrane protein
biotinylation (see “Experimental Procedures” for details).
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