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A channel model with fluctuating barrier structures
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Following the theory ‘Fluctuations of barricr structure in ionic channels’ (Liiuger, P., Stephan, W. and Frehland, E. (1980)
Biochim. Biophys. Acta 602, 167-180), we constructed a model of a channels with several conformational states. The origin of
these conformational states and the souice for the transitions from onge (o the other are given explicitly for the presenicd model.
In this work the cffect of multiple conformational states on the ion transport process is analyzed. We considered a channel
protein with two main barrices and wic binding site, The site is surrounded by dipolar groups. The dipole moment of these
groups can be reoricnted by thermal activity and also by clecirical interaction with the transported ions. Differently polarized
states penerate different activation energy barricrs for the ions. The sct of conformational states of the channel is constituted by
all the possible polarized states of the binding site, Using the rate-theory analysis of ion transport (Gliisstone, 8., Lauder, K.J. and
Eyring, H. {1941) The theory of ratc processes, McGraw-Hill, New York), the poscible coupiing between ion flux and the channei
conformational transitions has been incorporated into the model by considering the dependznce of the rate constants on the
heighits of the energy barriers. The resulting multistate kinetic equations have been solved numez:cally. It was shown that the
simple saturation characteristic of the flux-concentration curve was obtained. For certain values of the model parameters, the
channel shows a strongly different conductance for anions compared to cations. In fact, the model contains an intcresting

mcchanism that cxhibit selectivity with respect to the charge of the ions.

Intreduction

The theory of fluctuating barriers [1] is based on the
experimental evidence thai proteins can exist in a large
number of conformational states and may undergo
transitions from onc state to the other in a broad
spectrum of time scales [2,3]. Therefore one should
expect that ions passing through a channel protein
have to overcome fluctuating energy barrieis. These
fluctuations could have significant interactions with the
flux of ions crossing the channel. This is especially true
when some particular mechanisms exist by which the
transported ions induce conformationa! transitions on
the protein. Such a mechanism is proposed in this
model.

A gencral treatment of systems with coupling be-
tween transport and conformational transitions is a
complex problem. Therefore we restrict the analysis to
a channel havinz two barriers, one binding sne and
several coniormational statcs.
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If the interconvessions of channel statez is much
faster than ion transfer over the barriers, the form of
the flux equation remains the same as ior a channel
with fixed barriers, provided that the rate constants for
ion jumps arc replaced by weighted averages over the
rate constants for the individual conformational states.
But this is no longer true when the rates of both
processes become comparable [11. In this case a jump
of an ion is followed by a slow transition to a more
polarized state of the site, and the conductance of the
channel could exhibit a depedence un ion concentra-
tion which is different from a simple saturation behav-
ior '1]. If there is a preferred orientation of the dipolar
groups, due {0 internal steric restrictions, the result
would be a different conductance for anions compared
to cations.

Description of the model

Fig. 1 is a schematic representation of the model.
The transversal section of the channzl-forming mem-
brane-embedded protein is shown in Fig. 1a. In the left
agueous phase (interior or cytopiasmic side) a concen-
tration ¢’ of ions exist, and the potential has the value
¢'. In the right agucous phase (exterrior side) the
concentration and the potential are ¢” and ", respec-
tively. The protein has two wide entrance vestibules at
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Fig. 1. () Transversal section of the charael-forming membrane-
embedded protein, 1t has two wide entrance vestibules, one on eich
side of the membrane. The marrow central part is the binding site
formed by & maoicty surtounded by dipolar groups. The interior (os
evioplismic) aqueous phase has an ion concenteation ¢ and
potential &', For the exterior aqueous phase the corresponding
quantities are ¢ and ¢". (b) Potential energy profile offered by the
channel 10 the ions. 1t does not contain the contribution o the
polarized state of the binding site. £, and £, are the barrier heights
which have to be overcome by the ion in order to leave o {o eater
into the site, respeetively. « and B8 are the fractions of the membrane
spanned by the indicated regions sf the eacegy profile. () Approxi-
mated farm of the ion binding site. In order to calvulate its contribu-
tion to the total energy profile, the moiety is considered to be formed
by two conceatric spheres of radius ¢ and o containing the dipoles
within them, (@) The profile of height A Qower part) i the energy
contribution of the polarized binding site. The upper profi'e s
obtained by adding up this contribution and that in (). This is the
total encrgy profile. Note that the oaly effect due to the polarization
iv to change the height of the minimum in (b Thiv heipht i«
increased oF deercased depeading on the sign of A, which depends
on the particular polarized states of the binding site (see text),

hoth cnds of the channel and 2 aarrow middle part
which contains the binding site. The binding site is
formed by a moicty surrounded by dipolar groups
which can be reoriented.

The mechaniza: Fu the interaction between the ions

and the dipolar groups may e described in the follow-
ing way. When an ior: jJumps into the moicty creates
strong coulombic field on the ncighborhood, this feld
tends to reori nt the dipolar groups of the protein. The
ceowicitation shufts the encrgy level of the binding site
and the aeigii of odjacent barrices, If the rate for
conformational change induced by the ion is compara-
bie to or smaller than the jump rate, the ion may leave
th- site before the protein structure hos relaxed the
pularized state {S). Thus, when the ion has left the site,
4 certain time is reguired for the chanic! to roturn to

the original conformation, and the next entering ion
may find the structure still in a partly polarized state.

Fig. 1b represents the energy profile encountered by
the ions on their pathway through the channel (to
simplifv this figure and the following explanation, we
have taken the case ' =¢"”). The origin of these
energy barriers may be easily understood from the
geometry of the channel: If an jon. having a diameter
slightly greater or similar than the narrow parts of the
channel, intent to cross it from left to right, the ion has
to remove part of its hydracion shell, pass the first
narrow entrance (first maximurnia), be trapped into the
moicty (minimum), overcome the narrow exit (second
maximum), and finally be released and rehydrated in
the opposite side. This energy profile does not contain
the coitribution from the polarized stute of the site,
but includes aii the others interiactions of the ion with
water, membrane, and protein. This profile is assumed
symmetnical, with « and 8 defined as the iractions of
the membrane thickness spanned by the indicated parts
of the encrgy profile (2(a + 8) = 1). The contribution
from an external potential U, = ¢'-¢" (case ¢' # ")
will be considered below (here we use the constant
field approximation).

In order to include in the energy profile the contri-
bution from the dipolar groups, it is assumed that the
binding site can be approximated by the dipolar array
shown in Fig. ic. Tius array is formed by two concen-
tratic spheres with radius #| and r,, respecuively, con-
taining & dipolew uniformly distributed within them.
We suppose that cach dipole has only two possible
orientations: ‘up’, when their dipole monient points (o
the ceater of the moiety, and *down’, when pointing
opposite to this center, I the polarized state repre-
sented in Fig. e, all the dipoles are ‘up’.

An arbitrary polarized state of the site will be char-
acterized by a number u of dipoles ‘up’ and n-u
dipoles ‘down’. Here. to make the maode! tractable, we
assume that it is unpimportant which particular dipoles
are ‘up’ and which are *down’, only veing important
how many of them are in cach of this two states.
‘Therefore, if the sitc contains n dipoles, there are only
n + 1 ditfferent polarized states, The set of these n + |
polarized states constitutes aii thic conformational states
of the channel protein.

In the polarized state shown in Fig. 1¢ Call up’), the
energy protiic offered by the binding site te a positive
ion traversing the channel, is calculated as follows (see
details belows: Assume that the positive charges of the
dipoles ‘up’ arc distribuicd uniformly on the internai
sphere, and their negative charges on the external onc.
Let it be the difference of electric potential between
these two uniformly charged spheres. The resulting
profile is shown ir the lower part of Fig. id. If the
polarized state is arbitrary (¢ dipules ‘up’ and n-u
‘down’), the procedure to calculatc 7 is similar: just
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Fig. 2. A more detailed geometry concerning the pasitions of the
dipolar groups with respeet (o 1he positions of the maxima ind
minimum of the enerpy profile, «p and gy are the fractions of the
distance v vy spanned by the indicited parts of the energy profile
Gy b By = 1) A is the energy contribution generated by the polirized
hinding site, The effect produced by the polacization is to shift beth,
the height of the minimum (2, becomes B, — 8,1 aud the heishts
of the maxima (L, becames 7| - o i) Lplicit is the assumpt:on
that the electric powential between the spheres forming the moiciy is
approximately linear, The geometsy shown in Fig, Id corresponds to
the cise a, = 0(8, =1).

distribute uniformiy on the itwo spheres the charges of
the ‘heads’ and ‘fails’ of each of the corresponding
dipoles. In this case the valuc of i could be positive or
negative, depending on the numbers ¥ and n. Note
that /r is zero if » is even and n /2 dipoles are ‘up’.
Adding up the energy proiile of the polarized state
(lower part of Fig. Ld) together with the profile of Fig.
1b. we get the upper part of Fig. 1d. This is the total
cnergy profile encountered by the ions traversing the
chainel. Note that the only effect produced by the
polarization is to shift the height of the minimum
between the barriers (£, becomes E,-h), increasing or

1 :
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decreasing it depending, on the sign of A, The height
E\ of the maxima remain unchanged. This fact is a
dircet consequence of she geometry assumed in Fig. 1,
that is, the positions o the dipolar groups with respect
to the positions of the muxima and minimum of e
encrgy profile. '

A more general geomctry concerning the positions
of the dipolar groups with respect to the puositions of
the maxima and minimum of the encrgy profile is
shown in Fig. 2. Here «, and B, are defined as the
fractions of the distance r;-r, spanned by the indi-
cated parts of the encrgy profile ta, + 8, = 1). In this
situation, the effect produced by the polarization is to
shift buoth, the height of the minimam (£, becomes
£,-B\1) and the heights of the maxima (E, becomes
I\ —a,h). Implicit in this new values of the heights is
the assumption that the clectric potential between the
spheres forming the moicty is approximately lincar.
The geometry shown in Fig. 1 corresponds to the case
a, =08, =1

The geometry shown in Fig. 2 physically corresponds
to the situation in which the narrow parts of the
channel are located in some position between the
charges of the nearest dipoles (sec Fig. 1a). That is, in
Fig. 1a the narrow parts of the channel are very close
to the negative charge of the nearest dipoles, thercfore
a, = For a situation in which a;, =1, the narrow
parts of the channel would be Jocated very close to the
positive charge of the same dipoles. We will see below
that the valuc of a, plays a critical role on the charge
sclectivity of the channcl.

The contribution {rom an cxternal poteatial U, =
'-p” wili bre conidered as linear Cassuming the con-
stant fizld approximation). Thus, the fractions « and g
of the membrane thicknese (Fiy. 1b) provide the frac-
tions of U, which contribute o the change in the
heights of the energy poofile. This fact will be used
when considering the explicit expressions for the rate
constants below.
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Fig. 3. Kinetic scheme for the transport reactions in the channcl. 1 is the total number of dipoles in the binding site, There are o + 1 different
states of the channel, A, and B, with u being the number of dipoles up’ (u =0, L...,n). 4, are the stales of the channel when the moiety is

(A

empty, and B, when it is occupied. The quantities v, and p,, are the rate constants for an ion lo jump into the moiety and out of the moiety.
respeciively. &, and /, are the rate constants for turning a dipole when the maiety is empty and occupicd, respectively, (Explicit expaessions for
the rate constants are given ni the text),
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States of the channel and rate constants

The channel protein with n dipoles in ilic binding
site may exist in 2(n + 1) distinct states. These states
depend on the crientation of the dipoles and on the
occupancy of the site:

A, ibinding site empty, and u dipoles "up’)
B,, (binding site ocenpied. and « dipoles "up’)

fore=0,1,2,....n.

We assume that only onc dipole can turn its oricnta-
tion at a time, in a single step, and, that this intercon-
vertion is much fasier than the ion translocation. This
means that an jon crossing onc barrier finds the barrier
in a well defined state. Under these conditions ithe
kinetic scheme of the system is depicted in Fig. 3. The
rate constants {or transitions between the states are
also indicated in the figure, and are defined as follows
(when u dipoles are *up’).
vo, »0 rate constants for an ion to jump from the

left, and from the right, respectively, into the
moicty.

i, pht rate constants for an jon to jump to the right,
and to the left, respectively, out of the moi-
cty.

1,17 rate constants for turning one dipole “down™

to “up”, and “up” to “down”, respectively,
in the occupicd swic.

k,: rate constants for turning once dipole “down™
to “up”. and “up” to “down”, respectively,
in the empty state.

Schematically:

kv

u"

[ W
ion in left phase <2 ion m moiety < jonin right phase

#y Yu

L,
dipole ‘down’” # dipoie "up’ (occupied state)
v

Ay
dipole ‘down’ If dipole “up’ (empty state)

In Fig. 3, the line connecting B, with B,,,, repre-
sents the transitions between the dipolar states when
the site is occupied. The one connecting A, with A, |
represents the same transitions when the site is empty.
The factors multiplying the rate constants [/, 7, k.
and &, account for the fact that, ‘n the indicated
transitior, anyone of the corresponding dipoles could
b2 turnad. The two curved dines connecting B, with
A . represent the interchange of an ion between the
site and the aqueous phase of the left side (left curved
liae), or of the right one (right curved linc). Note that
the channcl protein can be found in just one state at a

time, and no more than one ion can occupy the moiety
simaltancously.

The tens crosses the channel in both directions,
jumping from onc phase to the moiety and then to the
other phase. Also, they can go back to the agqueous
phase from which they jumpaed in the previous step. At
a given time, the net flow ¢(r) (from left to right in Fig.
Ia) may e oblainad from the net number of jumps

: ’t .
over a given baivier,

The jump rates v, and v, of ions into the empty site
depend on the aqueous ion concentrations ¢’ and ¢”,
and may be written in the form: v, = ¢’p;, and v = ¢"py,
where p;, and p;, are concentration-independent quan-
tities [7]. The jump rates of jons out of the site, p', and
w, may be assumed to be truc monomolecular rate
constants. Expressions for p,, py. u),. g, and the
other rate constants arc given beiow.

Finally, we arc going to assume that the only quanti-
tics which are <ependent on the cxternal potential
U, =4 — ", arc those which involve the movement of
the ion, that is, p,. p;; and ). Then, it is considered
that the necessary cnergy for turning a dipole is not
affected by the presence of an external clectrie field.
This is true tor those dipoles which move in a plane
perpendicular to this ficld, but not for those which
move out of this plance Gilthough some cancelation
cffects could be expected because of the symmetry of
the mwicty). In any case, our results will be valid ior
small values of U, zee Egn. 13). The main reason for
doing this approximation is that, otheiwizcs, it could
result in a large complication of the energy levels and
the kinetic scheme. This would be subject of a further
improvement of the model,

Kinetic equations and ion transport

The mere use of rate constants gives to the model a
stochastic character. This comes from the definition of
a rale constant as the conditional probability for a
transitioii to occur in the system, or, cquivalently, as
the average frequency of jumps over a barrier in one
direction given that an ion was in the previous mini-
mum. Then, the transport of ions through the channel
is not & deterministic process, and it is necessary to use
time-dependent probabilities in the description,

The dynamics of the channel is described in terms of
random transitions between the. conformational states.
At time ¢, the relevant auantities arc then the probabil-
tties, 1,(0) and B (¢), to find the channel in the states
A, and B,, respectively. We use the same symbol to
denote the state and its probability. The tirme evolution
of these probabilities is given by the foliowing set of
lincar kinetic envations:

dd,

W="""'1')'*'"")440*"";"41+I"uRn e



dA
kA = (R DR o)A+ 2K )
d4, .
ar (m-u+ Yk, A, (k] Y-k, e A,

Fe? ”'l‘ll;o I"in« v “n”u 3)
d ‘4" -1 ! " .
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dt
+ "k;:"ln T, IBn 1 t4)

dd, , .
T Ry I"'n t '“'l"u t ), + “u"n (5)

and the corresponding cquations for B(r):

dB, )
TR (aty + By 1B+ ey Ay (6)
i,
5= By = 4 Dl ) By 2By 4 A %
¢
Jdn,
T (n—u+1, (B, |~ v -, +u 8,
U
f (" d l)-’,’:, .Bn 1 + "ll‘4ll (H)
a8,
= 2’:’1 .‘"n 2 ~(n - I)I"; 1 + l:l ] +u, I)Bu t
dr
+ "III:BM + Y I"‘n t - (l'))
da,
“L‘“r . ’:’, l”u [ ("I;; tu, )Bu +u, A, {1m

p—— L = 7 3
where, Hy = My + M, and v, =V, v,
The system of lincar equations has to be solved
iogether with the probability conservation condition:

n

YA+ B)=i an

and the eiven initial probabilities A (G), B0} ior
u=0,1,...,n

Solving the system of equations, one finds the quan-
titics A,(1) und B.(:) which are expressions containing
the time ¢ and the set of rate constants, The rate
constants are functions involving the ion concentra-
tions, the external potential U,,, the temperature, and
the parameters of the channel and the ion. Explicit
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expressions for the rate constanis will be given in the
next section,

The net flow of ions through the channel, ¢(1), may
be obtained by summing over all transitions in which
an ion jumps over a given barrier. For the left-hand
barrier this gives:

By = Y, [ri A0 =, B(1)] 12)

te - )

An analogous equivalent expression for ¢(t) is ob-
tained from the right-hand barrier.

If we have an ensemble of N identical channels
embedded in the membrane, and they are prepared
according to a given initial state, the total flow through
the membrance is simply @1 = Nep(1),

By solving the system of equations under steady-state
conditions (dA,,/dr =0, dB,/dr = 0), one finds ihe
stationary flux @ = (). From this flux. the ohmic
single-channel conductance, A, may be calculated. This
quaniity is definad by:

[ Zegd
A= ;._,‘l}:::1|l[ 'Uﬂ.." ] . {1
Note tha, by definition, A s the ensecmble average
over all channels, which may be considered equal to
the time average during the observation of a single
channei. Tius includes the possibility that in extreme
cases (when the transition rate constants are small
cempared with the bandwidth of the recording device),
fluctuations in the singie channel resulting from con-
formational transitions may be directly observed. Such
& limiting case is given by a channel with open-closed
kinetics.

Explicic expressions for the rate constants

In order wo write ther explicit expressions for the
rate constants, we are going to calculate the height A
of the cnergy profile oficred by the binding site to an
ion cressing the channel. This will be done witi the
procedure described above, that is, using a uniform
distribution of charge on the spheres forming the moi-
cly.

Let the positive and negative charges on onc dipole
be se, and —se,, respectively, where ¢ is the clemen-
tary charge, and s is a positive quantity (for the numer-
ical calculations, a value of s = 0.25 was chosen, this
correspond to the dipolar groups in the gramicidin A
channel [6)). When i dipoles are ‘up’ and 7 — u ‘down’,
the charges or: the spheres forming the moicty would
be g, =Qu—-n)se, and g,= —Qu —n)se,, respee-
tively. From clementary electrostatic cafcuiaiions, the
vaiue of #, which is the difference of energy between
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the two spheres times the charge of the ion, is found to
be

(Zey)r

= e (214 = 1) (14
drreey(ryr>)

where Z is the valency of the ion, 7= (se,Xr, —r;) is
the dipeic moment, €, the permittivity of the free
space, and € the diclectric constant of the medinm
between the ion and the dipolar groups.

In the expressions for the rate constants, the cnergy
# will be written in the form h/k 3T = Qu - n)f, where
k. is the Boltzmanu's constant, 7' is the absolute tem-
perature, and [ is u dimensionless quantity defined by

o -

dereey(r,r) AT

It is also necessary to know the energy to turn a
dipole when u dipoles are “up’ and a2 ~ u “down’. This
caergy is closely related to &, because h/Zey, iv the
energy required to interchange a unity of charge be-
tween the two spheres forming the moicty. The process
for turning a dipole is cquivaient to the process for
interchanging the charges se, and -se, between the
two spheres. The corresponding required energy is
simply given by 2se (F/Ze,). We define a dimension-
less quantity g :

=2/ (10)

which will be used in the encrgy dependence of the
corresponding rate constants,

Now. using the rate theory analysis of ion transport,
and according to the assumptions and approximations
we have made above, the explicit expressions for the
jurap rates of ions, when there exists an external poten-
tial U,, = " - ¢", arc given hy:

M R L (an
o0 = P oxplla + B/ 2u,). with @ = ), exp( - (20 - n)f )
E)
P i expl- e+ 870, with 52 = in o expl - e 2u - »)f)
(19)
o=, expUB /D). with {5, <1, osp(B(2u— 1) (2N
By =y X = (B 200, )0 with @0 = il expUB i - )

(21

where u,, 18 the dimensionless external potential de-
fined by

= 2oyl 7tk T (1

o/

and, B, 5, P20 By 20 and @, » are consiants inde-
pendent of « and «,,, they only depend on the undis-
turbed internal potential profile when there is no ex-
ternal potential U,, and there is no polarization in the
site (i = n/2). Note that because of the assumed sym-
metry of the potential energy profile, the equalities:
Pr 2=, and @, ,=E., are fulfilled. The factors
containing «, B, a;, and B, in the exponentials, ac-
counts fer the fractions of u, and f that contribute to
the change in the height of the energy barriers (sce
Figs. 1b and 2).

Similarly, the rate constants for turning the dipoles
arc given by:

ALKy (- QQu—mg /2y kD =ky s oxp(Qu - n3g /2)

(R}
L= Ioexpt- Qu~mg /0 10 =10 cexp(u - mg sy (24)

where k) ,, and &) /2 are consiants independent of
and they only depend on the internal energy barrier of
the binding site (not shown) when there is no polariza-
tion (¢ =n, 2). The dimensionless energy g is defined
in Eqn. 16. The factor 1/2 in the exponentials takes
the implicit assumption that the internal energy barrier
of the site is symmetrical. It also assumes that the
differs nce of potential between the spheres is approxi-
mate-y lincar (see the lower part of Figs. 1d and 2). Cn
the other hand, the quantities 7, . and [, are refated
with k;; . and & , because the former are obtained
from the later when considering their modification due
to the presence of an ion into the moiety. If this ion
only contributes with its clectric ficld to modify the
internal barrier of the site, the energy required to wurn
a dipole is increased by the quantity 2(f -k, 7)/2 as
may be seen froan elementary electrostatic claculations
(the factor 2 in the numcerator accounts for the twa
changes of a dipole, and thai in the denominator
accounts for the symmetrical internal barrier of the
site). Then, the quantities #!/2 and ", arc given by
the following exoressions.

.

o ox=Kyexp(= 1), andly s =&y expif) 25)

Deiailed balunce

If the channel modei constructed here has 1o be
consistent with the microscopic reversibility, then, in
the cquilibrium state the zet of rate constants have to
satisfy the requirement of the detailed balance. That is,
in any closed circuit taken in Fig. 3, the forward
product (counterclockwise) of the involved rate con-
stants should be equal to the backward product. Let us



check this reguirement for some closed circuits of the
reaction scheme.
Take the circuit:

The detailed balance requires: (vyuy)/ (v ) = L
Substituting the expression for the rate constants given
in Egns. 17-22, we get:

" " LU L )
Vb CPHy, e n
T = e = (B et B/ g
Ve My COHMy

Xexp( ~ ay 20 ~ ) [ Yy, . exp(Bu—n)f)
Xexp( ~ (B 720m,,))
X{ep cespiie+ B/,

Xexpl — (2~ 0 [,

Xexp( B2 — m) f Y exp((B /2, }) !

----- eXP( = 1, ) = eXplitg — 1ty ) = !

where we have used the relations g, =p, 20 &), 2=
&, 2 Aa+B)= 1. and ¢" =c" explu,), with u, being
the Nernst potential. The Nernst potential w,, is equal
0 u,, in equilibrium.

Take now the closed circuit:
tn o uM
Bu l"'u i
e I
AN raat P Hu

(),

—.Au «1
e DA

el
the requirement of the Jdetailed balance is

vy e+ DU =k
v = ) G+ DR

substituting tiic cxpressions of Eqns. 17-25 for the rate
constants invelved here, it is found agein that the left
hand term, reduces to expiu, — u,,) which is unity at
equilibrium (2, = u ).

Similarly. it can be shown that the requirement of
the detaifed balance is fulfilled in every closed circuit
chosen from Fig. 3. Therefore, the model is consistent
with the microscopic reversibility. Note that, in a non-
equilibrium state, the quantity explu,, - u,,) is the driv-
ing force for the cycles in the system.

Seolution of the system of kinetic equations

We are interested in the behavior of the obhmic
single-channel conductance, A, for different values of
the mode! parameters. Therefore. we have to deter-
minc the stationary solution of the system of lincar
Kinetic equations. The micthod used to find this solu-
tion for arbitrary value of n, was 2 numerical one
assigning explicit vaiues to the parameteis of the model.
In addition, the solutions cin be bound analytically for
n=0and n =1, and because they are not too compli-
cated their general characteristics may be analyzed in
detail In case n =0, the model correspond to a rigid
pore which has been weli studied before [7]. In case
n = 1, the model represents a channel with two confor-
mational states, and it has been treated in general in
Ref. 1. As mentioned before, the gencral treatment
considers the conformational states as abstract states
of a chanmel pratein, and it is not assumed any particu-
lar mechanism for the conformational transitions in-
duced by the ions. In the following, we derive some of
those results adapting them to the present model.

For n =1, only one dipolar group exists in the site.
It is cicar that, in this case, the method of uniformly
charged spheres that we used to calculate the energy
profile of the site in the polarized state, is very rude,
and it has to be considcred only as a gross appinsima-
tion. Nevertheless, as will be shown later, the main
features of the model for n > 1, are found also in this
case.

For ene dipoie in the site, the channel protein may
exist in four distint states: A, A, B, and B, (scc Fig.
3, with n = 1). The system of kinctic equations (Eqgns.
1-11) consists of four equations with four unknowns.
As explained before, in steady state, the net flow of
iuns through a membrane having embedded N identi-
cal channels, is given by & = N¢, being ¢ the net flow
per channei (see Eqn. 12):

&L edy - wh Bl + ey = ui 8] (20)
where A, 4, B, and B, arc here the stationary

probabilitics for th:: corresponding states. These prob-
abilitics ase found to be:

Ag=lualf e+ kD) + wk{Gea v 1)/ (27)
Ay= [l + kD + koG +IDY/ 0 ("
By=[od{wy+ ki) + v ki + 1]/ o 29
By = [rgligry + kD) + vk + D1 o (M

— " =
where p, = uj+ i py = @4 i, veg= vyt g, vy E
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v} + v}, and, the denominator o is defined by:
o = (ki + A popy + poll + 1ily)
FUY gy + ek A oikg)
+oyulky +1)
+ gl + Q) Gh

Inserting Eqns. 17, 27-31 into Eqn. 26, we get:
Y »
-[I~»xp(u‘, )l (32)
r

with,
A G S S AR LIS R Y s Aol + k)
R ATV R T A I (RAH

From this flux, the signle-channel conductance can be
caleulated using Eqn. 13 (with & = Né):

A= I|m 4

iy 0

[ Zeyd
l\l
this limit yiclds A as a function of the ion concentra-
tion ¢:
(Zey) (D + Ee)

Aoy = - : (35)
O T FaGes e

where,

D= phunk Vg 10+ pln kg + 00+ paa KT+ plad TR

(306)
E = pamuid? + proaily N
Fo (kY + Ry aam + gl + i) ()

G = () + gk + pk ) b pp (KT D+ ppggUy A (D)

H = pyp 17 + 1)) ()

with p, =py +p4. p =) + o7 12 = 1y + Ry, and p,y
= u; + ). Note that according to the definition of A
in Eqn. 34 the rate constants appearing in Fgns, 36-40
rcfer to a voltage U, = 0, (sec Egns. 18-22),

It is scen from Eqn. 35 that A(c¢) is a nonlincar
function of ion concentration containing terms which
are quadiatic in ¢. This behavior may be compared
with the propertics of a onc-site channel with fixed
barrier structure (n = 0) which always exhibits a simple
Michaclis-Menten saturation characteristic [7}:

(Ze, ): PoRLC
L e~ @0
kT pyt+pyc

As expected, Eqn. 35 reduces to Eqn. 41 in the limit
7 =, 14 = ()
o 0 .

Resulis

Saiuration behavior

(a) Case n =1

In the gencral treatment given in ref. 1 for a channel
with one sitc and two conformational states, it is
pointed out that the dificrence between the behavior
of Al¢) from Eqn. 35 and from Eqgn. 41 is clearly
manifested using some combinations of rate constanis.
The conductance in Egn. 35 goes through a maximum
with increasing ion concentration ¢, whenever the rela-
tionship DH > EG is fulfilled. This relationship, which
is directly obtained from Equ. 35, is equivalent to the
condition:

ar ,n,[“u Hy
Ha By
11
R | L P (42)
S Hy iy

Eqgn. 42 is a general relation for a channel with one
site and two conformational states. That is, cvery chan-
nel model of this type, having rate constanis satisfying
this relation, should show a maximum in its conduc-
tance.

Let us cheek it the particular channel model treated
here satisfy Egn. 42, Using the expressions for the rate

coastants given by Eqns. 20-22 (with U, =), it is
tound that,
Mn Eyooexpl - f/2)
I‘«u Eooaexp(— f/0+a) . expt- f/2)
et g
Ay oexplf/) -0 (1)

Ty exp(f /20 s exp(f/2)

but, the right-hand term in Egn. 42 is a positive quan-
tity (ratc constants ar¢ positive quantities). This means
that the condition for the existence of a maximum in
the conductance A(c) (Eqn. 35) is not fulfilled by the
rate constants of our modei with # = 1. In other words,
a channel with one dipolar group, has a conductance
A(c) which always behaves like a saturation curve. In
fact, no matter what the particular values of the rate
constants were used (as long as they were consistent
with Eqns. 17-25), A(¢) from Eqn. 25 was always well
fitted by Michaelis-Mcnten curves A, c/(k + ).
These results are shown in Fig. 4, where the conduc-
tance A(c¢) (in arbitrary units) is plotted for several sets
of parameters of the model. Thie fitting curves can not
be distinguished from the A(c) curves.



An intuitive explanation for the inverse relation
bctween the conductance and the parameter g, as
shown in Fig. 4, can be given with the help of Eqgns. 16,
23-25. This equations show that g determines the
values of the rate constants /) and /{ in such a way
that /) increases and !/ decreases as g increases (see
the values of the remaining parameters in Fig. (4). This
situation determines, partially, a greater probability for
the ‘ali down’ (B,) compared to the ‘ali up’ {B,) states
(see Fig. 3, with # = 1). In the B, state the correspond-
ing minimum is dceper and, therefore, the average
time an ion spends in the site is greater compared with
that in B,. This fact decreases the chance for the ions
to enter into the moicty and, consequently, the net flux
is decrcased. This point will be extended in the section
dealing with the selectivity of the channel.

(b) Case n > 1

For a channel with one site and n + 1 abstract
conformational states, A(¢) can be shown to have the
general form [1]:

') .
Ay =¢o——— (44)

where P(¢), and Q, , (c) are polynomials of n-th and
(n + 1)-th order, respectively. The concentration de-
pendence of the conductance, as described by this
cquation, may become rather complicated.
Nevertheless, for the particular model of channel we
are treating here, it is found that the conductance
always presents a simple saturation behavior. As men-
tioned before, to find the solution of the steady state

0.24 e e
Alc) ! g= 00 _ — ]
R
L 5 i
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Fig. 4. Conductance A(c) as a function of the concentration ¢
(arbitrary units), There is only one dipole in the binding site (n = 1),
The curves are presented for several values of the energy g. The rest
of the parameters used in these calculations are: a =03, a; =0,
§=025, and Z =1, The values of the ratc constants (in s~ ') are:
k=10, k2 =10, p,,2=10, and &, ,,=1.0. All the conduc-
tances are well fitted by Michaalis-Menten curves A, ¢ /(k,, +c).
The values of the parameters (A, k,,) corresponding to g = 0.0,
02, 04, 0.6, and 0.8 are found to be: (0.25,1.0), (0.23,0.92),
(0.19, 0.75), (0.14, 0.55) and (0.97, 0.39), respectively.
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Fig. 5. Conductance A(c) as a iwiction of the concentration ¢
(arbitrary units). The curves are presented for several numbers n of
dipoles in the binding site. The parameters used in these calculations
are those in Fig. 4 with g = 0.2, All the conductances found with
these and many other combinations of parameters are well fitted by
Michaclis-Menten curves A c /& + ¢). The parameters (A ..
k) correspondin. o n =0, 1, 5, 20, 50, and 70 are found to be:
(0,249, 0,99), (0,231, 0.925), (0.189, 0).76), (0.145, 0.581), (0.128, (1.506),
and (0.124, 0.5), respectively.

for n > 1, we solve numerically the system of kinetic
equations (Eqns. 1-12). Using this solution, we obtain
the conductance A(c) as given by Eqns. 34 and 12.
Even when the numerically determined conductance
has to have the general form of Eqn. 44, no compli-
cated dependence on ¢ was observed. For all the
values of n > 1 studied, and for all the sets of parame-
ters chosen, the conductances obtained by Eqn. 34,
were always well fitted by Michaelis-Menten curves.

This interesting result can be explained considering
the way in which the rate constants in Eqns. 17-25
combine to form the coefficients of the polynomials in
Egn. 44. The gencral form of these cocfficients is
rather complicated and it is not easy to find a general
condition for the existence of a maximum in A(c), as it
was the case for n =1 (sce Eqn. 42). In Fig. §, the
conductance of channels with different number n of
dipoles is shown. The inverse relation between the
conductance and # is explained below. In these calcu-
lations the quantities g, ,, &), 2, k, ,» and &k, , were
supposed independent of n. All curves were well fitted
by Michaclis-Menten curves. Analogous curves were
found using several sets of model-parameters,

Let us now turn to the second interesting behavior
encountered in the model, that is, tic different con-
ductance that the channel exhibits depending on the
sign of the ionic charge.

Selectivity

For all curves of A(c) presented above, the sign of
the ionic charge was chosen positive. This was done
when electing the value of the valency Z. The depen-
dence on this quantity is introduced in the model by
the relations in Eqns. 15 and 22. Also, in all those
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curves, the values of a, was chosen equal to zero,
representing the geomtry shown in Fig. 1d. In the
following we investigate the consequences on the con-
ductance A(c) for anions and cations when a; is var-

icd.

(a) Case a; =0

If a, =0, the conductance for cations (Z = 1) und
for anions (Z = — 1) is depicted in Fig. 6a, the valucs
of the remaining parameters used are indicated there.
For anions the conductance is calculated using Eqn. 34
with U, < 0. As can be seen in this figure, the conduc-
tance strongly decrcase when the transported ions are
cations, The magnitude of this effect depends primarily
on the ratio of the rate_constants &, , and k7 ». For
this plot it was chosen k) ., /k; = 5. The effect also
depends on the number # of dipoles in the site, for
anions the conductivity increases with this number, and
for cations it decrcases. As expected, for # =0 (rigid
pore), the conductance is the same for both types of
ions,

This sclectivity is explained because the ratio of the
rates K/ ,2 and k! ,2 determines the preferential equi-
librium position of the dipoles. This fact can be clearly
understood considering the extreme case k) >k, .
where the site is preferentially found by the ions in the
*all down® polarized state. In this state the site presents
a total energy profile where the minimum in Fig. Id is
deeper for cations compared to anions. In this situa-
tion the anions escape more casily from the moicty.,
and rapidly give chance to other anions to occupy the
site (remember that only one ion can occupy the site at
a time). The cations spend more time in the moicty
before they acquire enough cnergy to escape and,
correspondingly, more time passes before other cations
can enter into the site. Because of the value «, = 0, the
height of the barriers does not depend on the polarized
state of the site nor on the charge of the ions, there-
fore the rate to enter is the same for both types of ions.
The resulting effect is a greater anion over cation
conductance,

Similarly. if the relation &, <& . holds, the re-
sult is a greater conductance for cations compared to
anions. And, as expected, in the case K, =k ., the
conductance is the same for both types of ions.

The dependence of the conductance on the number
n of dipoles in the site can be explained because the
average height of the minimum in the total cnergy
profile depends directly on this number (apart rom
ky,» and & ,) This effect is opposite for anions
compared to catioas. In Fig. 6a the conductances for
n =10 and # = 20 are shown.

(b) Case a, =1
In this case, the conductance for cations and for
anions is depicted in Fig. 6b. The role of both types of
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Fig. 6. Conductance e as a fuaction of the concentration ¢
(arbitrary units) in the cases: G @, = 0, (0) o, = 1, and (0) o) = 0,5,
e is defined in Fig. 2. 7 is the valency of the transported ions., # is
the number of dipoles in the binding site. and the rest of the
parameters used in these caleulations are: ¢ = 0.0, « = 0.3, 5 = (.25,
Proa=10, s = 10K =1l and E,’:”.‘: = 5.0. The values of the
rite constants & wosand k7 . » determine the preferred orientation of
the dipoles in the binding site, this fact Eacilitates the transport of
ions of one type and hinders the other. Which type is hindered
depends critically on the value of the paremeter a;. All conduc-
tances are well fitted by Michaglis-Menten curves A, ¢ sk, + ¢).
In case (a). the parameters (A, k,,,) corresponding to Z = — 1 and
Z =1, respectively, are found to be: (101, 4.04) and (0,043, 0.16) for
=20, and, (1.62.2.49) and (0.08,0.33) for »=10. In case (b):
(0.25, 4.05) and (0.25,0.17) for # =20, and., (0.25, 0.32) and
(0.25.2.49) for n = 1. In case (c): (0.48. 4.04) and (0.098, 0.17) for
2 =20, and, (0.38, 2.49) and (0.14, 0.32) for # = 10,



ions is now inverted as compared to the case (a). That
is, the conductance is now greater for cations. The
magnitude of this cffect depends on the ratio of the
rate constants k. and k; 5. and also on the aumber
n of dipoles in the site. For # =0 (rigid pole). the
conductance is the same for both types of ions.

An explanation for this inversion in the charge sc-
lectivity may be given casily using Fig. 2. For @, — |
(8, = 1), the only contribution of the polarization is to
change the heights of the maxima in the energy profile
without changing the relative position of the minimum.
Therefore, the entrance barriers ¢ncountered by an
anion arce higher if the polarization is near the ‘“all
down’ state. This fact decreases its probability to enter
into the binding site. The opposite oceurs if the trans-
ported ions are posilive.

The explanation for the dependence of the conduc
tance on the number of dipoles in the site is imilar as
in case (a)

The iaversion in the cation/ anion selectivity is not
symmetric, as may be seen comparing Figs. 6a and 6b.
In case «, = 1, all the four conductances tend to the
same limit as ¢ increases. This common limit is ex-
plained because the constant heights of the exit barri-
ers are the same in the four cases (in contrast to the
case «, = 0), and, the rates for entrance depend on the
concentration ¢. In case «, =0, the four different
average heights of the exit barriers determine the limit-
ing rates for the transport processes, therefore cach
one of the four conductances has its own limiting
valuce.

{c) Case a; = 1.5

In this case the contribution from the polarization
results in changing both, maxima and minimum, of the
energy profile (see Fig. 2). This fact is manifested on
the charge sclectivity, which behaves intermediate be-
tween the cases (a) and (b), and it also depends on the
concentration ¢. Fig. 6¢ shows these findings. For low
values of the concentration ¢, the selectivity behaves
like in case (b), but for high values of ¢ behaves like in
(a). As «, varies from 0 to 1, the crossing point for
cation and anion conductances moves 1o the right. The
dependence of A(e) on the number of dipoles is more
complicated than in the cases (a) and (b). For n =0,
the conductance is the same for both types of ions.

All curves in Fig. 6 were well fitted by Michaclis-
Menten type curves: A,,,.¢/(k,, + ¢). The correspond-
ing parameters (A ., k) for cach curve are indicated
there.

Discussion

We have analyzed a model of channels with fluctua-
tions in their internal barrier structure. Fluctuations in
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the cnergy profile of a channel may be cxpected to
arise from transitions between the different conforma-
tional states of the channel protein. The general prob-
lem is complex, therefore, a simple but more realistic
madel in comparison to a rigid channel structure have
been considered. The channel has two (main) barriers
and a single (main) binding site. The rates of confor-
mational transitions arc comparable with the jump
rates of the ions. The nature of the conformational
states is proposed to arise from the movement of
dipolar groups in the site. A jump of one ion into the
energy minimum is followed by transitions into more
polarized states. Under these conditions coupling be-
tween transport and conformational transitions occurs
and the channel conductance A exhibits a peculiar
dependence on the coneentration ¢. According to the
general theory of {luctuations in barrier structure in
channels [1], if the rate constants sidsly certain condi-
tions, A could show a non-simple saturation behavior,
Nevertheless, for the presented model, it was found
that the rate constants contributed in such a way that
simple saturation curves were abtained. This was truc
for all the seis of parameter used in the caleulations. In
the case of only one dipole in the site (n = 1), it was
shown that the corresponding rate constants do not
satisfy the iequirements for the existence of a maxi-
mum in the conductance A(¢) and, in fact all the A(c)
curves were well fitted by Michaelis-Menten curves.

The second interesting property found in this model
is the selectivity for the sign of the ions. This was
clearly manifested by the very different ¢ Lctances
presented by anions and cations for certain values of
the model parameters. If the dipoles of the binding site
have a preferred orientation (close to the *all up’, or to
the *all down® states), ions with different sign in charge
*see’ different energy barriers when they try to get out
or to get in the site. The consequence may be a
strongly different cation over anion transport rates.
This cation / anion selectivity critically depends on the
value of the parameter a,, which determine the POsi-
tions of the dipoles with respect to the maxima of the
energy profile. As shown in Fig. 6, the extreme oppo-
site situations correspond to the cases where only the
heights of the minimuré (@, = 0) or of the maxima
(a, = 1) are changed due to the polarization of the site.
For a, = 0.5, both tendencies compete, and the result-
ing sclectivity depends also on the concentration of
permeant ion in the aqueous phases.

Other interesting characteristics of this model will
be presented in a forthcoming publication. The consc-
quences of considering ions with different size and nct
charge, and the case of a non symmetric energy profile
will be analyzed. Also, the time relaxation of the ion
flux will be investigated when an external parameter
such as the concentration or voltage is changed sud-
denly [8-12].
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