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

V G VERESOV

Department of Membrane Biophysics Institute of Photobiology
Academy of Sciences Belarus Minsh 220072 Belarus

Abstract. A new theory termed “tunnel-acid-group-potential” (TAGPT), explain-
ing the effect of pH, and pH, on 1on conductance through different membrane
channels, 15 presented It 15 suggested that shifts in pH, and pH, lead to changes
mn values of negative chaiges generated by acid groups of side chains of some po-
lar (Glu™, Asp™) amino acid 1estdues lining the tunnel part of the channel The
resultiing modification of electiostatic field mfluences the heights of 1ate-limiting
eneigy bartiers (for 1on transpoit) m the transition zones between the tunnel and
the vestibules, followed by changes in channel conductivity

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

Introduction

Cytoplasmic pH, as well as extiacellulay pH (pH,) are known to influence 1onic cur-
rents of the plasma membranes 1n varlous cells, depressing these curients with the
increasing acidification of bathing solutions (Diowin and The 1969, Mozhaeva and
Naumov 1970, 1972, 1983, Hille 1973, 1984, Woodhull 1973 Shiager 1974, Schauf
and Davis 1976, Carbone et al 1978 Meech 1979 Wanke et al 1979 Moody 1981
1984, Roos and Boion 1981, Moody and Hagiwara 1982, Stampe and Vestegaard-
Bogind 1985, Byeily and Moody 1986, Deutch and Lee 1989, Peers 1989 IKume et
al 1990) Investigators have not come to an agreement on why acid solutions lowe:
onic conductances The existing theoiies consider two principal effects Fust low
pH might 1educe single-channel conductance by titiating one or moie negative acid
groups within the nariow part of the channel, blocking 1t sterically — the “steric
acid-group-theory” (SAGT) (Hille 1973 1984, Woodhull 1973) Second, low pH
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might reducc 1onic conductance by titrating some of smrtace charged groups which
normally attract an won atmosplicie of transfernng 1ns to the mouth of the poie
the suiface-potential theory  (SPT) (Adiian 1969 Moshaeva and Naumoy 1970
1972 Shirager 1974 Schauf and Davis 1976 Bell and Miller 1984 Dam 1956 Ca
and Jordan 1990 Naranjo et al 1994) As to the former theory 1t has been shown
rccently (Veresor 1992a b 1994) that the cxoss-section of the nartowest part of the
channel {(tunnd o1 pore o1 P-iegion elsewhete) 15 substantially laiger than pro-
posed eatlier (see e g Hille 1984) and as a 1esult the hvdiogon on with a small
crystal radius cannot be a good channel steric blocker The othar theory (SPPT)
suggests that the decrease of the negative sutface charge can he expected to lower
the concentration of cations near the channel entiances aud thaaefore reduce the
conductance for these cations At least one objection can be put forward m this
counec tion The tiaditional analysis by SPT takes mto account the effect of su
face potential on the 1on concentration at the channel mouth often gnorng the
wfluence of the suiface chaige on the electiomotive foices all along the channel
These two effects have opposite consequences for the conductance Neglecting ansy
of them can lead to an overestunation by SPT of the mmfluence of the suitace charge
and even to mnsimterpretation Thus, for example, reconstitution of kW channels of
the saicoplasmic reticulum mto hipid bilayers formed fiom neutial o1 negatively
charged phospholipids has shown that complete 1emoval of the negative surface
chaige leads to only a paitial loss of conductance by a sigle channel {Bell and
AMiller 1984) Studies on fiog skeletal muscle (Hutter and Wainer 1972) which
showed that the amon conductance of the muscle 15 1eversibly abolishad Iy low
values of pH contrary to the predictions of the suiface-potential theory can also
be considered as corroborating the above thesis

At the same time 1t was shown theoretically (Veresov 1992a b 1994) as well as
experunentally using site duected mutagenesis (Imoto et al 1988) that the presence
of onc 01 more 1mgs of negative charges 15 necessary for electrostatic 1educ tion ot
the energy barner at the tunnel entiance to the level when the channel fluxes can
be detected On the contiary n the absence of negative chaiges o1 when thes are
stall, these barters will be too laige to give any significant flines

Smce acidification of the bathimg solutions 15 accompaunted by an mciease m
the protonation of the titiatable groups himng the tunnel aund by a proportional
decrease of the negative charge of these gronps with the 1espective flux reduction
caused by the contespoudent change of the electiostatic hield one can speak abont
the altetnative possibility of conductance depiession by low pH that we shall termn

tunnel-acid-group-potential 1 contrast to  sterc acid group

The aim of this work 15 a thoorctical analysis of this hypothesis of hannel
flux 1egulation by pH on the bass of the presioushy dovdoped stiuctinal models of
potassium channels (Veresov 1992a b 1994) as well as with the use of stochastic
wolecular dyvnamics simulation of ditect 10n passage thiough these chauncls Fui-
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thermore the new theory of pH-dependence of conductance we are going to prescnt
shall be tetmed the tunnel-acid-group-potential theorv™ (TAGPT)

Materials and Methods

It 15 generally accepted that potassium chiannels have wide entrances — vestibules
and nattow regions huhang them  tuunels (o1 pore region, P-region) (Bezauilla
and Armstiong 1972, Latoire and Niller 1983, Yellen 1987) It has been assumed
that this stincture 1s formed by ¢y clie association of four homologic subumnits with
1otational ssmmetry atound a central pore. erther of which mcludes 7 fransmem-
brane segments (Fig 14) 6 a-helixes H1, H2 H3 S4-L, H4 H6. and oune 3-hanpi
H> (01 $5-96 linker o1 $5-S6 loop 01 $S1-SS2 segment clsewhere) (Tewpel et al
1987 Guy and Raghunathan 1989 Guy 1989, Veresov 1992a 1994) Also 1t has
been suggested (Tempel et al 1987, Guy and Raghunathan 1989 Guv 1989 Hait-
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Figure 1. Diagiam of genciation of the model potassinm channel (1) Rotationally sym-
metie assoctation ol transmembrane segments (3) Tou pan formation madc the runnel
(C )\ Cdeulated moded of KT -channel with tunncl (1) vestibules (2) cntrance tubes (3)
and a Javar of 1on paus (1) fw Lay o and digy ate tunucl lkength chvamel longth
cntrance tube length and tunndl diameter respoctively
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mann et al 1991, Yool and Schwarz 1991) that hydiophilic segments 552+ of the
four B-haunpis H5 particpate mn the toimation of the tunnel limng and that pos-
itwvely chaiged groups of segments S4-L form 1on paus with negative charges of
segiients H5 stabilizing the channel stiuctuie (Fig 13), the hydiopliobic helices
H1, H2 H3, H4, H6 constitute a hydiophobic periphery of the corresponding chan-
nel foimer The model tunnel used m the calculations (Fig 1C), agrees with the
above mentioned commonly used stiuctural concepts aud correspouds to channel
MBO004 suggested by Veiesov (1995) and based oun the channel former ammo aad
sequence (Baumann et al 1987, Tempel et al 1987) the piinciples of membiane
protewn folding (Guy and Seetharamulu 1986, Guy 1989), and clec tiophysiological
data (eg Yellen 1987) The tunnel was viewed as a parallelepiped with 1epul-
sive walls, caniymg four (ot less because of protonation) 10m paus of Aigt-Glu
(o1 Aigt-Asp type), which were located at the squate vertexes within the plane
perpendicular to the channel axis that 1eflected four-fold 1otational symmetiy of
channel formmg The 1on pans weie modeled by the dipoles with 3A interpole
distances, which corresponds to 10n pair geometry at the protem-solute mterfaces
(Batlow and Thointon 1983, Singh et al 1987) As to the vestibules, then model
mg was conjugated with the sunulation of entry processes, and will be mentioned
below 1 the section desciibing the simulation techmque

The effects of pH on conductance were considered on the basis of the model
presented above The 1onic equilibiium for the system tucluding N, chanuels was
calculated usmg diagram shown m Fig 2, where negative sites correspond to the
internal 1onogenic carboxyhic groups of the Glu™ or Asp™ sude chains In accor-
dance with Waishell's 1esults (Warshell and Russel 1984 Waishell et al 1984) 1t
was supposed that the existence of states with uncompensated chaige within the
protemn (e g pans Aig(neutr)-Asp™, Argt-Asp(neutr), Aig(neutr1)-Glu~, Aig*-
Glu(neutt)) 15 unhkely Such states weie not considered, and are not cluded m
the diagtam m Fig 2 The 1omc equuitbiium was calculated using the following
equations

[A] + [AH] + [AHZC] + [AHg(l] + [AHg] + [AH4] = N,

[AH5] = [AH4] i H‘f q

[AH,4] = [AHs) —= [H+*] — [AH,] [IA{fG]Z

[AH,] = [AH;] e [H+*] — [AH]] [IL{ ff]

[AH:] = [AHzd); Hk+*] (AH,] ?ﬁ—i%

4= Wity = e S W
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Figure 2. Diagiam of 1omzation « quilibiium between possible states Shown aie com-
pletcly deprotonated state (\) one-fold protonatcd state (AHT) two-fold protonated
states (M3, and \HT) thice told protonatcd statc (A7) and completely protonated
state ( \llj) Ay (n=12 0) are equilibiium constants bctween these states

where [A] [AH ] [AH.q] [AHL ] [AH;] [AH,] stand for the nnmbers of <hanuels 1
speafic protonation stare m accordance with Fig 2 VoS the numba ot chan-
nels coustdered Ay 7 Ay AL A, are equilibiium dissociation constants i ocorte-
spondence with Fig 2 [HT ] s proton concentiation at the centar of the nng of
charges on the tunnel axs

The solution of equations (1) vields

V,
[AH{] = o
[AH;] = [AH,] 10 (pho-pH)
[AH,q] = [AH;] 107(Ph> pHY)
[AH, ] = [AH;] 10-(PAt pH)
[AH|] = [AH,q) 107 (h2-pl)
[A] = [AIL] 1070R =01 @)
pH 15 hvdiogen 1on mndex that coiresponds to H' Fy was calculated as
kg N hsh, hykg N hykhohe  RiRsRR
He] ) HE] O HEP O [HY])

Fo=1+
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The ph values m equation (2) differed from ph values of the corresponding anino
acids Thev wete calculated as (Waishell and Russel 1984 Warshell et al 1984)

332¢.q,
2303RT R,, cesr

})[\, = (p]\u mt)l + Z (3)
]

whete (pIN, it ), 15 the pl\', value of the :-th tittatable group when other charges
are absent R,, 15 the distance between sites ¢ and ) _o 15 the effective valuc of
the dielectiic constant The value phy iy, = 39 was used cortiesponding to the
pld, value ot carboxylic acid of the aspattate side chain The use of aspaitate as a
negative chaige generator within the P-1egion 1s based on amino acid sequence of
the H5 segment (o1 S5-S6 loop elsewhere) of the potassium channel foimer (Tempel
et al 1987)

The value c g = 10 (Monor 1991) was taken for the mteraction wmside the 1on
paits In other cases the value s.¢ = 80 was employed 1 agrecment with ntei-
actions via water solution The pioton concentiation within the channel near the
1oni1zed groups presented i equations (1) and (2) can differ fiom valnes measuted
1 bathing solutes The calculation of the mtrachannel proton concentiation was
carnted out assuming constancy of the axial compouent of proton fluxes )+ (this
1esults fionn the continuity equation) e g assuiniug,

1
Yt - =0 = dpi+ = (onst (4)
dz dz

whete jrg+ 15 the proton electiochemical potential at the pomt = on the (hannel
axis From (4) one can wiite the following expression for pig+

HoH+ — fun+ HMp+d2+ fon+dl
6 + 6, ! 0 + 6

(5)

Hy+ =g+ +

In (5) py+ 15 the proton electiochemical potential at pomt = on the channel
ax1s ft, i+ aud g, g+ are pioton electiochemical potentials on extiacellular and
itiacellular phases 1tespectively 6; and 6, are the distances between the chairge 1ing
localization plane and the tunnel entiances (see Fig 1) As follows hlom equation
(3)

v eFe/RT _ Hi02 + ooy (6)
by + 6,

Equation (6) links the values of pH,, and pH, with those of proton concentration
mside the channel

There are some problems with the selection of the values of d; and 0> Since
the wfluence of pH, on conductance 1s much stionger than that of pH, (Mozhaeva
and Naumov 1970, 1983 Hille 1973, 1984, Caibone et al 1978, Wanke et al 1979
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Moody 1984) it was supposed that ;3 < 6, From earher 1esults (Yellen 1987,
Veresov 1992a 1994) one can also suggest that 8A < é; + 6, < 15A The selection
of 6, and 4, was done by computer eaxperiment using two restiictions desciibed
above a) b1 < b62,b) 8A < 6 + 6, < 15A

The average potassium conductances Gy .y were calculated in the following
manner

G av = g1 aH,P{AH4) + g1 an,p(AH3) + g1 an_ ,p(AHzq)+
+ g1 aH, P(AHN) + gr an, p(AHL) + g ap(A) (7)
where g ag 15 the channel conductivity for the channel state AH,, p(AH,) ae

the probabilities of the state AH, (1 = 0,1 2c 2d,3 4, AHpg = A), p(AH,) were

calculated as
[AH,]

Y [AH)

Y

p(AH,) = (8)

The potassium conductances gy ag  for each possible state of protounation
ot the potassium channel were calculated by the Browmian Dynamics method 1
the Laugevin appioach The huite-difference veision of the stochastic Langevin
equations m the diftusion limit 1 e assuming that force F) 1s constant during tume
step At and JAt > 1 (15 fuction coefficient) was used The Langevin equations
for this case can be witten m the following form (Ermak and Buckholz 1980
Cooper et al 1985)

I/(f0+._\f):IJ(t0)+D/]\T FOJ Af-ﬁ-BR(Af) (9)

where D = u3/hT, Br(t) = 1/mp3 [ R(to + t)dt 1 15 the 10on position R 15 the
1andom force with gaussian distuibution D 1s the diffusion coefficient 1n the absence
of counterion effects F' 15 external force due to counterions nteraction with the
channel foimer and water At 15 the tume step subsciipt zeros indicate values at
the beginmng of the tume step

The potential energy of interaction of the 1on, occupying the position (1 y z)
with the channel former was calculated as the sum of the energy of the 1on coulomb
mteractions with the chanuel former chaiged gioups and the potential energy of
1on repulsion from the channel walls The following expiession for potential cneigy
(E\) of this interaction was used

E. = 2515,/“] + lo[(Zi/(zo)u + (2y/(10)12] (10)
wheie
ay = (dtun - 20’10)(‘”/ 10)1/12
T = (01 + U())/z
)1/2

10 — (‘—oo*v“
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The non-1onic part of 1elatiouship (12) 15 a *parallelepiped analog  of porential
tunction tor a repulsive mteraction between the 1on and the channel wall as de-
saitbed by Fisher and Brickmann (1983) The electiostatic parameters were taken
trom Mackav et al (1984) 0,, 7u  ~60 cn from Fisher and Biickmann (1982) The
scaling factor Ty =5 10721 T was tahen from Fisher and Biichmann (1983) deun
15 the tunnel diameter the subscuapts denote o — oxvygen 1 10n

Foices acting on the 1on upon dehydiation were evaluated using the energetic
prohles of potassium 1ons 1 a model chaunel obtamed eairlier (Veresoy 19924) The
single channel potasstam conductance was calculated when equal potassium 1on
concentrations m mternal and external phases ¢, = ¢, = 0 4 mol/l were assigned
The use of high concentrations of tiausported wns permtted to reduce the sim-
ulation time and at the same time to make the obvious extiapolation to lowel
concentriations The processes of 1on entiies wto the tunnels were considered nsing
the entiance tubes  (Eimak and Buckhols 1980 Cooper et al 1983) which are
the extensions of the tuunels mto external and mteinal bathing solutions They
¢ luded the axial paits of the vestibules and had the parallelepiped form with
(ross-sections wdentical to those of model tunnels The length of the tube (L) was
calculated as

Lo =1/(0ey) Yy, ¢ Ny) (11)

where L, 1s the entrance tube length 14, and gy, 5, are effective tunnel diameters
m ¢ and y duiections, ¢ 1s the molar concentration of 1ns 1 bathmg solutions Ny
15 Avogadro’s mmber This length ensures that the volume of the tube s such that
1t contains one 1on on the average at any mowent

The following calculation stiategy was used Fnst 20 10ns weie 1audomly dis-
tubuted within 20 entiance tubes ten fiom cach side of the model tunnel Then
the simulation of 1on movements was done using the expression (9) and 1ts nni-
dunenstonal analogs for the case of movement mside the entiance tubes Bp(At)
had ze10 mean and 1ts standard deviations were 60D At {for thice-dimensional and
2D At tor one-dunensional movements In the simulation the 1outime GAUSS from
Program Library of the Mathematical Institute of Academy of Seiences Belarus was
called as a subroutine and scaled propetly to vield the necessary 1andom numbers
to simulate Br(At) m (9) The ons mn the chauncels passed randomly until leaving
the channel exit Subsequently the remitialization procedure was performed  a new
wn was distiibuted randomly m the chaunel aud the somulation was contmued
Oue mllion steps were realizcd for each channel and o1 each state of protonation
This cortesponded to the real fune of 500 S when the tume step 5pS was used
To muprove accuracy the procedure of  step-breaking  was applied for the 1egrons
where the foice gradients were large This took place e the deby diationat neai-
tunnel sones of vestibules The forces m these sones were calculated based on linear
mterpolation ot forces w the hieaking pomnts The number of acts of breaking were
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found by computer expeiiments, and they were within the 10-30 interval Daffu-
ston coefficients for expiession (9) and 1ts one-dimensional analog wete selected 1n
agreement with the procedure descuibed earhier (Veresov 1992a,b) These coeth-
clents were 1844 x 1077 cm?<7! for the movement within the entiance tubes and
0505 x 1077 em?s~ ! for diffusion mside the tunnel

Results and Discussion

As mdicated the average potassium conductances fo the potassium channel were
calculated using the value of pIN, g (pAine) = 39 This corresponds to the value
of pI{ of catboxylic groups of aspaitate side chains As alieady noted, there was
some uncettainty as to the choice of 4; and é, in the fiamework of expertmentally
based limits

a) 6y < &y b) & + 8, < 15A The vatiation of the values & and ¢, within
these Iunits showed that agireement between expernmental (for axons ot frog nodes
of Ranvier (Hille 1973, Woodhull 1973, Shiager 1974, Schauf and Davis 1976, Car-
hone et al 1978 Wanke et al 1979)) and theoretical data for dependences of the
average conductances fiom pH, and pH, (titration plots in Figs 3 and 4) can only
be obtamed when 6; ~ 2A and 6, ~ 10A A good fit of calculated and exper-
mental results allows to condlude that the effect of pH on the cation tiansport

100# . % 3
LN

Relative conductance (G.y/Gay max
o
(o]

Figure 3. Relative conductance (Gav /Gav max) as a function of internal solution pl
(pH,) Data poimnts (triangles) 1epiesent titration values of the macroscopic peak (p of
the squid axon membrane from (Wanke et al 1979) The continuous cuive was obtained
using BD-simulation of direct 1on passage foi each state mm Fig 2 and equations (2-8),
pHoe =7, pAa . =39
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Figure 4. Relative conductance (G /Gy m~x) as a function of external pH (pH,) Data
points represent titration values of the macroscopic peak Gk of the frog nodes of Ranvier
(Hille 1973) (tniangles) and of Mymcola giant axons (Schauf and Davis 1976) (squares)
The continuous curve was obtained using BD-simulation of direct 1on passage for each
state in F1g 2 and equations (2 8) pH,7, phg imtr = 39

can be described by electiostatic blockage-deblockage of 10nic channels (“tunnel
acid group-potential theo1y”) According to this theory, the following sequence of
events occurs when pH, and (o1) pH, change First, the magnitudes of negative
chaiges generated by side chains of polar (Glu™ o1 Asp™) anuno acid residues
lining the nairowest part of the channel (tununel), change as a r1esult of protonation
(o1 deprotonation) This leads to changes i the actions of the electiostatic field
generated by these negative chaiges on the heights of 1ate-limiting eneigy bairiers
1n the transition zones between the tunnel and the vestibules with resulting changes
in channel conductivity

The calculations of the energetics of 1ou-protemn interactions mvolve several
assumptions which should be kept in mind 1 estimating the limitations of the
presented veision of TAGPT These assumptions show what future 1esearch should
focus on to impiove such calculations Undoubtedly, the thiee-dimensional model
used 18 a typical channelog (channel-like analogue, Eisenman and Alvaiez 1991)
representing a 1ough approximation of the real stiuctuie, and its refinement 1s
desnable, i the view of the complexity of the system considered which includes
protein forming the channel, ipids and the solvent, this 15 curiently a substantial
problem Another aspect to be mentioned 15 the preseivation of the “frozen” stiuc-
ture duiing the computations It 1s obvious that the use of the contrary concept of
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mobile atoms within the model channel former leads to a very computer-intensive
level of simulation requiring more powerful computational means Moreover, such a
level of sumulation 1s hairdly justifiable for a channelog which approximates the real
structure 1ather inexactly It 1s clear that the application of more elaborated models
1s necessary to estunate the errors intioduced by these above two assumptions

One more pomnt must be stressed 1n 1elation to the quantitative interpretation
by-TAGPT of the titration data caused by pH, changes Since 1t can be assumed
that pH, changes with the pH,, caution 1s 1equired mn using this theoiry, these
changes have to be accounted for upon applying equation (5) Thus, experimental
studies peifoimed under controlled both pH, and pH, would be more sutable for
thenr analysis on the basis of TAGPT At the same time, there 1s some experimental
evidence that cytoplasmic pH 1s relatively unaffected by changes i pH of the
extracellular medium, unless such changes are brought about by CO2 eniichment
(Caldwell 1958 Spyiopoulos 1960, Bisher and Ohki 1972) In the expeiimental
studies discussed here with data shown in Figs 3 and 4, the effects of CO, were
not studied consequently the use of pH,7 1n eq (5) can be considered an admissible
approximation

Wiathin the scope of these mnsights one can propose a new (based on the for
mation of 1on paus) view of the mechamsm of channel gating Thus, 1t can be
supposed that m the closed state of a channel the positively charged arginine side
chains of voltage sensois S4s are moved apart fiom negative charges of aspartate
(o1 glutamate) side chains of segments H5s due to the action of electiic field In
this case there 15 unpaned positive chaige within the tunnel that 1esults m greater
barriers at the tunnel entrances and nonconductivity of the channel When the
depolatizing pulse 15 applied, the unlike chaiges on segments S4s and Hbs attract
eaclt other forming the 10n paints and as indicated above, 1educing the 1ate imiting
enaigy bartters thus mahing the chaunnel 1onconductive
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