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

 The large-conductance, voltage and calcium (Ca 2+ ) –

  activated K +  channel (BK, maxi-K,  slo, KCNMA1 ) is ex-

pressed in many cell types, including smooth muscle 

and neurons. BK channel is opened by a rise in intracel-

lular Ca 2+  and by depolarization. The outward K +  fl ux 

conducted by the BK channel moves the membrane 

potential in the hyperpolarizing direction, suppressing 

activation of voltage-dependent channels. To the extent 

that an increase in intracellular Ca 2+  concentration is 

due to the activation of voltage-gated Ca 2+  channels, the 

BK channel is a negative feedback regulator of cytoplas-

mic Ca 2+  concentration. 

 The BK channel pore is formed by a tetramer of  �  

subunits. BK  �  is homologous to the pore-forming sub-

unit of other voltage-gated K +  channels, as can be seen, 

for example, in its alignment with K v 1.2 and K v AP ( Fig. 

1 A ), the structures of which have been determined to 

high resolution ( Jiang et al., 2003 ;  Long et al., 2005 ). 

All voltage-dependent K +  channels have six transmem-

brane (TM) helices, S1 – S6. The BK  �  subunit has an 

additional TM helix, S0, which is N terminal to S1 – S6. 

( Wallner et al., 1996 ;  Meera et al., 1997 ). Where S0 is 

located relative to S1 – S6 in the folded structure of BK  �  

has not previously been examined. 

  Abbreviations used in this paper: BK, large-conductance, voltage- and 

calcium-activated potassium; HRV, human rhinovirus; PDI, protein 

disulfi de isomerase; pWT, pseudo-wild-type; QPD, quaternary pipera-

zinium diamide; TM, transmembrane; WT, wild-type. 

 Previous work has implicated S0 in the expression 

and function of the channel. Transfection of cells with 

BK lacking S0 yielded neither functional ( Wallner et al., 

1996 ;  Morrow et al., 2006 ) nor biochemically detectable 

channels on the cell surface (unpublished data). The  �  

mutants F25W, L26W, and S29W, which are on the 

same side of the predicted S0 helix, yielded channels 

with rightward shifted conductance – voltage (G-V) curves 

compared with wild-type (WT)  �  ( Koval et al., 2007 ). In 

addition, replacement of S0 and the preceding N-termi-

nal residues of human BK  �  with the comparable resi-

dues in  Drosophila  BK  �  interfered with the functional 

modulation of this chimera by human  � 1 subunit ( Wallner 

et al., 1996 ). 

 We used disulfi de cross-linking to determine the rela-

tive proximities of S0 to the other TM helices in  �  and 

to determine the effects on channel function of teth-

ering S0 to its neighboring TM helices. We substituted 

cysteine (Cys) for the fi rst four residues we predicted 

would just fl ank the extracellular end of the membrane-

embedded portions of the TM helices and expressed 47 

double-Cys  �  mutants containing one Cys fl anking S0 

and another Cys fl anking one of the other TM helices. 

We determined both the extent of endogenous disulfi de 
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50  � l HRV-3C buffer and nutated overnight at 4 ° C. To elute bound 
protein and fragments released by cleavage, we added 100  � l 8 M 
urea, 4% SDS, 200 mM Tris, pH 8, and heated the mixture to 
100 ° C for 2 min. After a short spin, the supernatant was collected. 
A 75- � l portion was treated with 2  � l of 400 mM DTT to reduce 
disulfi des. Both the unreduced and the reduced portions were 
electrophoresed, transferred to nitrocellulose, and immunoblot-
ted by sequential treatment with anti-BK- � -C-terminus antibody 
(BD Bioscience), horseradish-peroxidase-conjugated secondary 
antibody, and ECL reagent (Pierce Super Signal West). We quan-
titated the chemiluminescence from each band with a CCD cam-
era (Alpha Innotech Corporation) and ImageQuant software 
(Molecular Dynamics). 

 Part of each sample was exhaustively reduced, and the reduced 
and unreduced portions were electrophoresed in adjacent lanes. 
We calculated the extent of cross-linking, uncorrected for the 
effi ciency of cleavage, from the lane with the unreduced portion 
and the effi ciency of protease cleavage from the lane with the re-
duced portion. The calculation of the corrected extent of cross-
linking is as follows ( Fig. 2 ).  In the reduced lane, the density of 
the 110-kD band divided by the sum of the densities of the 110-kD 
band and the 125-kD band is the fraction of  �  cleaved by protease; 
i.e., the effi ciency of cleavage. In the unreduced lane, the same 
quotient is the uncorrected fraction of  �  that was not cross-linked, 
and hence ran as 110-kD after cleavage. This fraction was cor-
rected to 100% cleavage by dividing it by the effi ciency of prote-
ase cleavage, yielding the corrected fraction of  �  that was not 
cross-linked. The corrected fraction of  �  that was cross-linked 
equals one minus the corrected fraction of uncrosslinked  � . 

 All double-Cys mutants were independently expressed and 
tested twice if there was little cross-linking and three or more 
times if there was substantial cross-linking. In each experiment, 
duplicate reduced and unreduced lanes were run. Finally, the 
means of the individual means were calculated. 

 Quantitating Intersubunit Cross-linking 
 The amounts of DNA required to yield equivalent coexpression of 
a single-Cys  �  mutant in S0 and a single-Cys  �  mutant in S5 or S6 
were determined based on quantitative immunoblotting. The sin-
gle-Cys mutants were coexpressed in HEK293 cells. After 48 h, the 
cell surface proteins were biotinylated, and the cells were lysed as 
above. Biotinylated proteins were captured on Neutravidin beads, 
which were washed and eluted, also as above. There was no cleavage 
step. Samples were size fractionated on SDS-PAGE, transferred to 
nitrocellulose, and immunoblotted with anti-BK- �  antibody. 
The extents of S0 to S5 and S0 to S6 cross-linking were deter-
mined by the density of the dimer band at 250 kD divided by 
the sum of densities of the bands at 125 kD and 250 kD. Similar 
results were obtained by including the densities of the lanes 
around the expected positions of trimer (375 kD) and of tetramer 
(500 kD). 

 Comparing the Functional Effects of Cross-linking 
 G-V curves and the activation and deactivation kinetics were de-
termined with inside-out and outside-out macropatch experi-
ments, as previously described ( Zakharov et al., 2005 ;  Morrow 
et al., 2006 ). The bath solution for inside-out patches and the pi-
pette solution for outside-out patches contained (in mM): 158 
KCl, 5 TES, 5 EGTA, pH 7.0, with appropriate [Ca 2+ ] calculated 
using the program Max Chelator (maxchelator.stanford.edu). 
The pipette solution for inside-out patches and the bath solution 
for outside-out patches contained (in mM): 158 KCl, 5 TES, 
1 MgCl 2 , pH 7.0, except during reduction, when the pH was 8.0. 

 We focused on two types of functional effects of mutations and 
cross-linking. The effect on V 50  was calculated as  � V 50  = V 50,MUT   �  
V 50,pWT-HRV.  The effects on the rate constants of opening and clos-
ing were calculated as log(k MUT /k pWT-HRV ). The rationale is that 

bond formation (in the absence of added oxidizing 

agents) in  �  heterologously expressed in HEK293 cells 

and traffi cked to the cell surface and the functional 

effects of the cross-links. We conclude that the extra-

cellular end of S0 is centrally positioned among the ex-

tracellular ends of the voltage sensor domain helices, 

S1 – S4, and is particularly close to the extracellular ends 

of S3 and S4 in both the resting and active states of the 

voltage sensor. 

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

 Cross-linker 
 In most experiments, no oxidizing agent was added to the cells. 
In experiments to test the susceptibility of two Cys on the cell sur-
face to reform a disulfi de after reduction, we used the doubly 
charged oxidant, 4,4 ’ -(azodicarbonyl)-bis-[1,1-dimethylpipera-
zinium, diiodide] (quaternary piperazinium diamide [QPD]) 
( Kosower et al., 1974 ), the synthesis of which was based on that of 
4,4 ’ -(azodicarbonyl)-bis-[1-methylpiperazide] ( Bose et al., 1984 ). 
In brief,  N -methylpiperazine was added slowly to a solution of 0.5 
equivalent of diethyl diazenedicarboxylate in petroleum ether:
ether (3:1) at 0 ° C. After 4 h stirring at room temperature, the 
product was fi ltered and crystallized from hexane/benzene as 
golden needles. It was quaternized by treatment with excess 
methyl iodide in acetonitrile at room temperature to yield QPD as 
a yellow-orange solid. The structure was confi rmed by NMR (1H 
NMR[DMSO-d6, 400 MHz]  �  [ppm] 3.97 [m, 4H], 3.83 [m, 4H], 
3.57 [m, 4H], 3.52 [m, 4H], 3.19 [s, 12H]); the purity was  > 98%. 

 Constructs 
 Mutants of the BK  �  subunit ( mSlo1 ,  KCNMA1 , GenBank/EMBL/
DDBJ accession no. NM_010610) were generated by site-directed 
mutagenesis using QuikChange XL (Stratagene). The  � 1 ( KC-
NMB1 ) subunit was cloned by RT-PCR from murine smooth mus-
cle RNA (CLONTECH Laboratories, Inc.). Cys substitutions were 
made in a pseudo-wild-type background (pWT � ) with the follow-
ing mutations ( Fig. 1 A ).  The FLAG epitope (DYKDDDDK) and a 
linker (SPGDS) were added to the N terminus. Cys 14 and Cys 141 
were each mutated to Ala. The human rhinovirus (HRV-3C) pro-
tease consensus cleavage site, LEVLFQGP, which is cleaved be-
tween the Q and G, was inserted by mutating Ala89 to Leu and 
by inserting LFQGP between Val91 and Gly92 (site indicated in 
 Fig. 1  A by *). This construct is called pWT-HRV  � . 

 Expression, Surface Biotinylation, Cell Lysis 
 HEK293 cells were cultured and transfected as before ( Morrow et al., 
2006 ). After 48 h, the cells were collected, washed, and bio ti n-
ylated with 2 mM sulfoNHS-LC-biotin (Pierce Chemical Co.) in 
DPBS ( Karlin et al., 2004 ). The cells were solubilized for 20 min 
at 4 ° C in lysis buffer (1% Triton-X100 and, in mM, 150 NaCl, 
50 Tris, 1 EDTA, 2 NEM, and Roche complete protease inhibitors). 
Insoluble material was removed by centrifugation. 

 Quantitating Intrasubunit Cross-linking 
 The cell lysate was mixed with Neutravidin-Sepharose beads 
(Pierce Chemical Co.) for 90 min at room temperature. In a typi-
cal sample, lysate of  � 25% of the cells from a 100-mm plate in 
240- � l lysis buffer was mixed with 30  � l of a 50% slurry of Neutra-
vidin beads, previously washed and suspended in PBS. The beads 
were washed seven times with lysis buffer (without NEM and pro-
tease inhibitors) and two additional times with HRV buffer (in 
mM, 150 NaCl, 50 Tris, pH 7.5, 1 EDTA, 0.5% Triton X-100). The 
beads were mixed with 5 U of HRV-3C protease (Novagen) in 
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predominates over the effect of the replacement of the native res-
idues. Based on these assumptions, we calculated what the func-
tional effects would be if the Cys were 100% cross-linked. 

 Let  �  be an effect, either  � V 50  or log(k MUT /k pWT-HRV ). We defi ne 
 �  1  = the observed effect of the fi rst single Cys mutation;  �  2  = the 
observed effect of the second single Cys mutation;  �  12  = the effect 
of the double Cys mutation before disulfi de bond formation; 
 �  SS  = the effect of the double Cys mutation, with the two Cys com-
pletely disulfi de cross-linked, which is to be calculated;  �  = the ob-
served effect of the double Cys mutation, cross-linked to the 
fractional extent, x, determined by Western blotting. 

 Assuming linear addition of the effect on each  �  in the tetra-
meric channel complex, the observed effect of the double Cys 
mutation is the sum of the effect of the cross-linked Cys and the 
effect of the noncross-linked (i.e., reduced) Cys: 

   ε δ δ= + −x SS x( ) .1 12    (1) 

 Assuming that  �  12  =  �  1  +  �  2 , we get 

   ε δ δ δ= − + +( )( ,1 x )  x1 2 SS    (2) 

 and rearranging, we get 

   δ ε δ δSS x x= − − +[ ( )( )]/ .1 1 2    (3) 

 Online Supplemental Material 
 The supplemental material (available at  http://www.jgp.org/cgi/
content/full/jgp.200809968/DC1 ) consists of Table S1, which 
contains the mean extents and standard errors of disulfi de bond 
formation of all mutants pairs in which mutant  �  alone was ex-
pressed and in which mutant  �  was coexpressed with wild-type  � 1 
subunit. Fig. S1 shows additional Western blots of mutant  � , and 
Fig. S2 shows activation and deactivation recordings for represen-
tative mutant  � . 

 R E S U LT S 

 Mutant  �  Subunits 
 Our approach was to mutate to Cys at least the fi rst four 

residues just extracellular to the membrane domain of 

each TM helix. The TM helices in BK  �  were predicted 

originally by  Wallner et al. (1996) ; the PHDhtm algo-

rithm ( Rost et al., 1995 ) predicted similar boundaries 

of the TM helices. Furthermore, the predicted BK S1 –

 S6 helices align with the homologous S1 – S6 of K v AP 

( Jiang et al., 2003 ) and K v 1.2 ( Long et al., 2005 ) ( Fig. 1 A ), 

although the boundaries of the membrane-embedded 

domains are not precisely defi ned in these channels 

crystallized from detergent solution. 

 BK  �  contains two extracellular Cys, Cys14 and Cys141, 

which we mutated to Ala to generate our background 

construct, pseudo-wild-type (pWT)  � . In addition, we 

inserted a human rhinovirus-3C (HRV-3C) protease 

cleavage site between S0 and S1 ( Fig. 1 ) to permit the 

detection of intrasubunit cross-links ( Wolin and Kaback, 

2000 ). The construct with the HRV-3C site we call pWT-

HRV, the functional characteristics of which are identi-

cal to WT (see below). In this background, we substituted 

Cys for the four residues fl anking S0, S1, and S2, and 

V 50  is proportional to the free energy between ground states and 
log(k) is proportional to the free energy between a ground state 
and a transition state, and therefore V 50 s can be added and sub-
tracted, and the same applies to log(k)s. 

 Normalization of Functional Effects 
 Because the double Cys mutants were cross-linked to different ex-
tents, the observed functional characteristics were a composite of 
the characteristics of channels composed of uncrosslinked and of 
cross-linked  �  subunits in varying proportions. To estimate the ef-
fects of the disulfi de cross-links themselves, we made some simpli-
fying assumptions: (a) the effect of cross-linking increases linearly 
with the extent of cross-linking; (b) the effect of two uncross-
linked Cys is the sum of the effects of each single Cys mutation; 
and (c) in cross-linked Cys, the effect of the disulfi de cross-link 

 Figure 1.   Mouse BK  � . (A) The N-terminal 333 residues of BK  �  
are shown in bold letters. The predicted seven TM helices, S0 – S6, 
and the pore helix are underlined and labeled. Predicted extracel-
lular residues are shown in upper case and the rest in lower case. 
The extracellular residues that we mutated to Cys are shown in 
reverse contrast. These Cys substitutions were made in a pseudo-
wild-type (pWT) construct, the sequence of which was altered as 
indicated in boxes above the wild-type sequence (see Materials 
and methods). We used ClustalW to align BK  �  residues 106 – 333, 
which contain S1 – S6, with K v AP residues 31 – 260 and K v 1.2 resi-
dues 97 – 387. (B) Scheme of the threading of BK  �  through the 
membrane. The locations of the changes we made in wild-type  �  
to generate pseudo-wild-type  �  with a HRV-3C protease cleavage 
site are shown. The extracellular regions fl anking S0 – S6, in which 
Cys were substituted, are indicated by fi lled rectangles.   
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obtained, a 15-kD N-terminal fragment and a 110-kD 

C-terminal fragment, as shown schematically ( Fig. 2 A ) 

and experimentally ( Fig. 2 B ). The extent of intrasubunit 

cross-linking was quantitated as described in the Materials 

and methods. 

 To quantitate the extent of intrasubunit cross-linking, 

we cleaved the biotinylated and Neutravidin-bound  �  

with HRV-3C protease. The  �  subunit and fragments of 

 �  were eluted from the Neutravidin beads in SDS, and a 

portion of the sample was reduced with DTT. Unre-

duced and reduced samples were electrophoresed and 

immunoblotted with an antibody against the C termi-

nus of  � . We quantitated the relative amounts of the 

125-kD and the 110-kD species by measuring the chemi-

luminescence generated by a secondary HRP-tagged 

antibody ( Fig. 2 B ). We adjusted the conditions of cleav-

age by HRV-3C protease so that there was no cleavage of 

pWT  � , which does not contain a HRV-3C cleavage site 

( Fig. 2 B , i). Under these conditions, pWT-HRV was 

cleaved by HRV-3C protease  � 70% ( Fig. 2 B , ii). In each 

experiment, the effi ciency of cleavage was determined 

and was used in the calculation of the extent of cross-

linking (see Materials and methods). 

 An Extracellular Disulfi de in Native  �  
 We tested in wild-type  �  modifi ed only with the HRV-3C 

site whether the two extracellular, wild-type Cys, namely 

Cys14, seven residues N terminal to S0, and Cys141, 

seven residues N terminal to S2, form a disulfi de bond. 

two of the four residues in the loop between S3 and S4. 

In addition, in the pWT  �  background, we substituted 

Cys for eight residues fl anking S5 and six residues fl ank-

ing S6. Among all the possible combinations, we tested 

47 double-Cys mutants, in which one Cys was in the 

fl ank of S0 and one Cys was in fl ank of one of the other 

helices. We focused our analysis on cell surface chan-

nels, assuming that only well-folded and assembled  �  

tetramers were traffi cked to the surface membrane. 

We selected these channels by biotinylating the surface 

proteins in intact cells with the relatively impermeant 

sulfoNHS-LC-biotin and by capturing the biotinylated 

channels on avidin beads after cell lysis. The effi cien-

cies of transfection and cell surface expression of the 

double-Cys  �  mutants involving S0 – S4 and of pWT  �  

were similar. 

 Quantitating Intrasubunit Cross-links 
 The  �  subunit has an apparent molecular mass of  � 125 

kD ( Knaus et al., 1995 ). Intersubunit disulfi de cross-

links would generate dimers, trimers, or tetramers of 

250, 375, and 500 kD, respectively. By contrast,  �  with 

an intrasubunit disulfi de cross-link between S0 and an-

other helix had no change in mass and no detectable 

change in electrophoretic mobility. In the presence of a 

disulfi de between S0 and another helix, HRV-3C cleav-

age between S0 and S1 also did not change the mass or 

the mobility ( Fig. 2 B ). After both HRV-3C cleavage and 

reduction of the disulfi de, however, two fragments are 

 Figure 2.   Determination of 
disulfide cross-linking. (A) 
Scheme of the method, in 
which cleavage at the HRV-
3C protease site in the S0 – S1 
loop of  �  produces an  � 15-
kD N-terminal fragment 
and an  � 110-kD C-terminal 
fragment. Shown schemati-
cally are the species gener-
ated from different starting 
 �  forms after treatment with 
protease and then treatment 
with DTT. (B) Western blots 
illustrating cross-linking of 
Cys pairs and controls. The 
blots were developed with an 
antibody against a C-terminal 
epitope, reacting with both 
the 125-kD full-length  �  and 
with the 110-kD C-terminal 
fragment generated by HRV-
3C protease cleavage. (i) 
Control showing that the mo-
bility of pWT  �  is not affected 

either by DTT (lane 1) or by HRV-3C protease followed by DTT (lane 2). (ii)  �  with an HRV site is cleaved by HRV-3C protease and is 
unaffected by DTT. (iii)  �  in which the native pair, Cys14 and Cys141, is endogenously cross-linked, as shown by the preponderance of 
the 125-kD band after protease treatment (lane 1) and the loss of this band after protease and DTT (lane 2). In panels iv, v, and vi are 
shown the endogenous cross-linking of three additional pairs of Cys, one Cys in each case in S0 and one in S1 (iv), S2 (v), or S3 – S4 (vi). 
At the bottom of each gel is the fraction of  �  cross-linked corrected for the effi ciency of cleavage (see Materials and methods).   
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There was extensive endogenous, intrasubunit disulfi de-

bond formation ( Fig. 2 B , iii). We conclude that in WT 

BK  � , the extracellular, N-terminal tail preceding S0 is 

tethered to the loop between S1 and S2 by a disulfi de 

between Cys14 and Cys141. 

 Disulfi des Formed in Double-Cys Mutants of  �  
 Cys in the S0 fl ank readily cross-linked to Cys in the S1 

fl ank ( Fig. 2 B , iv), in the S2 fl ank ( Fig. 2 B , v), and in the 

S3 – S4 loop ( Fig. 2 B , vi) (see Fig. S1 for more examples and 

Table S1 for complete quantitation, available at http://

www.jgp.org/cgi/content/full/jgp.200809968/DC1). 

Among the Cys fl anking S1 and S2, the Cys substituted 

four residues out from the membrane domain, P137C 

fl anking S1, and F144C fl anking S2 showed the greatest 

extents of cross-linking to S0 ( Fig. 3, A and B ).  All four 

Cys fl anking S0 were cross-linked to P137C (S1) and to 

F144C (S2) to the extent of 40% or more. 

 All eight pairs of Cys tested for cross-linking between 

the S0 fl ank and the S3 – S4 loop were cross-linked 88% 

or more ( Fig. 3 C ). These results are consistent with close 

and extensive contact between the residues immediately 

fl anking S0 and the short loop between S3 and S4. 

 The patterns of intrahelix cross-linking between S0 

and S1, S2 and S3 – S4 in  �  expressed alone ( Fig. 3, A – C ) 

were nearly the same in  �  coexpressed with WT  � 1 

(Table S1). In six double-Cys mutants that we tested 

functionally, we found that coexpressed  � 1 associated 

with the cross-linked  � , based on  � 1 modulation of the 

conductance – voltage (G-V) curve (see below), but we 

do not know whether that association preceded disul-

fi de bond formation in  � . 

 Absence of Disulfi de Formation between the Extracellular 
Flanks of S0 and S5 or S6 
 We also tested the susceptibility to disulfi de formation of 

Cys fl anking S0 with Cys fl anking S5 and S6. Given the 

structure of the homologous K v 1.2 ( Fig. 3 F ), any cross-

linking between S0 and S5 or S6 was likely to be between 

different subunits and to result in dimers or higher oligo-

mers. Nevertheless, we fi rst tested double-Cys mutants of 

 � , one Cys fl anking S0 and one Cys fl anking S5 or S6, in 

the same subunit. These resulted in no signifi cant cross-

linking. These constructs, however, yielded poor surface 

expression, and the mutants tested showed no function, 

even after reduction with DTT. In a second approach, we 

coexpressed equal amounts of two single-Cys  �  mutants, 

an  �  with a Cys substituted in the S0 fl ank and an  �  with 

a Cys substituted in the fl ank of S5 or S6. All single 

mutants with a Cys just in S5 or S6 expressed well and 

resulted in functional channels. The hybrid channels re-

sulting from transfection with both an  �  S0 mutant and 

 �  S5 or S6 mutant also expressed well. Because there was 

no detectable cross-linking between S0 and any Cys within 

four residues of the membrane domain of either S5 or S6, 

we made Cys mutations further out from the membrane. 

 Figure 3.   Mean extents of endogenous disulfi de-bond formation 
between Cys substituted in the extracellular fl ank of S0 and Cys 
substituted in the extracellular fl anks of S1 – S6. (A) S0 fl ank and 
S1 fl ank; (B) S0 fl ank and S2 fl ank; (C) S0 fl ank and S3 – S4 loop; 
(D) S0 fl ank and S5 fl ank; and (E) S0 fl ank and S6 fl ank. The four 
residues substituted by Cys in the S0 fl ank are indicated along the 
front edge of the base, and the residues substituted by Cys in 
the paired fl ank are indicated along the right edge of the base. 
The extent of disulfi de bond formation is represented by bars in the 
z direction, placed at the intersection of the lines from the paired 
Cys-substituted residues. In the cases in which the mean extent 
of disulfi de bond formation was zero, the value 0.5% was plotted 
to identify these pairs as tested. Pairs that were not tested lead 
to empty intersections. Except for S3 – S4, the residues closest to 
the membrane are closest to the front, right corner of the base. 
For the S3 – S4 loop, L199 is closest to the predicted membrane 
domain of S3, and S202 is closest to the predicted membrane do-
main of S4. (F) Proposed location of the extracellular end of S0 
relative to the extracellular ends of S1 – S6, consistent with the ex-
tents of disulfi de bond formation. We have taken a model of the 
structure of Kv1.2 in the closed state ( Yarov-Yarovoy et al., 2006 ) 
as a model for the structure of BK  �  S1 – S6. In this en face view, 
each of the four  �  subunits is rendered in a distinct color. We have 
marked the extracellular end of each TM helix with a numbered 
circle in the same color as the subunit. The extracellular end of 
S0 is indicated as a circle marked with a zero. Its position is consis-
tent with the cross-linking results in A-E. We have taken the means 
of the top three extents of cross-linking in each of the panels A – E 
as a measure of the relative proximity between the segments: the 
mean extent of cross-linking from S0 to S1 was 66  ±  20%; from S0 
to S2, 52  ±  11%; from S0 to S3 – S4, 96  ±  0%; from S0 to S5, 8  ±  1%; 
and from S0 to S6, 2  ±  1%.   
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ence with the cross-linking by Cys277 in the pore helix 

( Fig. 1 A ), we also retested all of these combinations in a 

background in which Cys277 was mutated to Ala ( Savalli 

et al., 2006 ), none of which showed any more cross-link-

ing than previously seen (unpublished data). It is likely 

that the extracellular end of S0 is not close to the extra-

cellular ends of S5 and S6. 

We tested Cys substituted for the fi rst eight residues fl ank-

ing S5 and for four residues among six fl anking S6. There 

was  < 8% cross-linking among any of the 32 different com-

binations of S0 and S5 Cys mutants ( Fig. 3 D ) and among 

any of the 16 combinations of S0 and S6 Cys mutants 

( Fig. 3 E ; also Table S1). To control for possible interfer-

 Figure 4.   Function of background constructs and single-Cys mu-
tants. Macroscopic currents conducted by (A) wild-type (WT)  � , 
(B) pseudo-wild type (pWT)  �  with the native extracellular Cys 
mutated to Ala (i.e., C14A, C141A), and (C) pWT  �  with the 
HRV consensus site inserted between S0 – S1 transmembrane seg-
ments (pWT-HRV  � ). Each construct was expressed in HEK293 
cells, and the currents shown were in response to step depolariza-
tions to 0, 40, and 80 mV, in 10  � M Ca 2+ . (D) For WT, pWT, and 
pWT-HRV in inside-out macropatches, normalized conductance 
is plotted against the activating voltage. The data were from the 
maximum of the tail currents obtained after stepping the voltage 
from the plotted voltage to  � 80 mV in nominally zero (open sym-
bols) or 10  � M (fi lled symbols) Ca 2+ . The data were fi t by 1/ { 1 + 
exp[ � zF(V  �  V 50 )/RT)] } . (E) For each of the single-Cys mutants 
indicated on the abscissa, V 50  was determined as in D in nominally 
0 and 10  � M Ca 2+ . From the mean V 50  ( n   >  3) was subtracted the 
mean V 50  for pWT-HRV to obtain  � V 50 . (F) For each single-Cys 
mutant, the time course of activation at 240 mV was fi t with an 
exponential function to estimate the rate constant for activation; 
the mean rate constants ( n   >  4) were divided by the mean rate 
constant for activation of pWT-HRV, and the log of this ratio is 
plotted. Similarly, the mean rate constants for deactivation at  � 80 
mV were determined and divided by the mean deactivation rate 
constant for pWT-HRV. The log of this ratio is shown. The errors 
in the differences and ratios are propagated from the standard 
errors of the means of the arguments, and the errors in the logs 
are from the approximation log(x  ±  err) = log(x) + log(1  ±  err/x) 
 ≈  log(x)  ±  0.434(err/x), where err is the standard error of the 
mean x.   

 Figure 5.   Functional effects of endogenous cross-linking of dou-
ble-Cys mutants. In pWT-HRV, Cys was substituted for each of the 
four residues fl anking S0 (R17C, G18C, Q19C, and R20C, as indi-
cated on the abscissas). These were paired with Cys substituted for 
residues fl anking (A and B) S1 (P137C), (C and D) S2 (F144C), 
and (E – H) S3 – S4 (L199C and R201C), as indicated in the top 
right of each panel. The conditions were as in  Fig. 4 .  � V 50  and 
k MUT /k pWT-HRV  were corrected for the effects of the single Cys mu-
tations and were extrapolated to 100% cross-linking, taking into 
account the actual extent of cross-linking, as described in Mate-
rials and methods. The errors were propagated as in  Fig. 4  ( n   >  
4 in all cases). (I) Binned effects of cross-linking on V 50 , repre-
sented by color-coded lines connecting the cross-linked residues, 
superimposed on the extracellular ends of S0 – S4, taken from  Fig. 
3 F . (J) Binned effects of cross-linking on k ACT,MUT /k ACT,pWT-HRV  or 
k DEACT,MUT /k DEACT,pWT-HRV , whichever was greater.   
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 Because the double Cys mutants were endogenously 

cross-linked to different extents, as we determined above, 

the observed functional characteristics were a composite 

of the characteristics of channels composed of uncross-

linked and of cross-linked  �  subunits in varying propor-

tions. To compare the functional effects of the different 

cross-links, we normalized (see Materials and methods) 

the functional effects to 100% cross-linking ( Fig. 5 ). 

 It was notable that two cross-links between S0 and S3 –

 S4, R20C to L199C and R17C to R201C, had almost no 

effect on the V 50  or on the rate constants for activation 

and deactivation ( Fig. 5, E – H ; Fig. S2), implying that 

these residues are close in the resting, activated, and 

transitions states. Other cross-links between S0 and S3 –

 S4 did have signifi cant effects on V 50  or gating kinetics. 

The cross-links between R17C, G18C, and Q19C, in the 

S0 fl ank, and L199C, in the S3 – S4 loop, all caused a 

rightward shift in the G-V curves ( Fig. 5 E ), indicating 

that more electrostatic energy was needed to activate 

the channel; i.e., the closed state was stabilized relative 

to the open state. By contrast, cross-links between Q19C 

or R20C and R201C caused a leftward shift in the G-V 

curve and hence stabilized the open state relative to the 

closed state ( Fig. 5 G ). The shifts were similar in 0 and 

10  � M Ca 2+ , implying that the cross-links did not affect 

the dependence of V 50  on Ca 2+ . 

 Consistent with the above shifts in V 50  were the 

changes in activation and deactivation kinetics. For all 

S0 Cys to S3 – S4 L199C cross-links that caused a right-

ward shift in V 50 , the rate constants for activation were 

slowed more than the rate constants for deactivation 

( Fig. 5, E and F ). In contrast, for the pairs between S0 

and R201C that showed a leftward shift in V 50 , the rate 

constants for deactivation were slowed more than the 

rate constants for activation ( Fig. 5, G and H ). 

 All cross-links from the S0 fl ank to the S1 fl ank and 

from the S0 fl ank to the S2 fl ank resulted in effects on 

 Functional Effects of the Single-Cys and 
Double-Cys Mutations 
 We examined the function of the cross-linked channels 

to determine whether or not they were in a near-native 

conformation. We assume that a near-native structure 

would have near-native function. We note fi rst that the 

background constructs, pWT-HRV  �  and pWT  � , and WT  �  

have the same activation and deactivation kinetics ( Fig. 4, 

A – C ), and the same G-V curves and sensitivity to Ca 2+  

( Fig. 4 D ).  In addition, all three were identically modu-

lated by coexpressed  � 1 (unpublished data). We infer 

that the native cross-link between Cys14 and Cys141 in 

WT  � , but not present in pWT  �  and pWT-HRV  � , does 

not infl uence these electrophysiological properties. 

 We characterized the function of the double-Cys mu-

tants that are representative of the different pairs of seg-

ments and that showed the highest extents of disulfi de 

bond formation: P137C (S1), F144C (S2), L199C (S3 –

 S4), and R201 (S3 – S4) paired with each of the four S0 

Cys mutants. To determine the functional effects of 

cross-linking, it was necessary to separate its effects from 

the effects of mutating native residues to Cys. We deter-

mined the functional effects of mutating each of the 

eight residues, one at a time, to Cys ( Fig. 4, E and F ). Ex-

cept for F144C, none of the single-Cys mutants showed 

| � V 50 | greater than 20 mV or more than a twofold change 

in the rate constants for activation and deactivation. 

 Each of the 16 double-Cys mutant  � s was functional 

( Fig. 5 ).  Each was activated by depolarization and mod-

ulated by Ca 2+ . Six of these double mutants (R17C-P137C, 

R17C-F144C, Q19C-F144C, G18C-L199C, R17C-R201C, 

R20C-R201C) were also tested for modulation by coex-

pressed  � 1, which shifted the G-V curve of fi ve of the six 

double mutants to the left by 50 mV or more (unpublished 

data).  � 1 had a similar effect on WT  � . Coexpression of 

 � 1 with the sixth double mutant, Q19C-F144C, shifted 

the G-V curve by  � 25 mV. 

 Figure 6.   Reversibility by reduction of the functional effects of cross-linking. (A) Normalized conductance as a function of voltage for 
pWT-HRV before (unfi lled circles) and after (fi lled circles) 20 mM DTT (pH 8.0) for 5 min. The measurements were made in outside-
out macropatches with 10  � M Ca 2+  inside the pipet. G-V curves were determined before and after DTT on the same patch. Similarly, G-V 
curves were determined before and after DTT for (B) R17C – P137C, (C) R20C – F144C, and (D) R20C – R201C. (E) V 50  ( ± SD and  n ) for 
pWT-HRV and the three double-Cys mutants, before and after DTT.   
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turbations do not completely disrupt channel function 

and that the extents of endogenous cross-linking are 

moderately high indicate that the Cys involved, and the 

native residues they replaced, are not far apart in either 

the resting or the activated states of the voltage sensor. 

 Reducing and Reforming Disulfi des on the Cell Surface 
 In three double-Cys mutants with large  � V 50 s, we tested 

by reduction of the disulfi de on the cell surface whether 

the functional changes were due to disulfi de bond for-

mation per se or to the effects of the mutations ( Fig. 6 ).  

We exposed outside-out patches to 20 mM DTT at pH 

8.0 for 5 – 10 min ( Fig. 6, A – D ). DTT shifted the G-V 

curves back toward the G-V curves of the single Cys mu-

tants, leftward in R17C-P137C ( Fig. 6, B and E ) and 

rightward in R20C-R201C ( Fig. 6, D and E ). In R20C-

F144C ( Fig. 6, C and E ), DTT shifted the G-V curve 

rightward toward the G-V curve of the single mutant, 

F144C, the only single mutant the function of which was 

signifi cantly different than that of pWT-HRV ( Fig. 4 E ). 

DTT did not affect the G-V curve of pWT-HRV ( Fig. 6 A ). 

Also, in no case did DTT increase the maximum tail 

currents at  � 80 mV, from which we conclude that there 

was no pool of channels held in a nonfunctional state by 

disulfi de cross-linking. 

 One criterion of the near-native structure of cross-

linked double-Cys mutant was that they were transported 

to the cell surface. Another criterion would be whether 

the disulfi de cross-link could be reduced and reoxidized 

at the cell surface. For reoxidation we used a membrane-

impermeant, novel bis-quaternary-ammonium diamide 

derivative (QPD) ( Fig. 7 A ), which, like diamide, can in-

duce disulfi de bond formation.  QPD did not induce 

cross-linking of the single-Cys mutants (unpublished 

data). We tested the reformation by QPD of the disul-

fi de between G18C and L199C and between R20C and 

R201C ( Fig. 7 B ), two pairs that were almost completely 

cross-linked endogenously and in which the cross-link 

had measurable functional effects. In both cases, DTT 

reduced, and QPD reformed, the disulfi des. 

 We also determined whether QPD could restore the 

functional effects of cross-linking G18C-L199C  �  and 

R20C-R201C  �  ( Fig. 7 C ). In G18C-L199C  � , endog-

enous cross-linking shifted the G-V curve to the right rel-

ative to pWT-HRV ( Fig. 5 E ); DTT shifted it to the left; 

and QPD shifted it back to the right ( Fig. 7 C ). In R20C-

R201C  �  endogenous cross-linking shifted the G-V curve 

to the left relative to pWT-HRV ( Fig. 5 G ). DTT shifted 

the G-V curve to the right relative to that of the unre-

duced mutant, and QPD shifted the curve back toward 

that of the endogenously cross-linked  �  ( Fig. 7 C ). QPD 

did not affect the V 50  of the single mutants ( Fig. 7 D ). 

Thus, for these two mutants, the cross-link could be re-

duced and reformed at the cell surface with similar 

effects on V 50  to those resulting from endogenous 

cross-linking. 

V 50  or on the kinetics of activation and deactivation 

( Fig. 5, A – D ; Fig. S2). These effects could refl ect the 

cross-linking of Cys substituted for residues that in the 

native structure are in different positions in the differ-

ent states of the voltage sensor, or the effects could re-

fl ect a perturbation of a static part of the structure that 

in turn affects parts that do move. Again, that these per-

 Figure 7.   Reduction and reformation of disulfi des. (A) Struc-
ture of 4,4 ’ -(azodicarbonyl)-bis-[1,1-dimethylpiperazinium, di-
iodide] (QPD). (B) Reduction and reoxidation of the disulfi de 
between G18C and L199C (left) and R20C and R201C (right). 
The intact cells were surface biotinylated, reduced with DTT, 
and oxidized for 6 min with 40  � M QPD. The extent of cross-
linking was estimated from each pair of lanes. (C) Functional 
effects of reduction and reoxidation: G-V curve in outside-out 
macropatches from cells expressing the mutant  �  G18C-L199C 
(left) and R20C- R201C (right). The cells were treated with 20 
mM DTT, pH 8.0, for 20 min, before pulling the patch. After fi rst 
G-V curve, the patch was exposed to 40  � M QPD and the effects 
monitored with 1-s ramps ( � 100 to +100 mV) from a holding 
potential of  � 80 mV, with 5-s intervals at  � 80 mV. When the 
reaction was complete, a second G-V curve was determined. The 
G-V curve from a different cell expressing the same double-Cys 
mutant that was neither reduced nor reoxidized is shown as a 
dashed line. The pipet contained 10  � M Ca 2+ . (D) The mean 
change in V 50  induced by QPD acting on cells expressing the 
double-Cys mutants, R20C-R201C and G18C-L199C, and each of 
the single-Cys mutants, from records such as in C. The means, 
standard errors, and  n  are shown.   
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added. Endogenous disulfi de formation of a protein tar-

geted to the cell membrane can be due to uncatalyzed 

Cys thiol oxidation by dissolved O 2  (i.e., spontaneous di-

sulfi de formation) or to catalytic oxidation by protein di-

sulfi de isomerase (PDI) homologues in the ER( Wilkinson 

and Gilbert, 2004 ), by secreted PDI homologues ( Jiang 

et al., 1999 ), or by secreted oxidases ( Becker et al., 

2006 ). Endogenous disulfi de bond formation between 

juxtamembrane Cys in membrane proteins has been 

observed ( Whitley et al., 1993 ;  Jansen and Akabas, 2006 ; 

 Iscla et al., 2007 ). For membrane-spanning proteins, 

only Cys in the extracytoplasmic domain or close to 

the exofacial lipid – water interface are substrates for 

PDI homologues ( Luo et al., 2004 ;  Lu et al., 2006 ; 

 Wilkinson and Gilbert, 2004 ). 

 The mechanism of PDI and its homologues provides 

a rationale for relating the extent of disulfi de bond for-

mation to the proximity of the Cys involved. These en-

zymes make and break disulfides repeatedly in the 

context of chaperone-enabled refolding, so that at the 

end of the process the disulfi des formed are the most 

stable ones possible ( Wilkinson and Gilbert, 2004 ). It 

seems likely that if there are only two extracellular Cys 

accessible in the target protein, then the extent of disul-

fi de formation should depend on the stability of this 

target disulfi de relative to the stability of the disulfi de 

between the two Cys in the catalytic site of the PDI ho-

mologue. Thus, the stability of the PDI catalytic site di-

sulfi de provides a baseline. Like the rate constant for 

disulfi de bond formation discussed above, the stability 

of the target disulfi de depends on the proximity of the 

two Cys in a stable structure of the protein. The stability 

of the disulfi de-bonded structure will depend on the 

differences in both electrostatic and nonelectrostatic 

terms in the free energy difference between the disul-

fi de bonded structure and the structures with free cys-

teines. We sought to determine the average proximity of 

short segments of the BK  �  by testing multiple Cys pairs 

to average out the effects of relative orientation and lo-

cal electrostatics. 

 We quantitated the extent of endogenous disulfi de 

bond formation in  �  traffi cked to the plasmalemma in 

intact cells. We assume that 48 h after transfection when 

the cells were harvested, the surface densities at the cell 

surface of reduced and oxidized  �  species were in a 

steady state. In the steady state, the extent of cross-link-

ing, x EX , of  �  on the cell surface is given by 

   x x x k k kEX IN IN OX OX IN= + − +( )( /( )),1    (4) 

 in which x IN  is the extent of cross-linking of  �  in the 

 intracellular pool feeding the cell surface, k OX  is the 

overall rate constant for both spontaneous and catalyzed 

disulfi de-bond formation of  �  on the cell surface, 

and k IN  is the rate constant for endocytosis of  �  (see 

 Appendix). x IN  is determined by the activity of the PDI 

 D I S C U S S I O N 

 Disulfi de Cross-linking 
 Our approach to locating S0 among the other TM heli-

ces, S1 – S6, was to mutate to Cys, one at a time, at least 

the fi rst four residues just extracellular to the mem-

brane domain of the TM helices. In the polar juxta-

membrane environment, the Cys thiol can ionize to the 

reactive thiolate and is accessible to oxidizing reagents 

and oxidizing enzymes. Furthermore, Cys just outside 

the membrane domain of different TM helices are more 

or less in the same plane parallel to the membrane. Be-

cause at least four consecutive positions are mutated, all 

directions parallel to the membrane are sampled, what-

ever the local secondary structure, and in neighboring 

segments at least some substituted Cys are likely to be 

pointing toward each other and susceptible to disulfi de 

bond formation. 

 The induction of disulfi de bond formation between 

substituted Cys has been widely used to infer the struc-

ture and structural dynamics of proteins ( Bass et al., 

2007 ). In Shaker K +  channels, disulfi de bond formation 

between substituted Cys has provided evidence for the 

proximity between the extracellular end of S4 of one 

subunit and the extracellular end of S5 of an adjacent 

subunit ( Laine et al., 2003 ;  Elliott et al., 2004 ), an ar-

rangement that is compatible with the model in  Fig. 3 F . 

Also in Shaker, cross-linking was obtained between the 

extracellular end of S4 and positions approximately six 

residues from the extracellular ends of S1 and S2 ( Campos 

et al., 2007 ). 

 Even though the centers of the sulfur atoms in a disul-

fi de are only 3  Å  apart, disulfi de bond formation has 

been induced between Cys SH known to be 15  Å  apart 

in the crystal structure of a protein ( Butler and Falke, 

1996 ). This is consistent with the fl uctuating nature of 

protein structures, where even some moderately distant 

residues have fi nite probability of colliding, the shorter 

the distance, the greater the probability. Based on this, 

the relative proximities of cysteines have been inferred 

from the relative rate constants for disulfi de bond for-

mation ( Bass et al., 2007 ). Distance, however, is not the 

only determinant of the rate constant for disulfi de bond 

formation. Structural fl exibility and the likelihood of 

overcoming steric hindrance and of achieving the cor-

rect orientation for reaction may differ in different 

parts of a protein. The electrostatic environment also 

plays a role in at least two ways: it affects the pK A  of the 

cysteine thiol (the thiolate is the reactive species), and 

it affects the collision probability of the charged reac-

tants. At the water-accessible surface of a protein, these 

effects are modest in the absence of a local, high con-

centration of positive or negative side chains ( Hansen 

et al., 2005 ). 

 We determined the extent of endogenous disulfi de 

bond formation in intact cells. No oxidizing agent was 
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Cys mutants that we tested for function were expressed 

at the cell surface and were functional. Thus, the most 

highly cross-linked double-Cys mutants were function-

ally competent and had near-native structures. 

 Of course, the combination of the mutation of two na-

tive residues to Cys and the cross-linking of the Cys by a 

disulfi de bond must perturb the native structure to some 

extent. What can we infer about the structural dynamics 

of the cross-linked segments from the functional effects 

of cross-linking? This question is easiest to answer for 

cross-links that form endogenously to a high extent and 

have no functional effects. Two cross-links between S0 

and S3 – S4, R20C to L199C and R17C to R201C, had al-

most no effect on the V 50  or on the rate constants for ac-

tivation and deactivation ( Fig. 5, E – H ; Fig. S2). Because 

the extents of endogenous cross-linking of these pairs 

were 96% and 88%, respectively, we conclude that the 

two Cys in each of these pairs, and the native residues 

that they replaced, are near neighbors in the resting 

state of the voltage sensor in which disulfi de bond for-

mation takes place. But they are also likely to be closely 

apposed in the activated state of the voltage sensor, be-

cause the cross-linked structures favor neither the open 

nor the closed state. If the cross-link stabilized either 

state,  � V 50  would have been signifi cantly different than 

zero, which it was not. Furthermore, the two Cys (and 

the native residues that they replaced) are unlikely to 

move relative to one another during the transitions be-

tween states, because the cross-linking of the substituted 

Cys has little effect on the kinetics of opening and clos-

ing. We conclude that the two Cys, and the residues that 

they replaced, are close neighbors in the closed, open, 

and transition states of the channel. 

 The native residues, R20 and L199, are predicted to 

be the fi rst residues just fl anking the membrane do-

mains of S0 and S3, respectively. Thus, the adjacent 

membrane domains of S0 and S3 in both the deacti-

vated/closed and activated/open states and in the tran-

sition states are also close. Similarly, R17C and R201C 

formed a cross-link between the S0 fl ank and the S3 – S4 

loop, two residues from the membrane domain of S4. It 

seems likely that the four residues fl anking the extracel-

lular end of S0 and the four-residue loop between S3 

and S4 follow close, parallel trajectories, because all of 

the double-Cys mutants in these segments cross-linked 

nearly completely ( Fig. 3 C ; Table S1). Thus, to the ex-

tent that the extracellular ends of S3 and S4 move dur-

ing activation and deactivation, the extracellular end of 

S0 moves with them. Some of the cross-links between 

the S0 fl ank and the S3 – S4 loop do result in changes in 

V 50  or in the rate constants of activation and deactiva-

tion ( Fig. 5, E – H ), which is consistent with some differ-

ences in the interface between these segments in the 

resting, transition, or activated states. 

 Whatever the interactions are between the S0 fl ank 

and the S3 – S4 loop, their residues are not irreplaceable 

homologues in the ER and by the argument above is 

a measure of proximity of the Cys. k OX  also depends 

on the proximity of the Cys thiols in the native structure 

of the protein in the plasmalemma. Thus, x EX  is a mea-

sure of proximity. Where x IN  is close to 1, or k OX   <  <  k IN  

(see Appendix), 

   x x .EX IN≈    (5) 

 Placing the Extracellular End of S0 in a Model of K v 1.2 
 As a measure of the relative proximity of the extracellu-

lar fl ank of S0 to the fl anks of S1 – S6, we averaged the 

top three extents of cross-linking for each group ( Fig. 3, 

A – E ). In a model of BK  �  based on a Rosetta model of 

K v 1.2 in the closed state ( Yarov-Yarovoy et al., 2006 ), we 

placed a circle representing the extracellular end of S0 

in a location that satisfi es qualitatively the relative prox-

imities estimated from the mean extents of cross-linking 

and is consistent with the lack of cross-linking to S5 and 

S6 ( Fig. 3 F ). The extracellular end of S0 is in a cove 

three-quarters surrounded by the extracellular ends of 

S1 – S4, closest to the short loop between S3 and S4. 

 Our inference is based not only on the high extent of 

endogenous cross-linking of the S0 fl ank to the S1 and S2 

fl anks and to the S3 – S4 loop but also on the lack of sig-

nifi cant cross-linking to the fl anks of S5 and S6. We 

guarded against the possibility that this lack of cross-link-

ing could be due to a misalignment normal to the mem-

brane plane by testing Cys substituted in positions six 

(S6) and eight (S5) residues from the predicted extracel-

lular side of the membrane ( Fig. 3, D and E ). There was 

a small extent of cross-linking of S0 to Cys fi ve and eight 

residues from the membrane domain of S5 ( Fig. 3 D ), 

most likely a refl ection of the fl exibility of the S0 fl ank 

and the increased fl exibility of the S5 fl ank some distance 

from the membrane. Could the meager extent of cross-

linking of S0 to S5 and S6 be due to the suppression of 

the reactivity of the Cys due to local negatively charged 

residues? Although we do not know the exact three-di-

mensional structure of these regions in BK  � , Asp and 

Glu are not concentrated in the sequences around the 

residues mutated to Cys ( Fig. 1 A ). There are as many 

negatively charged residues in or around the fl anks of S1 

and S2, which did cross-link to S0, as around the fl ank of 

S5, which did not cross-link to S0. Furthermore, the fl ank 

of S0 is positively charged, which should more than com-

pensate for the effect of negatively charged residues 

around a Cys in another fl ank ( Hansen et al., 2005 ). 

 Functional Effects of Cross-linking 
 Our initial purpose of looking at the functional effects 

of the cross-linking was to determine whether or not a 

cross-linked  �  was in a near-native conformation. Our 

assumption was that near-normal function implies near-

normal structure. We found that each of the 16 double-
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 In the steady-state both derivatives equal zero, implying 

   α αSH EX OX IN SHk k k= +[ /( )] ’    (A3) 

 and 

   
α α α αSS EX SS IN OX SH IN EX SS IN

OX IN EX OX

k k k k k k

k k k k

= + =
+ +

’ / / ’ /

( / )[ /( kkIN SH)] ’ .α
   

(A4) 

 By defi nition, the fraction x EX  of  �  on the surface that is 

oxidized is 

   xEX SS SS SH= +[ ]/([ ] [ ]).α α α    (A5) 

 Substituting Eq. A3 and A4 in A5, we obtain x EX  = 

 { k EX  �  ’  SS /k IN  + (k OX /k IN )[k EX /(k OX  + k IN )] �  ’  SH  } / { k EX  �  ’  SS /

k IN  + (k OX /k IN ) [k EX /(k OX  + k IN )] �  ’  SH  + [k EX /(k OX  + 

k IN )] �  ’  SH  } . This is simplifi ed by the following operations 

on both the numerator and denominator: factor out k EX , 

multiply by k IN , divide by  �  ’  SH , and simplify the numerator, 

to obtain: 

      (A6) 

x k k kEX SS SH OX OX IN SS SH= + + +{ ’ / ’ [ /( )]}/( ’ / ’ ).α α α α 1
 

 By defi nition, 

   xIN SS SS SH= +[ ’ ]/([ ’ ] [ ’ ])α α α    (A7) 

 or 

   α α’ / ’ /( ).SS SH IN INx x= −1    (A8) 

 Combining A6 and A8 yields 

   x x x k k kEX IN IN OX OX IN= + − +( )[ /( )].1    (A9) 

 If either k OX   <  <  k IN  or x IN   � 1, 

   x xEX IN≈ .    (A10) 

 Spontaneous oxidation of protein Cys is very slow in 

the absence of metal catalysts ( Wilkinson and Gilbert, 

2004 ;  Becker et al., 2006 ) and is unlikely to be faster 

than the rate of spontaneous intramolecular disulfi de 

bond formation in dithiothreitol, which has a k  ≤  0.05/h 

at neutral pH and room temperature (unpublished data). 

The half-time for internalization of the K +  channel, 

Kv1.4, transiently transfected in HEK293 cells, was 87 min 

(i.e., k IN  =  � 0.5/h) ( Jugloff et al., 2000 ), and k IN  = 0.4/h 

to 0.8/h for an N-type Ca 2+  channel, also transiently 

transfected in HEK293 cells ( Bernstein and Jones, 2007 ). 

Assuming a similar k IN  for BK  �  and that catalytic di-

sulfi de bond formation is taking place mainly in the ER, 

k OX   ≤  0.05/h, k OX /k IN   <  0.1, and Eq. A10 applies. 

 We thank Vladimir Yarov-Yarovoy and William Catterall for sup-
plying the K v 1.2 model used in  Fig. 3 F  and Jonathan Javitch and 
Xiao-Wei Niu for comments on the manuscript. 
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for the function of  �  alone, because deletion of the N-

terminal extracellular residues, starting with R20, did 

not perturb the function of  � ; this deletion did, how-

ever, prevent the modulation of the V 50  by by  � 1( Morrow 

et al., 2006 ). Therefore, the effect of S0 on the prop-

erties of the BK voltage sensor must depend on inter-

actions either with the S0 membrane domain, for which 

there is evidence ( Koval et al., 2007 ), and/or with the 

intracellular S0 – S1 loop. 

 Possible Effect of S0 on Voltage Sensor Properties 
 Compared with other voltage-gated K +  channels, BK 

channel V 50 s for both gating current and for opening 

are shifted to much more positive voltages. Although 

the BK channel has a smaller gating charge, the elec-

trostatic energy for activating the voltage sensors is 

greater for the BK channel than that for other voltage-

gated K +  channels. F  ×  q gating   ×  V 50,gating  is a measure of 

the standard free energy difference per mole between 

the resting and the activated states. For the BK channel 

composed of  �  alone, q gating  is 0.55 charges per subunit 

and V 50  is 156 mV ( Stefani et al., 1997 ;  Horrigan and 

Aldrich, 1999 ;  Bao and Cox, 2005 ); thus, the standard 

free energy difference is 8.5 kJ/mole-subunit. For K v 1.2 

( Scholle et al., 2004 ), K v 2.1 ( Scholle et al., 2004 ), and 

Shaker ( Schoppa et al., 1992 ), the standard free energy 

differences range from  � 3.6 to  � 15 kJ/mole-subunit. 

Thus, the standard free energy difference, activated state 

minus resting state, is 12 to 23 kJ per mole-subunit (2.9 

to 5.5 kcal/mol-subunit) more positive in BK channel 

than in K v 1.2, K v 2.1, or  Shaker  channels.  Niu et al. (2004)  

suggested that the cytoplasmic Ca 2+ -dependent linker –

 gating ring complex exerts drag on the BK channel gate 

and the voltage sensor. Given the position of S0 in the 

midst of S1 – S4 and its close proximity to S3 and S4, it 

seems possible that S0 also contributes to the stabiliza-

tion of the resting state of the BK channel relative to 

other voltage-gated K +  channels. 

 A P P E N D I X 

 Steady-State Extent of Disulfi de Bond Formation 
 The rate of change of reduced  �  in the plasmalemma is 

   d dt k k kSH EX SH OX SH IN SHα α α α/ ’ ,= − −    (A1) 

 where  �  SH  is the concentration of reduced  �  in the cell 

surface membrane,  �  ’  SH  is the concentration of well-

folded, reduced  �  in the intracellular membranes, k EX  is 

the rate constant for exocytosis of both  �  ’   SH   and of  �  ’   SS  

( oxidized  � ), k IN  is the rate constant for endocytosis of 

both  �  SH  and  �  SS , and k OX  is the rate constant for oxida-

tion of  �  SH  on the cell surface. 

 The rate of change of oxidized  �  in the plasmalemma is 

   d dt k k kSS EX SS OX SH IN SSα α α α/ ’ .= + −    (A2) 
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