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Kinetic modeling of ion conduction in KcsA potassium channel
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KcsA constitutes a potassium channel of known structure that shows both high conduction rates and
selectivity among monovalent cations. A kinetic model for ion conduction through this channel that
assumes rapid ion transport within the filter has recently been presented by Nelson. In a recent, brief
communication, we used the model to provide preliminary explanations to the experimental
current-voltagel-V and conductance-concentratiges curves obtained for a series of monovalent
ions(K*, TI*, and RB). We did not assume rapid ion transport in the calculations, since ion transport
within the selectivity filter could be rate limiting for ions other than native Khis previous work

is now significantly extended to the following experimental problems. First, the outward
rectification of theJ-V curves in K symmetrical solutions is analyzed using a generalized kinetic
model. Second, th&V andg-S curves for NH are obtained and compared with those of other ions
(the NH; J-V curve is qualitatively different from those of Rland TI). Third, the effects of Na

block on K" and RB currents through single KcsA channels are studied and the different blocking
behavior is related to the values of the translocation rate constants characteristic of ion transport
within the filter. Finally, the significantly decreased Konductance caused by mutation of the
wild-type channel is also explained in terms of this rate constant. In order to keep the number of
model parameters to a minimum, we do not allow the electrical dista@rcempirical parameter of
kinetic models that controls the exponential voltage dependence of the dissociatjoto naaey

with the ionic species. Without introducing the relatively high number of adjustable parameters of
more comprehensive site-based models, we show that ion association to the filter is rate controlling
at low concentrations, but ion dissociation from the filter and ion transport within the filter could
limit conduction at high concentration. Although some experimental data from other authors were
included to allow qualitative comparison with model calculations, the absolute values of the
effective rate constants obtained are only tentative. However, the relative changes in these constants
needed to explain qualitatively the experiments should be of significanc20@ American
Institute of Physics[DOI: 10.1063/1.1913502

I. INTRODUCTION are conducted over long times compared with those on an
. 4 . . . . .
lon channels allow selective transport across celtomic scalé? Atomic simulations give results coherent with

membraned.KcsA, a bacterial potassium channel of known Classical concepts traditionally used by membrane electro-
structure showing both high conduction rates and selectivitPhysiologists in a number of casks. . o
among monovalent cations, has received much experimental Nélson has recently proposed a simple but useful kinetic
attention recentl§® Theoretical studies have addressed theModel for ion permeation across open ion chantfelS Al
origin of the channel selectivity to structureless inorganicmicroscopic configurations of the channel were represented
cations and the characteristics of the concerted, multi-ioy only three states that correspond to different ion occupan-
conduction mechanism through the se|ectivity filtere cen- cies of the selectivity filter. This is a relatively small number
tral structural element of the chanpelsing moleculat™  of states compared with previous, more complete kinetic
and Brownia®®'® dynamics simulations. The simulations models? Simple analytical equations relating ion conduction
provide atomistic level pictures that can relate structural intates with external concentrations and transmembrane volt-
formation to observed phenomena but they involve usualljage were obtained assuming that ion association to and dis-
time scales too short to obtain macroscopic curfrex-  sociation from the KcsA selectivity filtefand not ion trans-
cept for Brownian dynamidé™. On the other hand, low port within this filte) can be rate limiting, with special
resolution approaches based on contintfuiand kineti¢® emphasis on the case of the nativé.® In a recent, brief
models introduce severe simplifications concerning structuralommunication, we used this model to provide preliminary
aspect®® and channel states and transitihbut provide  explanation®’ to the experimental current-voltagV, and
useful information since electrophysiological experimentsconductance-concentratiogsS(g=J/V), curves obtained by
Miller and co-workers for the monovalent ions"KIl*, and
¥Electronic mail: smafe@uv.es Rb*.% This previous work is now significantly extended to
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the following cases. First, the outward rectification in the J
J-V curves for K in symmetrical solutions of different con-

centrat{ion is analyzed using a previous, generalized kinetic m
H _ P ev,S0, eky0,
modef® (Figs. 2 and ® Second, thé-V (Figs. 4 and 5and /ekde,, state n —%&.%\N

g-S (Fig. 8 curves for NH are obtained and compared with inner TRS outer
those of other iongthe NH,J-V curve is qualitatively differ- sol. Q d _— b Q sol.
ent from those of Rband TI). Third, the effects of Na : k06" )
block on K" and RB currents through single KcsA chanriels state 0 state 1
are studied and the different blocking behavior is related tgrIG. 1. Schematic view of the conduction steps in the ion channel according
the rate constants characteristic of ion transport within thdo Nglson(Ref. 16. We do not assume rapid ion translocation for all ions
filter (Figs. 6 and Y. Finally, the significantly decreased'k 2" introduces=0 (Ref. 19.
conductance caused by mutation of the wild-type chéfinel
is also explained in terms of this rate constéfig. 9). the system is in the transition state an ion can leave the

The three-parameter model employed is distinct fromfilter. lon association to the filter in statesandi is rate
that used in Ref. 18, being a mathematical simplification ofcontrolling at low concentrations but dissociation from the
the more general four-parameter model given by Nelson ifilter in staten and the translocation step between statasd
the Appendix of Ref. 16. We emphasize the following differ- o (or the equivalent transport mechanism in the filter for ions
ences with respect to previous approaches. First, in contrasther than K) could limit conduction at high concentrations.
to Ref. 18, we do not assume rapid ion transport within theNote that introducing=0 is equivalent to assume that nei-
filter since this could be rate limiting for ions other tha K ther the association nor the dissociation rate constants are
[large activation energies for going around the conductiorvoltage dependent. This assumption could not be valid for
cycle among the different filter states are likely to exist in thequantitative studie ®*®but it allows to show the role of the
case of Rb (Ref. 3]. Second, for the sake of simplicity, we different conduction steps using a minimum number of
do not allow the electrical distane® an empirical parameter model parameters.
of kinetic models that controls the exponential voltage de-  The states of Fig. 1 incorporate the central elements of
pendence of the dissociation rate constants, to vary with ththe channel revealed by KcsA structural d&¥although the
ion.*® Electrical distances give valuable information but theyvestibule outside the selectivity filter should also be included
are not free of criticism&’ In the case of K, the distances in more refined modefs>°** Although experiments and
obtained when fitting theory to experiment may be reasonsimulations show that conformational changes and
able, with §=0.15 as a typical valut:*® However, prelimi-  fluctuationd*®**could be important, incorporation of the fil-
nary fittings for other ions gavé=0.3 for R and §=0.01 ter flexibility is out of the scope of the present model. Note
for TI* (see Table 1 in Ref. 18 These distances differ by a also that the significant changes in the filter structure at low
factor of 30 for the narrow, 1.2 nm long selectivity filfer. K* concentration are not likely to occur in the high concen-
Moreover, the value of for Rb" is relatively close to that of tration conduction cyclé® We do not imply that the protein
K* but significantly different from that of TIwhile the ex- is in anyway rigid at the short time scale but rather than the
perimentalJ-V curves are sublinear for*Kand TI" but su- filter should have some average, well-defined spatial struc-
perlinear for RB.**® The fact is that electrical distances ture over the long times characteristic of conduction. It is
could not have a simple structural interpretation for the caselear that the filter must experience some structural changes
of concerted multi-ion transpo?r’r. Therefore, we have as- as K" ions translocate between staieand o but the struc-
sumed thats=0 for all ions as a first approximation and tural adjustments should be relatively small in this cade.
based our analysis on the relative values of the rate constanfsnally, in order to focus our study on the different conduc-
needed to interpret the experimental data. The conductiofion mechanisms that characterize each particular ion, the
steps that determine the transport of ions other than the nawo different concentration-dependent permeation mtdes
tive K* ion are then studied without forcing the electrical that could be present in the case of Kill not be considered
distance to assume rather extreme values. here.

According to the model of Fig. 1, the ion curredtgan

be obtained from the system of equatitits
Il. MODEL EQUATIONS

J=ev,S56, - ekyb,, (1a)
Figure 1 shows the conduction steps in the selectivity
filter."®® Experimental and simulation studfés>'°suggest 3= ekyf, - er,5,0 (1b)
that two K' ions separated by a single water molecule shift ! o
back and forth between the inn@) and outer(o) configu- J=eke’26, - eke 20, (10)

rations. The incorporation of a third ion from the solution

causes the exit of a different ion from the opposite sideln Eq. (1c), the ion concentrations arf§=S,=S for sym-
Simulation shows that repulsive forces are essential for higimetrical solutions and the probabilities of finding the channel
conduction rat€'s$ since they allow the affinity that each ion in the states of Fig. 1 are related Ioy+ 6,+ 6,=1. Also, v

has for its binding site to be overcofnénote that the two =eV/kT is the dimensionless transmembrane voltage, where
positive ions are the “countercharges” for the negativek is the Boltzmann constant, is the absolute temperature,
charges of the oxygen atoms in the selectivity flltewthen  ande s the proton charge. Since most of the applied voltage
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falls across the filtet?>*?V is the potential difference be- is ignored in the model. We will analyze the above case later

tween the filter ends approximately. Finally, andky are the

voltage-independent association and dissociation rate con-

when discussing Fig. 8.
Equation(2b) constitutes a reasonable approximation for

stants, respectively, arld is the rate constant characteristic those ionge.g., K") showing rapid, concerted single-file mo-
of ion transport within the filter. The association rate constantion in either direction. On the contrary, E(®c) should be

includes both transpofdiffusion to the filtej and sorption

more appropriate for other ioris.g., RB) where the subop-

(dehydration limitations. The energy landscape and struc-timal structural periodicity of the water-ion queue makes
tural periodicity experienced by each particular ion-waterconcerted translocation between staiesdi of Fig. 1 more
queue in the filtek” are lumped into the single rate constant difficult” and other transport mechanisms within the filter
k. Note that if the concerted translocation step in Fig. 1 werecould be operative. The more general E2g) may apply to

to apply only to K but not to other ionge.g., RB), k; would

ions having intermediate properties as well as to those show-

not then be the translocation rate constant between configing rapid transport within the filter if the concentration is so
rationsi and o in this case, but an effective rate constanthigh that the conditiork;> v,S is no longer valid. Note fi-
characteristic of the particular ion transport mechanismmally that the association step is always rate limiting at low

within the selectivity filter(as opposed to the association

concentrations: Eq$2b) and(2c) give a linear behavior of

and dissociatiolky rate constants that characterize interfacialwith S for low S.

transfer phenomenaThe kinetic modéf*®in Fig. 1 can be

compared with a previous approach by Schumaker and

Mackinnon®%*

Equations(1a—(1c) constitute a mathematical simplifi-

[ll. RESULTS AND DISCUSSION

To study the different ion conduction mechanisms

cation of the complete, more general four-parameter, osentin Eqs2a—(20), we will assign values to the kinetic

(va,kq, ki, and 8) model given in the Appendix of Ref. 16.

However, Nelson chose to analyze the effecte gky, ands

instead of those of,,ky, andk; considered here. This differ-
ence is not trivial: the use of finite values for the rate con-

rate constants,,ky, andk; for each ion. The currents ob-

served for different concentrations and transmembrane volt-
ages allow to estimate the rate constants characteristic of
each experimental regime. For example, the observed current

stantk; can explain the sublinear and superlinear behavior§lt low concentratiorfwhere ion association is rate limiting

observed in thel-V curves for the different ions without

introducing dramatically different values faf. Moreover,

provides a first estimation of the association constgrfor
an extensive concentration range. A similar procedure can be

the values used fd; can be justified in terms of the different {o)15\eqd to obtain the dissociatidk or translocatiork, con-
conduction mechanisms within the selectivity filter. There-gionts at high concentratior@here ion association is no

fore, the present study constitutes a significant addition t

previous work where preliminary fittings were attempt&d.
The J-V curve that results from Eq$la—(1c) is

. K )( a )
J=2%w.S 12 '
ev,Ssinh(v )< 1.5+ 2ky) \ 1,5+ 2kcostv/2)

(2a)
If transport within the filter is not rate limiting«,> v,9), Eq.
(2@ simplifies to
S
— . 2b
S+ (de/Va)> (@)

If dissociation is not rate limitingky> v,9), Eq. (28 simpli-
fies to

J= ekjtanr(v/2)<

(20

| S
J = eksinh(v/ 2)( S+ (2k/v,)coshv/2) ) '

fonger rate limiting and high voltages. Finally, for the trans-
location step(or the equivalent transport mechanism within
the filter) to be rate limiting,k; and ky should take similar
values. Considering simultaneously the/ and g-S curves
allow a more stringent estimation of the rate constants. Al-
though the absolute values of these effective rate constants
are tentative only, the relative changes in the constants
needed to explain qualitatively the experiments are of sig-
nificance and could be correlated to the occupancy in the
selectivity filter.

Computer simulations show typical times of only 0.5 ns
for K* motion between adjacent sites, with a time scale much
higher in the case of Ni&” but ion transport across the full
selectivity filter can take a longer time because it involves
several atomic steps. Experimental stutifegive K* cur-
rents in the range 1-40 pA for ionic concentrations in the
range 20—800 mM and transmembrane voltages in the range
20-200 mV. The observed currents are lower for other per-

Although Egs.(2b) and(2c) can be transformed into univer- meant ions(NH,,Rb", and TF) and much lower for Na
sal Michaelis—Menten functions of a reduced concentrationThe rate constants characteristic of each experimental regime

this is not the case of the more general E2p. % There-

can be estimated from the above values, as explained above.

fore, since the Michaelis—Menten kinetics is approximately(When fitting the experimental ddtéo his phenomenologi-

valid for most channels!®18

where k,<v,S and ky<r,S simultaneously in Eq.(2a

the extreme limiting case cal model, Nelson foundy,=6x10°Mts and k4=2

X 10%s™! for K* assuming a voltage dependence to the dis-

should not occur frequently. In this case the probability ofsociation rate constantg)

the transient state would be exceedingly high=1> 6

Although the above estimations are significant, the rate

=~ 0,~0, andJ would then decrease rather than increase witrconstants include so many effectenic diffusion to the fil-
S, actually, the transient state in Fig. 1 should not be so ter, dehydration, transport between sites, dissociation from
frequent because of electrostatic repulsion, but this questiothe filter, rehydratiopnlumped into two or three single num-
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FIG. 2. J-V curves for K symmetrical solutions of different concentratin  FIG. 3. J-V curves for K symmetrical solutions of different concentratign
obtained from Eq(2b) with v,=16X 10®* M~'s* andky=4Xx 1(f s* (Ref. obtained from Eq(3a) for k;=0.2%,, with v,=v», andk,=ky as in Fig. 2.
19). The dashed curve witB=0.8M corresponds to conduction when both Outward rectification increases with*Kconcentration.
ion dissociation from and transport within the filter are rate limiting
[Eq. (2a) with k.= k.
acids in these regiofi§ can give(asymmetri¢ ion concen-
trations andoH values different from those in tHeymmetri-

bers that their absolute values are rather crude. We will emcal) external solutions. It is noteworthy that some channels
phasize only the relative changes in the rate constants need@ghich have a similar filter to KcsA show actually different
to explain qualitatively thel-V curves*!® (The same rate rectification propertie&8
constants should be able to describe alsogcurves>”) Despite the above problems, rectification effects will
Therefore, reference to a particular ion in the calculations isentatively be addressed here by introducing asymmetric val-
made only to emphasize the qualitative differences betweeges tov, andk, in Egs.(1a) and(1b). Nelson has generalized
the experimental curves reflecting different conductionhis kinetic model to the case of asymmetric channels with
mechanisms. Quantitative studies would need more elabatifferent values of the rate constarfadowever, he analyzed
rated models with a higher number of channel statesl  the effects associated with asymmetric electrical distadces
parameter$ as well as more extensive experimental data. instead of those associated with the rate constaptsdky

Figure 2 shows thé-V curves obtained for Kat differ-  considered here. The resultidgv curve that generalizes Eq.
ent concentrations using Eq.(2b) with® 1,=16  (2b) for k,#k; is
X 10PM1st and ky=4x 10Ps™%. The dashed curve corre-

sponds to conduction when both ion dissociation from and  j=ek, 1-e” ~ c* 7

transport within the filter are rate limitinggg. (2a) with k; 1+(k/ki)e™ 1 +c*

=~Kky]. This could be the case of rapid translocation if the (33
concentration is so high that E(Rb) is not a good approxi- . 1+ (k/k)e™

mation to Eq.(2a). When the results of Fig. 2 are compared €= 2"(1 +e7) (2K o)1 + (ky/k)]’

with the experimental data in Figs. 1 and 2 of Ref. 4, it is ) o
observed that the use of a third parametey in the J-V where subscripte andi in the rate constants make reference

curve appears to show a better qualitative agreement to eJo the outer and irlner ends of the selectivity filter. We have
periment at high salt concentrations: The saturation of curd@Ssumed thakolgki"’ol_”i because of the symmetry of the
rent with potentiaV is not so marked in the experime‘htﬂ selectivity filter.” Consider now the following limiting cases
high S as in the continuous curves of Fig. 2. However, in©f Ed- (38 at high transmembrane voltages> 1. For low

contrast to the theoretical results of Fig. 2, the experiment§Oncentrationgc* <1), we obtain the symmetric behavior

show weak outward rectificatich. VoV
Although the ability of the filter to show concerted; K J== 95<—>, (3b)

single-file motion in either direction may suggest the absence

of rectification effects, asymmetric open chan®#dl curves where positive(negative currents correspond to positive

can still result from differences between the water-filled cen{negative values ofV. For high concentrationgc* > 1),

tral cavi% and the channel side bathed by the extracellulanowever, Eq(3a) gives the asymmetric fluxes

solution?” It is difficult to correct for rectification effects

because of both experimental and theoretical questions. In- IV>0)=ek; # [-ek| =)V < 0)]. (30

deed, LeMasurieet al. stated that above 800 mM*Kopen  Therefore, in the limit of high transmembrane voltages, ion

probability becomes so low that fullV curves could not be association to the filter occurs with tleffective symmetri-

measuredsee the caption of Fig. 2 in Ref).4Moreover, the cal rate constant of Eq3b), being rate limiting at low con-

model does not explicitly account for the access resistanceentrations. On the contrary, ion dissociation from the filter

which can be important for electrical potentials higher thanoccurs with the asymmetric rate constants of 8g), being

100 mV approximatelysee, e.g., Fig. 4a of Ref. LFinally, rate limiting at high concentrations. Current rectification

rectification effects may also arise because of an asymmetrghould therefore be expected in the latter case, as it is ob-

distribution of the fixed charges in the intracellular and ex-served experimentalff.

tracellular entryways. The negatively charged, acidic amino  Figure 3 shows thé-V curves for K symmetrical solu-

Vot
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FIG. 4. J-V curves for K, TI",Rb", and N& in symmetrical solutions of  FIG. 5. J-V curves for NH, TI*, and RB in symmetrical solutions of ionic
ionic concentratiorS=0.1M, (Ref. 19. The K" curve is obtained from Eq.  concentratiorS=0.1M for voltagesV>0. The NH; curve is obtained from
(2b) as in Fig. 2. The Ticurve is also obtained from E¢Rb), but now with Eq. (20) with v,(NH})=0.5v,(Rb") andk(NH})=3k(Rb"). The experimen-
va(T1) =v,(K™) andky(TI*)=0.07y(K"). For RU, we use Eq(2c) instead  tal data are typical of Tl (circles, Rb* (triangles, and NH; (squarelin
of Eq. (2b) with v,(Rb") =v,(K*) andk,(Rb*)=0.00%4(K"*). Finally, for Na Fig. 4 of Ref. 4.

we employ also Eqg.(2c) but now with v,(Na")=0.01ly,(K*) and

k(Na')=0.0008(K").

switches from superlinear to sublinear behavior at very high

tions of different concentratio8 obtained using Eq3a) for ~ Voltages(as it will be shown in Fig. 6 latgy in agreement
k=0.25, with v,=v, andk,=kq as in Fig. 2. Outward rec- With recent experimental datathat show voltage-
tification increases as Kconcentration increases, in qualita- independent currents suggesting diffusion-limited transport
tive agreement with the experimental results in Figs. 1 and 2vhenV>300 mV.
of Ref. 4. Although many phenomena may influence the TheJ-V curves for N& are also obtained from Eq2c)
measured-V curves? asymmetric rate constants could result With v,(Na")=0.01v,(K*) and k(Na")=0.000%4(K*) to ac-
from differences between the water-filled central cavity ~ count for the fact that Ktransport rates exceed those of'Na
ner end of the selectivity filt¢rand the channel side bathed by several orders of magnitutiéFig. 7 of Ref. 4 clearly
by the extracellular solutiorfouter end of the selectivity shows the lack of Napermeability fromJ-V curves obtained
filter).2® These structural differences are also present in theinder mixing ion conditions This gives approximately
Na* block of the channéf as well as in thel-V curves for ~ J(Na")=~0.01)(K*) in Fig. 4, which can be decreased further
all permeant ion$. Indeed, Fig. 4 of Ref. 4 shows weak by decreasing,,(Na"). The N& conduction rates would also
outward rectification for all ions although the detailed curvebe negligible if we were to use E@b) instead of Eq(20)
shape differs for each speciéamost linear, sublinear, and provided thatk;(Na") = k(Na"), although it is clear that the
superlinear behaviors of with V are observed We will two conduction mechanisms are qualitatively different. We
focus next on the different shapes of the experimedtsl have used Eq(2c) instead of Eq.(2b) here because recent
curves. Some experimental data from Ref. 4 are included taolecular dynamics simulations show that in contrast to
allow comparison with the model calculatioifthese data K*,Na" does not exhibit rapid translocatidh.
were directly read from the published original figures and  The theoretical results in Fig. 4 correctly describe the
constitute therefore approximated values experimental superlineaRb*) and sublinear (T1*)J-V
Figure 4 presents th&V curves obtained for different curves observed in Fig. 4 of Ref. 4. In particular, it is not
sets of rate constants intended to be representative of iomecessary to assume that the dissociation step is rate limiting
K*,TI*,Rb', and N& in symmetrical solutions of concentra- to explain the apparently surprising Rbuperlinear curvé
tion S=0.1M.*° The K* curve is obtained from Ed2b) asin if we consider that it is the process characteristic of Rb
Fig. 2. The Tf curve is also obtained from Eb), but now  transport within the selectivity filter that limits conductfoh
with v,(TI*") =v,(K*) andky(TI*)=0.0%4(K*) (this value dif- in this case. This process, characterized here by an effective
fers slightly from that used in Ref. 19since Tt is a tightly ~ rate constank;, should be different from the Kconcerted
binding ior that should not be able to leave the filter astranslocation. According to the model calculations, the native
readily as K does(In this context, bi-ionic permeability K* may maximize conduction rates with respect to other
studies based on reversal potentials determined fdevh monovalent ions through high associaticG@ompared with
curves show that T| the least conductive of the permeant Na*), high translocatioficompared with Rb), and high dis-
ions, is the most “permeant,” a circumstance associated withociation(compared with Tl) rates. In this case, all the rate
tightly binding permeating ions in both cation and anionconstants in the produetSkk, of Eq. (2a) can achieve high
channelé) In contrast to the case of Tivhere the structural values simultaneously.
periodicity of the ion-water queue appears to follow closely  Interestingly, the experimentadtV curve for NH; in Fig.
that of K*, the periodicity is suboptimal in the case of Rb 4 of Ref. 4 shows a more linear behavior, being qualitatively
Therefore, although this ion is also able to enter the filterdifferent from those for Rband Tt.% Indeed, NH appears
transport within the filter can be now rate limiting. Conse-to follow an intermediate behavior between those of Rb
guently, the Rb curve is obtained using E@2c) instead of [obtained with Eq(2c)] and TI" [obtained with Eq(2b)], as
Eqg. (2b) with v,(Rb")=v,(K™) but k,(Rb*)=0.00%4(K*). Al- shown in Fig. 5. Therefore, this behavior might be qualita-
though not shown in Fig. 4, it is remarkable that Ec)  tively reproduced using the more complete Ezp) to which
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Egs.(2b) and(2¢) are limiting approximations. However, it
could also approximately be obtained with Egc) forcing
the rate constants, andk, to take lower and higher values,
respectively, than those characteristic of Rigure 5 shows
the J-V curves for NH,TI*, and RB in symmetrical solu-
tions of ionic concentratiorS=0.1M for voltages V> 0.
Typical experimental data from Ref. 4 are included to allow
comparison to the theoretical curves. The Nitirve, calcu-
lated using Eq.(2c) with v,=0.5r,(Rb") and k,=3k,(Rb"),
follows the slightly curved,s-shaped experimental points.
Unfortunately, the relevant microscopic information avail-
able for R and TI (Refs. 2,3,7 is lacking here, although
the rate constants used for [lidre close to those of Rithat

has a similar ionic radiugNote that the rate constants used

. Chem. Phys. 122, 204712 (2005)

15 T
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FIG. 6. J-V curves for Rb in symmetrical solutions of ionic concentration
S=0.1M for voltagesV>0. The rate constants are the same as Fig. 4 except
that we substitutes,/ (1+KgB) for v, in Eq. (2c) whereKg and B are the

Na" binding constant and concentration, respectively. The numbers in the

in the calculations of Figs. 4 and 5 are not assigned cOMegyrves are the blocking iofNa") concentrations wittKg=10M"L.

pletely ad hoc they are related to microscopic information
whenever availablg.

A recent experimental stuaymalyzed the effects of Na
block on K" and RB currents through single KcsA channels,
and concluded that the different blocking behavior observe
can be correlated with the inhomogeneous energetic lan
scape of Rbin the selectivity filter® The capability of K to
switch from theo andi states in Fig. 1, in contrast to Rb
could explain the remarkable voltage dependence of N
block in K" compared with Rb which shows instead an
s-shaped, steady increaseith V. Indeed, Fig. 3 of Ref.
5 shows that at low voltage®/ <100 mV),Na' is not able
to enter the filter and therefore the’'kV curve is similar to
that in the absence of the blocking itsee Fig. 2 However,
at higher voltage$100 mV<V <200 mV) J begins to de-
crease rather than increase wWithThis experimental finding
is explained in terms of Nainclusion within the filteP To
describe quantitatively this effect, we should introduce addi
tional current equations for Naogether with a higher num-

ber of (mixing) ion occupancy states with voltage-dependentt

binding constants. This is a formidable task that requires th
introduction of additional assumptions and parameﬁers.
We wish to gain some insight into this problem within
the limited scope of the present model. We could assume th
if inclusion of Na  disturbs the K concerted translocation
between the ando configurations, this should decrease the
effective value ofk; and, according to Eq(2a), give low
values ofJ. (The dashed curve of Fig. 2 clearly shows that
decreasing the value ¢f causes the Kcurrent to decrease
significantly) For high voltagegV>200 mV), however, the

K* current rises again in Fig. 3 of Ref. 5, which suggests that

Na" can now be forced through the selectivity filter. The
clearance of Nawould resume the Ktranslocatior, with
the concomitant increases of bd¢handJ in the model con-
sidered here.

To analyze theoretically the Nalocking, consider first
the case of Rh In order to include the effects of Ndlock
on theJ-V curves for Rb, we substituter,/ (1+KgB) for v,
in Eqg. (2c) whereKg andB are the Na binding constant and
concentration, respectively. Figure 6 shows ¥ curves
for Rb" in symmetrical solutions of concentrati&=0.1M
for voltagesV>0. The numbers in the curves are the block-
ing ion (Na*) concentrations, withKg=10M™. The theoret-

a

a

Figs. 4 and 5 of Ref. 5 that showsashaped increase df
with V. Remarkably, Nablock reduces the Rixzurrent with-

Qut changing the general shape of th& curve. However,

he above theoretical procedure should not be valid fér K
ecause inclusion of Nan the filter disturbs the Kswitch
between theo andi states in Fig. 1, in contrast to RB
Therefore, we keep, in Eq. (28 as in Fig. 2 in the case of
K* but decrease now the value lgfto mimic the inhibition
of K* concerted transport when Naubstitutes for one of the
two K* ions in the filter. When compared to the Rbase,
this theoretical procedure allows to show the different effects
of rate constants, andk; in Egs.(2a and(2¢), respectively
(for quantitative studies, however, it is clear that both rate
constants should be decreased in the case*af K
Figure 7 shows the resultingV curves in K symmetri-

cal solutions of ionic concentratio=0.1M for voltagesV

>0. The downward arrow schematically shows the effect of
Na" incorporation to the filtefnote that concerted transloca-
ion requires K-K* pairs to be much more frequent than

Nar-K* pairs to be operatiye The upward arrow is intended

to show the effect of Naclearance from the filter and re-
stuming of K concerted translocation, with the concomitant
increase ink.. Obviously, the present model is completely
unable to quantitatively describe the experimental results

(note that the different curves in Fig. 7 are obtained by

12 \ \ I

JpA) 10

8

300 400
Vmv)

FIG. 7. J-V curves for K in symmetrical solutions of ionic concentration
S=0.1M for voltagesV>0. The curves correspond to different values of the
translocation rate constak{=4x 10"s* (n=5, 6, 7, and Bwith v, as in

Fig. 2. The downward and upward arrows are intended to schematically
show the effects of Naincorporation to and clearance from the filtend

ical curves correctly capture the experimental trends inesuming of K concerted translocationrespectively.
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FIG. 8. g-Scurves for K',NH},Rb*, TI*, and N& in symmetrical solutions  FIG. 9. g-Scurves for high and low values of rate constignat transmem-

of ionic concentratiors at transmembrane voltage=200 mV for the same  brane voltage/=200 mV with the same rate constants of Fig. 4. The ex-
rate constants of Figs. 4 and 5. The experimental data are typical of Kperimental data correspond to the wild-tyfmoints and mutant(square}
(rhombug, TI* (circles, Rb" (triangles, and NH; (squares in Figs. 3 channels in Fig. 4 of Ref. 20.

and 5 of Ref. 4.

decreases rather than increases \@tmot shown in Fig. 8
changing only a single number, the rate constantThis  This effect has been noted previou$lywhen the ion con-
was done in Ref. 5 using an extensive number of channeentration is so high that the association rate exceeds the
states and transitions together with a set of concentrationranslocation rate, exit from one side of the filter is followed
dependent fitting parameters in the voltage-dependent bindby re-entry of an ion from the same side. Therefore, translo-
ing constants for the different ions. However, it is apparent incation is greatly diminished and this reduces both the net
Figs. 6 and 7 that the effect of Ndlock on theJ-V curve  cycling rate and the conductan@eRemarkably, conduc-
should be qualitatively different if Nainclusion decreases tance maxima have experimentally been observed in some
the translocation rate constaki (the case of K) and not  channels and explained by Schumaker and Mackinnon using
only the association rate constanf (the case of Rb. In  models conceptually similar to that considered H&ré.
particular, ifk; in Eq. (2a) takes values close to those char- |t should be noted that traditional continuum theories
acteristic of Rb,K™ transport within the filter can become based on the Nernst—Planck equation with the Goldman con-
rate limiting and the concavity of theV curve for K" shifts  stant field assumptidrcould not deal easily with the single-
to that of R (compare Fig. 7 with Fig. 4 where the different file, concerted multi-ion transport in the filter. In the case of
concavities are shown Therefore, although the voltage- symmetrical solutions, these theories would naturally lead to
dependent kinetics is much more complex in the presence @urves more linear than those of Figs. 4 and 8, although it is
Na* block’ than in the trivial case assumed in the calcula-true that introduction of additional refinements can improve
tions, some qualitative insights may still be given by lump-significantly the theoretical prediction$.In the present
ing together the additional effects present in the problem intenodel, Eq.(2a) [and its limiting case, Eq(20), for certain
an effective, voltage-dependent translocation constant fogalues of the rate constamtsan giveJ-V curves that are
K™ intermediate between the sublinear and superlinear curves of

Figure 8 shows the g-S curves for ions Egs.(2b) and(2c) over a range of voltages if we admit that
K*,NHj,Rb", TI*, and Nd& in symmetrical solutions of con- jon conduction can also be limited by transport within the
centrationS at transmembrane voltagé=200 mV with the  filter (see the dashed curve in Fig. 2 as well as Fig. 5
same rate constants of Figs. 4 and 5. Typical experimental The conductance of a mutant KcsA i€hannel with al-
data from Ref. 4 are includethgain, these data were read tered selectivity filter ion distribution and conduction prop-
directly from the original published figures and constituteerties has recently been studf@drhe mutation significantly
therefore approximated value® allow comparison with the changes the Kconductance with respect to wild-type chan-
theoretical curves. There is a rapid increase of conductanagel. Experimental data from Fig. 4 of Ref. 20 are included in
at low concentrations that is more evident for an for the  Fig. 9. These data show that the tendency to conductance
other ions, followed by a tendency to saturation at high consaturation of K at high concentrations is more marked in the
centration. These trends are reproduced by the theoreticatutant than in the wild-type channélemarkably, theg-S
curves of the model. In particular, the conductances are simeurve of K in the mutant channel is similar to that of Rim
lar at low concentrations but differ significantly whé&in-  Fig. 8). However, this is not the case of Rlwhich shows a
creases, in agreement with the experimental data, whickimilar tendency to saturation in both the wild-type and the
shows that the association step is rate limiting at low conmutant channelssee Fig. 6 of Ref. 20 Moreover, Fig. 4 of
centrations. Indeed, E@2b) predicts a linear behavior @  Ref. 20 shows that the experimentdV curve for K
with S whenky> »,S and this is also the case of E(Rc)  switches from sublineafwild-type channel to superlinear
whenk;> v,S. (mutant channglafter mutation. On the contrary, Fig. 6 of

For concentrations high enough, however, the extrem&ef. 20 shows that the experimentaV curve for RB re-
limiting case wherek, < v,S and ky< »,S simultaneously in  mains almost unchanged after mutatiote that concerted
Eq. (28 occurs. In this situation, the probability of the tran- translocation is not operative for Rb
sient state is exceedingly higtf,~1> 6,~ 6,~0) and g The above experimental findings can tentatively be re-
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lated to changes in the *Ktranslocation constant. If accord- with more comprehensive experimental datdn particular,

ing to Ref. 20 mutation destroys the energetic balance bdurther studies could address the higher-order coupling be-
tween the state® andi of Fig. 1, the translocation rate tween ion fluxes in opposite directiohsthe case of ionic
constantk; for K* in the mutant channel should be signifi- mixtures resulting in anomalous conduction behd\iand
cantly decreased with respect to the wild-type charitréé  the voltage-dependent Nalock on K currents

effect should be less noticeable for Rlwhich lacks con-

certed translocationAs noted in Figs. 4 and 8, the decrease

of k, causes qualitative changes in the theoretit® and ACKNOWLEDGMENTS
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