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lon conduction in the KcsA potassium channel analyzed with a minimal kinetic model
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We use a model by Nelson to study the current-voltage and conductance-concentration curves of bacterial
potassium channel KcsA without assuming rapid ion translocation. lon association to the channel filter is rate
controlling at low concentrations, but dissociation and transport in the filter can limit conduction at high
concentration for ions other than*KThe absolute values of the effective rate constants are tentative but the
relative changes in these constants needed to qualitatively explain the experiments should be of significance.
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lon channels allow selective transport across cell memfor K*, and 0.01 for TI. These distances differ by a factor of
braned1] and KcsA, a bacterial potassium channel of known30 for the narrow, 1.2 nm long selectivity filt¢7]. More-
structure showing high conduction rates and selectivityover, the value ofs for Rb' is close to that of K and sig-
among monovalent cations, has received much experimentglficantly different from that of T1 while the experimental
attention recently2—8]. Theoretical studies using molecular J-V curves are sublinear for *Kand TF but superlinear for
dynamics[9-11] provide atomistic level pictures that can Rb* [4,17]. Electrical distances could not have a simple
relate structural information to experiments but they involvestructural interpretation for the case of concerted multi-ion
usually time scales too short to obtain macroscopic currentgansport[18]. We have assumed thatE0 for all ions as a
[10] (except for Brownian dynamicgl2]). On the other first approximation, and based our analysis on the relative
hand, low-resolution approaches based on continlL®  values of the ionic rate constants needed to interpret the ex-
and kinetic[14] models introduce severe simplifications con- perimental data.
cerning structural aspecit$4] and channel states and transi-  Figure 1 shows the conduction steps in the selectivity fil-
tions[13], but they provide useful information since electro- ter [15]. According to experimental and simulation studies
physiological experiments are conducted over long time$2,3,6,1Q, two K* ions separated by a single water molecule
compared to those on an atomic scglg]. Nelson has re-  shift back and forth between the inn@y and outer(o) con-
cently proposed a kinetic model for ion permeation acrossigurations. The incorporation of a third ion from the solution
open ion channelgl 5-17. All microscopic configurations of causes the exit of a different ion from the opposite side.
the channel were represented by only three states that corrgimulation studies show that repulsive forces are essential
spond to different ion occupancies of the selectivity filter.for high conduction rate§l1] (they allow the affinity that
When analyzing the experimental data, it was assumed thaach ion has for its binding site to be overcofB®. When
ion association to and dissociation from the KcsA selectivitythe system is in the transition state an ion can leave the
filter (and not ion translocation within this fillecould be filter. lon association to the filter in statesandi is rate
rate limiting. We use this model to provide explanations forcontrolling at low concentrations but dissociation from the
the experimental current-voltagé-V and conductance- filter in staten and the translocation step between stagsd
concentratiorg-S curves obtained for a series of monovalento could limit conduction at high concentrations for ions other
ions by Miller and co-workerd4]. The three-parameter than K. Note that introducings=0 is equivalent to assum-
model employed here is distinct from the three-parametejhg that neither the association nor the dissociation rate con-
model used by Nelson, although it is a mathematical simplistants are voltage dependent. This assumption could not be
fication of the more general four-parameter model discussegllid for quantitative studiefl5,17], but it allows us to show
in the Appendix15]. However, we must emphasize the fol- the role of the translocation rate constant using a minimum

lowing differences. First, in contrast to R¢l.7] we do not  number of model parameters. The states of Fig. 1 incorporate
assume rapid ion translocation since this could be rate limit-

ing for ions other than K as we will show later. Second, for y J 0
the sake of simplicity, we do not allow the electrical distance

6, an empirical parameter of kinetic models that controls the d}_(l_d)

exponential voltage dependence of the dissociation rate con €v,S;8,
stants, to vary with the iofil7]. Electrical distances give Cp, SRS e g S By
. . L d¥n 2 avoVi
valuable informatior{1] but they are not free of criticisms j er ok, | outer
[13]. In the case of K, the distances obtained when fitting sol. g 2 § j ~— k 2 g 2 col.

v/2

theory to experiment are reasonaflé,17] but preliminary
fittings (see Table 1 in Ref.17]) gave 5§=0.3 for RlY, 0.15

ek.0,e

state o state /

FIG. 1. Schematic view of the conduction steps in the ion chan-
nel according to Nelsofil5] (we do not assume rapid ion translo-
*Email address: smafe@uv.es cation and introducé=0).
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the central elements of the chanfi&)8], although the vesti-
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not occur.(In this case the probability of the transient state

bule outside the selectivity filter may be included in morewould be unrealistically high,6,~1> 6~ 6,~0, and J

refined models[2,5,10,11. Experiments and simulations
show that conformational changes and fluctuatipnd Q]

would then decrease witB rather than increaseEquation
(2b) could be a reasonable approximation for those ions

can also be important, but the changes in the filter structurée.g., K') showing rapid, concerted single-file motion in ei-

at low K* concentration are not likely to occur in the high-
concentration conduction cyd@,8]. According to the model
of Fig. 1, the ion currentd can be obtained from the system
of equations

J=ev,§6, - ekiby, (1a)
J=ekyb, - ev,S0;, (1b)
J=eke’?0, - eke™'26,. (10)

ther direction while Eq(2c) should be more appropriate for
other ions(e.g., RB) where the suboptimal structural peri-
odicity of the water-ion queue makes translocation between
stateso andi of Fig. 1 more difficult[7]. The more general
Eq. (28 may apply to ions having intermediate properties
and to those showing rapid translocation within the filter if
the concentration is so high that the usual condition for this
case k> v,S, is not valid. Note finally that the association
step is always rate limiting at low concentrations: both Eq.
(2b) and Eq.(2¢) predict a linear behavior afwith Sfor low

S. To study the different ion conduction modes present in

The probabilities of finding the channel in the states of Fig. 1EdS-(28—20), we will assign values te,, ky, andk; for each

are related by, + 6,+ 6,=1 with v =eV/KT the dimensionless
transmembrane voltage, whekds the Boltzmann constant,
T is the absolute temperature, ands the proton charge.
Most of the applied voltage falls across the filf@;18,19,
andV is then the potential difference between the filter end
approximately. The ion concentrations &e S,=S for sym-
metrical solutions, andv,, ky, and k; are the voltage-

ion. Experimental studigs,4] give K* currents in the range
1-40 pA for concentrations in the range 20-800 mM and
voltages in the range 20-200 mV. These currents are lower
for Rb* and TI, and much lower for Na When fitting the

&£xperimental datd4] to his model, Nelson found,=6

X108 M™1st and ky=2x 10 st for K* [17] assuming a
voltage dependence to the dissociation rate constants. For the

independent association, dissociation, and translocation rafEnslocation step to be rate limitingy andk; should take
constants, respectively. The association rate constant ir§_|m|lar values. These values are significant but the rate con-

cludes both transportdiffusion to the filtey and sorption

(dehydration limitations. The energy landscape and struc-

tural periodicity experienced by each particular ion-wate
gueue in the filtef3,7] are lumped into a single translocation

rate constank;. Note, however, that if the translocation step

in Fig. 1 applied only to K but not to other ionge.g., RB),

r

stants include so many effect®nic diffusion to the filter,
dehydration, translocation between sites, dissociation from
the filter, rehydrationlumped into two single numbers that
their absolute values are tentative. We will emphasize only
the relative changes in the rate constants that are needed to
explain qualitatively thel-V curves[4,17] (the same rate

k, would not then be the translocation rate constant betweefonStants should be able to describe also g curves

configurations ando, but an effective constant characteristic
of ionic transport within the selectivity filter instedds op-
posed to the association and dissociatiotk, rate constants
that characterize interfacial transfer phenomeffde J-V
curve that results from Eg¢la—(1c) is

ol .

v,S+ 2Ky
If translocation is not rate limitingk,> v,S), Eq. (2@ sim-
plifies to

ke
v,S+ 2k, coshv/2)

J=2ev,S sini‘(v/Z)(

S
S+ (2k4/vy) ) ' (2b)

If dissociation is not rate limitingky> v,S), Eq. (28 simpli-
fies to

J=eky tanr(v/Z)(

S
S+ (2ki/v,)cosHv/2)

Although Egs.(2b) and(2¢) can be transformed into univer-

J=ek sink(v/Z)( ) (20

[3,4]). Therefore, reference to a particular ion in the calcula-
tions is made only to emphasize the qualitative differences
between curves. Quantitative studies would need more
elaborated models with a higher number of channel sf&fes
and parameteril7].

Figure 2 shows thé-V curves obtained for Kat different
concentrations using E¢2b) with v,=16xX10®* M~1s™* and
ky=4%x10% s7L. The dashed curve corresponds to conduction
when both ion dissociation and translocation are rate limiting
[Eqg. (28 with k;=kg]. This could be the case of ions under-
going rapid translocation if the concentration is so high that
Eqg. (2b) is not a good approximation to E¢Ra), although
the ionic fluxes obtained with this equation could not be
representative of the channel behavior in the limiting case
where k;< v,S and ky<< v,S simultaneously. The results of
Fig. 2 can be compared with the experimental data in Figs. 1
and 2 of Ref[4]. Although the ability of the filter to show
concerted, K single-file motion in either direction may sug-
gest the absence of rectification effects, asymmetric open
channelJ-V curves could still result from differences be-
tween the water-filled central cavity and the channel side
bathed by the extracellular solutid®,3]. Rectification ef-

sal Michaelis-Menten functions of a reduced concentrationfects can be described by introducing asymmetric values to

this is not the case of the more general E2g) [15,17.

v, andky in Egs.(1a) and(1b) [17], but these effects could

Therefore, since the Michaelis-Menten kinetics is approxi-also be due to an asymmetric distribution of the fixed charges

mately valid for most channe(4,15,17, the extreme limit-
ing case wheré; < v,S and ky<< v,S simultaneously should

in the channel regions adjacent to the selectivity filter ends
[6]. This would lead to asymmetric concentrations ol
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FIG. 2. J-V curves for K symmetrical solutions of different FIG. 3. J-V curves for K, TI*, Rb", and Nd in symmetrical

concentratiorS obtained from Eq(2b) with v,=16x 10° M~1s! solutions of ionic concentratio§=0.1M.
andky=4x 10° s™1. The dashed curve witB=0.8M corresponds to
conduction when both ion dissociation and translocation are rat?ransport rates if we used E@b)

limiting [Eq. (2a) with k=K]. instead of Eq(2¢) pro-

vided thatky=k;, although it is clear that the two conduction
mechanisms are qualitatively different. We have used Eq.

values, different from those in the external solutions. It iS(ZC) instead of Eq(2b) here because recent molecular dy-
noteworthy that some channels which have a similar filter to q: y

o . . .
KcsA show different rectification propertigsl7]. In any gimll)?ts f;”}lélzittr'gr?;sgaot\i’;rtﬂ%t]'nF?OS:;aSBt tg I;KIna 33%33;
case, the relatively weak outward rectification effects ob- P - 19 q

served[4] will not be addressed here using an asymmetricagreernent with the experimental data in Fig. 4 of Ref.

model because they could be influenced by unresolved flu the theoretical results correctly describe the observed super-

. + . + .
tuations at negative potentials, not being representative jy‘near (Rb’) and sublinearT") J-V curves using mecha-

steady-state open chanel curreptsl?].

Figure 3 shows theoreticatV curves for different sets of
rate constants intended to be representative of iohsTK,
Rb*, and N4 in symmetrical solutions of concentratidh
=0.1IM. The K* curve is obtained from Ed2b) as in Fig. 2. 200
The TI curve is also obtained from E2b), but now with
v(TIM) =v,(K*) andky(TI")=0.1ky4(K*), since Tt is a tightly
binding ion[7] that should not be able to leave the filter as
readily as K does. In contrast to the case of Mhere the 150
structural periodicity of the ion-water queue appears to fol-
low closely that of K, the periodicity is suboptimal in the
case of Rb [7], although this ion can also enter the filter.
Therefore, translocation within the filter can now be rate lim-
iting, and the Rb curve is obtained using Eq2c) with
v,(Rb") =v,(K*) andk,(Rb*)=0.00%4K™"). It should also be
noted that Eq.(2c) switches from superlinear to sublinear so b
behavior at very high voltages, in agreement with recent ex-
perimental datd5] that show voltage-independent currents
suggesting diffusion-limited transport whevi>300 mV.

The J-V curves for N are also obtained from E¢R2c) with 0 :

1,(Na")=0.01v,(K*) and k(Na")=0.000%4(K*) to account 0 02 04 s 0.6 0.8 !
for the fact that K transport rates exceed those of ‘Nay

several orders of magnitudd,8]. This gives approximately FIG. 4. g-S curves for K, TI*, Rb*, and N& in symmetrical
J(Na") =0.01J(K*) in Fig. 3, which can be decreased further solutions of ionic concentratiols at transmembrane voltagé
by decreasingvy(Na"). Na" would also show negligible =200 mV for the same rate constants of Fig. 3.
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nisms for ion conduction mentioned in previous experimen-could be forced through the selectivity filt¢s] and the

tal studies[4,3,7,8. In particular, it is not necessary to clearance of Nawould resume concerted*Ktranslocation
assume that the dissociation step is rate limiting to explaimgain with the concomitant increaseslkpfand the K cur-

the apparently surprising Rbsuperlinear curvé17] if we  rent.

consider that it is the translocation stér the equivalent Figure 4 shows theg-S curves for ions K, TI*, Rb*, and
process characteristic of ionic transport within the selectivityNa* in symmetrical solutions of concentratiéhat a trans-
filter for this ion) that limits conduction. Interestingly, a re- membrane voltag¥=200 mV with the same rate constants
cent experimental studys] analyzed the effects of Ndlock  as in Fig. 3. There is a rapid increase of conductance at low
on K* and RB currents through single KcsA channels andconcentrations that is more evident fof Khan for the other
concluded that the different blocking behavior observed caions, followed by a tendency to saturation at high concentra-
be correlated with the inhomogeneous energetic landscape tbn. Figure 4 agrees qualitatively with the experimental data
Rb* in the selectivity filter. The capability of Kto switch  in Figs. 3 and 5 of Ref{4]. Traditional continuum theories
from the o andi states in Fig. 1, in contrast to Rbcould  based on the Nernst-Planck equation with the Goldman con-
explain the marked voltage dependence of Kibck in K*  stant field assumptiofil] could not deal easily with the
compared with Rb (see Figs. 3 and 5 of Relf5]) although  single file, concerted multi-ion transport in the filter, and they
the voltage-dependent kinetics is more complex in this caserould naturally lead to curves more linear than those of Figs.
than that assumed in the present calculat{@jsThe dashed 3 and 4, although introduction of additional refinements can
curve of Fig. 2 clearly shows that decreasing the valuk, of significantly improve the theoretical predictiofik3]. In the
causes the Kcurrent to decrease significantly. At low volt- present model, Eq2a) givesJ-V curves that are intermedi-
ages(V<100 mV in the experiments of Rd5]), Na" is not  ate between the sub- and superlinear curves of @igs.and
able to enter the filter and therefore th&/ curve is similar  (2¢) over a range of voltages if we admit that ion conduction
to that in absence of the blocking ion. However, at highercan also be limited by transport within the filtesee dashed
voltages(100<V <200 mV) inclusion of N& within the fil-  curve in Fig. 2. In conclusion, although the limited number
ter disturbs the concerted'Kranslocation between theand  of microscopic characteristics included in the model pre-
o configurations. This should decrease the effective value ofludes its application to a particular set of experimental data,
k. and, according to Eq2a), give low values ofl. For high  the relative changes needed to explain the qualitative fea-
voltages(V>200 mV in the experiments of Ref5]), Na tures of the curves for each particular ion are of significance.
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