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

 Mutations in human bestrophin-1 (hBest1) have been 

shown to be responsible for several retinopathies in-

cluding Best vitelliform macular dystrophy ( Petrukhin 

et al., 1998 ;  Marquardt et al., 1998 ), adult-onset macu-

lar dystrophy ( Seddon et al., 2001 ), autosomal domi-

nant vitreochoidopathy ( Yardley et al., 2004 ), autosomal 

recessive bestrophinopathy ( Burgess et al., 2008 ), and 

canine multifocal retinopathy ( Guziewicz et al., 2007 ). 

hBest1 is a Cl  �   ion channel that is activated by intracel-

lular Ca 2+  with a K d  of  � 150 nM (for review see  Hartzell 

et al., 2008 ). The structures and mechanisms responsible 

for Ca 2+  sensitivity, however, remain unknown. It seems 

likely that activation of the bestrophin channel is medi-

ated by Ca 2+  binding directly to the channel or to an ac-

cessory Ca 2+ -binding subunit, such as calmodulin (CaM), 

because channels are activated in excised patches con-

taining hBest4 or dBest1 in the absence of ATP ( Chien 

et al., 2006 ;  Tsunenari et al., 2006 ). In this article, we fo-

cus on the potential role of a conserved region in the 

cytoplasmic C terminus immediately after the last pre-
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dicted transmembrane domain in regulation of hBest1 

by Ca 2+ . 

 The most common and well-understood kind of Ca 2+ -

binding sites in proteins are EF hand motifs (for review 

see  Nelson and Chazin, 1998 ;  Lewit-Bentley and Rety, 

2000 ; and  Gifford et al., 2007 ). These are subdivided 

into the canonical EF hand as found in the CaM family 

and the pseudo – EF hand structures as found in the 

S100-like family. The Ca 2+ -binding loop of the canoni-

cal EF hand is formed primarily by side chain oxygens, 

whereas the pseudo – EF hand Ca 2+ -binding site is 

formed primarily by backbone carbonyl oxygens. In ad-

dition, there are other Ca 2+ -binding motifs, like the C2 

domain, which have a less well-defi ned primary struc-

ture ( Brose et al., 1995 ). The fact that Ca 2+  can be coor-

dinated by backbone carbonyl oxygens as well as by side 

chain oxygens means that at the present time predic-

tion of Ca 2+ -binding sites from primary sequence data is 

challenging ( Zhou et al., 2006 ). In any case, there are 

no obvious canonical EF hand motifs detected in hBest1 
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gion that we have implicated in Ca 2+  sensing, suggesting that these mutations disrupt hBest1 channel gating by Ca 2+ . 
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682  Regulation of hBest1 by Calcium 

involved in Ca 2+ -dependent regulation of hBest1. Be-

cause many disease-causing mutations in hBest1 are lo-

cated in this region, we conclude that this region is 

crucial for gating the channel by Ca 2+ . 

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

 Constructs and Molecular Biology 
 hBest1 tagged with the myc epitope at the C terminus in pRK5 
was obtained from J. Nathans (Johns Hopkins University, Balti-
more, MD) ( Sun et al., 2002 ). Site-specifi c mutations were gener-
ated using PCR-based mutagenesis (Quickchanger; Agilent 
Technologies) ( Qu et al., 2006a ). All constructs were confi rmed 
by sequencing. 

 Cell Culture and Transfection 
 HEK cells were cultured as described previously ( Yu et al., 2006 ). 
For electrophysiology experiments, low-passage HEK-293 cells 
were transiently transfected using Fugene-6 (Roche) with 1  μ g 
hBest1 per 35-mm dish. Cells were also transfected with 0.2  μ g 
pEGFP for fl uorescent detection of transfected cells. Cotransfec-
tion of wild-type or mutant hBest1 with enhanced green fl uores-
cent protein was performed at a ratio of 5:1. Transfected cells 
were plated at low density and investigated between 24 and 72 h 
after transfection. 

 Electrophysiology 
 Within 48 – 72 h after transfection, single cells identifi ed by en-
hanced green fl uorescent protein fl uorescence were used for 
whole cell patch-clamp recording with an Axopatch 200B patch-
clamp amplifi er. The zero-Ca 2+  pipette solution contained (in 
mM): 146 CsCl, 2 MgCl 2 , 5 EGTA, 10 sucrose, and 8 HEPES, pH 
7.3, adjusted with NMDG. The  “ high ”  Ca 2+  pipette solution con-
tained 5 mM (Ca 2+ )-EGTA, which supplied free Ca 2+  of  � 11  μ M. 
Solutions containing different free Ca 2+  concentrations were ob-
tained by mixing the zero-Ca 2+  and high Ca 2+  solutions ( Tsien and 
Pozzan, 1989 ). The 200  μ M of free Ca 2+  solution contained (in 
mM): 146 CsCl, 1.89 CaCl 2 , 4.82 MgCl 2 , 10 HEPES, and 10 citric 
acid, pH. 7.3, with CsOH. Free Ca 2+  concentrations were calcu-
lated with MaxChelator ( Patton et al., 2004 ) and verifi ed using 
Fura-2 or Fura-6F (Invitrogen). Osmolarity was adjusted with su-
crose to 305 mOsm for all solutions. Electrode resistances were 
typically 2 – 3 M �  in the bath solution. Voltage ramps from  � 100 
to +100 mV with a duration of 750 msec were given from a hold-
ing potential of 0 mV at 10-s intervals. Data analyses were done 
with Clampfi t 9 (MDS Analytical Technologies) and Origin 7 soft-
ware. The time constant of current rundown was determined by 
fi tting the change in current amplitude with time to a single expo-
nential, using data points after the current had reached a maxi-
mum. Because rundown may occur simultaneously with current 
activation, it is possible that the peak current in the absence of 
rundown would be larger than measured. We did not correct the 
peak currents for rundown because we do not know whether run-
down begins immediately or whether there is some lag. All aver-
aged data are presented as the mean  ±  SEM. Statistical signifi cance 
of differences (defi ned as P  <  0.05) between groups was deter-
mined by one-way ANOVA or Student ’ s  t  test as indicated. 

 Molecular Modeling 
 A three-dimensional homology model for hBest1 was built based 
on the coordinates of the third EF hand in human CaM (1cll.
pdb) using Swiss-Model ( Peitsch et al., 1995 ;  Guex and Peitsch, 
1997 ;  Schwede et al., 2003 ). Amino acids 300 – 335 of hBest1 were 
fi rst aligned manually with the four EF hands of CaM as shown in 
 Fig. 4 .  The third EF hand of CaM (amino acids 81 – 116) was then 

by motif-searching algorithms such as Pfam 22 (http://

pfam.sanger.ac.uk/). 

 In trying to fathom the Ca 2+ -binding site of bestro-

phins, it has been noted that bestrophins exhibit a 

highly conserved region immediately after the last pre-

dicted transmembrane domain that contains a high 

concentration of acidic amino acids that might be in-

volved in Ca 2+  binding ( Fig. 1 ) ( Tsunenari et al., 2006 ; 

 Hartzell et al., 2008 ). This region exhibits some similar-

ity to the  “ Ca 2+  bowl ”  of the large-conductance Ca 2+ -acti-

vated K +  (BK) channel ( Schreiber and Salkoff, 1997 ). 

The Ca 2+  bowl was originally defi ned as a contiguous 

28 – amino acid sequence rich in negatively charged 

amino acids (glutamate and aspartate) and other amino 

acids with oxygen-containing side chains (asparagine or 

glutamine) that could coordinate Ca 2+ . There is com-

pelling data that the Ca 2+  bowl is involved in Ca 2+  sens-

ing by the BK channel. This region directly binds Ca 2+  

( Bian et al., 2001 ;  Braun and Sy, 2001 ;  Bao et al., 2004 ; 

 Sheng et al., 2005 ), and replacing the fi ve aspartic acids 

in the Ca 2+  bowl with asparagines signifi cantly reduces 

the regulation of the channel by Ca 2+ , especially at low 

Ca 2+  concentrations ( Schreiber and Salkoff, 1997 ;  Bian 

et al., 2001 ;  Xia et al., 2002 ). Furthermore, a trans-

planted Ca 2+  bowl can confer Ca 2+  sensitivity to a Ca 2+ -

insensitive K +  channel ( Schreiber et al., 1999 ). However, 

the Ca 2+  bowl is only one of several loci involved in BK 

channel regulation by divalent cations. Each BK chan-

nel subunit contains two interacting regulator of con-

ductance for K +  (RCK) domains ( Qian et al., 2006 ; 

 Yusifov et al., 2008 ). The Ca 2+  bowl is located in RCK2, 

but several acidic amino acids in RCK1 contribute sig-

nificantly to Ca 2+  sensing ( Shi and Cui, 2001 ;  Zhang 

et al., 2001 ;  Shi et al., 2002 ;  Xia et al., 2002 ). The role of 

RCK domains in channel gating has been advanced by 

the crystallization of a bacterial Ca 2+ -activated K +  chan-

nel, MthK ( Jiang et al., 2002 ;  Qian et al., 2006 ;  Lingle, 

2007 ;  Yusifov et al., 2008 ). In MthK, Ca 2+  is thought to 

open the channel by binding to an octameric assembly 

of RCK domains. It is proposed that RCK1 and RCK2 

interact via the  � G-helix turn  � F-helix to gate the chan-

nel. In addition to the RCK domains, it has also been 

suggested that there is a potential EF hand – like struc-

ture adjacent to the Ca 2+  bowl, but mutation of key Ca 2+ -

coordinating residues in the putative EF hand has small 

effect compared with mutations in the downstream 

acidic residues of the Ca 2+  bowl ( Braun and Sy, 2001 ; 

 Sheng et al., 2005 ). 

 The acidic domain of the bestrophins resembles the 

Ca 2+  bowl in that it contains fi ve contiguous acidic resi-

dues (EDDDD) ( Fig. 1 ). This acidic region is adjacent 

to a region that we believe may resemble a Ca 2+ -binding 

EF hand. We have mutated amino acids in this region in 

an attempt to defi ne the Ca 2+ -binding motif of hBest1. 

We fi nd that this acidic cluster, the predicted EF hand, 

and another nearby acidic amino acid – rich domain are 
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protein contained a Strep-tag on the N-terminal end and a 
His(10) tag on the C terminus.  45 Ca 2+  overlay assays were done as 
described previously ( Maruyama et al., 1984 ). After SDS-PAGE, 
proteins were electroblotted into a nitrocellulose membrane. The 
membrane was washed at room temperature three times for 20 
min each in 30 ml wash buffer (60 mM KCl, 5 mM MgCl 2 , and 10 
mM imidazole, pH 6.8, treated with 1 g/liter Chelex-100 [Sigma-
Aldrich] to remove contaminating divalent cations). The mem-
brane was then incubated in 10 ml of wash buffer containing 0.2 
 μ Ci/ml  45 Ca 2+  ( 45 Ca 2+  concentration was 400 nM) for 20 min. The 
membrane was rinsed with 50% ethanol for 3 min, dried, and ex-
posed to a phosphoscreen overnight. Bands were detected by the 
PhosphorImager system (GE Healthcare). 

 Cell Surface Biotinylation 
 The expression of hBest1 in the plasma membrane was examined 
with cell surface biotinylation as described previously ( Yu et al., 
2007 ). In brief, cells transfected with wild-type and mutant hBest1 
and nontransfected cells were placed on ice, washed three times 
with PBS, and biotinylated with 0.5 mg/ml Sulfo-NHS-LC Biotin 
(Thermo Fisher Scientifi c) in PBS for 30 min. The cells were 
washed, collected, and suspended in lysis buffer (250  μ l; 150 mM 
NaCl, 5 mM EDTA, 50 mM HEPES, pH7.4, 1% Triton X-100, 0.5% 
protease inhibitor cocktail III [EMD], and 10  μ M PMSF per 100-
mm dish). The extract was clarifi ed at 10,000  g  for 15 min. Bioti-
nylated proteins were isolated by incubation of 200  μ l of extract 
with 100  μ l of streptavidin beads (Thermo Fisher Scientifi c) over-
night with gentle agitation. The beads were collected and washed 
four times with 0.6 ml lysis buffer plus 200 mM NaCl. Bound bio-
tinylated proteins were eluted, run on SDS-PAGE gels, and probed 
with anti-myc and anti-GAPDH antibodies, followed by secondary 
anti – mouse IgG. Immunoreactive bands were visualized by en-
hanced chemiluminescence (ECL kit; GE Healthcare). 

 R E S U LT S 

 A Potential Ca 2+  Sensor in the C Terminus of hBest1 
 The C terminus of hBest1 shares some similarities to the 

Ca 2+  bowl region of the BK channel (mSlo1) known to 

be involved in Ca 2+  sensing. In  Fig. 1 , the amino acid se-

quence of the Ca 2+  bowl of the BK channel is aligned 

with two segments of the C terminus of hBest1 (amino 

acids 288 – 329 and 369 – 394). Both hBest1 segments 

have similarity to the BK Ca 2+  bowl in that they contain 

fi ve contiguous acidic amino acids (positions 300 – 304 

and 380 – 384) fl anked by several additional acidic resi-

dues. We have previously referred to the fi rst group of 

acidic amino acids as the  “ acidic cluster ”  ( Hartzell et al., 

2008 ), and this region was proposed as a potential Ca 2+ -

binding site by  Tsunenari et al., (2006) . Here, we have 

made point mutations in 20 amino acids between 293 

and 323, with a focus on the acidic cluster and the re-

gion immediately after it ( Fig. 2 ).  Each amino acid was 

mutated to at least one other amino acid. All mutations 

used as the template in Swiss-Model to build the hBest1 homology 
model. The complex was minimized to convergence using Macro-
model 9.5 (Schr ö dinger Inc.) with the OPLS2005 force field 
( Jorgensen and Tirado-Rives, 1988 ;  Kaminski et al., 1994 ;  Kaminski 
et al., 2001 ) and GB/SA water solvation ( Still et al., 1990 ), while 
holding the backbone atoms of the helices fi xed and all other at-
oms unrestrained. To model the D312G mutation in hBest1, the 
mutation was made in the initial Swiss-Model result and the struc-
ture was subjected to the same minimization protocol. The apo 
structures were obtained by removing Ca 2+  from the initial Swiss-
Model result and then minimizing as above. Uncorrected binding 
energies ( E  BIND ) of Ca 2+  to wild-type hBest1 and hBest1-D312G 
were determined by performing single point energy calculations 
(Eq. 1) using Jaguar 7.0 (Schr ö dinger Inc.) with Becke3LYP 
( Becke, 1993 ;  Stephens et al., 1994 ), LACVP* ( Hay and Wadt, 
1985 ), and Poisson-Boltzmann water solvation ( Tannor et al., 
1994 ;  Marten et al., 1996 ). 

 To calculate the Ca 2+  binding energy, single point energy calcu-
lations were made for (1) the minimized Ca 2+  – protein complex 
( E  COMPLEX ), (2) the minimized Ca 2+ -free protein ( E  APO ), and (3) 
free Ca 2+  ( E  Ca ). 

   DE E E EBIND COMPLEX APO Ca =   (  + )-    (1) 

      (2) DE E E

E E
CP APO COMPLEX GEOMETRY GHOST,Ca

Ca GHOST

 = ( |   ) 

+ (   

-
- ,,OTHER )

 

   D D DE E ECORR BIND CP =  +    (3) 

 These density-functional calculations were made tractable by 
removing residues outside the Ca 2+ -binding loop (hBest1 312 –
 323) and capping the N and C termini with acetyl and  N -methyl 
amide groups, respectively. Uncorrected binding energies were 
corrected by the counterpoise correction ( �  E  CP ; Eq. 2) ( Boys and 
Bernardi, 1970 ), determined by performing single-point energy 
calculations as above for the apo protein in the complex ’ s geome-
try ( E  APO|COMPLEX   GEOMETRY ), the complex with ghost orbitals on all 
atoms except Ca 2+  ( E  GHOST,OTHER ), and the complex with ghost or-
bitals only on Ca 2+  ( E  GHOST,Ca ). The corrected binding energy 
( E  CORR ) is then given by Eq. 3. To verify the suitability of this 
method, the same minimization and density functional calcula-
tions were done on the excised third EF hand of CaM containing 
Ca 2+  (1cll.pdb, residues 81 – 116 for minimization, residues 93 – 104 
for density functional calculations) and the excised fi rst and sec-
ond EF hands of cardiac troponin C (TnC; 1dtl.pdb, residues 16 –
 51 and 52 – 85 for minimization, residues 28 – 40 and 65 – 76 for 
density functional calculations, respectively). For some calcula-
tions, an explicit water molecule was added to the model at the 
same position as the water located closest to Ca 2+  in CaM. The 
structure was then minimized as described above. 

  45 Ca Overlay 
 An hBest1 fusion protein was constructed by amplifying the nu-
cleotides encoding amino acids 289 – 585 of hBest1 cDNA by PCR 
with Pfu polymerase and subcloning the resulting PCR product 
into the XmaI-SacI sites of pET-52b (EMD). The resulting fusion 

 Figure 1.   Alignment of the BK 
channel (mslo1) with two acidic 
domains of hBest1. The align-
ment was done manually to em-
phasize the similarity in acidic 
amino acids. Acidic amino acids 
are bold.   
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Ca 2+  binding to the wild-type channel occurs coopera-

tively, possibly as a consequence of the putative tetra-

meric nature of the channel ( Sun et al., 2002 ). In contrast, 

binding of Ca 2+  to the D312G mutant channel was not 

appreciably cooperative. 

 In examining the sequence surrounding D312, we 

noticed a pattern of amino acids that suggested the pos-

sibility that D312 was located in a non-canonical EF 

hand structure. In  Fig. 4 , hBest1 amino acids 290 – 329 

are aligned with the four EF hands of CaM, EF hands 1 

and 2 of cardiac TnC, and the proposed EF hand of 

the BK channel.  In the alignment, the amino acids in 

the Ca 2+ -binding loops of CaM are numbered 1 – 12. The 

amino acids that are known from the CaM crystal struc-

ture ( Chattopadhyaya et al., 1992 ) to coordinate Ca 2+  

have a red background. Amino acids at positions 1, 3, 5, 

and 12 coordinate Ca 2+  directly via carboxylate or car-

bonyl oxygens of their side chains, whereas the amino 

acid at position 7 (T, Y, or Q) coordinates Ca 2+  by its 

backbone carbonyl oxygen. The fi rst EF hand of cardiac 

TnC lacks oxygen-containing amino acid side chains at 

four of the fi ve positions and is known experimentally 

not to bind Ca 2+  ( Nelson and Chazin, 1998 ). The se-

quence in hBest1 that resembles an EF hand Ca 2+ -bind-

ing loop has amino acids with oxygen-containing side 

chains at positions corresponding to 1, 3, 5, and 12 and 

except at positions 298, 307, 312, 316, 320, and 323 pro-

duced channels that were essentially nonfunctional. 

The acidic domain (293 – 308) in particular was very sen-

sitive to mutation. Only two (F298W and T307S) of the 

35 mutations (not all are depicted) in this region pro-

duced functional channels ( Fig. 2 A ). The high sensitiv-

ity of this region to mutation suggests that, like the Ca 2+  

bowl in the BK channel, the acidic cluster in hBest1 is 

extremely important in channel gating. To determine 

whether mutations in the acidic cluster altered protein 

expression or traffi cking, we measured the amount of 

protein on the plasma membrane by cell surface bioti-

nylation ( Fig. 2 B ). These data show that, at least qualita-

tively, mutations in the acidic domain did not signifi cantly 

alter protein expression or traffi cking. 

 Mutations at positions 312, 316, 320, and 323 pro-

duced functional channels, and several mutations at 

these positions produced currents that differed in in-

teresting ways from wild-type currents, as described be-

low. In particular, we noticed that substitution of D312 

with N or G reduced the EC 50  for channel activation by 

intracellular Ca 2+  ( Fig. 3 ).  Wild-type hBest1 was acti-

vated by Ca 2+  with an EC 50  of 141 nM, whereas the 

D312G mutant was  � 20-fold less sensitive, with an EC 50  

of 2.7  μ M. Furthermore, the Hill coeffi cient for Ca 2+  

binding was reduced from 3.7 to 1.1. This suggests that 

 Figure 2.   Effects of mutations in the hBest1 
C terminus on channel function. (A) Current 
amplitudes of point mutants in the C-terminal 
acidic region (amino acids 293 – 308) and the pu-
tative EF hand loop (amino acids 312 – 323). Each 
amino acid (in black) and its position in the C 
terminus are indicated along the axis. The corre-
sponding mutations are colored red, green, and 
blue. Each data point represents four to nine 
cells. The solid line indicates the average current 
amplitude of wild type ( n  = 8), and the dashed 
lines represent the standard error. (B) Expression 
of hBest1 mutants in the plasma membrane of 
HEK cells. Wild-type, N296L, E300Q, D301N, 
D302N, D303L, D304N, E306Q, and N308D mu-
tant-transfected and nontransfected cells were 
exposed to membrane-impermeable Sulfo-NHS-
LC biotin. Biotinylated membrane proteins (20 
 μ l; left) purifi ed with streptavidin resin and total 
proteins (5  μ l; right) were probed with antibodies 
to the myc tag on hBest1 (68-kD band; top) and 
with antibodies to intracellular protein GAPDH 
(37-kD band; bottom).   
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and  Fig. 5 ).  Density-functional single-point energy cal-

culations were done on the minimized Ca 2+  – protein 

complexes, the Ca 2+ -free proteins, and free Ca 2+ . The 

resulting corrected binding energy of Ca 2+  to CaM was 

 � 4.9 kcal/mol. This calculated result is very close to the 

experimentally determined value of  �  � 7 kcal/mol to 

single EF hands (3 or 4) in CaM ( VanScyoc et al., 2006 ). 

We also calculated the binding energy with an explicit 

water added from the crystal structure. This calculation 

provided a very similar binding energy of  � 5.5 kcal/

mol. For the hBest1 EF hand, the corrected binding en-

ergy for Ca 2+  binding was  � 6.0 kcal/mol without an ex-

plicit water and  � 7.6 kcal/mol with an explicit water 

added from CaM. 

 Our calculated result is closer to experimentally de-

termined values than other recent predictions ( Lepsik 

and Field, 2007 ). The difference is likely explained by 

different methods for calculating the effects of water 

solvation: we used Poisson-Boltzmann water solvation 

( Tannor et al., 1994 ;  Marten et al., 1996 ), whereas Lep-

sik and Field used COSMO ( Lepsik and Field, 2007 ). 

Preliminary calculations of Ca 2+ -binding energy for the 

third CaM EF hand using our methodology without sol-

vation gave a binding energy of  � 400 kcal/mol, which 

has a serine at position 7, which is similar to the corre-

sponding threonine of CaM loops 1 and 2. In addition, 

the conserved acidic residues in CaM at positions  � 6 

and  � 9 are also acidic in hBest1. 

 A Model of Ca 2+  Binding to the hBest1 EF Hand 
 To determine whether this region was theoretically ca-

pable of binding Ca 2+ , a homology model of hBest1 resi-

dues 300 – 335 was built based on the third EF hand of 

the CaM x-ray crystal structure using Swiss-Model. The 

structure included Ca 2+  and was refi ned by minimiza-

tion with MACROMODEL. As shown in  Fig. 5 , the 

hBest1 model closely resembles the EF hand of CaM.  In 

CaM, Ca 2+  is coordinated by carboxyl oxygens from D1, 

D3, and E12, and by carbonyl oxygens from N5 and Y7. 

In the hBest1 model, Ca 2+  is coordinated by carboxyl 

oxygens from D1 and D12 and by carbonyl oxygens 

from N3, Q5, and S7. Thus, one carboxyl interaction is 

traded for a carbonyl interaction in hBest1 compared 

with CaM. 

 To estimate the Ca 2+ -binding affi nity of the hBest1 

model, we compared the calculated Ca 2+ -binding affi ni-

ties of the hBest1 model to the third EF hand of CaM, as 

well as the fi rst and second EF hands of TnC ( Table I  

 Figure 3.   D312G mutant has reduced Ca 2+  sensitivity. The 
current densities at +100 mV from wild-type (A) and D312G 
mutant (B) are plotted versus free [Ca 2+ ] i . The plots were 
fi tted to the Hill equation (K d  ’ s were 141 and 2,728 nM 
for wild-type and D312G mutant, respectively; n H  ’ s were 
3.7 and 1.1 for wild-type and D312G mutant, respectively). 
Each data point represents fi ve to nine cells.   

 Figure 4.   Alignment of the four 
EF hands of CaM (1cll.pdb), the 
fi rst and second EF hands of 
TnC (1dtl.pdb), the predicted 
EF hand of hBest1 C terminus 
(amino acids 290 – 329), and 
the Ca 2+  bowl (amino acids 
979 – 1,019) of the BK channel 
(Q08460). Amino acids in the 
Ca 2+ -binding loop are numbered 
1 – 12. Amino acids that are 
known to coordinate Ca 2+  in the 
crystal structure of CaM, TnC, 
and the predicted Ca 2+ -coordi-
nating residues in fi rst EF hand 
of hBest1 are white with a black 
background. Other negatively 
charged amino acids are bold. 
EF1 of TnC does not bind Ca 2+ .   
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with a carbonyl oxygen instead of a carboxyl oxygen as 

seen in CaM. Small differences in binding energy are 

probably not meaningful because of certain assump-

tions we used in model building. Most notably, we as-

sumed that the conformation of the E- and F-helices in 

hBest1 were similar to those in CaM and constrained 

these residues during minimization. Nonetheless, the 

models do provide a structural context for a likely site 

of Ca 2  binding in hBest1 and in general are consistent 

with experimental results. 

 To determine whether mutations in the putative EF 

hand loop of hBest1 had an effect on Ca 2+  affi nity, a 

structural model of the hBest1 EF hand with the D312G 

mutation was developed from the wild-type model and 

refined as described above ( Fig. 5 ). This mutation 

would be expected to reduce the binding affi nity of 

hBest1 for Ca 2+  based on the mutation removing the D1 

carboxylate interaction with Ca 2+ . The effect of the 

D312G mutation on Ca 2+ -binding energy was predicted 

using the same density functional method as above, re-

sulting in a corrected binding energy of 6.6 kcal/mol, 

indicating that Ca 2+  binding is unfavorable, compared 

with  � 6.0 kcal/mol for wild-type hBest1. When the ex-

plicit water was added to this model, the binding energy 

was estimated to be  � 2.4 kcal/mol. These predictions 

are consistent with D312 being located in an EF hand 

structure that is involved in coordinating Ca 2+ . 

 Ca 2+  Binding to hBest1 C Terminus 
 To determine whether the C terminus of hBest1 actu-

ally binds Ca 2+ , we performed a  45 Ca 2+  overlay using an 

is similar to the value of 200 – 300 kcal/mol calculated by 

 Lepsik and Field (2007) . This suggests that our solva-

tion method may more fully account for the electro-

static screening effect of water. 

 To test our method further, we calculated the binding 

affi nities of the fi rst and second EF hands of TnC. The 

second EF hand of TnC is known to bind Ca 2+ , whereas 

the fi rst EF hand does not. The corrected binding energies 

for the TnC structures are  � 19.0 kcal/mol for the second 

EF hand and 37.2 kcal/mol for the fi rst EF hand, correctly 

indicating that Ca 2+  binding is highly favorable for the sec-

ond EF hand, but disfavored for the fi rst EF hand. 

 These results suggest that hBest1 binds Ca 2+  with an 

affi nity similar to CaM, despite having one interaction 

 Figure 5.   Models of Ca 2+ -binding loops. Mod-
els were generated as described in Materials and 
methods. The models are shown as ribbon dia-
grams with Ca 2+ -coordinating amino acids shown 
as tubes. Amino acids are numbered according 
to the positions in the Ca 2+ -binding loop as in 
 Fig. 3 . (A) The third EF hand of CaM. (B) The 
second EF hand of TnC. (C) The predicted EF 
hand of hBest1. (D) The predicted EF hand of 
hBest1 with the D312G mutation. Model predicts 
that calcium loses interaction with the backbone 
carbonyl oxygen of S7 in addition to loss of inter-
action with the carboxylate oxygens of D1/D312.   

 TA B L E  I 

 Calculated Binding Energies of EF Hands 

Without explicit water 

  (kcal/mol) 
With explicit water 

  (kcal/mol) 

CaM EF3  � 4.9  � 5.5

TnC EF2  � 19.0  � 26.0

hBest1  � 6.0  � 7.6

hBest1 D312G +6.6  � 2.4

TnC EF1 +37.2 +15.0

Binding energies were calculated for EF hands from CaM and TnC, proteins 

with solved x-ray structures, and compared to the homology-modeled 

hBest1 and mutant hBest1 EF hands. Calculations were performed using 

implicit Poisson-Boltzmann hydration with and without an added explicit 

water ligand for bound Ca 2+  as described in Materials and methods. EF1 or 

TnC is known not to bind Ca.
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type. Rundown was completely absent for the D312G 

and D312N mutations. In fact, these currents ran up 

with time. For example, the D312G current ( Fig. 8 A ) 

started at a low level (consistent with its lower Ca 2+  affi n-

ity) and then increased over the next 10 min, presum-

ably as a result of Ca 2+  diffusion into the cell from the 

patch pipet. The time course of current run-up is indi-

cated as a negative  �  in the bar graphs. The effect was 

also apparent for D323N at 200 nM Ca 2+  ( Fig. 8, C and D ). 

The Q316A, Q316N, and L320F mutations had run-

down similar to wild type. 

 A Second Domain Contributes to Ca 2+ -dependent 
Channel Gating 
 As noted above ( Fig. 1 ), there is a second segment 

(amino acids 357 – 391) in the C terminus of hBest1 that 

is rich in acidic amino acids. EF hands almost always exist 

hBest1 C-terminal fusion protein ( Fig. 6 ).  The same 

molar amounts of hBest1 C terminus, CaM, and bovine 

serum albumin were run on SDS-PAGE and blotted to 

nitrocellulose. The blot was exposed to  45 Ca 2+  and 

washed briefl y. The hBest1 C-terminal fragment and 

CaM bound a qualitatively similar amount of  45 Ca 2+ , 

whereas bovine serum albumin did not bind a detect-

able amount of  45 Ca 2+ . 

 Rundown of hBest1 Current 
 The D312G mutation not only reduced the Ca 2+  sensitiv-

ity of the channel, but it also affected how the current 

ran down with time after initiating whole cell recording. 

 Fig. 7  describes the rundown of the wild-type current, 

and  Fig. 8  describes the effect of the D312 mutations 

on rundown.  

 The wild-type current typically increased for the fi rst 

minute after patch break and then ran down. The rate 

of rundown was dependent on intracellular Ca 2+ . As 

shown in  Fig. 7 A , with  � 200 nM of free Ca 2+  in the 

patch pipet, the current increased for the fi rst 2 min af-

ter breaking the patch and then ran down with a half-

time of  � 10 min. In contrast, with 200  μ M Ca 2+  in the 

patch pipet, rundown was complete within 2 min ( Fig. 

7, A and B ). To quantify rundown, we fi t the time course 

of rundown to a single exponential, starting after the 

current had reached its peak amplitude ( Fig. 7 B ). 

 Mutations in the EF hand Ca 2+ -binding loop affected 

rundown signifi cantly ( Fig. 8 ).  Of the mutations we 

tested, the ones that produced the greatest effects were 

mutations at positions 312 and 323, which correspond 

to positions 1 and 12 of the CaM EF-loop ( Fig. 8 B ). For 

D323N,  �  =  � 14 min compared with  < 3 min for wild 

 Figure 6.   Direct binding of  45 Ca 2+  by hBest1 C terminus. Equimo-
lar amounts of CaM (7.1  μ g), BSA (29.4  μ g), and hBest1 (16.5  μ g) 
were loaded onto the gel. Autoradiogram of the blot after  45 Ca 
overlay (left) showed hBest1 (right lane) had a similar amount of 
Ca 2+  binding to CaM (left lane). BSA (middle lane) was used for 
nonspecifi c binding of Ca 2+ . Ponceau staining of the proteins is 
shown on the right.   

 Figure 7.   Ca 2+ -dependent rundown of wild-type hBest1. (A) Time 
course of wild-type hBest1 current recorded in the presence of 
200  μ M Ca 2+  (black square), 11  μ M Ca 2+  (green triangle), and 
200 nM Ca 2+  (red circle) in the patch pipette. Voltage ramps from 
 � 100 to +100 mV were given from a holding potential of 0 mV 
at 10-s intervals. The currents at +100 mV (solid) and  � 100 mV 
(open) were normalized to the peak current. (B) Effects of differ-
ent concentrations of Ca 2+  on the channel rundown of wild-type 
hBest1. The rundown was measured by fi tting the rundown after 
the current had reached a peak to a single exponential. Each data 
point represents fi ve to eight cells.   
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stitution of amino acids 380 – 384 (EDEED) with ala-

nines (AAAAA) had no signifi cant effect on current 

rundown or amplitude ( Fig. 10, A and B ). In contrast, 

deletion of amino acids 370 – 374 (KEEME) or 370 – 379 

(KEEMEFQPNQ) abolished rundown ( Fig. 10, A and B ), 

suggesting that amino acids 370 – 374 are key in regulat-

ing rundown. Rundown was not signifi cantly affected by 

point mutations in selected amino acids (N369, K370, 

E371, M373, Q376, and E380;  Fig. 10, C and D ), sug-

gesting that the function of this region may depend on 

several interacting amino acids. 

 D I S C U S S I O N 

 This study demonstrates that the hBest1 C terminus 

binds Ca 2+  and thus provides additional evidence that 

hBest1 is activated directly by Ca 2+  binding to the chan-

nel ( Chien et al., 2006 ;  Tsunenari et al., 2006 ). These 

experiments demonstrate that at least three different re-

gions collaborate in gating hBest1 by Ca 2+ : an EF hand –

 like domain (EF1), the fi rst acidic cluster located in the 

cytosolic C terminus adjacent to the last transmembrane 

in pairs ( Nelson and Chazin, 1998 ;  Lewit-Bentley and 

Rety, 2000 ), but homology models of this region to CaM 

EF hands did not predict favorable Ca 2+  binding. Never-

theless, to determine whether this region contributes to 

Ca 2+ -dependent channel gating, we made truncation 

mutants every 10 amino acids from position 350 to 400 

( Fig. 9 ).  Truncation of the C terminus at position 390 or 

400 produced currents that were essentially like wild 

type ( Fig. 9 A ). In contrast, truncation of the C-termi-

nus at position 350, 360, or 370 resulted in channels 

that were essentially nonfunctional ( Fig. 9 A ), and trun-

cation at amino acid 380 abolished rundown ( Fig. 9, 

B and C ). These data suggest that the region between 

positions 350 and 390 is important in channel gating. 

 To narrow down the amino acids involved in run-

down, we made deletions and point mutations in this 

region ( Fig. 10 ).  Because truncation at amino acid 380 

abolished rundown, whereas truncation at amino acid 

390 behaved like wild type, we expected that residues 

involved in rundown would be located between posi-

tions 380 and 390. However, deletion of amino acids 

380 – 384 (EDEED) or 380 – 389 (EDEEDAHAG) or sub-

 Figure 8.   Effects of mutations in the Ca 2+ -binding loop of the fi rst EF hand reduced channel rundown. (A and C) Time course of typical 
currents of wild-type (black triangles), D312G mutant (red circles), and D323N mutant (green squares), activated by 11  μ M Ca 2+  (A and B) 
and by 200 nM Ca 2+  (C and D). Voltage ramps from  � 100 to +100 mV were given from a holding potential of 0 mV at 10-s intervals. 
Currents at +100 mV (solid) and  � 100 mV (open) were normalized to the peak currents. (B and D) Effects of mutations in the EF hand 
loop on the channel rundown. The rundown was measured by fi tting the rundown after the current had reached a peak to a single 
exponential. When currents did not run down, but rather ran up, the increase was fi tted to an exponential and the  �  was expressed as a 
negative number.  n  = 5 – 8; *, P  <  0.05 versus wild type by one-way ANOVA.   
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 An EF Hand (EF1) Is a Ca 2+ -binding Site 
 We conclude that EF1 is a key part of the Ca 2+ -binding 

site in hBest1 because mutation of amino acids in the 

predicted Ca 2+ -binding loop of EF1 drastically alters the 

Ca 2+  sensitivity of the channel as well as Ca 2+ -dependent 

rundown. The decrease in Ca 2+  sensitivity produced by 

these mutations is predicted by density-functional bind-

ing energy calculations of the Ca 2+ -binding loop. 

 hBest1 EF1 shares important characteristics with ca-

nonical EF hand Ca 2+ -binding loops. The canonical EF 

hand consists of 29 contiguous amino acids containing 

helix-E, a loop around the Ca 2+  ion, and helix-F. The 

Ca 2+ -binding loop is formed by side chain oxygens from 

loop residues 1, 3, 5, and 12 and backbone carbonyl ox-

ygens from residue 7 ( Fig. 4 and 5 ). Residue 1 in the 

Ca 2+ -binding loop is an invariant asparate, and the car-

boxylate group of the side chain plays an essential role 

in coordinating Ca 2+ . The mutations we made in the 

corresponding amino acid in hBest1 (D312N and 

D312G) signifi cantly altered the Ca 2+  sensitivity of the 

channel. Residue 12 provides two oxygen ligands, usu-

ally from glutamate, but sometimes aspartate ( Gifford 

et al., 2007 ), as it is in hBest1. Replacing the aspartate in 

the 12th position of hBest1 EF1 with alanine completely 

abolished channel activation by Ca 2+ . The more conser-

vative D323N mutation signifi cantly reduced channel 

rundown, suggesting an important role of this position 

in Ca 2+ -mediated channel function. Mutations at posi-

tion 3 in the hBest1 EF1 loop (N314D, N314T, and 

N314A) resulted in nonfunctional channels, suggesting 

that this position is also critical in Ca 2+  coordination. 

Position 5 in many EF hands is glycine and may be im-

portant in allowing fl exibility in the loop so that other 

residues can adopt energetically favorable orientations 

for coordinating Ca 2+ . In hBest1, position 5 is not a gly-

cine, but rather glutamine. Mutations at this position 

(Q316A and Q316N) had no signifi cant effects on chan-

nel activation or rundown compared with wild type. 

Residue 7 coordinates Ca 2+  via a backbone carbonyl oxy-

gen in both canonical EF hands and hBest1 EF1. In 

most EF hands, the Ca 2+  oxygen distances are between 

2 and 3  Å  and there are between fi ve and eight oxygens 

per Ca 2+  ( Pidcock and Moore, 2001 ;  Yang et al., 2002 ). 

In this regard, our hBest1 model fi ts the requirements 

for a Ca 2+ -binding loop. 

 The Acidic Clusters 
 Mutation of the fi rst acidic cluster of amino acids in 

hBest1 results in channels that cannot be activated by 

Ca 2+ . The nonfunction of these channels is not ex-

plained simply by expression or traffi cking defects, sug-

gesting that this region of the protein is important 

either in sensing or responding to Ca 2+ . The location of 

this region immediately after the last predicted trans-

membrane domain suggests that it may be important in 

channel gating. Amino acids fl anking the acidic cluster 

domain, and the second acidic region C terminal to EF1. 

Gating of hBest1 by Ca 2+  can be explained entirely by 

this region because hBest1 lacking the C terminus after 

amino acid 390 behaves identically to wild type, suggest-

ing that no other Ca 2+ -binding site in the C terminus is 

required for channel function. 

 Figure 9.   Effects of truncation mutants on channel activation 
and rundown. (A) Mean current density at +100 mV. The 350X, 
360X, and 370X mutants had the similar current density as GFP 
alone, whereas the 380X, 390X, and 400X mutants showed similar 
current density as the wild type. (B) Time course of currents of 
wild-type (black triangles), 380X mutant (red circles), and 390X 
mutant (green squares). 380X mutant abolished rundown. *, 
P  <  0.05 versus wild-type and 390X and 400X mutants. (C) Time 
constant of rundown or run-up of currents. ( n  = 6 – 8). The 350X, 
360X, 370X, 380X, 390X, and 400X mutants were made by intro-
ducing stop codons at amino acids 350, 360, 370, 380, 390, and 
400, respectively.   
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cooperativity in Ca 2+  binding ( Lewit-Bentley and Rety, 

2000 ). In some proteins, such as TnC, one of the paired 

EF hands is incapable of binding Ca 2+ , but binding of a 

single Ca 2+  ion is suffi cient to activate the protein. Pro-

teins having an unpaired EF hand frequently dimerize, 

resulting in intermolecular coupling of the EF hands 

( Yap et al., 1999 ;  Ravulapalli et al., 2005 ). The high co-

operativity (n H   � 4) of Ca 2+  binding that we observe 

could be a consequence of multimerization of bestro-

phins, which have been suggested to exist as dimers or 

tetramers ( Sun et al., 2002 ;  Stanton et al., 2006 ). The 

observation that n H  of Ca 2+  activation decreases from 4 

to  � 1 with the D312G mutation supports the idea that 

EF1 normally binds Ca 2+  in a cooperative fashion. 

 Mechanism of Channel Activation and Rundown 
 Ca 2+ -activated hBest1 current shows an activation phase 

and rundown phase, suggesting that hBest1 channels 

have at least three states: closed (no Ca 2+  bound), open 

(Ca 2+  bound), and inactivated (rundown). hBest1 current 

are also very important in channel gating because muta-

tions of most of the amino acids between position 293 

and 306 produce nonfunctional channels. 

 Our data shows that there is a second acidic region 

that is important in Ca 2+ -dependent channel rundown. 

This region is located between amino acids 370 and 

390. In this region, there are eight acidic amino acids 

and three additional amino acids with oxygen-contain-

ing side chains. Although it was possible to forcibly align 

and homology-model this region as an EF hand, it seems 

unlikely that this region binds Ca 2+  for several reasons. 

First, density-functional calculations predicted that Ca 2+  

binding to this region was not favorable. Furthermore, 

deletion or neutralization of potential Ca 2+ -coordinat-

ing amino acids (amino acids with oxygen-containing 

side chains:  380 EDEED 384 , N369A, E371, Q376, and E380) 

had no effect on Ca 2+  sensitivity or rundown of the chan-

nel. However, it is tempting to speculate that this region 

may be a nonfunctional EF hand. EF hands are often 

found as pairs and form a four-helix bundle that exhibits 

 Figure 10.   Effects of deletions and substitutions of amino acids in the second acidic domain of hBest1. (A and C) Current amplitudes. 
(B and D) Time constant of rundown or run-up. (A and B) Deletions and substitutions of groups of amino acids between 370 and 390. 
(C and D) Point mutations in selected amino acids from 369 to 380.   
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is activated by Ca 2+  with a very high affi nity (EC 50  = 141 

nM), showing that the closed state has a high affi nity for 

Ca 2+ . Binding of Ca 2+  induces a conformational change 

to an open state, but in addition somehow regulates the 

acidic domain between amino acids 370 – 390 to produce 

channel rundown. We have little insight into the actual 

mechanisms of rundown, but interestingly, amino acids 

354 – 362 of hBest1, located between EF1 and the second 

acidic domain, correspond to the region we have previ-

ously identifi ed as a regulatory domain in Best3. This 

region contains a serine that is a predicted PKA/PKC 

phosphorylation site ( Qu et al., 2006b, 2007 ). This do-

main may also participate in channel regulation by Ca 2+ , 

maybe by a process involving phosphorylation. 

 Molecular modeling shows that the D312G mutant re-

quires higher energy to bind Ca 2+ . Thus, binding of Ca 2+  

may not induce a full open-state channel and rundown 

may be thwarted. The smaller current amplitude of 

D312G mutant supports this possibility. Such a partially 

activated conformation has been reported in the EF 

hand of myosin light chain (PDB code, 1WDC) ( Houdusse 

et al., 1996 ;  Houdusse and Cohen, 1996 ;  Nelson and 

Chazin, 1998 ). The channel could be locked in this 

state due to insuffi cient energy to switch into the inacti-

vated state. 
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