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

 Voltage-gated potassium (Kv) channels control excit-

ability by gating the passage of repolarizing K +  current 

across the cell membrane. Kv channel gating involves 

complex voltage- and time-dependent structural events 

that regulate the ability of channels to conduct K +  ions. 

In response to depolarization, alterations in the struc-

ture of the voltage-sensing domains initiate conforma-

tional changes at the intracellular pore gate that lead to 

channel opening and ion fl ux. In some channels these 

events trigger time-dependent rearrangements at the 

outer mouth of the pore that collapse the ion conduc-

tion pathway and lead to channel inactivation. Detailed 

dynamic structural information is required to under-

stand the mechanisms of these gating processes in dif-

ferent Kv channels. 

 Fluorescence-based methods have allowed direct ob-

servation of ion channel gating conformations. Using 

voltage clamp fl uorimetry (VCF) and the archetypal 

 Shaker  Kv channel, simultaneous recording of ionic cur-
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rent along with changes in fl uorescence emission from 

tetramethylrhodamine-5-maleimide (TMRM) attached 

in the S3 – S4 linker has shown that the fl uorescence 

changes provide a faithful report of the time and voltage 

dependence of voltage sensor movements ( Mannuzzu 

et al., 1996 ;  Cha and Bezanilla, 1997 ;  Pathak et al., 2007 ). 

Two sites in particular in the S3 – S4 linker, M356 and 

A359, have proven particularly useful in fl uorimetric 

studies. Similar fl uorescence reports of voltage sensor dy-

namics have also been described in hSkM1 Na +  channels, 

hERG, eag and BK Ca  K +  channels, and HCN channels 

( Cha et al., 1999 ;  Smith and Yellen, 2002 ;  Bannister et al., 

2005 ;  Savalli et al., 2006 ;  Bruening-Wright et al., 2007 ). 

 In addition to the observation of voltage sensor mo-

tions, some of these fl uorescence studies report addi-

tional conformational changes that occur after channel 

activation. These rearrangements refl ect transitions that 

are associated with opening of the channel and/or col-

lapse of the outer pore during inactivation. TMRM at-

tached within the S3 – S4 linker of the  Shaker  channel 

detects not only the independent movement of the volt-

age sensors, but also conformational rearrangements 
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tween Kv1.5 and the  Shaker  channel, attaching TMRM or PyMPO fl uorescent probes to substituted cysteine residues 
in the S3 – S4 linker of Kv1.5 (M394C-V401C) revealed unique and unusual fl uorescence signals. Whereas the fl uo-
rescence during voltage sensor movement in  Shaker  channels was monoexponential and occurred with a similar 
time course to ionic current activation, the fl uorescence report of Kv1.5 voltage sensor motions was transient with 
a prominent rapidly dequenching component that, with TMRM at A397C (equivalent to  Shaker  A359C), repre-
sented 36  ±  3% of the total signal and occurred with a   �   of 3.4  ±  0.6 ms at +60 mV ( n  = 4). Using a number of ap-
proaches, including 4-AP drug block and the ILT triple mutation, which dissociate channel opening from voltage 
sensor movement, we demonstrate that the unique dequenching component of fl uorescence is associated with 
channel opening. By regulating the outer pore structure using raised (99 mM) external K +  to stabilize the conduct-
ing confi guration of the selectivity fi lter, or the mutations W472F (equivalent to  Shaker  W434F) and H463G to sta-
bilize the nonconducting (P-type inactivated) confi guration of the selectivity fi lter, we show that the dequenching 
of fl uorescence refl ects rapid structural events at the selectivity fi lter gate rather than the intracellular pore gate. 
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channels. The crystal structures from Kv1.2 ( Long et al., 

2005a ) and the recent paddle-chimaera channel Kv2.1/

Kv1.2 ( Long et al., 2007 ), which are the closest structures 

that we have to Kv1.5, suggests that like  Shaker , only sites 

L396 and A397 of Kv1.5 would be in the S4  �  helix. How-

ever, previous work suggests that the entire S3 – S4 region 

in Kv2.1 analogous to Kv1.5 from M394C to A397C would 

fall into the S4  �  helix ( Li-Smerin et al., 2000 ). Neverthe-

less, like in  Shaker , robust fl uorescence signals could be 

recorded from these two sites, M394C and A397C. Unex-

pectedly though, despite the high sequence homology 

between  Shaker  and Kv1.5 channels, the fl uorescence 

report of voltage sensor motions upon activation from 

TMRM attached in the S3 – S4 linker of Kv1.5 channels 

revealed unique and complex fl uorescence changes. 

The fl uorophore in Kv1.5 reports a novel rapid dequench-

ing of fl uorescence that occurs upon depolarization. 

Using 4-aminopyridine (4-AP) and the ILT triple muta-

tion (V407I/I410L/S414T) to uncouple voltage sensor 

activation from opening of the intracellular pore gate, 

we demonstrate that this rapid unquenching of the 

fl uorescence signal is associated with channel opening. 

Furthermore, by raising the external K +  concentration, 

or introducing the W472F and H463G mutations, or the 

outer pore mutation, R487V, which all regulate or im-

mobilize the outer pore gate while sparing normal func-

tioning of the intracellular pore gate, we show that the 

unique fl uorescence component measured in Kv1.5 chan-

nels is associated with gating at the selectivity fi lter. 

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

 Molecular Biology 
 The vector pEXO was used to express Kv1.5 and  Shaker   � 6-46 
channels in  Xenopus laevis  oocytes. Cysteine residues were intro-
duced at specifi c sites (M394C to V401C in Kv1.5, A359C in 
 Shaker ) in the S3 – S4 linker for TMRM labeling and the only exter-
nally accessible cysteine residue, found in the S1 – S2 linker, was 
replaced with a valine residue (C268V in Kv1.5, C245V in  Shaker ) 
to prevent nonspecifi c dye labeling. The deletion mutation  � 6-46 
was introduced into  Shaker  channels to remove fast inactivation 
( Hoshi et al., 1990 ). The W472F mutation (equivalent to W434F 
in  Shaker  channels) was introduced to permanently inactivate 
channels ( Perozo et al., 1993 ;  Yang et al., 1997 ). To dissociate volt-
age sensor movement from channel opening, the ILT triple muta-
tion (V407I, I410L, and S414T) was introduced in the S4 domain 
( Smith-Maxwell et al., 1998a , b ). The R487V outer pore mutation 
(equivalent to T449V in  Shaker ) was introduced to inhibit in-
activation ( Lopez-Barneo et al., 1993 ), and the H463G mutation 
was introduced to accelerate P/C-type inactivation ( J ä ger and 
Grissmer, 2001 ). Point mutations were generated using the Strata-
gene Quikchange kit (Stratagene) using primers synthesized by 
SigmaGenosys, and were sequenced at the University of British 
Columbia core facility. cRNA was synthesized using the mMessage 
mMachine T7 Ultra transcription kit (Ambion) from linearized 
( Sac II ) cDNA template. 

 Oocyte Preparation 
  Xenopus laevis  oocytes were prepared and isolated as described previ-
ously ( Claydon et al., 2007a ). Following removal of the follicular 

that are coupled with the concerted opening of the in-

tracellular pore gate ( Pathak et al., 2005 ). A number of 

sites within the S3 – S4 linker also report the slow col-

lapse of the outer pore that occurs during P/C-type in-

activation ( Loots and Isacoff, 1998, 2000 ;  Gandhi et al., 

2000 ;  Claydon et al., 2007a , b ). In addition, while some 

sites in the S3 – S4 linker of BK Ca  channels report on 

the rapid voltage sensor movement during activation, 

other sites report slower rearrangements that may re-

flect transitions between multiple open states ( Savalli 

et al., 2006 ). In hERG channels, slow TMRM fl uorescence 

emission from E518, E519, and L520 refl ects the slow 

activation of the voltage sensors in these channels. 

In some cases there is a fast fl uorescence report, which 

is also observed in gating current measurements ( Piper 

et al., 2003 ), with similar kinetics to channel inactivation, 

which may therefore report structural changes that are 

coupled in some way to the inactivation process (Smith 

and Yellen, 2002). 

 In the present study, we provide the fi rst fl uorescence 

reports of the dynamic gating events in mammalian Kv1 

 Figure 1.   TMRM fl uorescence from Kv1.5 WT and Kv1.5 C268V 
channels. (A, B, D, and E) Ionic current (A and D) and fl uo-
rescence (B and E) traces recorded from oocytes expressing Kv1.5 
WT (A and B) or Kv1.5 C268V (D and E) channels labeled with 
TMRM. Voltage clamp pulses were applied from  � 80 to +60 mV 
in 10-mV increments (100 ms duration) from a holding potential 
of  � 80 mV (only +60 mV traces are shown for clarity). (C and F) 
Mean G-V relations for Kv1.5 WT (C;  n  = 9) and Kv1.5 C268V (F; 
 n  = 4).  V  1/2  and  k  values for the G-V relation of Kv1.5 channels were 
1.2  ±  1.3 and 12.5  ±  1.0 mV, respectively. The  V  1/2  and  k  values for 
the G-V relations of Kv1.5 C268V were  � 5.7  ±  1.0 and 10.8  ±  0.8 
mV, respectively. The  V  1/2  values for the G-V relations of Kv1.5 WT 
and Kv1.5 C268V are signifi cantly different P  <  0.01 (unpaired 
 t  test). Note that error bars generally fall within the plotted points 
in C and F.   
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(1 + exp( V  1/2   –   V )/ k ), where  y  is the conductance or fl uorescence 
amplitude normalized with respect to maximal conductance or 
fl uorescence amplitude,  V  1/2  is the half-activation potential,  V  is 
the test voltage, and  k  is the slope factor. Channel conductance 
was derived using the normalized chord conductance from iso-
chronal current measurement (internal K +  was assumed to be 
98 mM). Data are shown as mean  ±  SEM. Statistical differences 
were assessed using Student ’ s  t  test. 

 R E S U LT S 

 The Fluorescence Report of Voltage Sensor Movement in 
Kv1.5 Channels Is Unique 
 Kv1 channels have an extracellular cysteine residue in 

the S1 – S2 linker that is a potential site for TMRM label-

ing and that may fl uoresce in addition to any site that is 

engineered in the S3 – S4 linker for gating studies. Con-

trol experiments in  Fig. 1  showed that neither wild-type 

Kv1.5 ( Fig. 1, A – C ), nor Kv1.5 C268V ( Fig. 1, D – F ), showed 

a fl uorescence report upon depolarization despite large 

expressed current amplitudes ( Fig. 1, A and D ).  The 

G-V relations are shown in  Fig. 1 (C and F)  and the  V  1/2  

and  k  values were 1.2  ±  1.3 and 12.5  ±  1.0 mV for wild 

type and  � 5.6  ±  1.0 and 10.8  ±  0.8 mV for C268V. All 

subsequent fl uorescence experiments were performed 

using the Kv1.5 C268V mutation in addition to a fl uoro-

phore site as stated. 

 Dynamic changes in the fl uorescence report from 

TMRM attached within the S3 – S4 linker at A359C in 

 Shaker  channels provide a faithful report of the time and 

layer, oocytes were injected with 50 nl (10 – 200 ng) of cRNA and 
incubated in Barth ’ s solution, which contained (in mM) 88 NaCl, 
1 KCl, 2.4 NaHCO 3 , 0.82 MgSO 4 , 0.33 Ca(NO 3 ) 2 , 0.41 CaCl 2 , 20 
HEPES (pH 7.5), for 1 – 5 d at 19 ° C. Injected oocytes were la-
beled with 5  μ M TMRM or 1-(2-maleimidylethyl)-4-(5-(4-methoxy-
phenyl)oxazol-2-yl)pyridinium methanesulfonate (PyMPO) in 
depolarizing solution, which contained (in mM) 99 KCl, 1 MgCl 2 , 
2 CaCl 2 , and 5 HEPES (pH 7.5), for 30 min at 10 ° C. Unless stated, 
all chemicals were purchased from Sigma-Aldrich. 

 Two Electrode Voltage Clamp Fluorimetry 
 Ionic currents and fl uorescence signals were recorded simultane-
ously using two electrode voltage clamp fl uorimetry as described 
previously ( Claydon et al., 2007a ). The bath solution contained (in 
mM) 96 NaCl, 3 KCl, 1 MgCl 2 , 0.3 CaCl 2 , and 5 HEPES (pH 7.5). 
Voltage-dependent fl uorescence changes were measured from 
TMRM or PyMPO fl uorophores attached at specifi c sites in the S3 –
 S4 linker. In the case of TMRM, excitation and emission light were 
fi ltered with 525-nm bandpass and 560-nm longpass fi lters, respec-
tively. For PyMPO, 425-nm bandpass fi lter and 515-nm longpass 
emission fi lters were used. Emitted light was detected using a 9124b 
Electron Tubes photomultiplier tube. Acquired signals (ionic cur-
rent and fl uorescence) were sampled at 20 kHz and fi ltered off-line 
at 1 – 3 kHz unless otherwise stated. Fluorescence traces recorded 
from TMRM represent the average of fi ve sweeps (the interpulse 
interval was 2 s) unless stated otherwise. Fluorescence traces re-
corded from PyMPO represent the average of three sweeps because 
of rapid bleaching of the fl uorophore. Microelectrodes containing 
3 M KCl with a resistance of 0.2 – 0.8 M Ω  were used. Working con-
centrations of 4-AP were diluted from a 100 mM stock solution 
made with ND96 solution and titrated to pH 7.5. 

 Data Analysis 
 Conductance – voltage (G-V) and fl uorescence – voltage (F-V) re-
lations were fi tted with a single Boltzmann function:  y  = 1/1

 Figure 2.   Characteristics of the TMRM fl uo-
rescence report from Kv1.5 A397C channels. (A, B, 
D, and E) Representative ionic current (A and D) 
and fl uorescence (B and E) traces recorded from 
oocytes expressing  Shaker  A359C (A and B) or 
Kv1.5 A397C (D and E) channels labeled with 
TMRM. Voltage clamp pulses were applied from 
 � 80 to +60 mV in 10-mV increments (100 ms 
duration) from a holding potential of  � 80 mV 
(only highlighted traces are shown for clarity). 
(C and F) Mean G-V and F-V relations for  Shaker  
A359C (C;  n  = 3) and Kv1.5 A397C (F;  n  = 4).  V  1/2  
and  k  values for the G-V relation of  Shaker  A359C 
channels were  � 16.2  ±  1.3 and 16.8  ±  1.1 mV, re-
spectively, and the corresponding values for the 
F-V relation were  � 40.9  ±  1.9 and 17.0  ±  1.7 mV, 
respectively.  V  1/2  and  k  values for the G-V relation 
of Kv1.5 A397C were 7.3  ±  1.6 and 16.4  ±  1.2 mV, 
respectively, and the corresponding values for 
the F-V peak  relation were 1.9  ±  1.9 and 19.0  ±  1.3 
mV, respectively. The F-V peak  relation was not sig-
nifi cantly shifted from the G-V relation. The volt-
age dependence of the dequenching component 
of fl uorescence from Kv1.5 A397C (calculated 
as the peak minus end fl uorescence amplitude, 
F-V decay ) is also shown in F;  V  1/2  and  k  values were 
31.0  ±  2.4 and 15.5  ±  1.9 mV, respectively.   
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sensor movement that precede at least one component 

of ionic current activation kinetics have also been re-

ported in hERG, eag, BK Ca , and HCN channels (Smith 

and Yellen, 2002;  Bannister et al., 2005 ;  Savalli et al., 

2006 ;  Bruening-Wright et al., 2007 ). Many of the clear-

est recordings in the above studies have come from  Shaker  
A359C or M356C, or the equivalent residues to those in 

other channels (e.g., L520C in hERG channels; Smith 

and Yellen, 2002). 

 In  Fig. 2 (D – F) , we show, for the fi rst time, the fl uo-

rescence report of voltage sensor movement in a mam-

malian Kv1 channel, Kv1.5. The fl uorescence report is 

from TMRM attached at A397C, which is the equivalent 

S3 – S4 linker site to A359C in  Shaker  channels. In con-

trast to the monoexponential time course of the fl uo-

rescence quenching from  Shaker  ( Fig. 2 B ) and other Kv 

channels (Smith and Yellen, 2002;  Bannister et al., 2005 ; 

 Savalli et al., 2006 ), TMRM attached at Kv1.5 A397C 

voltage dependence of voltage sensor motions induced 

by changes in the transmembrane potential ( Mannuzzu 

et al., 1996 ; Cha and Bezanilla, 1997;  Pathak et al., 2007 ). 

 Fig. 2 (A – C)  shows a characteristic example of the fl uo-

rescence reports from  Shaker  A359C during 100-ms volt-

age clamp pulses to a range of potentials.  Simultaneous 

recordings of ionic current ( Fig. 2 A ) and TMRM fl uo-

rescence ( Fig. 2 B ) show that the fl uorophore in  Shaker  
reports a monoexponential quenching upon depolar-

ization that occurs with a time course (  �   = 2.4  ±  0.5 ms 

at +60 mV) that is similar to, but faster than, that of the 

activation of ionic current (  �   = 4.5  ±  1.0 ms at +60 mV; 

 n  = 4). The conformational changes reported by the 

fl uorophore display a voltage dependence ( V  1/2  =  � 40.9  ±  

1.9 mV) that is  � 25 mV left shifted from the G-V rela-

tion ( V  1/2  =  � 16.2  ±  1.3 mV;  Fig. 2 C ), as is expected for 

movement of the voltage sensors in advance of channel 

opening. Similar monoexponential reports of voltage 

 Figure 3.   Sites facing the pore report the rapid de-
quenching of fl uorescence. (A and B) Representa-
tive ionic and fl uorescence signals recorded from 
TMRM attached at each site in the Kv1.5 S3 – S4 
linker from M394C to V401C during 100 ms voltage 
clamp pulses from  � 80 to +60 mV. Scale bars repre-
sent 30  � A currents (A) and 1%  � F/F fl uorescence 
defl ections (B), respectively. (C) Mean G-V ( � ) and 
F-V ( � ) relations for each mutation. Boltzmann fi ts 
of the data gave  V  1/2  and  k  values for G-V and F-V 
relations of 6.9  ±  1.9 and 17.3  ±  1.4 mV (G-V), re-
spectively, and  � 10.5  ±  1.9 and 19.4  ±  1.4 mV (F-V), 
respectively, for M394C ( n  = 4); 9.0  ±  1.4 and 17.2  ±  
1.0 mV (G-V), respectively, and  � 54.7  ±  0.8 and 9.7  ±  
0.7 mV (F-V), respectively, for S395C ( n  = 7);  � 19.7  ±  1.8 
and 16.2  ±  1.5 mV (G-V), respectively, and  � 31.5  ±  
3.3 and 25.1  ±  2.8 mV (F-V), respectively, for L396C 
( n  = 3); 7.4  ±  1.6 and 16.4  ±  1.2 mV (G-V), respec-
tively, and 2.0  ±  1.9 and 18.9  ±  1.3 mV (F-V), respec-
tively, for A397C ( n  = 4);  � 18.1  ±  3.4 and 21.6  ±  2.7 
mV (G-V), respectively, and  � 66.4  ±  1.6 and 7.2  ±  
1.5 mV (F-V), respectively, for L399C ( n  = 3); 10.8  ±  1.2 
and 13.3  ±  0.9 mV (G-V), respectively, and 25.7  ±  
2.2 and 23.3  ±  1.0 mV (F-V), respectively, for V401C 
( n  = 7); voltage-dependent fl uorescence defl ections 
were not evident with TMRM attached at I398C, and 
R400C channels did not express ionic current. The 
voltage dependence of the dequenching compo-
nent of fl uorescence (calculated as the peak minus 
end fl uorescence amplitude) is also shown ( � ) for 
M394C and A397C. In the case of M394C,  V  1/2  and 
 k  values were 5.8  ±  1.8 and 10.9  ±  1.5 mV ( n  = 4), re-
spectively, and the corresponding values for A397C 
were 31.0  ±  2.4 and 15.5  ±  1.9 mV ( n  = 4).   
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In support of this, the time constant data in  Fig. 4  A 

show a reasonably good match between the time con-

stants of channel activation (fi lled symbols) and the fast 

component of fl uorescence dequenching, especially for 

M394C (open triangles). 

 A similar fl uorescence profi le of channel gating was 

reported by another fl uorophore, PyMPO ( Fig. 5 ), that 

has different physical and spectral properties to TMRM. 

Ionic currents ( Fig. 5 A ) and the G-V relationship ( Fig. 

5 C ), which had a  V  1/2  and  k  of 2.3  ±  1.9 and 17.8  ±  1.3 

mV, respectively, were relatively unaffected by labeling 

with PyMPO.  The fl uorescence reports were very simi-

lar to those seen with TMRM, and included a transient 

component that appeared at around 0 mV, a potential 

at which signifi cant numbers of channels opened ( Fig. 

5 B ). It was noted that PyMPO fl uorescence recordings 

bleached more rapidly during clamp pulses, and per-

fect baseline correction was not possible when full F-V 

relations were obtained. This explains the baseline drift 

seen in recordings at 0 and +30 mV in  Fig. 5 B . With 

TMRM, the time constant of the fl uorescence dequench-

ing at +60 mV was 3.4  ±  0.6 ms and it represented 36  ±  

3% of the total signal ( Fig. 4 ;  n  = 4). The corresponding 

values with PyMPO were similar ( Fig. 5 D ); the time 

 reported a unique profi le of fl uorescence change ( Fig. 2 E ). 

Upon depolarization, the fl uorescence quenching de-

fl ection from Kv1.5 A397C was rapid, but transient with 

a prominent dequenching component that reached a 

steady-state level by the end of the 100-ms voltage pulse. 

The recovering component of fl uorescence was only ob-

servable at relatively depolarized potentials and became 

faster and larger with stronger depolarizations. Another 

difference from  Shaker  A359C ( Fig. 2 C ) was that the F-V 

relation of Kv1.5 A397C fl uorescence, taken from the 

peak of the fl uorescence defl ections, was not signifi -

cantly left shifted ( V  1/2  = 1.9  ±  1.9 mV) from the G-V rela-

tion ( V  1/2  = 7.3  ±  1.6 mV;  Fig. 2 F ). Furthermore, the 

voltage dependence of the dequenching component amp-

litude was actually right-shifted ( V  1/2  = 31.0  ±  2.4 mV) 

from the G-V relation ( Fig. 2 F ). These observations sug-

gest that at least some component of the fl uorescence 

defl ection from TMRM attached at Kv1.5 A397C may be 

coupled in some way with channel opening. 

 Spectroscopic Mapping of Kv1.5 Voltage Sensor 
Dynamics — Discrete vs. Global Rearrangements 
 The different report of fl uorophore environmental 

change observed in Kv1.5 ( Fig. 2, D – F ) may suggest that 

very different voltage sensor conformational changes 

occur in these channels than in  Shaker  channels. How-

ever, a fl uorescence scan of the S3 – S4 linker of Kv1.5 

( Fig. 3 ) reveals that the complex structural changes are 

only reported by TMRM at two sites, A397C and M394C.  

This cannot be accounted for by differences in ionic 

current waveforms ( Fig. 3 A ) or changes in the G-V rela-

tionships with the different linker mutants ( Fig. 3 C ), 

since these all appear similar. Both A397C and M394C 

report a voltage-dependent acceleration of the dequench-

ing component and an increase in its contribution to 

the total fl uorescence change upon depolarization ( Fig. 4 ).  

Other sites in the scan do not report the rapid compo-

nent of fl uorescence and produce defl ections that are, 

in general, similar to those described from the equiva-

lent sites in  Shaker  channels ( Gandhi et al., 2000 ;  Pathak 

et al., 2007 ). This suggests that Kv1.5 voltage sensor 

movement per se is not dissimilar to that of  Shaker  chan-

nels. Furthermore, given that the functional data sug-

gests that the C-terminal end of the S3 – S4 linker likely 

adopts an  � -helical structure, placing M394C and A397C 

on the same side of the helix, ( Li-Smerin et al., 2000 ; 

 Gonzalez et al., 2001 ;  Li-Smerin and Swartz, 2001 ), and 

at least M394C and A397C sense the same microenvi-

ronment changes, these data suggest that the fl uores-

cence changes represent local protein rearrangements 

rather than global reconfi gurations. Since M394C and 

A397C come close to the pore domain upon depolariza-

tion ( Gandhi et al., 2000 ;  Elinder et al., 2001 ), we hy-

pothesized that TMRM attached at M394C or A397C 

might be reporting on an additional structural rear-

rangement that is associated with opening of the pore. 

 Figure 4.   Voltage dependence of the dequenching of fl uo-
rescence and ionic current activation. (A) Mean values for the 
time constants of the dequenching component of fl uorescence 
measured from TMRM attached to either M394C or A397C and 
the time constants of the associated ionic current activation, mea-
sured between +10 and +60 mV. (B) Relative amplitude of the 
dequenching component of fl uorescence, normalized to the total 
fl uorescence defl ection on depolarization, measured from TMRM 
attached at either M394C or A397C.   
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lowing a pulse to  � 120 mV, which collects channels in 

early closed states. Consistent with this, the fl uorescence 

signal recorded following a prepulse to  � 40 mV de-

quenched more rapidly than following a pulse to  � 120 mV. 

However, the unique fl uorescence profi le that we ob-

served in Kv1.5 channels was maintained following a 

prepulse to  � 40 mV, and the relative amplitude of the 

rapid fl uorescence dequenching was unchanged by al-

terations in the holding potential ( Fig. 6 B ). 

 As a further test of this hypothesis, we investigated the 

effects of preventing opening on the fl uorescence re-

port from Kv1.5 A397C channel. We measured the 

fl uorescence report in the presence of 10 mM 4-AP or 

the ILT triple mutation (V407I, I410L, S414T), both of 

which dissociate voltage sensor movement from chan-

nel opening by stabilizing channels in preopen closed 

states ( McCormack et al., 1994 ;  Smith-Maxwell et al., 

1998a , b; del Camino et al., 2005 ;  Pathak et al., 2005 ). 

10 mM 4-AP reduced the ionic current by about two thirds 

and abolished the rapid component of fl uorescence 

( Fig. 7, A and B ), reverting the fl uorescence phenotype 

to that reported by  Shaker  A359C (compare the fl uor-

escence trace in the presence of 4-AP with that in  Fig. 

2 B ).  In addition, 4-AP restored the left-shifted voltage 

dependence of the F-V relation (the  V  1/2  of the F-V was 

 � 41 mV left shifted from that of the G-V;  Fig. 7 C ). In a 

similar manner, at potentials (e.g., +60 mV) that stabi-

lize ILT mutant channels in the activated-not-open state 

( del Camino et al., 2005 ), where little ionic current is 

constant was 2.1  ±  0.5 ms and it represented 25  ±  8% of 

the total signal ( n  = 3), suggesting that the fl uorescence 

changes observed are a faithful report of protein con-

formational changes. Upon repolarization, the return 

of both the TMRM and PyMPO fl uorescence signals was 

rapid (see also  Fig. 2 E ), and showed no evidence of re-

turn of the rapid component of fl uorescence. This sug-

gests that the motions represented by the dequenching 

of fl uorescence upon depolarization are slow to recover 

upon repolarization. 

 The Dequenching Component of Fluorescence Is 
Associated with Transitions to the Open State 
 As a fi rst test of this hypothesis, we compared the effect 

of the holding potential on the fl uorescence report 

from Kv1.5 A397C channels ( Fig. 6 ).  If the transient de-

quenching component of fl uorescence is associated 

with late transitions to the open state rather than volt-

age sensor transitions early in the activation pathway, 

the fl uorescence report from channels that open from 

hyperpolarized potentials (i.e.,  � 120 mV) should be the 

same as that from channels opening from preactivated 

states (i.e.,  � 40 mV). Data in  Fig. 6  A shows ionic cur-

rents and fl uorescence signals from TMRM attached at 

A397C recorded during a test pulse applied immediately 

after a conditioning pulse to either  � 120 or  � 40 mV. 

The ionic current records show that channel opening was 

more rapid following a conditioning pulse to  � 40 mV, 

which collects channels in preactivated states, than fol-

 Figure 5.   Other fl uorophores report the 
unusual fl uorescence signal. (A and B) 
Ionic current (A) and fluorescence 
(B) traces recorded from oocytes ex-
pressing Kv1.5 A397C channels labeled 
with PyMPO. Voltage clamp pulses were 
applied from  � 80 to +60 mV in 10-mV 
increments (100 ms duration) from a 
holding potential of  � 80 mV (only 
traces at  � 60,  � 30, 0, and +30 mV are 
shown). (C) Mean G-V and F-V relations 
for Kv1.5 A397C labeled with PyMPO 
( n  = 4). Boltzmann fi ts of the data gave 
 V  1/2  and  k  values for G-V and F-V rela-
tions of 2.3  ±  1.9 and 17.8  ±  1.3 mV (G-V), 
respectively, and  � 6.5  ±  2.5 and 22.2  ±  
1.7 mV (F-V), respectively. (D) Mean 
values for the time constants of the de-
quenching component of fl uorescence 
measured from PyMPO attached to 
A397C and the time constants of the 
associated ionic current activation. The 
time constants show similar voltage de-
pendence at test voltages ranging from 
+10 to +60 mV.   
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robust component in the fi rst test pulse. These data further 

demonstrate that the slowly recovering fluorescence 

dequenching is related to channel opening. Based on 

these data, we considered that the rapid fl uorescence 

changes might refl ect structural events occurring at the 

outer pore gate upon opening. 

 The Dequenching Component of Fluorescence Is 
Associated with Structural Events at the Selectivity 
Filter Gate 
 Although our experiments with 4-AP suggest that pre-

vention of channel opening prevents the structural events 

reported by the fl uorophore at A397C, drug binding 

observed ( Fig. 7 D ), the dequenching component of 

fl uorescence from Kv1.5 ILT A397C channels was abol-

ished and the  Shaker -like monoexponential report of 

voltage sensor movement was rescued ( Fig. 7 E ). The F-V 

relation in ILT mutant channels was also left shifted 

from the G-V relation (the  V  1/2  of the F-V was  � 41.6  ±  

1.8 mV;  Fig. 7 F ). These data clearly demonstrate that 

the dequenching component of fl uorescence from A397C 

is associated with channel opening. Furthermore, these 

results show that the depolarized position of the F-V 

relation in  Fig. 2 F  does not refl ect the true voltage de-

pendence of voltage sensor movement, because it is 

infl uenced by an event that TMRM detects upon chan-

nel opening. 

 The Dequenching Component of Fluorescence Does Not 
Refl ect Gating at the Intracellular Pore Gate 
 The observation in  Fig. 2 E  that the fl uorescence signal 

does not report the return of the dequenching compo-

nent upon repolarization suggests that the protein mo-

tions reported upon are relatively slow to recover. To 

investigate the time course of the recovery, we performed 

a double pulse protocol in which we applied a 75-ms 

test pulse to +60 mV at increasing intervals following a 

15-ms conditioning pulse to +60 mV ( Fig. 8 A ).  The de-

quenching phase of fl uorescence was relatively slow to 

recover as shown in  Fig. 8 B . After 7.5 ms repolarization, 

the amplitude of dequenching in the test pulse was sig-

nifi cantly reduced, but increased with increasing rest 

interval duration. The time dependence of the return 

of the rapid component is plotted in  Fig. 8 C , and the 

time constant for the return was 20.7  ±  3.7 ms ( n  = 3). 

This is signifi cantly slower than the time constant of 

intracellular pore gate closure during deactivation in 

Kv1.5 channels, which is  � 5 ms at these potentials ( Chen 

et al., 1997 ), but since the experiments in  Fig. 8  were 

performed in 3 mM extracellular K + , it was not possible 

to resolve the time course of the decay of the tail cur-

rents directly at  � 80 mV. However, the time course of 

recovery of the instantaneous ionic current level from 

the same experiments is a reasonable index of channel 

closing, indicated by the dotted line in  Fig. 8 A . The 

mean data show a recovery time constant of 10.7  ±  0.8 ms 

( n  = 3), which is signifi cantly faster than the recovery of 

fl uorescence (P  <  0.05). 

 The slow return of the fl uorescence upon repolariza-

tion suggests that although associated with channel 

opening, the dequenching component of fl uorescence 

does not refl ect gating of the intracellular pore. We also 

observed that the recovery of this phase was dependent 

upon the conditioning pulse duration ( Fig. 9 ).  Follow-

ing longer conditioning pulses (15 ms;  Fig. 9 A ) that 

allowed signifi cant channel opening, the dequenching 

component was almost absent in the fi rst test pulse, 

whereas following shorter conditioning pulses (5 ms; 

 Fig. 9 B ) that restricted channel opening, there was a 

 Figure 6.   The dequenching of fl uorescence is associated with 
late transitions in the activation pathway. (A) Ionic currents and 
fl uorescence signals recorded from TMRM attached at A397C 
during a 100-ms test pulse to +60 mV following a 100-ms con-
ditioning pulse to either  � 120 or  � 40 mV. The dequenching 
component of fl uorescence remains robust in channels that ac-
tivate from preactivated states, suggesting that the dequenching 
component does not refl ect voltage sensor transitions early in 
the activation pathway. (B) Mean values for the time constant 
and relative amplitude of the dequenching component of fl uo-
rescence during a test pulse to +60 mV from a range of prepulse 
potentials ( n  = 3).   
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sor movement. The fl uorescence report is not identical 

to that in  Shaker  ( Fig. 2 ), though, and appears to show 

both a fast and slow component of quenching, but with 

99 mM K +  the left-shifted F-V relation of voltage sensor 

movement ( V  1/2  =  � 36.4  ±  1.2 mV) becomes apparent 

( Fig. 10 C ;  n  = 3). Clearly, K +  regulation at an outer pore 

site is able to modulate the fl uorescence environment 

change detected at A359C, and allow detection of volt-

age sensor movement. 

 To test outer pore regulation in another way, we intro-

duced the mutation W472F, which is the equivalent to 

W434F in the  Shaker  channel, and which immobilizes 

the selectivity fi lter gate in a permanently nonconduct-

ing state in both  Shaker  ( Perozo et al., 1993 ;  Yang et al., 

1997 ) and Kv1.5 channels ( Wang et al., 1999 ;  Wang and 

Fedida, 2001 ). Importantly, this mutation is not thought 

to immobilize the intracellular activation gate, as shown 

previously ( Starkus et al., 1998 ). The tracings in  Fig. 10 D  

show that although no ionic current was seen with this 

mutant, large fl uorescence defl ections were observed. 

In addition, the transient fl uorescence change and thus 

structural events reported by the fl uorescence at A397C 

were abolished. Taken together, these data strongly sug-

gest that the dequenching component of fl uorescence 

reported by TMRM attached at Kv1.5 A397C refl ects 

rapid structural events at the selectivity fi lter gate that 

occur upon opening. 

 Closure of the selectivity fi lter gate underlies P/C-

type inactivation in Kv channels ( De Biasi et al., 1993 ; 

also prevents selectivity fi lter gating events, including 

inactivation ( Castle et al., 1994 ;  Claydon et al., 2007a ). 

In the ILT experiments it was diffi cult to assess whether 

the function of the selectivity fi lter inactivation gate of 

ILT channels is still intact at the strongly depolarized 

potentials ( > +150 mV) required to drive channels into 

the open state, as activation was still slow at the maxi-

mum potentials studied in the experiments. Therefore, 

further experiments were performed using interventions 

and mutations known to affect the inactivation process 

or modulate outer pore gating in Kv1 channels, while 

measuring the fl uorescence report from A397C. 

 There is strong evidence for a K +  modulatory site 

within the outer pore of Kv channels that, when occu-

pied, prevents collapse of the selectivity fi lter, acting 

with a  “ foot-in-the-door ”  mechanism ( Pardo et al., 1992 ; 

 Lopez-Barneo et al., 1993 ;  Baukrowitz and Yellen, 1995 ; 

 Rasmusson et al., 1995 ;  Kiss and Korn, 1998 ). In some 

Kv1 channels, including Kv1.5 ( Fedida et al., 1999 ), this 

regulation does not appear to be as strong as in  Shaker  
channels, but raising the extracellular K +  did signifi -

cantly modulate the fl uorescence report ( Fig. 10 ).  The 

ionic current amplitudes and time course are relatively 

unchanged at +60 mV, despite the reduction in driving 

force, as reported before for some Kv1 channels ( Pardo 

et al., 1992 ). The fl uorescence signals in  Fig. 10 B  show 

that raising the external K +  concentration to 99 mM 

abolished the dequenching component and restored 

more of a  Shaker -like fl uorescence report of voltage sen-

 Figure 7.   Prevention of opening abolishes the 
dequenching of fl uorescence. (A and B) Ionic 
(A) and fl uorescence (B) signals recorded from 
TMRM attached at A397C in control conditions 
and in the presence of 10 mM 4-AP during 100-
ms voltage clamp pulses from  � 80 to +60 mV. 
10 mM 4-AP prevented channel opening and 
reduced current amplitude by 66  ±  6% ( n  = 3). 
(C) Mean G-V and F-V relations in the presence 
of 10 mM 4-AP.  V  1/2  and  k  values for G-V and 
F-V relations were 44.0  ±  2.8 and 23.6  ±  1.7 mV 
(G-V), and 3.2  ±  2.5 and 18.8  ±  2.1 mV (F-V;  n  = 3). 
The F-V relation was 41 mV left shifted from 
the G-V relation. (D and E) Representative ionic 
(D) and fl uorescence (E) signals recorded from 
A397C in the presence of the ILT mutation dur-
ing 100-ms voltage clamp pulses to +60 mV. The 
ILT mutation uncouples independent voltage 
sensor movement from the concerted opening 
transition ( Smith-Maxwell et al., 1998a , b ) result-
ing in a shift of the G-V relation to depolarized 
potentials (see F). (F) Mean G-V and F-V rela-
tions for Kv1.5 A397C ILT channels.  V  1/2  and 
 k  values for G-V and F-V relations were 131.0  ±  1.2 
and 21.4  ±  0.8 mV (G-V), respectively, and  � 41.6 
 ±  1.8 and 20.6  ±  1.7 mV (F-V;  n  = 3). The F-V rela-
tion was therefore 173 mV left shifted from the 
G-V relation.   
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ing of a mammalian Kv1 channel, we observed complex 

fl uorescence changes in the report of voltage sensor 

movements in Kv1.5 channels. Unlike in the  Shaker  
channel, the rapid fl uorescence quenching associated 

with activation of the voltage sensors upon depolariza-

tion was followed by a rapid dequenching of the fl uo-

rescence signal ( Fig. 2 ). Furthermore, this fl uorescence 

 Lopez-Barneo et al., 1993 ;  Yellen, 1998 ;  Kiss et al., 1999 ; 

 Kurata and Fedida, 2006 ;  Cordero-Morales et al., 2007 ). 

Although the time course of the fl uorescence dequench-

ing in  Fig. 2 E  is very rapid (3.4 ms at +60 mV) compared 

with the time course of P/C-type inactivation, which oc-

curs in the order of seconds, we considered whether 

the novel fl uorescence report from TMRM attached at 

A397C might refl ect selectivity fi lter rearrangements that 

are associated in some way with inactivation. To test this, 

we examined the effects on the rapid component of 

fl uorescence in Kv1.5 channels of the introduction of 

the outer pore mutation R487V (equivalent to T449V in 

 Shaker ), which is known to inhibit P/C-type inactivation 

in  Shaker  ( Lopez-Barneo et al., 1993 ), and to abolish 

inactivation in Na + -conducting Kv1.5 channels ( Wang 

et al., 2000a , b ). Data in  Fig. 11 (A and B)  show a typical 

ionic current and fl uorescence signal recorded from 

TMRM attached at A397C in Kv1.5 R487V mutant chan-

nels during a 100-ms voltage clamp pulse to +60 mV.  The 

tracing clearly shows that the dequenching component 

of fl uorescence is maintained in the R487V mutation. 

 Other mutations in  Shaker  channels that modulate 

slow inactivation include E418 and V463 ( Hoshi et al., 

1991 ;  Larsson and Elinder, 2000 ), but unfortunately we 

were unable to obtain current expression or fl uorescence 

recordings in oocytes from the equivalent residues E456Q 

or E456C in Kv1.5 (see also  Eduljee et al., 2007 ), or the 

equivalent residues to V463 in  Shaker . However, another 

residue that modulates P/C-type inactivation in Kv1.5 is 

the His in the pore turret ( Kehl et al., 2002 ). This muta-

tion accelerated P/C-type inactivation as seen in the cur-

rent record in  Fig. 11 C , and also resulted in very low 

current expression levels, which was almost certainly 

due to both accelerated open-state and closed-state in-

activation of the large population of the channels that 

do not pass current, as reported from our group and 

others previously (J ä ger and Grissmer, 2001;  Kehl et al., 

2002 ;  Zhang et al., 2005 ). This conclusion is supported 

by the robust fl uorescence report from these channels 

( Fig. 11 D ). This mutation completely removed the rapid 

dequenching phase of fl uorescence at all potentials and 

showed a slow second phase of fl uorescence quenching 

that matches the accelerated current inactivation seen in 

 Fig. 11 C . The result suggests that collapse or immobili-

zation of the selectivity fi lter gate before channel open-

ing in H463G, as also seen in W472F ( Fig. 10 D ), prevents 

the structural change that causes the rapid fl uorescence 

dequenching and allows unimpeded detection of volt-

age sensor movement. 

 D I S C U S S I O N 

 Kv1.5 Fluorescence Recording from A397C 
 In this description of the fi rst fl uorescence reports of 

the conformational rearrangements associated with gat-

 Figure 8.   Time course for the recovery of the de-quenching 
component of fl uorescence. (A and B) Ionic current and fl uo-
rescence signals recorded during the voltage protocol shown. 
The time course of the recovery of the dequenching component 
fl uorescence amplitude was assessed during 75-ms test pulses to 
+60 mV applied at different intervals following a 15-ms condi-
tioning pulse to +60 mV. The fl uorescence signal, but not ionic 
current during the test pulse has been truncated for purposes of 
clarity. The dashed lines mark the conditioning pulse instanta-
neous ion current (in A) or fl uorescence amplitude (in B) for 
comparison. (C) Fractional recovery of the dequenching compo-
nent of fl uorescence amplitude (fi lled symbols) or the recovery 
of instantaneous current (open symbols) recorded from three 
different oocytes during test pulses applied at different intervals 
following 15-ms conditioning pulses. Data are shown as mean  ±  
SEM. When fi tted with a single exponential function, the instan-
taneous current recovery had a time constant of 10.7  ±  0.8 ms 
and that of fl uorescence was signifi cantly slower 20.7  ±  3.7 ms 
(P  <  0.05,  n  = 3).   
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for a faithful report of  Shaker -like voltage sensor movement 

( Fig. 3 ). Furthermore, prevention of the dequenching 

component of fl uorescence from TMRM at A397C ( Fig. 

7, Fig. 10 D, and Fig. 11 D ) unmasks a monophasic 

 Shaker -like report of voltage sensor movement. Taken 

together, these observations suggest that although the 

fl uorescence report from Kv1.5 channels is unique 

and unusual, voltage sensor movement per se in Kv1.5 

channels is not dramatically different from that in the 

 Shaker  channel. 

 Clearly however, the data from  Fig. 4  demonstrate 

that the fl uorescence signal from TMRM attached to 

the S3 � S4 linker refl ects a voltage-dependent channel 

rearrangement that occurs rapidly at depolarized po-

tentials (  �   = 3.4 ms at +60 mV) and is relatively slow to 

recover (  �   = 21 ms;  Fig. 8 C ). The observation that a 

profi le was reported by two different fl uorophore probes, 

TMRM and PyMPO ( Figs. 2 and 5 ). This complex re-

port of environmental changes occurring around the 

fl uorophore attached at A397C (and M394C) upon de-

polarization ( Figs. 2 – 5 ) suggests unique and complex 

motions of the voltage sensor domains in Kv1.5 chan-

nels that, at face value, are quite different from those 

reported in  Shaker  channels ( Mannuzzu et al., 1996 ; Cha 

and Bezanilla, 1997). However, only sites that face the 

pore domain (A397C and M394C) report the complex 

changes; many of the sites that do not report the rapid 

dequenching of fl uorescence have F-V relations that are 

well left shifted from the G-V relations (the  V  1/2  values 

for the F-V relations of S395C, L396C, and L399C were 

64, 12, and 48 mV left shifted from the corresponding 

 V  1/2  values for the G-V relations) as would be predicted 

 Figure 9.   Effect of prepulse duration on 
the time course of fl uorescence recovery. 
(A and B) Ionic current and fl uo-
rescence signals recorded from TMRM-
labeled Kv1.5 A397C channels during 
a 75-ms test pulse to +60 mV applied 
7.5 ms and 37.5 ms following a +60-mV 
conditioning pulse of either 15 ms 
(A) or 5 ms (B) duration. The dotted 
line marks the conditioning pulse peak 
fl uorescence amplitude for comparison.   

 Figure 10.   Immobilization of the selectivity fi lter 
gate abolishes the fl uorescence dequenching. (A and 
B) Ionic current and fl uorescence signals recorded 
from Kv1.5 A397C channels during 100-ms pulses to 
+60 mV in the presence of 3 and 99 mM external 
K + . (C) Mean F-V relation with 99 mM K +  plotted 
alongside the G-V and F-V relations obtained with 
3 mM K +  to demonstrate the voltage dependence of 
voltage sensor movement when the selectivity fi lter 
gate is immobilized by high external K + . The G-V 
relation with 99 mM K +  is not shown because of 
the large error associated with calculations around the 
reversal potential ( � 0 mV).  V  1/2  and  k  values for the 
F-V relation with 99 mM K +  were  � 36.4  ±  1.2 and 
12.8  ±  1.0 mV, respectively ( n  = 3).  V  1/2  and  k  val-
ues for the G-V and F-V relations with 3 mM K +  were 
8.1  ±  2.5 and 18.3  ±  1.7 mV (G-V) and 4.3  ±  2.0 and 
21.5  ±  1.3 mV (F-V), respectively ( n  = 3). The F-V 
relation with high external K +  was therefore 40 mV 
left shifted from the G-V relation. (D) Ionic current 
and fl uorescence signals from Kv1.5 A397C W472F 
mutant channels (W472F is equivalent to the W434F 
mutation in  Shaker  channels) during a 100-ms volt-
age clamp pulse from  � 80 to +60 mV. Note that only 
small leak currents were observed from oocytes in-
jected with Kv1.5 A397C W472F. Similar recordings 
were obtained from nine (W472F) other cells.   
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close proximity with the outer pore S5-P linker of its adja-

cent subunit upon depolarization ( Blaustein et al., 2000 ; 

 Gandhi et al., 2000 ; Larsson and Elinder, 2000;  Li-Smerin 

et al., 2000 ; Loots and Isacoff, 2000;  Ortega-Saenz et al., 

2000 ;  Elinder et al., 2001 ;  Laine et al., 2003 ;  Long et al., 

2005b ), and is supported by previous observations of 

structural changes reported by sites within the S3 – S4 

linker that are associated with opening of the intracellu-

lar gate and/or inactivation of the outer pore (Loots and 

Isacoff, 1998, 2000;  Gandhi et al., 2000 ; Smith and Yellen, 

2002;  Pathak et al., 2005 ;  Savalli et al., 2006 ;  Claydon 

et al., 2007a , b ). 

 The W434F mutation in  Shaker  channels (equivalent to 

W472F in Kv1.5) permanently immobilizes the selectivity 

fi lter gate in the P-type inactivated conformation ( Perozo 

et al., 1993 ;  Yang et al., 1997 ). However, in the absence 

of K + , channels are capable of conducting Na +  ( Starkus 

et al., 1998 ; Wang and Fedida, 2001). This demonstrates 

the preservation of intracellular pore gate functionality 

in W434F/W472F mutant  Shaker  and Kv1.5 channels de-

spite the effects at the selectivity fi lter gate. Our observa-

tion in  Fig. 10 D  that the W472F mutation abolishes the 

rapid dequenching component of fl uorescence in Kv1.5 

channels suggests therefore that the secondary dequench-

ing represents a gating event taking place at the selectiv-

ity fi lter gate rather than the intracellular pore gate, since 

it is the outer pore gate and not the inner pore gate that 

is immobilized in this channel. The rapid Kv1.5 fl uo-

rescence signal does not refl ect channel opening per se, 

but events at the selectivity fi lter that occur rapidly upon 

opening. Because W472F channels are thought to be P-

type inactivated at rest (which is why they are noncon-

ducting to K + ), as are the majority of H463G channels 

( Fig. 11, C and D ), these observations raise the possibility 

that the rapid dequenching event is related to the onset 

of P-type inactivation in the channels. 

monoexponential report could be unmasked by manipu-

lation of channel gating processes ( Fig. 7, Fig. 10 D, and 

Fig. 11 D ) suggests that the rapid secondary movement 

occurs to, or close by, the voltage sensor. This dequenches 

the fl uorescence signal, and it occurs in addition to the 

rapid activation of the voltage sensors upon depolariza-

tion that is reported by the initial quenching of the fl uo-

rescence signal. In other words, the fl uorescence report 

from Kv1.5 A397C is a composite report of more than 

one gating event. So what then does the secondary de-

quenching phase of fl uorescence refl ect? 

 The Secondary Dequenching Phase of Fluorescence from 
Kv1.5 A397C 
 We presented a series of experiments that strongly sug-

gest that the secondary phase of fl uorescence from 

TMRM-labeled Kv1.5 channels upon depolarization is a 

report of a gating event that is associated with channel 

opening ( Fig. 2 F and Figs. 4, 6, and 7 ). By manipulat-

ing the holding potential, we demonstrated that labeled 

channels continued to display a robust secondary de-

quenching component when activated from preopen-

ing potentials ( Fig. 6 ). This suggests that this phase of 

fl uorescence refl ects transitions late in the activation 

pathway that are associated with concerted opening of 

the channel, or even later events. This is further sup-

ported by evidence that binding of 4-AP or introduction 

of the ILT triple mutations, which both stabilize chan-

nels in the activated-not-open state upon depolariza-

tion without greatly altering early activation transitions 

( McCormack et al., 1994 ;  Smith-Maxwell et al., 1998a , b ; 

 Armstrong and Loboda, 2001; Loboda and Armstrong, 

2001 ;  del Camino et al., 2005 ), abolished the dequench-

ing of fl uorescence ( Fig. 7 ). This conclusion is consis-

tent with electrophysiological and crystallographic data, 

which demonstrate that each voltage sensor comes into 

 Figure 11.   Immobilization of the selectivity fi l-
ter gate abolishes the fl uorescence dequenching. 
(A and B) Representative fl uorescence signals 
recorded from Kv1.5 A397C R487V mutant chan-
nels during a 100-ms voltage clamp pulse from 
 � 80 to +60 mV. Similar recordings were obtained 
from four (R487V) or nine (W472F) other cells. 
(C and D) Fluorescence signals recorded from 
Kv1.5 A397C H463G mutant channels during a 
100-ms voltage clamp pulse from  � 80 to +60 mV. 
Similar recordings were obtained from four 
(R487V) or fi ve (H463G) other cells.   
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rescence data suggest that K +  exit from its modulatory 

site within the selectivity fi lter is associated with local 

rearrangements that are sensed by the fl uorophore 

attached within the S3 – S4 linker region. However, al-

though raised external K +  caused an appropriate hyper-

polarizing shift of the F-V relation ( Fig. 10 B ), the 

fl uorescence report in raised extracellular K +  appeared 

biphasic and was not entirely  Shaker -like, so it is not en-

tirely clear at this time whether or not K +  is specifi cally 

inhibiting the dequenching event. 
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