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models by addmg a spec1flc cationic bmdlng site at each-entrance to thé channel. The binding
of ions to these outer channel sites is assumed to shift the energy levels of the inner sites
and barriers and thereby alter the channél conductance. The resulting properties are analyzed
theoretically for the simplest case of two inner sites and a single energy barrier. This four-site
model. (two outer.and two inner) prediets that the membrane potential at zero.current (Uy)
should be described by a Goldman-Hodgkin-Katz equation: with concentration-dependent
permeability. ratios. The coefficients of the concentration-dependent terms are shown to be
related to the peak energy shifts of the barrier and to the binding»oonstants of the outer sites.
The theory also predicts the channel conductance in symmetrical solutions to exhibit three
limiting behaviors, from which the properties of the outer and inner sites can be characterized.
In two-cation symmetrical mixtures the conductance as a function of mole fraction is shown
to have a minimum, and the related phenomenon’ of .inkibition and block exerted by one
ion on the other is explamed explicitly by the theory. These various phenomena, having
ion interactions in a multlply occupied channel as a comimon phys1ca1 basis, are all related
(by the theory) through a set'of measurable parameters describing the propertiés of the system.

- Since the discovery .of substances which can form ionic channels in
lipid. bilayer membranes, a number of theoretical treatments:-have been
developed to describe the transport:of ions through these channels. By
considering the ions to pass:through.a series. of -equilibrium- positions
(sites)-and applying the rate theory analysis to such models, it has beén
possible to explain:several effects of channel-forming compounds on the
permeability properties of bilayer membranes.. These include saturation
effects; i.e., the attainment of a maximum conductance or. transport rate
as the concentrations in the bathing solutions increase (Hladky & Harris,
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Fig. 1. Conductance of single gramicidin A channels as mole fractions of T1* at 1M total

concentration of TIAc —NaAc mixtures of equal compositions on both sides of the membrane.

Filled circles give the zero current conductance, open circles the conductance measured

at +£100mV. The upper part expands the low Ti* concentration region around the con-
ductance minimum. Replotted after Neher (1975)

1967; Myers & Haydon, 1972; Lauger, 1973), as well as blocking at the
highest concentrations (Hladky, 1972, 1974). They also include coupling
between different ions as a result of single file diffusion (Heckmann &
Vollmerhaus, 1970; Heckmann, 1972) and certain nonlinearities in the
I-V curves (Heckmann, Lindemann & Schnakenberg, 1972; Lauger, 1973).

A recent observation, which gives an additional clue to the mechanism
of transport through these channels, has been reported by Neher (1975)
for gramicidin A in the presence of sodium and thallium, namely, the
appearance of a minimum in the conductance curve as the mole fractions
of the ions in the external solutions are varied (see Fig. 1). The phenomenon
indicates the presence of interactions between ions in the channel as a
result of which the channel properties are altered by changes in solution
compositions. Although such a conclusion seems to contradict the argu-
ment (Hladky & Haydon, 1972, Liuger, 1973) that the electroneutral but
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cation selective gramicidin A channel is unlikely to contain more than
one ion for electrostatic reasons, it i1s conceivable that cations may ap-
proach and bind to the entrance of an already occupied channel, thereby
modifying the channel properties without actually entering the channel,
and leave the anions behind. Indeed, Hladky (1972) has already con-
sidered the blocking effects of a second ion in his two-site model for the
channel.

By assuming the existence of such additional outer binding sites at
each side of the membrane, a model has been developed to explain the
minimum in the conductance curve, observed independently by Neher
(1975) and by Andersen (1975). Apart from being able to account for
the minimum conductance phenomenon, however, the model also predicts
the ionic permeability ratios to be concentration dependent as a result
of ionic interactions in the channel. This prediction is considered to be
an important criterion for the existence of multiple sites, and a set of
experiments designed to test the model (Eissnman, Sandblom & Neher)!
have not only verified the existence of concentration-dependent perme-
ability ratios for the gramicidin A channel but also confirmed the form of
the derived expressions for the permeability ratios.

The model has briefly been described in two preliminary reports
(Eisenman, Sandblom & Neher, 1976a; Eisenman, Sandblom & Neher,
1976b), and a more detailed treatment, explaining several of the observed
properties of channels associated with binding and ionic interactions,
will be given in this paper.

Model

The recently accumulated data on the structure of gramicidin A seems
to indicate that the molecules on entering a lipid bilayer membrane form
dimers (Urry, Goodall, Glickson & Mayers, 1971; Veatch, Fossel &
Blout, 1974), possibly linked together by hydrogen bonds in the middle
of the membrane (Urry, 1972qa, Urry, 1972b). It is therefore reasonable,
following Lauger (1973) and Hladky (1972, 1974), to represent the mem-
brane as a two-compartment system, each side of the membrane con-
stituting one compartment. The modification introduced here is to divide
each compartment into two separate regions or binding sites for ions
(see Fig. 2), thereby adding two additional possible binding sites to Hladky’s
model.

1 Eisenman, G., Sandblom, J., Neher, E. 1976. Ionic Selectivity, binding, and block in the

gramicidin A channel: IT. Membrane potentials in ionic mixtures and concentration-dependent
permeability ratios for K* and T1* (in preparation).
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Fig. 2. Four-compartment model of gramicidin A channel showing the locations of the sites

relative to one another. Each site is represented by a compartment, which can contain either

the cation X or Y (a) shows a longitudinal arrangement and (b) a radial rearrangement

of outer (o) and inner (7} sites in the channel. Note that in each case an ion can pass the internal
barrier only from the inner sites

The physical situation corresponding to this picture could be that the
two types of sites, outer and inner, are located in different places along the
channel as shown in Fig. 2q, i.e., a series arrangement of sites.

The other alternative, shown schematically in Fig.2b, is a parallel or
radial arrangement of sites where the outer sites are located near the wall
of the channel and the inner sites in interstitial positions next to the outer
sites. In either alternative an ion can pass from one inner site to the
opposite inner site by overcoming an energy barrier (or a series of energy
barriers), shown in Fig. 2 by cross-hatching.

The interesting set of properties associated with this model appear
not only as a result of allowing the channel to be occupied by several ions
at the same time but also by taking into account the change in channel
properties induced by ion binding to the sites. A particular set of channel
properties (conductance state) expressed in terms of rate constants (barrier
heights) and binding constants (energy wells) for the ions will then cor-
respond to each configuration of ion occupancy (so called channel state).

The highest degree of occupancy (4 ions in this model) is expected to
be energetically unfavorable for electrostatic reasons, and should there-
fore become significant only at very high concentrations. In a state where
all sites are occupied, the channel conductance is also expected to be



Theory for Multi-site Channel 387

Image force profile

Intrinsic channel profile

Net energy profile

S~ inner sites —~

N

AN — outer sites —

Fig. 3. Schematic representation of the energy profile of a channel. The net profile is obtained

as a sum of the image force profile and the intrinsic channel profile arising from specific ion

channel interactions. The resulting energy profile can be approximated by 2 binding sites

near each membrane surface and a single internal barrier (broken line) in the center of the
membrane

completely blocked, a tendency which is observed experimentally for
several cations at high concentrations (Myers & Haydon, 1972; Hladky,
1972, 1974). 1t is therefore necessary to include the possibilities of 4-ion
occupancies in the theoretical treatment.

An energetic basis for a 4-ion occupied multi-site channel is suggested
in Fig. 3. The net energy profile for the channel (lower part) is composed
of the image-force profile (upper part) and an intrinsic channel profile
(middle part). An ion occupying one of the outer sites is assumed to be
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Table 1. Experimental values for TICl and KCl in single channels of Gramicidin A
[Neher, Eisenman & Sandblom, 1976 (in preparation)]?

Binding constants Maximal limiting Permeability coefficients
conductances (potential data)

K3, 3600 m! G%, 0.53pS o 3.5
Kz 260 wm! Gy 212pS B 1000 Mm~?
K45 m! G%, 1044 pS B 80 wm?
Kb 29 m? Gt 715 pS yn 500 M1
K% 0 wm! ¢ 80 m~!
Kg  022m°t

G} K3

1ot =35 (=)

Gk Kx
Lo (GnKh
— K} ( — > =900 M~* (=P
2 Tl GT1 KT1 TL
1 ( Gk KE )%
5 Kk () = 80m™ (=7
2 TNy kY K

* The experimental values are essentially obtained from the limiting behavior corresponding
to Eq.(34) for the potential data and Egs.(41), (43) and (45) for conductance data. The
superscripts refer to the limits of low concentrations (¢), high concentrations (h), and con-
centrations tending towards infinity (o).

sufficiently near the aqueous surface to allow the nearest inner site to be
occupied by another cation. If, in addition, the energy levels of the first
inner sites are well below the top of the image-force profile the ions will
spend relatively little time in the energy wells near the center of the mem-
brane compared to the time spent in the first inner sites. It is therefore
justified to incorporate all the inner barriers into a single central barrier.

An estimate of the respective locations of the outer and inner sites
which is consistent with coulombic interactions between ions occupying
two neighboring outer and inner sites can be made using experimental
data for the binding constants. According to experimental data for
potassium conductance (see Table 1), there is a reduction in binding
constant by a factor of 1000 in loading the channel with a single ion as
opposed to loading it with 4 ions. The reduction in binding constant per
added ion is therefore approximately 10, which corresponds to about
2.5 kT The repulsive interaction energy between two cations near a
conducting planar surface is derived using image charges, i.c.,

e’r

o

We—2
2 e(iF —1?)
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where 7, is the distance from the aqueous solution to the outer site and r,
the corresponding distance to the inner site (see Fig.3). An estimated
distance between the sites of the gramicidin A channel is 10 A (Liuger,
1973). If the relative dielectric constant is set equal to 10, the value of 7, is
about 5 A. A 4-site model is therefore physically reasonable if the outer
sites are located very near the surfaces, presumably at the mouths of the
channel.

In this paper it will also be assumed that the rate of exchange of ions
between the external solutions and the outer sites as well as that between
the sites of each compartment is rapid compared to the passage of ions
through the channel (across the central barrier). This assumption implies
that the outer sites as well as the inner sites are in equilibrium with the
external solutions, and hence the sequence of loading the sites depends
only on their respective energy levels which also makes the two alternative
arrangements of sites in Fig. 2 indistinguishable.

It also eliminates the particular kind of flux coupling called “single
filing™ which is characteristic of narrow channels in which neighboring
ions are unable to exchange their positions (Heckmann & Vollmerhaus,
1970; Heckmann, 1972). If the model is extended to include several
interior barriers, the “single filing” phenomenon will still be absent as
long as the inner part of the channel is allowed to contain only one ion.
This extension of the model corresponds in principle to previous treat-
ments of singly occupied pores (Heckman et al, 1972; Liuger, 1973),
except for the addition of a pair of outer sites which can modify (modulate)
the channel properties in their occupied states. Extensions of this kind
should have considerable interest not only for ionic channels formed by
gramicidin A and other ionophores but also for biological membranes, in
view of the recent findings by Hille (1975a; 1975b) and by Cahalan and
Begenisich (1975; 1976) suggesting that ions can modify the transport
properties of a channel by attaching to specific binding sites. The ex-
tension of the present model to multi-site channels and the possible
biological implications will be considered in the discussion.

Multiple Occupancy and Concentration Dependent Permeabilities

In the theoretical part of this paper, the properties of the model will
be analyzed in terms of expressions for conductances and permeability
ratios. It is immediately deduced, however, that the ionic permeability
must be concentration dependent since the states of occupancy depend on
external solution concentrations. For instance, if an ion X is passing
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through the channel when an ion Y is occupying the outer site at the side
of the channel labelled prime, the probability of a transfer of X in that
particular state is proportional to the concentration, C;, of the ion Y in
the external solution. Consequently the permeability of X must be propor-
tional to the sum of the three probabilities corresponding to the three
different possible states of occupancy of the outer site, since they form
mutually excluding events, ie., B.=o, (14, C.+f, C}). Since the three
states can occur jointly with the same three states on the opposite side of
the channel, the expected expression for the permeability of X in the
presence of Y is given by

B=o (14 B, CLt B, C)(L+B.CL+B, C)). W

Eq. (1), which has been derived here by probabilistic arguments, will be
derived more rigorously from a physical theory by which the coefficients
can be related to shifts in the energy barrier peaks.

Anion Permeability

The model also allows for the passage of anions, although the anion
permeability of the gramicidin A channel, according to Myers and Haydon
(1972), is practically negligible. It is therefore assumed that the channel
sites are exclusively cation binding, although electroneutral, an assump-
tion which is also consistent with the structure proposed by Urry et al.
(1971), Urry (1972a, 1972b) and Veatch et al. (1974), in which carbonyl
groups are facing the interior of the channel and presumably form part of
the cationic binding sites. The resulting large electrostatic barrier to
anions can, however, be sufficiently reduced by the presence of cations in
the channel to enable the anions to enter the channel. There is some
experimental evidence to support this assumption which can be deduced
from different observations.

One such observation concerns the anion permeability which has been
shown to occur in the presence of high concentrations of thallous ion
where the outer sites are expected to be loaded with T1* (Eisenman et al.,
1976b).2

Theory

Having outlined the model and the underlying physical assumptions,
the properties associated with the system can be analyzed in terms of
theoretical expressions for the transport of ions through the channel

2 Ibid.
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Formally the model can be represented as a channel with two cationic
sites at each side of the membrane each in equilibrium with the adjacent
external solutions. The two sides are separated by an energy barrier, the
height of which will in general depend on the “state” of the channel, ie.,
the particular configuration of occupied and unoccupied sites. Having
formulated this model of the gramicidin A channel the next step is to
derive the equations describing the transport of ions through this system
in the various channel states. Hladky (1972) has previously considered the
case for one cationic site at each side of the membrane.

(a) Channel States

If the symbol S is used to denote the empty channel and the symbol X
is used to denote a particular cation, it is possible to combine these letters
to designate a particular channel configuration, for which the term
channel state will be used. The combination X'S is therefore the symbol
for the condition in which the channel is occupied by ion X in compart-
ment  (not specifying which site) in a channel which is otherwise empty.
The process by which the ion X enters a site on the left side may therefore
be represented as: X' +S<=X,S=X]S, where the subscripts o and i refer
to outer and inner sites respectively.

The formation of other channel states are obtained in exactly the same
way, for instance with an additional ion Y:

Y+ X'S=Y'X.S=Y X.S=Y/X]S, )

which describes the process by which an ion Y enters the right compart-
ment from the aqueous solution on side " when the channel is already in
one of the states X'S. As illustrated by the equation, the channel con-
figuration represented by Y X'S consists of 3 possible states, the probabil-
ities of which depend on the respective free energy levels. In the case of
two ions, each site can have 3 different occupancy alternatives: either
unoccupied, or occupied by X or Y. Therefore, the total number of channel
states which can be formed with four sites and two cations are 3* =81,

In the following, the notation N; will be assigned to the fraction of time
during which the channel will be in state j. Therefore,

Y N=1. 3)
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80 of the state parameters N; will be determined by exchange equilibria
of the type given by Eq.(2) whereas the remaining state parameter N,
describing the fraction of time during which the channel is completely
empty, is obtained from Eq. (3).

(b) Transitions

Equations of the type exemplified by Eq. (2) describe only the exchange
processes between the aqueous solutions and the two channel compart-
ments. The transport of ions across the internal energy barrier must be
given in another set of equations, describing the transitions between
interior regions, e.g.: X;S==X;'S. The total number of such possible
transitions are 12, namely:

X/ S=X/S (4)
Y/'S=Y"S (5)

X, X/S=X/'X,S X'X/S=X|X!S (6, b)

VY S=YY,S VY S=YY'S (7a,b)

Y/ X/S=X!'Y,S Y/ X/S=X/Y/'S (84, b)

X Y/S=Y/'X.S X'Y'S=Y/X/S ©a, b)

X X'X|S=X/X'X/S (10)
LYY S=Y'YY'S (11)
LY XiS=X/'Y,Y'S (12)
X XY/ S=Y' X, XS (13)
Y X X/S=X/X,Y'S Y X'X|S=X/X!Y!S (144, b)

X(/)/)]OIYI.//S:Yi/K)/X;IS X(; YJ’}G’S: K'”}’(;’X:]S' (15a, b)

The number of transitions is relatively small compared to the number
of possible states due to the fact that only those states having an ion in one
inner site while the other is vacant provide the proper conditions for the
transfer of an ion across the central barrier.

Additional states would provide the proper conditions for transitions
if these could take place by means of ion displacements (knock-on, knock-
off) such as those considered by Hladky and Harris (1967). Then it would
not be necessary to require an inner site to be vacant in order for transi-
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tions to occur. Therefore, the states consisting of full channel occupancy
would allow transitions involving the displacements of adjacent ions from

X'+ X, X X=X, X X; X'

However, experimental evidence (Myers and Haydon, 1972) suggests that
the activation energy for such displacement transitions is very high, since
the conductance at high concentrations (where the channel becomes
saturated) shows a tendency to decrease. Displacement transitions will
therefore be neglected in the following treatment.

The 12 transition reactions together with the 81 exchange equilibria
completes the formal description of the model.

(¢) Boundary Equilibria

It has been assumed that the exchange reactions across the boundaries
[exemplified by Eq.(2)] are rapid compared to the interior transition
rates. This means that the variables N; can be obtained from the set of
equilibrium conditions corresponding to the respective states. For in-
stance, the equilibrium condition corresponding to the state Y'X.S,
formed according to Eq. (2), is written

Nyju=Kih - € Nou=kig - Gy vk Cio N (16)

The symbols k represent binding constants. The subscript of a particular
binding constant indicates which ion binds to a particular site, and the
superscript indicates the prebinding condition, i.e., the state in which the
channel finds itself when the indicated ion loads onto the indicated site.
Eq. (16), relating N, ., to N, is based on the equilibria of two sequen-
tial bimolecular reactions. However, the state variable N, . ; can also be

related to N, through a single trimolecular reaction.

Né’x’oszkygxé C;’/ C;ZVS (17)

y

It follows immediately that

o ww
ky o=k ke, =kisk

Xo

(18)

e
Yo

The remaining state variables are obtained from their corresponding state
equations in analogy to Eq.(16) and each state equation defines a new
binding constant. Consequently there are 80 independent binding con-
stants describing the binding properties of the sites of this model.
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If, however, the symmetry of the two channel halves is taken into
account, the number of independent binding constants is reduced to

number of states +number of symmetrical states
2

8149
T2

In reducing the number of independent binding constants, it is ad-
vantageous to use a notation which is independent of the membrane side.
Inserting a colon in the super- and subscripts to denote the location of
the barrier, the explicit expression for N, obtained from Eq. (3), is written
in terms of the 44 independent binding constants,

1/Ny=14(k, . +k, NC+ CH+ (k. +k, )C,+ CY)
ks, (CEHCV+k,,, (CF+C)?)
FKpexp T 2Ky ) CLCY
+(ky,.p,+2k, ., kK, ) C ClH Ky ICL G+ CLCY)
e,y ke yo theyy, Tk ,HC Cy + CLCY)
F (Ksyit xp T Ky x) Cie Co(Co4- CY)
Ky i 0+ Kpoye v Cy CHC+ C)
sy yivo T K yiy) (C C’y’2 + CY C’yz)
(kg ximo Ky 0o (Cy Ci2 + €Y C2)
F ki yixo HKsxoixiye T Kt yixo T Kxit xiyo) Cx CAC, + CY)
+(ky, e, K +k ) C, Cy(C+ CL)
Fhyyxinix, Ok Co kv, G G2
(kg xisxixo T Kxgyi xixa) C Co(Cy €Y+ CL CY)
(kg iyt K )C, Cy(CLCy+ CLCY)
Fhypx, (CF €2+ €2 CF)
F (R yic yixo T 2 K yismive T Kyguismine) G € €L Gy

Eq. (19) is seen to contain 81 terms and 44 independent constants as
mentioned above. From a practical point of view, however, it i3 too
cumbersome to retain all the constants and by making reasonable as-
sumptions it is possible to reduce the number considerably, as will be
shown later.

—empty state

—1=44.

(19)

Yoi XiVo yit ytxo yl Xi¥Vo

XoYit¥iYo
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(d) Rate Equations

The rate equations for the set of transitions (4)—(15) are obtained from
rate theory (Eyring, Lumry & Woodbury, 1949; Woodbury, 1971), and
the total membrane potential will thereby be assumed to be equal to the
potential drop across the central barrier between the inner sites.

Since Egs. (6)-(9), (14) and (15) involve transitions which are asym-
metric, in other words the energy barrier is different in the two directions,
there are in principle 18 rate constants corresponding to Egs. (4)-(15).
However, the condition of microscopic reversibility applied to these
equations will reduce the number of independent rate constants to 12. The
proof of this is given below for Eq. (6). The transition rate corresponding
to Eq. (6a) is given by:

z,FU zx FU
Xt __ Xo! 2RT Xo! T 2RT
e =2ye 5 - Ny e —z,evy  Neyoe
2, FU zFu (20)
_ Xo! 1 v ,2RT Xo! , 1 v 2RT
=iz€ ]Vs Uy kx,;.xi: Cx Cx e —Zx€ ]\rs Uy kx,,xi Cx Cx € )

where i} is the current produced by the transitions (6a), v} the rate
constant (jump frequency for a jump from state X;X, to state X! X))
and v}’e the rate constant for a jump in the opposite direction (X} X,
to X;X,). e is the electronic charge. The principle of microscopic revers-
ibility applied to a reversible transfer of X from one solution to the other,
the rate of which is equal in both direction under symmetrical solution
conditions, gives:

k' (solution |inner site) - k (inner site|inner site) - kK’ (inner site |solution)

= k'(innersite | solution)- k (innersite|inner site)- k" (solution | inner site)

where
(inner site|inner site) = v}’
1

k
k (inner site|inner site)= v
k' (solution|inner site)/k’ (inner site|solution)=k

XoXir

k" (solution|inner site)/k”" (inner site|solution) =k

XolXi*

Taking into account the identified rate constants and inserting Eq. (21)
in Eq. (20) gives:

zx FU z FU

Ci(CLe?RT —Cy e 2RT), (22)

=z e Nuls -k

XoXit

If the same procedure is then applied to Eq.(6b) a similar equation is
obtained:

o=z, e N vl - ky . Co(C,e?®T —Cle 2KT). (23)
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Adding Eqs. (22) and (23) therefore gives the net contribution to the
current produced by the transitions described by Eq. (6):

zx FU zx FU

o=z e N, vk, (Cit CY(CLe?RT —Cle 2RT), (24)

The proof just given essentially implies that an ion X sees the same
energy peak from either side of the membrane.

Flux Equations

The total current I, of ion X is obtained by adding the rate equations
corresponding to the X-transitions (4, 6, 8, 10, 12 and 14), where the
principle of microscopic reversibility is used to reduce the rate constants
in Egs.(6), (8) and (14). A similar procedure is used to obtain the total
current I, of ion Y. The final equations for the currents of the cation
species X and Y therefore take the simple form

z2x FU _zxFU
I,=z,eN,B(C,e2XT — (¢ 2KT) (254)

zy FU _zyFU
I,=z,eN,P,(C,e*RT —Cje *KT), (25b)

where P, and P, the permeabilities of X and Y, are conveniently defined as:

Ec=vx,-: ) kx,-: +U;? ’ (C, + C”)+ Uyo ' yoxi:(C; + C;/)

XopXit

FUET Ky xing C C H 03 ki, €y CY (264)
+ 0% Ky ik, (Ci Cy + CE CY),

B=v,.- kyi:+v§?: ky y (Co+ CH) ook, (CL+ CY)
F Ky g, C CF F 05270 Ry, G G (26D)
+oe e ky s (Cr CF + CL C).

The anion current is derived directly by applying rate theory to the anion
transitions, which can occur in one or several of the 81 cationic states.
The expression for the anion current is therefore given by

za FU _zaFU

Iy,=z,eN,P(C,e?RT —C e 2RT) (27)

where

Z vl N/N,. (28)
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The rate constant v/, is determined by the energy barrier (peak) scen
by the anions when the channel is in its cationic state j.

Current Voltage Relationship

The total current voltage relationship is obtained by summing Eqgs. (25a),
(25b) and (27) which gives, after rearrangement and specializing to uni-
valent ions

(U—-Ty)

_F
I=¢NY/(B Ci+ B C 4By Ci) (B G + B C{+ By € 2sinh —> o (29)

where the zero current membrane potential is given by:

v _RT B C+BC+EC
® F  RC/+BCJ+P C,

(30)

an equation seen to be identical in form to that of the classical Goldman-
Hodgkin-Katz equation. The value for N, is obtained from Eq. (19).
Egs. (25)-(30) together with Eq. (19) contain the complete description
of the transport equations for this system. At this general level there
are too many coefficients to be practical and in the following sections
the number of parameters will be reduced to a level which approximates
to the experimental data measurable for the gramicidin A channel. This
procedure will also bring out some of the features characteristic of the
model and, in general, of channels containing modulating sites. Anion
permeability will be neglected although some effects expected from the
entry of anions into the channel will be discussed at the end of the paper.

Factorization of Permeability Expressions
and the Physical Meaning of the Coefficients

The cation permeabilities for a binary mixture are seen from Eq. (26)
to depend on the concentrations of both cations. This concentration
dependence is the result of loading the outer sites, which is apparent
from the coefficients of the concentration-dependent terms. A clearer
understanding of the physical significance of these coefficients is gained
by factorizing the binding constants in a manner shown in Eq. (18). Thus,
rewriting Eq. (26 a),

Bo=vy ket v3s - kG ks, (Cot CQ)F 0 - K- Ky (G4 C)
+ogeTe - ke k C, Cltrukere ek, - C,CJ (31
(C, G+ CL C).

XoXg

oo kloFe . k

XoYo
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Because of the unambiguous meaning of the super- and subscripts in
this case (note, for instance, that vy’ - ke =v}e - k3o as proved above),
the colon sign has been dropped. '

It is clear from Eq.(31) that each term contains a product between
a binding constant for the inner site, corresponding to a particular state,
and a rate constant for jumping across the barrier in the same particular
state. Such a product defines a peak energy of the barrier for this state,
which is an immediate result of the Eyring rate theory (Woodbury, 1971)
and has also been discussed in relation to biological channels by Hille
(1975a) and by others (Bezanilla & Armstrong, 1972). It is intuitively
clear that, since a binding constant defines an energy well and a rate
constant defines a barrier height, the product should define the peak
energy, in relation to the aqueous phase, which an ion has to surmount
in order to pass through the channel.

In summary, therefore, the ionic permeabilities define a set of energy
peaks corresponding to the set of cationic states, once the binding con-
stants to the outer sites are known.

An important reduction in the number of coefficients is obtained by
assuming the outer sites to be noninteracting with each other. This means,
for instance, that kl»=k, and hence k, , =k -k, =kI , etc. It also
means that the shift in energy peak on loading the outer sites is additive, i.e.,
pFo¥o . J¥o%Xo AGFo¥o AGZo

M X _pe¥o—g RT =e> RT =% .p% etc.
Uxi . kxi Xi Xi Xi

The quantity h defines the energy peak shift which takes place on
loading the external sites. Introducing these conditions in Eq.(31) and
factorizing yields

B=a (1+B,C.+B,C)A+B,C +B,C)), (32a)
where, taking into account a similar expression for B,
B=o,(1+7.Ce+y,C) L +y,Ci+7,C), (32b)

the coefficients are given by

o, =0, -k,

Xo X, Xo X,
vloo_kyioo

onxo . kxoxo z 3
=hx° . k — Xi Xi k tho ko = yi k
ﬁx Xi Xo [ k ] Xo Vx Yi Xg [ v k J Xo (33)

v

x;  Pxy vi Ty
1 1
D}’c‘:J’o . kyz.:J’o z v)’?)’o . kYL.J)’o z .
By=hsky, = [ ey ek, =[BT
i o v - k Yo y yi Yo v k Yo
X Xi Vi Vi
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Fig. 4. Diagram showing energy peak shifts (relative to the peak which the ion X encounters

in an empty channel) under various indicated conditions of loading. The experimental

parameters from which the peak shifts can be calculated are indicated in the figure and the

actual values have been taken from Table 1. The constants appearing in the figure are ex-
perimentally accessible parameters, defined later in the text

By introducing the condition of noninteracting outer sites, Eq. (1) has
now been rigorously proven and the coefficients have been expressed
in terms of energy peak shifts and binding constants to the outer sites
[Eq. (33)]. |

The shifts in energy peaks corresponding to the six parameters appear-
ing in Eq.(32) can be illustrated graphically as shown in Fig. 4 for the
system thallium (X)—potassium (Y). This binary cation system has been
characterized experimentally with respect to permeability ratios (Eisenman



400 J. Sandblom, G. Eisenman, and E. Neher

et al, 1976a) and single channel conductances (Neher, Eisenman &
Sandblom, 1976)® where the 6 parameters above have been extracted
from experimental data (also see Eisenman et al., 1976b) (see Table 1).
The permeability coefficients of Eq. (33) are plotted in Fig. 4 as a function
of the loading state of the outer sites, as indicated on the abscissa. Note
that the right side peaks are the geometric means of the two other multiple
state peaks.

The energy peak differences between the two ions X and Y for each
loading state of the outer sites are indicated by arrows in Fig. 4. The
magnitude of these arrows are seen, in comparing Eqs. (1) and (33), to
be directly obtainable from permeability ratio measurements. The mag-
nitudes of the 4 arrows correspond to 4 different limits of the permeability
ratio given by Eq. (32).

o, C.—0

P
—"i:—: 4
B4 o C, -0, (34a)
P 2 C
% Py x> %0 (34b)
I; Oy Vx Cy_’o’
B a, B C,—0
= Zx - (34¢)
B oo, y; C,—o, and

. C
LA (344d)
B oo,y C,—o (biionic).

In Eq.(34a-c) the concentrations approach the indicated limits on both
sides of the membrane, whereas Eq.(34d) applies to the biionic case
where the two ions are present on opposite sides.

A condition for having concentration-dependent permeability ratios
can now be formulated from Eq. (34), namely, that at least one of the limits
are different from the others, i.e., the energy peak shifts are not all equal.
This will be referred to as unequal energy peak shifts. Considering that
the derivation of Eq. (1) required only the presence of multiple occupancy,
the following statement summarizes the permeability properties of a
channel: A multiple occupancy produces concentration-dependent perme-
abilities, whereas concentration-dependent ratios also require unequal
energy peak shifts.

3 Neher, E, Eisenman, G., Sandblom, J. 1976. Ionic selectivity, binding and block in gramici-
din A channels: ITL. Saturating behavior of single channel conductances and evidence for
the existence of two binding sites for monovalent cations on each side of the channel (in
preparation).
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Fig. 5. Theoretical curve for the permeability ratio B/F, calculated from Eq.(32) when the
ion X is present symmetrically on both sides of the membrane. The potential is measured
when C, is varied on one side of the membrane which approximates the theoretical condition
as C, is decreased to zero. The theoretical curve is calculated from the parameters of Table 1
and the points are experimentally measured for the system thallium (X)—potassium (Y)
in a multichannel system (GMO-hexadecane). The permeability ratios have been evaluated
from potential data, using the GHK-equation [Eisenman ez al., 1976 (in preparation )]

This is seen more clearly by dividing Eq. (32) to get the permeability
ratio B _o (14, Co+B, C)(1+B, Ci+B, Cy)

B a, (147, Coty,y C) (147, Ci49, C))

(32¢)

The formal requirement for a concentration dependence of this ex-
pression is that the coefficients of the terms in X (,; v,) and/or the coef-
ficients of the terms in Y(f,; y,) must not be identical. Since these coef-
ficients give the effects of loading X and Y, respectively, on the permeabili-
ties of X and Y, and have been given explicit energetic meanings in Fig. 4,
the requirement of unequal peak shifts to produce concentration dependent
permeability ratios is clearly seen.
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Fig. 6. Theoretical curve for the permeability ratio B/P, calculated from Eq. (32) with values

from Table 1 when the ion Y is present in equal amounts (10 mM) on both sides of the membrane

and the ion X is varied on one side only. The points are experimentally obtained for the
T1*-K* system [Eisenman et al., 1976b]

The general pattern of the permeability ratios, including the limits
are shown in Figs. 5, 6 and 7. The curves are drawn according to Eq. (32¢)
(using activities instead of concentrations) and the values for the coef-
ficients are taken from experimental data on the thallium (X)-—potas-
sium (Y) system (Eisenman et al., 1976b) (Table 1).

The concentration dependence of the permeability ratios is the result
of ion interactions in the channel which lead either to an increase (en-
hancement) or to a decrease (block) in the permeability ratios on loading
the outer sites. If, for instance, f,/y,>1 the effect of X on the channel
is to enhance the permeability of X relative to Y on loading the external
sites, whereas if §,/y, <1 the effect is opposite. These effects are illustrated
most clearly in Fig.8 in which the permeability ratio B/F, is plotted
against 1/C, at the high concentration end, where X is varied only on
one side, while the other variables are kept constant. In the same figure
are the values obtained from a paper by Cahalan and Begenisich (1976)
where they have plotted F/R,, against 1/ux for the sodium channel in
squid axons.

In view of the similar behavior of sodium channels and gramicidin A
channels and the ability of the model to describe the general pattern of
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Fig. 7. Theoretical curve calculated from Eq.(32) with values taken from Table1 in the
biionic case. The point is experimentally obtained for the T1*-K* case (Eisenman et al.,
in preparation)

concentration-dependent permeability ratios, it seems reasonable to con-
clude that the presence of several simultaneously occupiable binding sites
and correspondingly different conductance states is a general property
of ionic channels.

Conductance at Zero Current in Symmetrical Solutions

The permeability ratios were shown in the previous section to yield
some very important pieces of information about the properties of the
channel and the nature of ion interactions. However, it is not possible
from Eq. (32) to separate energy peak shifts from binding constants and
this missing piece of information is most conveniently obtained from
measurements of the conductance in symmetrical solutions.

In the following, the anion permeability will be neglected and there-

fore, according to Eq. (29), the conductance G (normalizcd with respect

to eF) t zero current reduces to
——)atzeroc edu
RT

G=N,(E C,+EC,). (35)
P and P

X y

are obtained from Eq.(26) and N, is obtained from Eq. (19).
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Fig. 8. The permeability of X relative to Y is plotted against 1/C} according to Eq.(32)
under a particular set of conditions, namely that Cy, C; are held constant and 8, C;, y,C,
assumed to be negligibly small. Eq. (32) can then be written as* If the sites are noninter

o)

P 1+y,.C, /"

y

ais set equal to 0, 1 and y,=0.1/m. f, is assigned 3 different values as indicated in the figure.
The squares are the values of /R, for squid axons (Cahalan & Begenisich, 1976) where
the potassium concentration (corresponding to CY) is varied on the inside

(a) Single Cation Salt

The conductance expression Eq.(35) is written explicitly for a single
salt by setting C}, C; equal to zero and C,, = Cy. Inserting these conditions
in the permeability expression (32a) and the expression for N, (Eq. 19),
the conductance Eq. (35) assumes the following form:

BEC.+2P Ci+PC3

G= 36
1+2K1CX+K2C§+2K3 C}+K, C*’ (36)

where
P=u, k,, (37a)
P, =vie-kio-k,, (37b)
Y Y S (37¢)
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and K =k, +k,, (384)
Ky =g+ Ky 2 (38)
K=Ky e+ (380)
Ka=Kepsnres (384)

The sum (k, .., +k,,,..) has been abbreviated in the symbol k, ., appearing
in Eq. (38D). All other constants are unambiguously defined.

In order to extract the parameters appearing in Egs. (37) and (38) from
experimental data it is useful to rearrange Eq.(36) to yield an Eadie-
Hofstee plot, frequently used to characterize a system showing saturation
kinetics. The Eadie-Hofstee representation is given by

G 1
=G, —— — 39
G=6.—¢ % (39)
where K is a binding constant and G, the maximum (saturation) con-
ductance of ion X.
Rearranging Eq. (36) in a form which resembles Eq. (39) yields an

equation with two concentration-dependent coefficients,*
G B+2BC,+BC? G 14K, C2+K,C:
2K, +2K,C2 C., 2K,+2K,C?
Depending on the concentration range, the limiting behavior of this
equation can be divided in three parts. For low ion concentrations

(40)

G 1
G=G— e 41
* C., K? (41)
where P ) L
1 Xi
o — =, X 4
TR k. +k, (424)
Ky;=2K,;=2(k, +k,). (42b)
For high concentrations (assuming K, <K3) Eq. (40) has the same lim-
iting behavior . G 1
=Gh—— 43
N G=G" K (43)
wit Gh B 133 3 1 U;Cc?xo . kiﬁxa . kxoxo 14
* 2K3 - 2 kxoxixo-'_kxoxixi ’ ( a)
2K Ky vcox. ke v
Kh= 3__:2 XoXiXo XoXiXi (44b)

¥ KZ kxoxo+kxixi+2kxoxi~‘

* If the sites are noninteracting, then Py =P, B, (Eq. (37)) and if k., >k, then k, =k} (Eq. (38)),
which reduces the number of independent parameters.
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Fig. 9. Eadie-Hofstee plot constructed according to Eq. (36) with values taken from Table 1.

The asymptotes, shown as dotted lines, are drawn from Egs. (41) and (43), respectively.

The experimentally observed conductances obtained from single channel conductances

(GMO-hexadecance) for KCl (circles) and KAc (filled squares) (Neher et al., in preparation)
are included in the figure for comparison

Finally, as the concentration C, increases towards infinity, the con-
ductance approaches zero with the following limiting behavior:

log G=log G —log CK® (45)
where
2Ky 2k

XoXiXiXo . (46)

XoXiXo + kxo XiXi

The parameters in Egs. (41)-(46), (K2, K", K®, G°, G") are all ex-
perimentally measurable. K¢ and K” are binding constants and G2 and G"
are maximum limiting conductances for the low (superscript “o”’) and high
(superscript “h™) concentration asymptotes in Eadie-Hofstee plots. An
example is shown in Fig. 9 for the potassium ion. Fig. 9 compares the ex-
perimentally observed conductances (data points) with the theoretical
curve (for Eq. 36). It shows clearly not only the regions of concentration
dependence corresponding to Egs. (41) and (43) but also shows the de-
crease in conductance at the very highest concentrations expected from
Eq. (36).
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Fig. 10. A direct representation of the conductance as a function of concentration using the
same theoretical and experimental values as shown in Fig. 9

The same values and data points appear in Fig. 10, which shows a plot
of conductance vs. concentration. The ability of Eq.(36) to fit the data
over such a wide range of concentrations lends additional support to the
idea that at least four ions can occupy the channel at a time.

Comparison with Potential Data

Certain of the parameters assessed from conductances can be related
to the parameters appearing in the permeability expressions. Comparing
Egs. (42) and (33), the following relationships are deduced:

G- Ki=v, -k, =oa; 47a)
G;'Kzzvyi' Yi=ay' (47b)

The product of the limiting conductance and binding constant at low
concentrations is therefore a measure of the energy peak of the unloaded
channel, and the ratio between these products therefore expresses the
energy peak shift, a quantity which is also obtained from potential mea-
surements at low concentrations [Eq. (34)].

Any further comparison between conductances and potential data is
impossible without making some further assumption which will reduce
the many binding constants, unseparable by electrical measurements,
which appear in Egs. (42), (44) and (46). A reasonable assumption, which
proves to be very useful, is to consider the binding constants for the inner
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sites to be small in comparison with the binding constants for the outer
Sites (1€, ke, ks Kepgies > Keprns ©10) EQs. (42), (44) and (46) then

reduce to Go— % ; (48a)
K5=2k,,; 4s0)

L= s

Kh=2kZox, (484)

K =gk, (@)

Moreover, it follows that
GLKh=vfe% Iero =, - ¥ =4, f7/KY, (494a)

and similarly for Y,
G'K'=4a,y2/KY . (49b)

Experimental data on the thallium-potassium system have satis-
factory verified Eqs. (47) and (49) (see Eisenman et al., 1976b and Table 1).
This is a good test of the model, but it does not constitute a justification
for the assumption that k,_>k_ . The experimental data can be used to
arrive at Eq. (49) in a different way, namely, by assuming the inner sites
as well as the outer sites to be noninteracting; in other words, assuming
completely noninteracting channel halves. Egs. (44) then transform to

2 XoXo XoXo 2 _rhyh 1 02 KZ
o, Pl =vEe%e - ke .kxo_GxKxZKx (1+7<;—_272>, (50)
which, since K¢> K", reduces to Eq. (49a). The same applies to Eq. (49b).

The advantage of assuming that k, >k, , however, is that the peak
shifts can be evaluated from Eq.(33) and represented in a diagram such
as that given in Fig. 4. A diagram of this sort provides a key to the under-
standing of the molecular mechanisms which govern the transport proper-
ties and ion interactions taking place in the channel.

(b) Two Cation Mixtures

Having defined a set of measurable channel parameters from con-
ductances in single salt solutions, it is now of interest to examine the
extent to which the model predicts the minimum in conductance and the
blocking tendency reported by Neher (1975) for binary mixtures.
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If this analysis is carried out in the region of concentrations where the
fourth order terms appearing in Eq.(19) can be neglected, Eq. (19) will
contain only two additional experimentally undetermined constants,
corresponding to the mixed terms, namely, K% and K’ defined through
Eq.(51),

%_(kxo)2 sz)’ = kJ’oi XiXo + kyi5 XiXo + kxo: XiYo + kxo: YiXo + kxi5 YiXo + kxi: Xo¥o® (51 a)
Lk, )2 K" =k, +k (51b)

xyy Xo: YiYVo xi!xiYO+kyo5)’ixo+k}’o5xiJ’o+k)’i7yixo+k}’i5xiyo'

The final expression for G (Eq. 35) can now be written, neglecting fourth
order terms, and putting k, >k, k, >k,

R G,
G= K° K° 2
(1+7’° Cot—> Cy) +KLC.GKLC)P+K;C,GK;C,)? (52)
+5C,
+ (%K; Cx)2 Kﬁxy Cy + (%K; Cy)2 K?yx Cx .

Fig. 11 shows the conductance as a function of mole fraction in TI-K (X — Y)
mixtures at the indicated concentration levels. The curves are calculated
from Eq.(52) with values for the constants taken from Table 1. K%« is
set equal to zero and Kfyq, is assigned two different values (0 and 1000
per M, corresponding to the solid and dotted curves). A minimum in
conductance is clearly seen at low concentrations and at higher concen-
trations the conductance shows a maximum (for Kfy1,=0). This complex
pattern of conductance behavior is the combined result of the concen-
tration-dependent permeabilities and the concentration-dependent N,
appearing in Eq. (52).

(c) Block of Channel Conductance in Ionic Mixtures

Eq. (52) also predicts a blocking effect of Tl on the Na-conductance
reported by Neher (1975) and illustrated in Fig. 12. In this figure the con-
ductance is represented as a Lineweaver-Burk plot, i.e., 1/G against 1/C,
and the upper curve shows the shift in binding constant for sodium on
adding a small amount (2 mm) of thallium.

In order to show how this effect can be explained in terms of Eq. (52)
only the binding behavior at high concentrations needs to be considered.
Inverting Eq. (52) to obtain the Lineweaver-Burk representation of ion X,
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Fig. 11. The conductance in mixtures of Tl (X) and K (Y) at equal total concentrations
(as indicated) and identical solutions on both sides of the membrane. The abscissa gives
the percentage of X in solution. The solid curves are calculated from Eq.(52) with values
obtained from Table 1 and K%,,, K%  =0.1If, instead, K%, is set equal to 5000/m in Eq. (52),
keeping the other parameters the same, a different set of curves (dotted lines) are obtained

at the highest concentrations

and taking the limit at high concentrations C,, the following terms remain:

1 _K'WGKY 1 (K (1+KL,C)

1
G, 0p2 ' C, o, fi2

(53)

The first term on the right side is the inverse saturation conductance of X.
This is seen to be unaffected by the addition of Y and which is consistent
with experimental observations (Fig. 12).

The last term in Eq. (53) defines the product of an apparent binding
constant and the limiting conductance. Dividing the two terms on the
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Fig. 12. The reciprocal conductance of Gramicidin A single channels in symmetrical solutions

of TIAc and NaAc plotted against the reciprocal of sodium concentration (Lineweaver-Burk

representation). The salt is pure NaAc for circles (open symbols refer to conductance at

100 mV applied potential and filled symbols are zero potential values). The squares are

values obtained when the salt is NaAc in the presence of a constant amount of 2 mm TlAc.
Replotted after Neher (1975)

right hand side of Eq. (53) therefore yields the apparent binding constant
, o
1+K: ,C,

xxy -y

(544)

(Kapp=

Similarly for the ion y,
h Kh
Kae =150 ¢ O (54b)

yyx X

Eq. (54) clearly demonstrates the mutual blocking effect of two ions in
terms of a decrease in the apparent binding constant for one ion following
the addition to the external solutions of the other ion. They also contain
the information necessary to extract the values of Kﬁxy and Kﬁyx from
conductances in ionic mixtures.
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It should be noted that Eq. (54) predicts a decrease in apparent binding
constants, i.e., an inhibitory effect on the passage of an ion. However, this
inhibitory effect on the conductance can be coupled to an enhancement
seen in the permeability ratio (see Fig. 8). This seemingly contradictory
effect is due to the fact that the permeability ratio contains the blocking
effect which an ion, say ¥, exerts on itself, and which can be larger than
the blocking effect on the other ion X. This leads to an enhancement in
the permeability of X relative to Yand at the same time an inhibition of
the conductance G, in the presence of Y. A discrepancy between con-
ductance ratios and permeability ratios has been reported by Myers and
Haydon (1972) and is accounted for by the present theory (Eisenman
et al., 1976b) through Eqgs. (32) and (36).

Additional Properties when Anion Permeability is not Negligible

Although, in agreement with the conclusion of Myers and Haydon
(1972) that the gramicidin channel is impermeant to anions relative to the
usual monovalent cations, anion permeability will also be shown to be
negligible in the presence of T1* in the following two experimental papers
[Eisenman et al., 1976 (in preparation); Neher et al. (in preparation)],
we have encountered experimental situations using acetate and nitrate
where anion permeability can become significant (Eisenman et al., 19764,
1976 b). To consider extensively here the theoretically expected effects of a
finite anion permeability would go beyond the purpose of this paper to
provide a theory adequate to deal with the data when anion permeation
is negligible; but it is appropriate to point out briefly how a finite per-
meability to anions would be expected to influence the experimental
observations.

If, by setting P, =0 in Eq. (30), an apparent permeability ratio (B,/F) is
calculated from potential measurements, this estimate will deviate from
the true permeability ratio if the anion permeability is significant. De-
pending on the external solution conditions the apparent permeability
ratio will then either be an overestimate or an underestimate of the true
permeability ratio. One way to estimate this error is to perform “delta”
experiments of the type described in Table V and Fig. 18 of Eisenman
et al. (1976b) in which the apparent permeability ratios are measured for
the same symmetrical initial conditions by making a small gradient in the
concentration of X (or Y) by adding a small “delta” increment X (or Y),
to one side. Such an experiment yields apparent permeability ratios which
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are different for the two increments only if there is anion permeation
through the channel [Eisenman et al. 1976 (in preparation )].

A finite anion permeability can also affect the observed conductance
for single channels. However, a difference in conductance (or true permea-
bility ratio) observed with different anions does not per se unambiguously
demand the existence of a significant anion permeability since a possible
anionic modulation of the cation conductance (e.g., by binding, but
without necessarily permeating) must also be considered. Such an am-
biguity is not present in the comparison of apparent permeability ratios
measured by membrane potential in gradients of X vs. gradients of Y, i.e.,
“delta” experiments. It is therefore possible to sort out the different anion
effects as will be described in later papers of this series.

Discussion

Previous theoretical treatments have considered either 1-ion saturable
channels (Lduger, 1973) or, at most, occupancy of 2 sites by 2 ions (Hladky,
1972, 1974). Our theoretical treatment has shown that many of the features
characteristic of ion interactions in a channel such as concentration-
dependent ion selectivities, saturation phenomena and block demand ex-
tension to a 4-site model of the channel, all 4 sites being capable of simul-
taneous occupancy by cations. The general treatment of this model was
shown to produce 92 parameters for a two-cation mixture (80 binding
constants and 12 rate constants) which is totally impractical from an ex-
perimental point of view. However, by assuming the outer sites to be
mutually noninteracting and that the outer sites bind much more strongly
than the inner sites, it was shown that the number of independent param-
eters needed to characterize the transport properties of the channel, ex-
cluding the 4-occupancy states, was reduced to 12 (6 binding constants
and 6 rate constants). The measurable parameters are summarized in
Table 2 and only 12 of those are needed to characterize the channel.

The addition of 4-occupancy states, which are not associated with the
transport of ions since all sites are occupied, introduces additional
binding constants which can be evaluated from the limiting behavior of
the channel conductances at very high concentrations. If the inner sites do
not mutually interact, however, the 4-occupancy parameters can be
obtained from the other binding constants appearing in Table 2.

Generalizations

The properties of the 4-site model are not greatly altered if the number
of barriers is increased with some additional restrictions. Assuming that
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Table 2. Relationships between experimental and theoretical parameters®

Measured Physical parameter
parameter
Oy Dyt kxi
="
%y Uy, Ky,
vzﬁxo . k;?xo %+ vi?ya . kiz:)’a E4
ﬂx’ By T kx 5 - 5 ky
Ux; * kXi ° Ux; kx.- °
- (i ) b (SR )%k
o Uy, -k, o Uy, ky v
1 k.. 1 k. 1 k, 1 k,
G5 Gy Tk ST e Tk vk ST
Xo Xi il Xo Yo Yi Yo
Gh Gh i (m>2~}_ pXo¥o _1_ (w)—%t\ai poYe
x3 ~ xi 9 ~ i
7 PRV S 2 2 kyoyiyo+kyayiyi 27
K2, K° 2k, +k )~ 2k, , 2k, +k, )~ 2k,
Kh Kh 2 ( kx.,xixo + kx.,xix; ) szx?xo 2 ( k}’oY!’yo + kyoyiyi ) zz kyqyo
A kxuxo+kxiXi+2kxoxa 7 kYuYo+kini+2k)’oyl "
K= K R L I PP S L P
xy Dy ~ g2} ’ ~ Vi
2 kxaxmo + kxoxfxf 2 2 kYaJ’iYo + kyoy.'y: 2
k k
Kt K ~2kgr 20 2, R 2l
Xo Yo
0. =G} K, Uy, - k., vy, kyi
0,=G2- K°
y y ey
Gﬁ' . Kﬁ", Gg . K: Ryl koo, ropede . kﬁ;’y"

* The table also contains the forms to which the relationships reduce when k, >Ikxi, k, >k,
etc.

configurations involving more than one ion are restricted to those in
which the outer sites are loaded and only one ion occupies any one of the
inner sites, the rate equations for the transport of a univalent cation X
through the channel are extended from Eq. (25),

o L G i
Ix:el:;/ C;]VseZnRT_eBcrN;e 2nRT

. U . __FU_
Ix:eBan;eZnR'l _e}j;cu C;/Ivse 2nRT ,

(55)

where the permeabilities P! are equal in form to Eq.(1). If the barriers
have equal heights or if they otherwise satisfy a set of conditions listed by
Liuger (1973), the membrane potential at zero current will satisfy Eq. (30)
and therefore remain unaltered.
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The form of the conductance expression, Eq.(36), will also remain
unaltered by this extension of the model except for the absence of a fourth
order term. An important difference, however, concerns the parameters
K which will now become voltage-dependent [compare Liugers treat-
ment (1973)]. The need for this extension of the model should therefore
depend on the outcome of experimental tests.

The fourth order term in the conductance Eq. (36) can also be intro-
duced in the extended model by assuming that the channel can be occupied
by 4 ions in one particular configuration only, namely, the outermost
inner sites, and this consequently blocks the channel. If more than one
configuration of 4 ions is permitted, Eq. (55) must be extended and the
transport properties will furthermore exhibit the phenomenon of single
filing. This again is accessible to experimental test most easily by measuring
the undirectional flux ratios.

The four-site model can be applied to biological channels, notably the
sodium channel, in order to characterize the observed concentration
dependence of ionic selectivities (Begenisich & Cahalan, 1975; Cahalan &
Begenisich, 1976) as well as the phenomena of saturation and block (Hille,
1975a; 1975b). However, to account for the nonlinearities in the I-V
curves an extension to several barriers is required corresponding to the
theoretical treatments by, Hille (1975a), Heckman et al. (1972) and by
Lauger (1973).

The model analyzed in this paper seems nevertheless to fit the data
accumulated so far on the gramicidin A channel [Eisenman et al., 1976
(in preparation ), Neher et al., 1976 (in preparation )], and it should, there-
fore, be of general usefulness in characterizing intra-channel ionic inter-
actions from such experimentally observed phenomena as concentration-
dependent ion selectivities, saturation and block in membranes con-
taining ionic channels. The nature of the ionic interactions are as yet
unknown and a clear understanding of their physical origin will probably
require a set of experiments giving the energy diagram of Fig. 4 for a large
variety of cations. It seems reasonable at this stage, however, to conclude
that the relatively large differences in peak shifts seen in Fig.4 are
difficult to reconcile with purely electrostatic repulsive forces. Some other
mechanism, such as induction effects, is probably responsible for the large
shifts in energy peaks produced by the exchange of ions at the outer sites.
For example, if loading various external cations alters the “field strength”
of the binding sites (and energy barriers) it can be inferred from well-known
effects of “field strength” on selectivity (Eisenman, 1961, 1962) that such a
“field strength” effect would directly imply a differential shift in the level
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of the wells and also mmplicitly (cf. Hille, 1975 a) imply differential shifts of
the peaks in the activation energy profile.
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