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Brownian Dynamics Simulation of pH-Effects 
on Conductance Through Potassium Channels 

V G V E R E S O V 

Department of Membrane Biophysics Institute of Photobtology 

Academy of Sciences Belarus Minsk 220072 Belarus 

Abstract. A new theoiy termed "tunnel-acid-group-potential" (TAGPT), explain
ing the effect of pH0 and pH, on ion conductance through different membrane 
channels, is piesented It is suggested that shifts m pH0 and pH, lead to changes 
m values of negative chaiges geneiated by acid gioups of side chains of some po-
lai (Glu~, Asp") amino acid íesidues lining the tunnel pait of the channel The 
lesultmg modification of electiostatic field influences the heights of late-limiting 
eneigy bameis (foi ion tianspoit) m the tiansition zones between the tunnel and 
the vestibules, followed by changes m channel conductivity 

Key words: Ion channels Poies — Titiation — Channel conductance — Biow-
nian dynamics 

Introduction 

Cytoplasmic pH, as well as extiacellulai pH (pH0) aie known to influence ionic cui-
íents of the plasma membianes m vanous cells, depiessmg these cuiients with the 
increasing acidification of bathing solutions (Dioum and The 1969, Mozhaeva and 
Naumov 1970, 1972, 1983, Hille 1973, 1984, Woodhull 1973 Shiagei 1974, Schauf 
and Davis 1976, Carbone et al 1978 Meech 1979 Wanke et al 1979 Moody 1981 
1984, Roos and Boion 1981, Moody and Hagiwaia 1982, Stampe and Vestegaard-
Bogmd 1985, Byeily and Moody 1986, Deutch and Lee 1989, Peeis 1989 Kume et 
al 1990) Investigates have not come to an agieement on why acid solutions lowei 
ionic conductances The existing theones considei two principal effects Fust low 
pH might leduce single-channel conductance by titiatmg one or moie negative acid 
groups within the nariow part of the channel, blocking it stencally - the "stenc 
acid-gioup-theoiy" (SAGT) (Hille 1973 1984, Woodhull 1973) Second, low pH 
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might iedii(( ionic conductance In t i t iat ing some of suiface* chaigul gioups which 

noimalh attiae t an ion atinosphe íe of t iansfeiimg ions to the mouth of the poie 

the suifare-potential theon (SPT) (Adnan 1969 Mo/hae \ a and \Taumen 1970 

1972 Shiagei 1974 S( hauf and Da\is 1976 Bell and Millei 1984 D a m l 9 s 6 C ai 

and loidan 1990 Xaianjo et al 1994) As to the foimei theon it has bee n shown 

leeenth (Yeieso\ 1992a 1) 1994) that the (ioss-se( tion of the nanowest pai t of the 

channel (tunnel oi poie oi P-iegion elsewheie) is substantialh laigei than pio-

posed eailiei (see e g Hille 1984) and as a íesult the lnehogcn ion with a small 

c i W a l íadius cannot be a good channel stenc blockei The othci t heon (SPT) 

suggc sts that the dec lease of the negatne sulfate chaige c an be expte ted to lowei 

the eoneentiation of cations neai the channel entiances and thciefoie i educe tlu 

conductance foi these cations \ t least one objection can be put foiwaid m this 

connection The tiaditional anahsis by SPT takes into account the effect of sui 

face potential on the ion eoneentiation at the channel mouth often lgnoung the 

influence of the suiface chaige on the elertiomotive foices all along the channel 

These two effects ha \e opposite consequences foi the conductance* Neglec ting a m 

of them c an lead to an o\eiestimation In SPT of the influence of the suifac e c liaige 

and even to niismteipietation Thus, foi example, lecoustitution of K c hannels of 

the saicoplasmie leticulum into lipid bilayeis foinied fiom neutial oi n e g a t n e h 

chaiged phospholipids has shown that complete lemoval of the negatne* suiface 

chaige leads to only a paitial loss of conductance In a single channel (Bell and 

Millei 1984) Studies on fiog skeletal muscle (Huttei and Wamei 1972) which 

showed that the anion conductance of the muscle is ie \e is ibh abolished In low 

\dines of pH cont ian to the piedictions of the suiface-potential theon can also 

lie cousideied as coi ioboiatmg the abo\e thesis 

At the same time it was shown thcoieticalh ( \eieso\ 1992a b 1994) as well as 

expeiiinentalh using site dnected mutagenesis (fmoto et al 1988) that the pic sene c 

of one oi moie lings of nega tne chaiges is necessan foi elee tiostatic leduction oi 

the eneig\ b a m e i at the tunnel entiance to the le\el when the channel fluxes e an 

be detected On the con t i an in the absence of negatne chaiges oi when the\ aie 

small, these* b a m e i s will be too laige to give a m significant fluxes 

Since acidification of the bathing solutions is accompanied In an mciease in 

the piotonation of the t i t ia table gioups lining the tunnel and In a piopoit ional 

dec lease of the negatne chaige of these gioups with the íespectnc flux leduction 

caused b\ the coiiespondent change of the elce tiostatic held one can speak about 

the a l t e m a t n c possibility of conductance depiessiou b\ low pH that we shall t enn 

tuniiel-aeid-gioup-potential m tontiast to stene ac idg ioup 

The ami of this woik is a the oie tie al analysis of this hypothesis of channel 

flux legulation In pH on the basis of the p ie \ ioush eh \cloped s t u u t u i a l models of 

potassium channels ( \eiesov 1992a b 1994) as well as with the use oi stochastic 

moleculai d\namies simulation of elneet ion passage thiough these channels Fui-
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theiuioic the new theon of pH-dependenc e of conductance we aie going to piese nt 

shall be teinied the tunnel-acid-gioup-potential theoiv" (TAGPT) 

M a t e r i a l s and M e t h o d s 

It is geneialh accepted that potassium channels ha \e wide entiances - \esTibules 
and nanow legions linking them tunnels (01 poie legion, P-iegioii) (Bezamlla 
and Aimstiong 1972, Latoire and Millei 1983, Yellen 1987) It has been assumed 
that this s t iuctuie is foimed by e\chc association of fcmi homologic subunits with 
lotational s u n m e t n aiound a eential poie. eithei of which includes 7 t iansmem-
biane segments (Fig 14) 6 n-hehxes HI , H2 H3 S4-L, H4 H6, and one i-haiipm 
H J (oi S J - S 6 linkei oi S5-S6 loop oi SS1-SS2 segment elsewheie) (Tempel et al 
1987 Gin and Raghunathan 1989 Gu\ 1989, Yeiescn 1992a 1994) Also it has 
been suggested (Tempel et al 1987, Guv and Raghunathan 1989 Gin 1989 Hai t -
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F i g u r e 1. Dianiam of gent i at ion oi the modi 1 potassium channel ( 1) Rota t ionalh s\ m-
m r t u t assoe lation of tiansme mbiane segme nts (li) Ion pan foi mat ion inside the Tunnel 
(( ) \ c ilc ulaterd modi 1 of k^-c liannel with tuniic I (1) \esTibulos (2) e nt lanci tube s ( i ) 
and a l a \ i i ol ion p a n s (1) / , „ „ fJih / lt and el lu]l die- tunne l length i h innel length 
ni t lane o tube length and tunn i l dianietei lespect ivch 
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manii et al 1991, Yool and Schwai/ 1991) that hychophilic segments SS2s of the 
foui /3-hanpins H5 paiticipate m the foimation of the tunnel lining and that pos
itively chaiged groups of segments S4-L foim ion p a n s with negative* chaiges of 
segments H5 stabilising the channel s t iuctuie (Fig IB), the hydiophobic helices 
H I , H2 H3, H4, H6 constitute a hydiophobic penpheiy oi the coiiespondmg chan
nel foimei The model tunnel used m the calculations (Fig 1C), agiees with the 
above mentioned eommonlv used s t u u t u i a l concepts and couesponds to channel 
MB004 suggested by Veiesov (1995) and based on the channel foimei a m m o acid 
sequence (Baumann et al 1987, Tempel et al 1987) the pimciples of niembiane 
piotem folding (Guy and Seethaiamulu 1986, Guy 1989), and electiophysiological 
d a t a ( e g Yellen 1987) The tunnel was \iewed as a paiallelcpiped with íepul-
sive walls, cai iymg foui (oi less because of piotonation) ion pans of Aig + -Glu 
(oi Aig + -Asp type), which weie located at the squaie veitexes within the plane 
peipendiculai to the channel axis that leflected foui-fold lotational symmetiy of 
channel foimmg The ion p a n s weie modeled b\ the dipoles with 3A mterpole 
distances, which couesponds to ion pair geomctiy at the piotein-solute interfaces 
(Bailow and Thornton 1983, Singh et al 1987) As to the vestibules, then model 
mg was conjugated with the simulation of entiy piocesses, and will be mentioned 
below m the section descnbing the simulation technique 

The effects of pH on conductance weie consideied on the basis of the model 
piesented above The ionic eqiuhbiium foi the system including Nc channels was 
calculated using diagiam shown in Fig 2, wdieie negative sites coiiespond to the 
internal lonogenic caiboxyhc gioups of the Glu~ oi Asp~ side chains In accoi-
dance with Waishelľs íesults (Waishell and Russel 1984 Waishell et al 1984) it 
was supposed that the existence of states with uncompensated chaige within the 
piotem ( e g p a n s Aig(neuti)-Asp~, Aig + -Asp(neuti) , Aig(neuti)-Glu~, Aig + -
Glu(neuti)) is unlikely Such states weie not consideied, and aie not included m 
the diagiam m Fig 2 The ionic equihbiium was calculated using the following 
equations 

[A] + [AH] + [AH2 c] + [AH 2 d] + [AH3] + [AH4] = Nt 

A-6 
[AH3] = [AH4] 

[H+* 

[AH M ] = [ A H , ] ^ J = [ A H 1 ] ^ 5 _ 

1 ^ ] = ^ , ] ^ = ^ , ] ^ 

[ A H i ] = [ A H „ ] ^ j = [ A H 4 ] ^ 

W = [ A H T ] ^ = [AH,] "-^ 
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F i g u r e 2 . Diagiam of ionization equil ibimm between possible states Sliown aie com
plete h depio tonated s ta te ( V) one-fold p io tonated state ( \ I I + ) two-fold p io tona ted 
states ( MlTt and VHtd) t lnce fold p io tonated slate ( MI^) and completely p io tona ted 
state ( \ J 1 4 ) I, , (n = 1 ] d) aie eeiuilibiiuin constants between these states 

wheie*[V] [AH,] [AH_M] [AH, J [AHj] [ \Ht] stand foi the numbeis of c hannels m 
spe c íhe pioTonaTion stale in accoidanee with Fig 2 V is the nuiiibe i of chan
nels c einsieh*ied k\ I /, ( A , /,,, aie cquilibiium dissociation constants m eone-
spondence* with Fig 2 [H+ ] is pioton eoneentiation at the eentci of the* nng of 
e haiges on the tunnel axis 

The solution of equations (1) \ields 

[AH,] = [AH4] 10 ( i l A b -P H > 

[AH_M] = [AHS] l 0 - ( ' 5 / w »H"> 

[AH>C] = [AH.] i o - ( ' , A 1 | ,H » 

[AHi] = [AH>(i] io-<i 'A- '-i ) H i 

[A] = [AHt] iO"(> ,A1-""*» (2) 

pH is hvdiogen ion index that couesponds to H' F,i was calculated as 

A f, , A r, A ft h J /, ( 
Fd = l + rĤ  + + ;H+ p [H 

A {A r-j A () A j A i A > A{, 

[H + Is [H + eU 
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The pA values m equation (2) clifleied fiom pA values of the coiicspouclmg ammo 

acids They weie calculated as (Waishell and Russel 1984 \\aishell et al 1984) 

p A ' = ^ A " - " t ) - + ^ 2 3 0 3 R r ( t , eeff
 ( 3 ) 

wdreie (pA'„ m t ) , is the pA"„ value of the ;-th t i t iatable gioup when othei chaiges 
aie absent R,t is the distance between sites i and j _eff is the effectne \aluc of 
the dielettiic constant The value p A ( i m t l = 3 9 was used coiiespondnig to the 
pA"„ value of caiboxyhc acid of the aspai ta te side chain The use of aspa i ta te as a 
negative chaige geneiatoi within the P-iegion is based on ammo acid sequence of 
the H5 segment (oi S5-S6 loop elsewheie) of the potassium channel foimei (Tempel 
et al 1987) 

The value ccfr = 10 (Monoi 1991) was taken foi the mteiaction inside the ion 
pans In othei cases the \a lue £eff = 80 was employed m agreement with inter
actions \ i a watei solution The pioton eoneentiation within the channel neai the 
ionized gioups piesented m equations (1) and (2) can chffei fiom \alues measmed 
m bathing solutes The calculation of the nitiachannel pioton eoneentiation was 
earned out assuming constancy of the axial component of pioton fluxes ; / + (this 
íesults fiom the continuity equation) e g assuming 

— 7 — = 0 => — - — = const (4) 
el; eh 

wheie /iH+ is the pioton electiochemical potential at the point ; on the channel 

axis Fiom (4) one can wnte the following expiession foi /ÍH+ 

, / ' o H+ ~ / * i H+ , / ' , H + ^2 + / ' o H + ^ l , . , 
/ ' H + = / ' I H + + r-—Á <n = T~T^ ( 5 ) 

0i + 02 di + 02 

In (5) //JI+ is the pioton electiochemical potential at point z on the channel 

axis //„ n+ and //, n+ aie pioton electiochemical potentials on e*xtiacellulai and 

intiacellulai phases lespeetiveh b\ and b2 aie the dištanc es between the* c haige nng 

localization plane and the tunnel entiances (see Fig 1) As follows fiom equation 

(5) 
E+*eFv/RT = HlOj+HnOj. ( 6 ) 

Equation (6) links the \ alues of pH„ and pH, with those of pioton eoneentiation 

mside the channel 

There aie some pioblems with the selection of the* values of e$i and ô2 Since 

the influence of pH, on conductance is much stiongei than that of pH0 (Mozhaeva 

and Naumov 1970, 1983 Hille 1973, 1984, Caibone et al 1978, Wanke et al 1979 
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Mood) 1984) it was supposed that bx < b2 From eaihei íesults (Yellen 1987, 
Veiesov 1992a 1994) one can also suggest that 8A < ói + 62 < 15A The selection 
of i i and 62 was done by computei expenment using two lestuct ions descnbed 
above a) <5i < S2, b) 8A < Ó1 + c52 < 15A 

The aveiage potassium conductances G\K -w weie calculated 111 the following 
manner 

GK av = f/K A H 4 P ( A H 4 ) + <7K A H 3 P ( A H 3 ) + gK A H _ , p ( A H 2 d ) + 

+ (JK AH, p ( A H 2 c ) + C/K A H , P ( A H I ) + C?K A P ( A ) (7) 

wheie C?K AH rs the channel conductivity for the channel state A H T , p ( A H r ) aie 
the piobabihties of the state AH, (1 = 0, 1 2c 2d, 3 4, AH 0 = A), p ( A H t ) weie 
calculated as 

p(AH,) = = ^ - (8) 

« 
The potassium conductances C/K AH foi each possible state of piotonation 

of the potassium channel weie calculated by the Biowman Dynamics method 111 
the Langevm appioach The huite-diffeience \eision of the stochastic Langevin 
equations 111 the diffusion limit 1 e assuming that foice F: is constant during time 
step A/ and JAc 3> 1 (li is fuction coefficient) was used The Langevm equations 
foi tins case can be w n t t e n 111 the following foim (Eimak and Buckholz 1980 
Coopei et al 1985) 

,l(tt) + At) = h(t0) + D/kT F0j At + BR(At) (9) 

wheie D = ///J/AT, BR(t) = l /m/3 j A(r 0 + t)dt 1 is the 1011 position B is the 
landom foice with gaussian distiibution D is the diffusion coefficient 111 the absence 
of counterion effects F is external foice due to counteuons mteiaction with the 
channel foimei and watei Aŕ is the time step subsciipt zeios indicate \alues at 
the beginning of the time step 

The potential eneigy of mteiaction of the 1011, occupying the position (; y z) 
with the channel foimei was calculated as the sum of the energy of the 1011 coulomb 
mteiactions with the channel foimei chaiged gioups and the potential eneigy of 
ion íepulsion fiom the channel walls The following expiession foi potential eneigy 
(íľIC) of tins mteiaction was used 

£ l c = ^ c , £ , / / u + l o [ ( 2 7 / o o ) 1 2 + (2c//0o)12] (10) 

wheie 

«.) = (rftun - 2 (7 1 0 ) (V ,o) 1 / 1 2 

<7,e, = (c7, +CT„)/2 

- - í ' Ý/2 
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The non-ionic pait of relationship (12) is a ' paiallelepiped analog of potential 
function foi a lepulsne mteiaction between the ion and the channel wall as de-
sciibed bv Fishei and Biiekmann (1983) The electiostatic paiameteis weie* taken 
fiom Mackay et al (1984) alm an -„„ ;„ fiom Fishei and Biiekmann (1982) The 
scaling factoi l'n — 5 10~ 2 1 I was taken fiom Fishei and Biiekmann (1983) c/ t u n 

is the tunnel diametei the subse n p t s denote o - o x v g e n i ion 

Foices acting on the* ion upon debe l la t ion weie e\aluated using the eneigetic 
piohles of potassium ions m a model e hannel obtained e*aihei (Yeicsov 1992a) The 
single channel potassium conductance was calculated when eepial potassium ion 
concentrations m internal and external phases c„ = c, = 0 4 mol/1 weie assigned 
The use oi high concentrations of tianspoiteel ions peinntted to leduce the sim
ulation tunc* and at the same Time to make* the obvious extiapolation to lowoi 
c oneontiations The pioe esses of ion entiles into the tunnels weie consideied using 
the entiance tubes (Ľiniak and Buckholz 1980 Coopei et al 1983) which aie 
the extensions of the tunnels into external and internal bathing solutions Thev 
included the axial pai ts of the \estibules and had the paiallelepiped foim with 
eioss-sec tions identical to those of model tunnels The length of the tube ( A t ) was 
e aleulated as 

A t = l/Ut.j , 'jut , < A \ ) (11) 

wheie L, t is the* entiance tube length ) /, / ; and i/fl j ; aie e*ftee t n e tunnel diaiiieteis 
m / and i/ dnc*ctions, c is the molai eoneentiation of ions in bathing solutions A v 
is Avogaelio's numbei This length ensuies that the* \olume of the tube* is such that 
it contains one ion on the* a\eiage at an\ moment 

The* following e ale illation stiate*g\ was used F u s t 20 ions weie l a n d o i n h clis-
tnbutecl within 20 entiance tubes ten fiom each side of the model tunnel Then 
the simulation of ion movements was clone* using the expiession (9) and its um-
diniensional analogs foi the ease of movement inside the entiance tubes BR(At) 
had /e IO mean and its standaid deviations weie 6D At feu tlnee-dimensional and 
2D At foi one-dimensional movements In the simulation the loutme GAUSS fiom 
Piog iam Libiaiv of the Mathematic al Institute of Ac ademv oi Sciences Belaius was 
called as a subioutme and sealed p iope ih to v iclel the neeessaiv landom numbeis 
to simulate* BR{At) in (9) The ions m the channels passed landoinlv until leaving 
the channel exit Subseepientlv the leiintialization piocedtne was ])eiioimed a new 
ion was distiibutecl landoinh in the channel and the simulation was continued 
One million steps weie ieah/e d foi each e hannel and foi each state of piotonation 
This eoiiosponded to the íeal time of 500 //S when the time step jpS was used 
To impicne ace tnacv the pioe echue of step-bieaking was applied foi the* legions 
wheie the foice giadients weie huge This took place m the dehv diational near-
tunnel zones of vestibules The foie es m these zones weie < ale ulateel based on lmeai 
interpolation of foices m the bieaking points The numbei of acts of bieakmg weie* 
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found by computet expeiiments, and they weie within the 10-30 interval Diffu
sion coefficients foi expiession (9) and its one-climensional analog weie selected m 
agieement with the pioceduie desciibed eailiei (Veiesov 1992a,b) These coeffi
cients weie 1 844 x 1 0 _ J enľ ' s " 1 foi the movement within the entiance tubes and 
0 305 x 10" foi diffusion inside the tunnel 

R e s u l t s and D i s c u s s i o n 

As indicated the aveiage potassium conductances foi the potassium channel weie 
calculated using the value of pA'„ 6 (pA' m t I ) = 3 9 This corresponds to the value 
of pA" of caiboxyhc gioups of aspaitate side chains As alieady noted, theie was 
some unceitainty as to the choice of Oi and é 2 in the fiamewoik of expeiimentally 
based limits 

a) b i < Ô2 b) bj + (5 2 < 15 A The vanation of the values ó\ and co withm 
these hunts showed that agieement between experimental (foi axons oi fiog nodes 
of Rairvrei (Hille 1973, Woodhull 1973, Shiagei 1974, Schauf and Davis 1976, Cai-
bone et al 1978 Wanke et al 1979)) and theoietical d a t a foi dependences of the 
aveiage conductances fiom p H 0 and pH, (tit iation plots in Figs 3 and 4) can only 
be obtained when b\ ~ 2 A and e32 ~ 10 A A good fit of calculated and expei-
miental íesults allows to conclude that the effect of pH on the cation t ianspoit 

-a—s-

6 7 

pHo 
8 9 10 

F i g u r e 3. Relative conductance (G'n% / G ' a v max) as a function of internal solution p l i 
(pH,) D a t a points (triangles) íepiesent t i t ia t ion values of the macroscopic peak G'A of 
t h e squid axon m e m b r a n e from (Wanke et al 1979) T h e continuous cmve was obtained 
using BD-simulation of dnect ion passage foi each s tate in Fig 2 and equations (2-8), 
pHo = 7, pA„ m t l =39 
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Figure 4. Relative conductance (G-iv/G'-w m-vx) as a function of external pH (pHQ) Data 
points represent titration values of the macroscopic peak GK of the frog nodes of Ranvier 
(Hille 1973) (triangles) and of Myxtcola giant axons (Schauf and Davis 1976) (squares) 
The continuous curve was obtained using BD-simulation of direct ion passage for each 
state in Fig 2 and equations (2 8) pH,7, pAa m t r = 39 

can be described by electiostatic blockage-deblockage of ionic channels ("tunnel 
acid gioup-potential theoiy") Accoidmg to this theory, the following sequence of 
events occuis when pH0 and (oi) pH, change First, the magnitudes of negative 
chaiges geneiated by side chains of polai (Glu~ oi Asp - ) amino acid íesidues 
lining the nanowest part of the channel (tunnel), change as a íesult of piotonation 
(oi depiotonation) This leads to changes m the actions of the electiostatic field 
geneiated by these negative chaiges on the heights of late-lnnitmg energy bainers 
in the tiansition zones between the tunnel and the vestibules with resulting changes 
in channel conductivity 

The calculations of the eneigetics of ion-protein interactions involve seveial 
assumptions which should be kept in mind in estimating the limitations of the 
piesented veision of TAGPT These assumptions show what future íesearch should 
focus on to impiove such calculations Undoubtedly, the thiee-dimensional model 
used is a tjpical channelog (channel-like analogue, Eisenman and Alvaiez 1991) 
lepiesenting a íough appioximation of the íeal stiuctuie, and its lefinement is 
desnable, in the view of the complexity of the system consideied which includes 
piotem foiming the channel, lipids and the solvent, this is cunently a substantial 
pioblem Anothei aspect to be mentioned is the preseivation of the "frozen" stiuc
tuie dining the computations It is obvious that the use of the contiaiy concept of 

10 

pH 
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mobile atoms within the model channel foimei leads to a very computer-intensive 
level of simulation requiring more powerful computational means Moreover, such a 
level of simulation is haidly justifiable for a channelog which approximates the real 
structure rather inexactly It is clear that the application of more elaborated models 
is necessaiy to estimate the eno i s intioduced by these above two assumptions 

One moie point must be stressed in íelation to the quantitative mteipietat ion 
by-TAGPT of the t i t iat ion da ta caused by pH 0 changes Since it can be assumed 
that pH, changes with the pH 0 , caution is íequired m using this theoiy, these 
changes have to be accounted foi upon applying equation (5) Thus, expeinnental 
studies peifoimed under controlled both pH0 and pH, would be moie suitable for 
then analysis on the basis of TAGPT At the same time, there is some expeinnental 
evidence that cytoplasmic pH is relatively unaffected by changes m pH of the 
extracellular medium, unless such changes are brought about by C 0 2 ennchment 
(Caldwell 1958 Spyiopoulos 1960, Bisher and Ohki 1972) In the experimental 
studies discussed here with da ta shown in Figs 3 and 4, the effects of C 0 2 were 
not studied consequently the use of pH,7 m eq (5) can be consideied an admissible 
appioxnnation 

Within the scope of these insights one can piopose a new (based on the for 
mation of ion pans) view of the mechanism of channel gating Thus, it can be 
supposed that m the closed state of a channel the positively chaiged argmme side 
chains of voltage sensors S4s a ie moved apart fiom negative charges of aspai ta te 
(oi glutamate) side chains of segments H5s due to the action of electue held In 
this case theie is unpaired positive chaige within the tunnel that íesults m gieatei 
barneis at the tunnel entrances and nonconductivity of the channel When the 
depolaiizmg pulse is applied, the unlike chaiges on segments S4s and H5s at 11 act 
each othei framing the ion pans and as indicated above, íeducing the ía te limiting 
eneigy b a m e i s thus making the channel lonconductive 
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