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Physical model of voltage sensing in sodium channels based on the sliding helix complex
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We have modeled voltage sensing in the sodium channel by evaluating forces $h dhleelix portion of
the channel molecule, which we assume moves outward during activation. The interaction betw8én the
a-helix segment and its environment was modeledibyearest-neighbor Coulombic forcds,) the electric
force due to an external electric field, afiil) static mechanical and electrostatic forces. These terms collec-
tively describe a depolarization-dependent effective potential within whicts4heegment moves. Thermal
transitions between center-of-mass energy states of the segment were modeled starting from the Boltzmann
distribution, and the time evolution of the segment’s position relative to the membrane was simulated. Com-
bining the histories of four such processes models the activation history of the channel molecule. The model
simulation is in good qualitative agreement with batrachotoxin-modified single channel open and closed dwell
time distributions and with such a channel’'s open probability as a function of depolarization. The model also
qualitatively agrees with site-specific mutagenesis experiments, which show the different effects of eliminating
positive charges on the cytoplasmic and extracellular ends dd4hgegment.

PACS numbsds): 87.10+€, 87.15.By, 87.22.Bt

I. INTRODUCTION highly conserved in many voltage-sensitive channels. The
configuration of this segment relative to its immediate envi-
lon channels are macromolecular pores in cell membrane®nment is, however, a matter for speculation. Specifically,
that open and close to regulate the diffusion of ions acrosthe orientation of th&s4 segment within the cell membrane,
the membrangl]. In the cells of excitable tissues, such asthe segment’s interaction with other transmembrane seg-
those of nerve and muscle, ion channels are the moleculanents, and its detailed mechanical connection to pore open-
structures that underlie electrical signal transmis§®Binlon  ing can only be conjectured. Several researchers have sug-
channels that open and close in response to variations igested that a screw translation of taehelix, driven by
transmembrane voltage differences have long been known t@embrane depolarization, is tied directly to the movement of
be the subcellular unit involved in production of the actionthe gating charge§4—6]. This “sliding helix” model,
potential in neuron$3]. though simple and conjectural, does provide a plausible start-
These voltage-sensitive ion channels fluctuate betweeimg point from which to consider one possible mechanism of
open and closed states on a millisecond time scale. Statisticabltage-gated activation.
characteristics of these fluctuations, such as the fraction of Our object in studying this model is to gain preliminary
time spent in the open state and the distribution of open anthsight into whether the sliding helix picture is physically
closed times, are functions of membrane potential and temenable. The analysis outlined in this paper makes several
perature. Several existing statistical analyses provide goosimplifying assumptions(i) that all four S4 segments are
fits to some of the observed channel statisfits While identical, with each containing six positively charged argin-
these models are valuable in uncovering stochastic processieg or lysine residues(ii) that they operate independently;
that underlie channel activity, none of the models is based ofiii) that the conformational change of tf& segment is
a physical framework involving well-defined forces acting accomplished by a sliding translation that follows a left-
on known structures, such as those thought to be involved ihanded helical pathjv) that the channel pore is open if and
voltage sensing and channel activation. In this paper we exnly if at least three of the four homologous repeats in the
plore a simple physical model that incorporates Coulombicsodium channel molecule are activatdéd) that activation
and other forces on the sodium channel’'s presumed voltagaay be modeled independently of inactivation; dwid that
sensor, theéS4 segment of the channel molecule. We limit batrachotoxin-treated axons, although different in many re-
our analysis to modeling activation and do not deal with thespects from native axons, possess normal gating mecha-
separate activation process found in many types of channelmisms, so that data from batrachotoxin-treated axons may be
Our goal in this research is to investigate whether such aised for comparison with the results from the model.
model is consistent with the available data on channel acti- In regard to the first assumption, a number of investiga-
vation. tors have shown that individué&4 units are not identical
Several lines of evidence suggest that the voltage sens¢r—9]. The multiple time constants of gating currefi<]
is theS4 segment, am-helical transmembrane segment con- and the observed time constant of tail currdaty have both
taining four to eight positively charged amino acids that arebeen interpreted as evidence for coupling between d¢éies
an observation that would moderate our second assumption.
Our assumption that th&4 segment slides by way of a
* Author to whom correspondence should be addressed. screw translation concentrates on center-of-njasa,) mo-
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state shifted outward and rotated by an amount needed to
bring each positive charge into the position occupied by the
one above it in the nonactivated state. Thus the outward shift
during activation is 4.5 A and the helix is rotated #B00°

or, equivalently, by—60°. The vertical line through the helix

in Fig. 1 indicates the approximate thickness of the mem-
brane in the region of the helix.

The kinematics of this center-of-mass motion by the
helix are determined by the effective potential within which
the helix moves. In previous workl4], this potential was
evaluated by considering the effects of four forces on the
helix: (i) electrostatic attractions between the positively
NONACTIVATED ACTIVATED chargedS4 residues and an equal number of postulated
negatively charged residues assumed to be located in adja-
cent portions of the channel molecule along a helical path

model. Open circlegO), positions of positive charges; filled circles outside theS4 helix; (ii) the electric force on the helix due to

(®), position of putative negative charges on adjacent segments ¢f€ resting potential difference across the membraiiie;
the channel molecule. Each positive charge and its nearest-neighblfnsile and other forces on the helix, due to its position in the
charge are joined by a dashed liriin calculating Coulombic po- ~¢hannel molecule, which act to counterbalance the Coulom-
tentials, the interaction of each positive charge wthnegative  Pic binding; and(iv) electric forces on the helix due to an
charges were comput@dvertical and horizontal scale marks indi- €xternal electric field, such as is applied during electrical
cate 5 A, showing that the vertical scale has been compressed Btimulation or voltage clamping. The net result of the last
this diagram. The minimum distancebetween positive and nega- three forces can be represented by an effective electrostatic
tive charges is shown for one pair of charges; in this figare4.2  force on thea helix, 6QE+ WhereEy; is an effective field
A. Aiter the shift and rotation associated with activation, the outer-representing the sum of all non-Coulombic forces.
most positive charge and innermost negative charge no loner have a The forces outlined above combine to define a potential
near-neighbor opposite chargarows. energy function for the displacement of 84 helix along an
axis z normal to the membrane. Measuring displacement
tion at the expense of other modes of the segment, such &ong this axis, this effective potentilll(z) takes the form
torsional and compressional oscillations of the helix about .
the c.m. Ignoring these other modes can be expected to affect Uio2)=[Ucou(Z) —Ucou(z=0)]—6QE-2, (1)
the model's closed-to-open transition rates—a point we ad-
dress in Sec. VI. Finally, given recent estimates of gatingvhereUcq,(2) is the potential energy arising from the he-
charge movemerjtl2,13, the assumption of the sliding he- lix's Coulombic binding to nearest-neighbor residues; the
lix model that a single elementary positive charge movegonstant term—Uc,,(z=0) in U,(2) is included to ensure
outward across the membrane during activation may not bthat U;,(z=0)=0 , a calculational convenience; an@® B
accurate. While we recognize the limitations inherent in thds an effective force that combines the effects of all other
above simplifications, we believe that the postulated helicalforces on thex helix expressed in terms of an effective elec-
screw motion of thes4 segment is better studied within the tric field Eq. Within Uy(2), the potential energy arising
simpler regime that these simplifications afford. from the helix’s Coulombic binding to nearest-neighbor resi-
dues is represented by.,,(2), given by

FIG. 1. Pictorial representation of activation in the sliding helix

Il. MODEL 5 5 K
Ucoul D=2 Q) )

The sliding helix concept of activation is illustrated in p=0 n=0 dpn(z)z'
Fig. 1, showing the position of charged residues onSthex
helix and on other transmembrane segments neas4hiee-  In this equationd,, is the distance between a positive resi-
lix. Positive charges in the helix are shown by open circlesdue indexed by and a negative residue specified foyand
and putative negative charges on adjacent segments of thg, is the electrostatic force constant appropriate to the
channel molecule by filled circles. During activation, the he-residue-residue interaction. It is related to the permittiejty
lix is assumed to move rigidly outward, with no changes inby k,=1/4me,,, with €,,= €g€, , Wheree, is the permittivity
the distances between positively charged residues within th@r dielectric constaftand e;=8.85< 10 2 F/m is the per-
helix and no changes in the positions of the negative chargesiittivity of free space. In the absence of detailed information
With an assumed spacing of 3.6 amino acids per turn of thabout the composition of the spaces between adjacent trans-
helix and a distance of 1.5 A between the centers of residuemembrane segments, was allowed to range between 5 and
measured along the axis of the helix, the positive charge20, values appropriate on the atomic level for peptides.
will be 4.5 A apart measured along the axis and will have an The positively charged residues in a right-han@®d «
angular separation of 300°. helix shown in Fig. 1 can be described mathematically as
Moving in the electrostatic field created by the negativelylying along aleft-handedhelix of radiusa and pitchb, and
charged residues, the helix will have two stable locations: this representation is convenient to use in calculations. The
one (corresponding to the nonactivated s}atatirely within  rotation during activation will bet60° along the left-handed
the membrane and anoth@orresponding to the activated helix. With the minimum separation distance between posi-
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tive and negative residues denoted dythe distance be- For purposes of computation, it is sufficient and convenient
tween positive residup and negative residue is given by  to useE¢; as the independent variable measuring membrane
depolarization. Specific values for the three components of
Eo¢ will be discussed below.

In what follows, we(i) set the energy levels of the double-
well potential by a harmonic oscillator approximatia(,)
(p—n)m b)z]l’2 develop a computational routine for describing how the

dpn(2)=1c?+2a(a+c)

3 b

4 b2 (3) ] . i . . _
3 7 a-helix partitions its time among these allowed energy lev

els; (iii) use this routine to simulate the pattern of opening
In deriving this expression, we have positioned the negativé"d closing of the channel, from which channel statistics,

and positive residues, using circular cylindrical coordinates@nd the voltage and temperature dependences of the statis-
tics, are calculatedjv) compare these results with data from

as . ’ & . . :
single batrachotoxin-modified sodium channels in the squid
_ _ giant axon as measured by Correa, Bezanilla, and Latorre
(fn»0n,20) = (a+c,nm/3,~bnm/3) “) [17], and use this comparison to introduce a time scale into
p
and the model; andv) comment on the effects of site-specific

mutagenesis experiments in which charged amino acids in

the S4 segment are replaced by neutral amino acids.
pm z bpm
(I’p,ep,Zp)Z a,?—B,Z—T , (5)

Ill. PRELIMINARIES

wheren andp index the positions of the negative and posi- Evaluation ofU,(2) revealed a double-well potential with
tive charges, respectively, with both indices running from Oeach well nearly parabolic below the barrier between the
to 5. Thez axis tracks thex helix’s shift and thus enters the wells. Thus, in modeling the dynamics of thehelix within
position coordinates of the positive residyed. We take the effective potential given by E¢l), we made the simpli-
a=2.5 A as the radius of tha helix andb=4.3 A/rad. This  fying assumption that energy levels within and above each
value is equal to 27 A/2, where 27 A is the length of the potential well can be approximated by a spectrum of equally
left-handed helix over one complete turn of 2ad. (In the  spaced energies. Using a harmonic fit for both wells, we
sliding helix model, the six positively charged residues aredetermined an energy level spacirige,) of 0.44 meV[14].
separated by angles of 60° around this left-handed helix and@ihe allowed energies were placed according\tbw, (N

thus cover only 300° along the helix, corresponding to ar=0,1,2...) starting from the deeper of the two potential
axial distance of 22.5 A.The minimum distance between wells and continuing above the potential barrier. The energy
positive and negative charges was varied in initial calculalevels in the shallower well were assumed to be equal to the
tions between 3 and 6 A. The lower of these values wasorresponding energies in the deeper potential well. This
suggested by the sum of the van der Waals radii of nitrogesimple procedure, though a rough approximation, produces
and oxygen[15] and the higher value by helix packing results that are relatively robust to changes in the densities of
theory[16]. As will be seen in Sec. IV, only a subset of the the energy levels.

3-6 A range of values of is capable of modeling the be- Using Eq.(1), the potential energy,,(2) was calculated

havior of sodium channels. for values of minimum charge separatiomanging from 3 to
As described above, the effective fidid; combines sev- 6 A. Figure 2 shows examples of the double-well potentials
eral distinct influences on th®4 segment. Specifically, U,i(2) for a separation between positive and negative
charges of 4.55 AFigs. 2a)—2(f)] and for a range of effec-
R R R 'Eb | tive fields in each case. To model the observed voltage de-
Ecft=Eextt Erestt _a, (6) pendence of activation, effective fields must be chosen so
6Q that depolarizations of 10—-30 mV produce a substantial in-

. _ o crease in activation. Such an increase corresponds to a shift
whereE.,, is any applied electric field across the membranejn the graphU,(2) from an asymmetric double well with a
E,estis the field associated with the resting membrane potendeeper left-handnonactivatel well—as in Figs. 2a) and

tial difference, andFy, is a constant balancing force repre- 1(d)—to one with a deeper right-hartdctivated well—as in
senting the sum of all remaining forces on the helix, dis-Figs. 2c) and 2f).

cussed in detail below. The membrane potential difference For the « helix in thermal equilibrium with its environ-
AV nemb changes withE,,; according to ment, the relative probability of its occupying a given oscil-

latory state of energf is given bye kT, wherek is Bolt-
AVinemi= AEexd, zmann'’s constant and is the temperature in degrees kelvin.
A program was written to simulate the time evolution of the
whered is the local thickness of the membrane in the regiony helix among the allowed energy states. In each time step of
of the S4 segment. Thus, Sindg .y and F,,/6Q are both  the program, the helix was allowed to jump to any of the
assumed to be constant, changes in the membrane potentiglergy levels, with the probability of reaching a given level
difference are the direct result of changesEiy;. weighted according to the Boltzmann factor. Three energy
regimes are defined by this approa@ha nonactivated state,
AVemi= AEgqd. in which the helix is confined to the leftmost potential well;
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hundred iterationgwith the beginning condition of a given

a

@ © © cycle being set to the final condition of the previous Joroe

u produce reliable sets of open and closed time intervals. One

z of these cycles is illustrated in Fig. 3. This figure simulates

an $4 segment’s time evolution over 500 cycles among the
nonactivated, fluctuating, and activated regimes. In addition,
four of these histories were used to construct the time se-
guence of channel opening and closing, as illustrated in the

simulated patch clamp records at the bottom of Fig. 3.

IV. RESULTS

d f
(@ () ® A. Constraints on charge separation
To model situations in which the channel can make spon-
taneous transitions between closed and open states, the depth
‘ of each well, measured from the top of the potential barrier
between the wells, must be of the order of 25—50 nfie¥/,

betweerkT and XT at biological temperatur@gsas in Figs.

2(a)—2(c). If the depth is less than 25 meV, as in Fig&d)2

2(f), spontaneous thermal fluctuations between nonactivated

and activated states will occur so frequently that only a very

narrow range of open and closed times are produced, rather

than the observed range of approximately three orders of
15 meV magnitude in open and closed timgk7]. If the wells are
much deeper than 50 meV, the helix becomes locked in ei-
ther the nonactivated or the activated state for very long
times, until the improbable occurrence of a jump to a high
energy level above the barrier and a transition into the alter-
nate well(data not shown

FIG. 2. Graphs olUy(2), the effective potential for th&4 « The depth of the potential energy wells for thehelix

helix, vsz, the position coordinate normal to the plane of the mem-depends ori) the number of positive and negative charges
brane. Upper 3 recorddJy,(2) for minimum charge separation on the helix and on surrounding segmeiii, the separation
c=4.55 A and for values of the effective electri.C flmﬁ of (a) c between pOS|t|Ve and negatlve ChargeS, amm and |0ca|
0.0130 V/A, (b) 0.137 V/A, and(c) 0.150 V/A. Higher values of = giglectric constant, within the membrane. Figure 4 indi-
Eerr correspond to greater depolarization of the membrane. The leftzatas how these variables affect the depth of the wells. For
hand well in each double-well potential locates the nonactivate%ach of the six curves, the effective field was chosen to pro-
position of the helix; the right-hand well corresponds to the acti-duce wells of equal depth and that depth is shown as a func-
vated position. Activation is favored as depolarization increase%m of charge separation from 3 to 6 A Three pairs of curves

(with increasing depth of the right-hand weflrhe dielectric con- are shown, for dielectric constants of 5, 10, and 20, and, for
stant is equal to 7. Effective fields were chosen to result in a prob-

ability of the channel being open &) and (d) 0.025,(b) and (¢ each 'dlelectrlc constant, a curve'calclulated assuming six
0.3, and(c) and (f) 0.6. negative charges and one assuming five negative charges.
(All of the curves assume six positive charges on $dea
helix.) The requirement for well depths of approximately

SA

(if) an activated state, in which the helix is within the right 52 L S
potential well; andiii ) a fluctuating state, in which the helix 25-50 meV limits the acceptable charge separation in the

. : I I f the 3-6 A . F I
energy is above the top of the barrier between the wells ana“idg ;r?dasiinaege?t?/r; c():h;rgéggr?tmo;?r::%?ve ?nr 'Sizar;p ©

thus not bound in either activated or nonactivated positionsﬂ;e range is 4.6-4.95 A. When the minimum separation be-
States in the fluctuating regime were permitted to have enety cen positive and negative charges becomes greater than

gle? tjpj(o_rbut hot exceegl?g a ‘;(r:]ap; C:I 100 ;ntﬁb{pgroxr fthe distance between successive positive charges om the
mately 4&T) as measured from the bottom of the deeper of o\ “hare s little variation in the Coulombic attraction be-

the two wells. The cap is described more fully in Sec. VI, bUttween the helix and surrounding charges as the helix moves

it may be noted here that the value of 100 meVis far ?noug%utward and therefore little variation in the potential energy
above the top of the barrier that the results were V|rtuaIIyOf the helix

unaffected by moderate variations in the cap.

In each cycle of the program, four independent calcula-
tions were done, each continuing for 500 time steps and each
modeling one of the fouB4 « helix voltage sensors associ-  Figure 5 shows the probability of channel openigas a
ated with a single sodium channel molecule. The channdunction of depolarization fol =0 °C and 14 °C. For com-
was considered to be open during a given time step if at leagtarison, the open probability of the batrachotoxin-modified
three of the four helices were in the activated state during théla™ channels at these temperatures, as measured by Correa,
time step. The 500-step cycles were continued for severdezanilla, and Latorrfl7], are also reproduced. To facilitate

B. Open probability and depolarization
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FIG. 3. Left-hand margin: double-well potentitll,(z) for c=4.5 A and an effective electric field of 0.0155 V/A. The depth of the
right-hand well is 47.6 meV and the left-hand well has a depth of 34.7 meV. The somewhat deeper right-hand well indicates that the channel
is moderately depolarizetlipper right energy level of thes4 helix versus time for 500 successive time intervals. Eactymbol indicates
a time interval in which the helix is in the activated staight-hand well in the double-well potential at the )efilled squares indicate time
intervals spent in the nonactivated std&ft-hand wel) and open squares correspond to intervals in the fluctuating(statee the barrigr
Lower record channel conductance versus time for a model channel constructed from combining fous4sselgment histories. The
channel was considered open for time intervals during which any three of the four segments were in the activated state. Upward deflection
indicates times when the channel is open, as in typical “patch clamp” records.

comparison, we have interpret&] in terms of the mem- s, with those of Correa, Bezanilla, and Latoff&]. Both
brane potential difference using E§). (Variations inE. of ~ the experimental data and model calculations display compa-
0.0015 V/A correspond to membrane potential changes ofable shifts in open and closed times for depolarization of
order 30 mV. Using this scale, we have set to zero the horiabout 40 mV. The absence of any significant model tempera-
zontal axis of our theoretical graph fé, in order to com-  ture dependence is clearly seen in a comparison of K&y. 6
pare our model with the experimental graph of Correa, Be{0 °C) with Fig. 6(b) (14 °C).
zanilla, and Latorr¢17]. Doing this is equivalent to settinga  Histograms of simulated open and closed dwell times for
value for theF, term in E¢¢ [EQ. (4)].) the channel are shown for two membrane polarizations at
As Fig. 5 shows, the sliding helix model correctly repro- 0 °C in Fig. 7. Again, the comparison is with the data of
duces the general features of the experimeRtaturve, in-  Correa, Bezanilla, and Latorfe7], taken from Fig. 4 of
cluding the correct horizontal shift of order 60 mV for the their paper. As the figures show, both the model and simu-
probability rising from 0 to near 1. It does not reproduce,lated histograms range over three orders of magnitude in the
however, the observed temperature dependence, i.e., the sHiffe interval. The peak in the open time data of Correa,
in P, to the right by about 20 mV when temperature is Bezanilla, and Latorr¢17] undergoes a shift of about one
increased by 14 °C. In the next sub-section we discuss poded(time) unit (from —2.5 to —1.5) for depolarization of

sible adjustments to the model that might correct this lack ofbout 30 mV. The open time histograms constructed from
temperature sensitivity. the simulation show comparable development with depolar-

ization. The model and experimental closed time histograms
likewise show good qualitative agreement: both show the

) . development of a second peak at longer time intervals with
In setting up the model, no attempt was made to tie thgncreasing polarization.

computational step cycle to real time. Initial calculations pro-
duced se.ts of open and close_d times measured i.n units.of V. EFFECTS OF SITE SPECIEIC MUTATIONS
computational step cycles, which were then associated with
times based on data from batrachotoxin-modified channels The preliminary nature of the model and its uncertainty in
[17]. Good correspondence between model output and dat@gard to such parameters &g, make it unrealistic to at-
on channels was obtained when the computational step cyctempt exact predictions of the effects of changes in specific
was made equal to 10s (Fig. 6). The implications of this amino acids in the channel molecule. However, the physical
time scale for the model are considered in Sec. VI. structure of the model does allow several qualitative obser-
Figure 6 shows the mean open and closed times of theations. First, replacing the positive residue at the extracel-
channel as a functions of depolarization and compares thellar boundary of the membrariéndexed byp=0 in Eq.
calculated times, based on a computational time step of 1®)] with a neutral residue should cause B segment to

C. Open and closed times



5142 C. C. CHANCEY AND S. A. GEORGE 53

100

80

=23
o

WELL DEPTH (&)
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CHARGE SEPARATION (A)

FIG. 4. Depth of potential wells dfl,,(2), vs charge separatian at values of effective field for which the wells are of equal déptl.,
approximately as in Fig.(®)]. Three pairs of curves are shown, with the left-hand pair calculated for dielectric cogsta®®, the middle
pair for €,=10, and the right-hand pair far,=5. In each pair of curves, the solid line represents the calculation assuming six negative
charges on adjacent segments. The dashed curves show the results of calculations made assuming five negative charges, with the thirc
negative charge from the intracellular side having been removed. As can be seen from the graphs, well depths of 25—-50 meV in the model
are produced by charge separations between 3.5 and 5 A.

activate at more negative membrane potentials, i.e., at lesy/toplasmic side of the membrane. These predictions agree
depolarized levels. This is because neutralizing a positivavith the trends in the effects of site-specific changes on the
residue on the extracellular end of t84 segment will make voltage for half-maximal activation reported by Btoer

the Coulombic interaction energies of the shifigd., acti- et al.[18].
vated and unshifted(nonactivateyl positions nearly equal,

under the model assumption of six negative charges on sur-
rounding segments(Both positions will have five paired

residues and one unpaired negative resjdilibe wild type A. Overview
S4 segment, on the other hand, has six paired residues in its
unshifted position but only five paired residuggith a net
transfer of one positive charge across the membrands
shifted position. Thus, for the wild typ8&4, the potential

VI. DISCUSSION

The goal of this research has been to investigate whether
the sliding helix model of sodium channel activation is
physically realistic. Our approach has necessarily been ten-
tative given the uncertainty in the molecular geometry of the

well for the shifted position lies above the unshifted well in ;
) . channel, yet even so the results provide a broad check on the
energy; however, the mutategh0) S4 has shifted and tenability of the sliding helix picture of gating. The results

unshifted potential wells whose minima are equal in energy, i oqin Figs. 5—7 show that the sliding helix model is
AS membrgne_ depo_larization increases, the transitio_n Stati%’apable of représenting experimental data on several physi-
tics for activation will favor the mutate§4 In comparison ological characteristics of the channel. In particular, the
with the wild type. segment. The electr_lc force on the heI'Xmodel dependence of open probability on depolarization is in
due to I.Eex‘ doe_s Incréase upon mutancﬁfrom 6.QE9>“ to good agreement with experiment. Also, the distributions of
5QE,, in magnitudg, but in our computations this counter- channel open and closed dwell timesTat0 °C (Fig. 7) are

Igg clhartl)ge tl)r'] ZJ_I’CE_IS talwaa)_/s %éc?edeci b%/ th}e] change in threendered by the model with reasonable fidelity over three
olu om ;C Itn |ng|1 Jus Otl;] Ine _?a no 3 OWt th o0l orders of magnitude in time. However, the absence of any
n contrast, replacing the positive residue at the cytop aséigniﬁcant temperature dependence in the model is especially

miq boundary[in;iexed byp:.5 in Eq..(2)] With a neutral noticeable when highlighted against these successes.
residue will requirdessnegative potentials, i.e., larger depo-

larization, to cause activation. This is because the change in
the Coulombic binding energy due to an outward shift will
be greater for the mutate®4 segment in comparison with The model time step is a parameter fixed by fitting the
the wild type segment. It is easy to see that an asymmetrgnodel mean open timegneasured in time stepsvith data
arises since the shift is always toward the extracellulaion mean open times of batrachotoxin-modified sodium chan-
boundary of the membrane. Thus our model predicts amels; the best fit occurred for a model time step of (i€
asymmetry in the shift in depolarization needed to activateThis value is many orders of magnitude longer than the time
the channel, with the shift direction dependent on whethescale expected for quantum transitions between states of a
the neutralized amino acid is closer to the extracellular osimple one-dimensional harmonic oscillator: elementary

B. Time scale
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helix's internal structure, will result in a temperature-
dependent density of states for thehelix. Unfortunately,
incorporation of these more complex processes would be ex-
pected to make the helix's c.m. kinetic energy less rather
than more responsive to temperature chan(@Bsat this is

the case can be seen through an elementary energy partition-
ing argumen). Thus the present model will require other
modifications if it is to predict the observed increase in acti-
vation with a temperature increase of order 10 °C.

The lack of temperature dependence in the model results
from the fact that the probabilities of activation and nonac-
tivation depend solely on the relative numbers of states in
each category, which vary with the depth of the potential
wells. In the present model, the effective potentigl; does-
not vary with temperature and thus there is no change in the
number of activated states with increased temperature. In-
creasingT in the model shifts the helix's mean kinetic en-
ergy higher, which increases the transition rate between non-

VOLTAGE (mV) activated and activated states without increasing the
probability of the helix being in an activated state. Incorpo-

FIG. 5. Open probability?, as a function of membrane depo- "ating a temperature dependencelp, would increase the
larizationV. A full line represents the model results f6.=0°C,a  model's predicted temperature effects on channel statistics.
broken line gives the model results o= 14 °C. The experimental  Such a dependence might be achieved by including the ef-
comparison is with the results of Correa, Bezanilla, and Latorrfects of the charged residues’ thermal motion. This motion
[17], as given in their Fig. @). Experimental data for 0 °C are would enter the present simulation in the form of random
denoted using®; date for 14.3 °C are graphed usilly The ex-  fluctuations in the positions of the positive and negative
pression ofE in terms of membrane depolarization uses the fol-charges: the distances between chardggz) would un-
lowing values for model parameter&,=1.19<10"'° N and  dergo random variations in time, with the rate and magnitude
Eres=2.67 mV/A (see Sec. Vi of the fluctuations depending on temperature. An analysis of

how thermal fluctuations would affect the model is in
progresq 20].
guantum mechanics predicts a time scale for interstate tran-
sitions of orderr=1/wy=10"*? s, usingfiw=0.44 meV from
the model[19]. Though this difference cannot be quantita- _ ) o
tively accounted for within the present model, it is useful in I setting values foF,, andF . (terms in the definition
this context to remember that a one-dimensional harmoni€f Eer), we have been guided by one fact: depolarizations on
oscillator, uncoupled from other modes of the helboth the order of 10 mV cause measurable increases in the rate of
mechanical and electronicis a gross simplification. It Cchannel opening. Such depolarizations, however, cannot pro-
should not be surprising that actual channel transition timeguce the known characteristics of activation within the con-
differ from those of an isolated harmonic oscillator. The en-fines of the sliding helix model without an additional out-
ergy of ana helix can be partitioned in many ways: elec- ward force on the hell)K14] An additional balanCing force
tronic states of the residues, motions in the sidechains, tofFval is Needed to oppose the strong Coulombic binding force
sional motions of ther helix, or c.m. motion. It is reasonable On the helix.Fy, cannot be so large that it swamps the pe-
to suppose that coupling to these other modes affects théodicity (in z) and the Coulombic interaction since the peri-

D. The F, parameter

c.m. oscillation transition times. odic energy term in the effective potential must dominate if
the a helix is to have distinct bound states localized along
C. Temperature dependence thez axis. YetF, must be sufficiently strong to leave the

] ) helix weakly bound and on the verge of an outward shift.
Temperature enters the model in a simple wBy:the  Thjs opservation and Ed4), in conjunction with the com-
mean c.m. kinetic energy of the helix, is assumed to be ptations of Fig. 5, allow us to set a model value Fay,. If
equal tokT (with T in K). We assume that the helix's ¢.m. e assume that the open probabiRRy is on the threshold of

motion is describable in terms of a simple harmonic oscillaincreasing from zero whe,, is zero, theF ., is determined
tor in thermal equilibrium with its surroundings and treat they,

surrounding membrane as a thermal reservoir of temperature
T. While such an assumption is justifiable as a starting point,
it almost certainly fails to represent the complexity of the
energy-exchange process between the helix and its surround-
ings. For example, as temperature varies, other energy modes
of the & helix would be expected to come in and out of play: where EY; is the magnitude of the effective electric field
local electronic excitations, local vibrational modes of thewhenP, is about to increase from zero. With charge sepa-
helix along its axis, and torsional modes of the helix, amongationc=4.5 A, a resting membrane potential difference of
others. These additional energy modes, the result ofathe —60 mV creates a resting potentia).; of magnitude 2.67
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FIG. 6. Semilogarithmic plot of the mean open,) and mean closedr{) times as functions of membrane depolarization(&mM=0 °C
and(b) T=14 °C. The model result§ull lines) are compared against the experimental data of Correa, Bezanilla, and [af§rr®pen
symbols show the experimental open times and filled symbols represent the experimental closed times for these two temperatures. The
horizontal voltage scale for the model results was set uBipg=1.9X10 ° N andE,.=2.67 mV/A (see Sec. \jl Agreement between
experimental and model time intervals was achieved for a model time step$ @@., 500 time steps in the simulation corresponds to 5
ms).

mV/A across the membrane, assumed to be 22.5 A in thickand F,, then equals 1.1910 X° N. We have assumed that
ness at the position of the helfx]. The threshold value of F is constant over helical shift distances of 0-5 A, a rea-
the effective field in our simulation is 9.7 mV/A in this case sonable starting approximation.

E. Possible inhomogeneities in th&4 environment

(a) (b)
The positively charged residue nearest the exterior surface
of the membrane of th84 segment may become exposed to
Ll‘__ the aqueous environment after shifting outward during acti-

vation. In this situation, our treatment of t84 environment

as homogeneouse., as having a uniform dielectric constant

appropriate for peptidéswould require modification. Be-

cause of its high polarizability, water will electrically shield
@ this outermost residue, thereby reducing its Coulombic inter-

{c)
action with neighboring negative residues. This modification
will have the general effect of promoting and maintaining
outward shifts of thes4 helix.

FIG. 7_. Histograms of open and _closed dwell times._ The hori- F. The energy cap
zontal axis in each case indicates (ime) over 3 log, units. (a) i ) ) ) .
represents the open time distribution predicted by the méclel The energy maximum or cap in the simulation effectively
=455 A; E4=0.0145 V/A; ,=7). (b) represents closed times limits the c.m. kinetic energy of th&4 helix. It arises be-
from the same computatioiic) and (d) show measured open and cause theS4 helix is covalently bound to other portions of
closed time distributions from the data of Correa, Bezanilla, andhe channel molecule. This circumstance limits the helix’s
Latorre[17] for batrachotoxin-modified Nachannels at-80 mv.  freedom of oscillation, especially at higher energies. The dis-
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tribution of open and closed times is sensitive to values ofect, but we chose a conservative approach given the absence
the cap, especially when the cap is set close to the top of thef detailed information on the channel molecule’s geometry.
energy barrier between the wells. However, for the compu-

tations described in this paper, the cap was set at 100 meV, ACKNOWLEDGMENTS

which, as noted in the Introduction, is high enough that our The authors acknowledge the research assistance of Den-
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