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A permeation theory for single-file ion channels: Corresponding occupancy
states produce Michaelis—Menten behavior
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A kinetic theory is proposed for permeation in open ion channels. Within the model, the selectivity
filter of the ion channel contains eitheror (n—1) single-file ions. Association and/or dissociation

of the nth ion from the selectivity filter is the rate limiting step. lon translocation occurs via
concerted single-file motion of then-1) ions and any water molecules contained within the
selectivity filter. This concerted motion is assumed to be sufficiently rapid that translocation is not
rate limiting. lon permeation is thus sorption-limited, and the reduced permeatiorj*ratea
universal function of the reduced concentratioh, taking the form of a Langmuir adsorption
isotherm. A corresponding occupancy-states explanation is thus provided for the Michaelis—Menten
kinetics observed experimentally for many ion channels. Published experimental data for cation
conduction in the open pores of the KcsA and gramicidin A channels are shown to exhibit the
universal saturating behavior predicted by the theory. Additional validation of the theory by
asymmetric-solution and tracer counterpermeation experiments is also discusse2D02©
American Institute of Physics[DOI: 10.1063/1.152270Q9

I. INTRODUCTION tion limitations might play a significant role in ion channel
permeation.

The cytoplasmic membranes of biological cells provide  Sorption limitations occur when transport of ions across
a barrier between the interior of the cell and its surroundingsthe interface between the bulk aqueous phase and the par-
establishing the difference between “self” and “not-self” at tially dehydrated environment of the channel selectivity filter
a cellular level. Formed by a lipid bilayer, they are generally(or vice versais rate limiting. Continuum ion channel per-
impermeable to water and most water-soluble ions. lon chanmeation theories have traditionally used partition coefficients
nels are membrane-spanning proteins that catalyze transf@r similar concepts to relate the concentrations at the
of ions into and out of the cell. They thus provide the basicboundaries of the two “phases.’Thus, they implicitly as-
conductive mechanism in biology, and are intimately in-sume that sorption limitations are absent, and that electro-
volved in most forms of intercellular signaling. lon channelsdiffusion in the pore of the channel is the rate-controlling
possess the apparently paradoxical ability to conduct ionkinetic process.
extremely rapidly while simultaneously maintaining high se-  Traditional site-based models of ion chanfel® not
lectivity for a single ion species under physiological make this assumption because adsorption and desorption
conditions®? events are explicitly included. However, like other single-file

In their open state, ion channels form an aqueous porenodels®* they assume that particle transport is achieved via
capable of transporting ions and water molecules across tharticle-vacancy exchanges. Thus, in single-file ion channels,
bilayer. The selectivity filter of the pore allows specific ions either the “vacancy” is a water molecul¢violating the
and water molecules to pass in a single-file arrangertent. single-file requirement or a long-lived ion-sized void
Recently, a permeation theory was developed for permeatiotwhich is expected to have a substantial formation energy in
of tracer-tagged particles in single-file systems of finitethe aqueous channeAnother problem with traditional site-
extent® This theory is based on a site-based model of adsorpeased models of ion channels is that they have too many
tion and diffusion, and has been shown to be consistent witadjustable parameters. As a result, the relationship between
a matrix formulation of continuum diffusion theory for ion channel structure and model parameters is untfein
tracer-labeled particles. In long files, the self-diffusivity is recent years, the relative merits of traditional continuum
inversely proportional to file-length and is proportional to electrodiffusion and site-based models of ion channels have
intrafile diffusion limitations. However, for short files, corre- been debated at considerable length in the ion channel
lations between the adsorbed particles make the selfiterature®’ Subsequently, reviews of preferred modeling
diffusivity sensitive to sorption limitations. As the selectivity techniques for ion channels have omitted any detailed dis-

filters of ion channels are shoff order nanometefssorp-  cussion of site-based modé.
The stated goal of ion channel permeation modeling is to

vel heoretical framework that rel r ral infor-
dpresent address: Department of Physics, Benedictine University, 5700 Coge .e0p a theoretical frame O. that relates st U_Ctu a. 0
lege Road, Lisle, llinois 60532. Phong830) 829-6552; Fax(253 736-  Mation to th_e observed properties of the channel; provides an
9389; Electronic mail: pete@circle4.com understanding of the underlying physical processes; and can
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FIG. 1. A schematic representation of the host—guest potential for a pair of %
ions in the selectivity filter of the KcsA ion chann@lith no voltage differ- - !
ence between the inside and outside ¢ndased on théfrozen crystallo- ® @ O Q
graphic distribution of K ions (at 20 and 200 mMreported by Morais- state o state i

Cabralet all® In the proposed permeation theory, the model channel is
conceptually divided into a central regighand two end regiong (where

25+0=1) FIG. 2. Proposed-occupancy permeation mechanism. lons can only leave

the selectivity filter when it contains ions. The association stép—n) is
rate controlling at low concentrations and high voltages<1). The dis-
sociation step f—i) is rate controlling at high concentrations and low
make predictions that can be tested experimenefamghile voltages ¢*>1). The translocation step0) is assumed to be fast com-

this goal is hardly satisfied in most of the current modelPared with the other steps. All steps are reversible.

studies of ion channefit is the aim of the present article to

present a first-order approximation that meets these goals

while avoiding problems associated with traditional con-a|ly) divided into a central region of widthi, and two end

tinuum and site-based models of ion channels. regions of widths (Fig. 1). The selectivity filter always con-
In what follows, a kinetic theory is presented that is tains at leastif—1) ions, and at most, consistent with the

based on the common structural features of the KcsA angdoncerted motion hypothesis for potassium in KcgAg.

gramicidin A (gA) channels. The universal scaling predic- 2) 16 An jon can only leave the selectivity filter when it con-

tions of the theory are then tested by comparison with KcsAainsn ions, and occurs with rate, 6, (in the absence of a

experiments reported by Meusetral'® and gA experiments  transmembrane voltagek, is a voltage-independent rate

reported by Busatlet al** The physical implications of the constant and, is the probability of finding the model chan-
theory are then discussed and further experimental tests @f| in then-occupied state.

the theoretical predictions are suggested. In its nonconductive stat® the channel containsn(
—1) ions that can move between theando-states at a rate
Il. PERMEATION THEORY characterized by, (Fig. 2). lon translocation results from

) _ ~concerted single-file motion of the ions and any water mol-
Recently, there has been much interest in the potassiumscyles trapped between them, and thus does not require for-
selective channel encoded by the kcsA gene fRIeptomy-  mation of high-energy ion-sized vacancies within the file. As

K™ channels including voltage dependent Khannels in  transiocation can be assumed to be relatively rapid, com-
vertebrates and invertebrates;?Caactivated K channels in pared with transitions where an ion traversesragion, i.e.;
vertebrates; K channels from plants and bacteria; and cyclickt>kd (see Appendix Mutual electrostatic repulsion be-
nucleotide-gated cation channéfsPermeation experiments, ween then ions is expected to raise the potential of the
investigating the ion conduction and selectivity properties Ofn-occupied state compared with the{ 1)-occupied states,
KcsA, have confirmed it as a realistic model for ion perme-iq s making it conductivéas shown schematically in Fig).2
ation in eukaryotic K channels’® An ion can enter an(—1)-occupied model channel if,
Figure 1 shows a schematic host—guest potential profilgnd only if, the (— 1) ions are located near the other end of
for a single-file channel based on x-ray analysis of the disthe channel. Thus, the association step in Fig. 2 occurs with
tribution of K* ions in the selectivity filter of KcsA? It has  ate v.[Sl;6,. Entry of sorbate(or substrateions (S) into
been suggested that the selectivity filter of the KcsA channeie selectivity filter from aqueous solution is assumed to be
(usually contains two K’ ions and two water molecules in a an essentially barrierless process that is independent of the
single-file arrangement. The two ions are able to move in @pplied voltagev, is a concentratioiand voltagg indepen-
concerted manner between a Kwater-K”—water con-  dent rate constant, ang, is the probability that the model
figuration and a waterK”—water-K" configuration.  channel is in anif—1)-occupied state capable of accepting
Translocation between these two states is assumed t0 Bgyother jon from the interior solution, as shown in Fig. 2.
rapid, but dissociation of an ion from the selectivity filter is In the presence of a transmembrane volt¥ehe ion

thought to require that a third ion enter the selectivity filfer. permeation rates across téeegions of the model channel
This concerted motion hypothesis obviates the need for @re given by

long-lived high-energy vacancy within the file, and forms the B
basis for the 1—1) ion translocation mechanism of the J=v,[Slifo—kse ?6, and J=kge?d— va[ Slob; .
present theory? @

The fundamental structural approximation of the pro-The transmembrane voltage increases the dissociation rate at
posed theory is that the selectivity filter can ®nceptu- the outside end of the model channel by a factoreff
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(where ¢=2z¢e,6V/IKT), because the electric field does c*
ze,6V work on the system as the ion dissociates from the j*= , (9)
channel. At the inner end of the selectivity filter, the disso- 1+c*
ciation rate is decreased by a faceor?, because the system where the reduced permeation rate is given by
must do electrical work when an ion dissociates from this  ;x _ _

" = Il Kmax= O, (10)

end of the model channel. Hence, as long as the energy ofthe ° =

system increases, the dissociation step is assumed to be &RdC” is given by Eq.(4). , _
ponentially dependent on the magnitude of the energy 'NUS, Within the modelj* is a universal function o¢*,
change(at fixed temperatuje In contrast, as long as the SU99esting that ion channels might obey a “law of corre-

. 21 . . .
energy of the system decreases, the association step is £9onding states;™ wherein the reduced permeation rate

sumed to be independent of the magnitude of the total enerdy "ePresentative of the time-average occupancy statef

change(at fixed temperatuyél’18 Thus, within the pro- € Open channel.
posed theory, the association step is assumed to occur wit) Asymmetric concentrations

rate v,[ S 6,, independent of the transmembrane voltiye.

As the selectivity filter must always contain either (
—1) ornions, the probability normalization criterion can be
written as

6,+ 6,+ 6,=1. 2

A. Symmetric concentrations

When the model channel is exposed to symmetric bath-

ing solutions [S],=[S];=[S]), Egs. (1) and (2) can be
solved simultaneously, at steady state, to féhd which is
given by a Langmuir adsorption isotherm,

When the channel is exposed to asymmetric solutions of
a single permeable species, the ion permeationJ&ence
again given by Egs(7) and (9) and 6, is given by Eq.(3).
However, the differing concentrations break the symmetry
required forj* andc* to be reduced by functions of voltage
alone. In the asymmetric-solution cagk is given by Eg.
(10) but k4« is given by

_e’[S]—e ‘e “[S],
" ISl+e S,

andc* becomes a voltage-weighted averdgeduced con-
centration,

ds (11

c* Sli+e “[S
On="""1, ) c* =u. (12)
1+c (1+e “)Ky
where the reduced concentrafidis given by For a specified concentration difference, the voltsgg
at which the current is zero is given by
* —
c*=[S]/Ky. (4) ) kT| (S, g
The voltage-dependent Michaelis—Menten coefficient is T ze, nﬁ' (13
given by the Nernst equation. Thus, the proposed theory is consistent
Ky=(e?+e" ?)ky/vy=K4coshe (5) with equilibrium thermodynamics.
a L]

When the transmembrane voltage is clamped at zero
whereK = 2kq /v, is a voltage-independent equilibrium dis- volts, the permeation rate is given by
sociation constant. It is an important feature of the present

model that no information about the rate of translocation J= %kdan, (14
(i.e., k) is necessary to derive EB) (see Appendix ' °
If the voltage-dependent translocation step in Fig. 2 isandc* becomes the averageeduced concentration,
not rate limiting, then ther(— 1)-occupied state probabilities [Sli+[Sl,
are related by the Nernst equation, * =Tk, (15
0,= 6;e®, (6) Equation(14) is formally identical to single-componefito-
permeation in sorption-limited Langmuirian membranes,
wherew=2z&,¢V/KT, and where the single-component flux is given®8y
I=Kmasbn (7) 8L (Sh, 6
In the previous Langmuirian theory, the schematic host—
e?—e %e guest potential profile has a similar form to that in Figt’1,
Kimax= 1+e @ K- ®) but the occupancyd;) relates to that of a single binding

site, whereas in the present model the occupa#gy elates
Hence, the ion permeation rate varies with concentrgéon  to the entire selectivity filter. The number of adsorbed par-
tivity) according to the Michaelis—Menten equatiéf) at ticles in the(electrically neutrglLangmuirian single-file sys-
any fixed voltage. The experimentally measured permeatiotem ranges from 0 td (wherelL is the number of sitgs
rateJ can be divided by the maximum permeation rigtg,, = whereas, in the present system, the number of adsorbed ions
to provide a universal relationship, can either be rf—1) or n, reflecting the strongeflong-
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O O 30 FIG. 4. Comparing theorylines) with experiment(symbols for K* ion
O O O.> 3n permeation in KcsA under symmetric solution conditions. Fitted parameters,

see Table I. The predictions of the 3- and 4-parameter models are virtually
indistinguishable. Experimental data fpK*]=250, 500, 750, 1000, and
FIG. 3. Tracer counterpermeation throughran3 single-file ion channel 1500 mM are reproduce@vith permission from Meuseret al. (Ref. 10.
exposed to an inner solution of tracer-labeled A iglight) and an outer

solution of tracer-labeled B ion@ark). The illustrated sequence brings the

channel from a BBB state () to an AAA state . . . .
0 (3 For zero applied voltage, equimolar counterpermeation

results and the A-permeation rate reduces to

range interactions of electrically charged systems. Thus, :kdan_
while the saturating behavior of both sorption-limited models 2n

is mathematically identical(with apparent Michaelis— Thijs result is consistent with the previous result for sorption-
Menten kineticy the physical interpretations are different |imited TCP via a compound diffusiofvacancy-mediated
because the ion channel must always contain {) “helper  mechanismwith 6,, replaced withé;).2
ions,” whereas the Langmuirian system has no minimum oc-  Thus, while the present model obviates the need for a
cupancy requirement. vacancy translocation mechanism, it retains a similar formal
C. Tracer counterpermeation structure at steady-statéong-times if zero-voltage single-
. file permeation is sorption-limited, i.e., if the concerted

Tracer counterpermeatidff CP) occurs when the chan- yangiocation mechanism (cf. vacancy diffusios rapid
nel is exposed to antisymmetric solutions of tracer—labelec&ompared with dissociatiofdesorption.
particles(pure A on thd side and pure B on thesidg. With
these boundary conditionig. 3), the permeation rate of
A-ions is given by the universal expressio(®, (9), and
(10), whered, is the probability of finding the channel in any Two widely-studied channels of known structure are the
n-occupied statéi.e., neglecting particle labelingj* isnow  KcsA K channel (discussed aboyeand gramicidin A8°
the reduced permeation rate of A-particles alom®,  Gramicidin A (gA) is an antibiotic, channel-forming
=[A]/Ky is the reduced concentration, and the permeatiomolypeptide, which has long been considered a useful model

(20

IlI. COMPARISON WITH EXPERIMENT

rate of tracer-labeled A-ions is given by for more complicated biological ion channéi& The sche-
0%k g m_atic potential profiles in Figs. 1 and.2 are also consistent
Ipa= - d"n _ (17) with the known structure of gAThe universaj* —c* pre-
B —mzeV dictions of the theory will now be tested by comparison with
(1+e w)mzo ex T) published experiments for these two ion channels.

Because of theant)symmetry of the TCP boundary A K™ in KcsA

conditions, the occupancy of the, Gtate @) is related to Figure 4 shows symmetric-solution experimenitalV

the occupancy of the,, state @) by (current—voltagepermeation data for K ions in open KcsA
02(V)= 0"(— V), (18) channels as reported by Meuszral° The lines represent a

least-squares fit of the model to the experimental data with
and the ratio of the tracer-labeled permeation rates for athe parameters shown in Table I.

arbitrary electrical driving force is At 0,=0.5 and V=0(i.e. [KT]=Ky=Ky4
In nzeV =630mMand ¢*, j*)=(1, 0.5)), the outward permeation
—3 =ex;< T ) (199 rates associated with the 3-parameter model:gfé&™ 16,
B =1.0x10°s % (k6>1.0<10°s %); and ky6,=1.0
consistent with the result of Hodgkin and Keyrés. x 1% s~ 1. Whereas, in the 4-parameter model, the outward
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TABLE I. KcsA K* permeation parameters. 8

3 ka(s™) va(sTTMTY) k(s™)

(o]
T

0.18 1.9<10° 6.0x 10°
0.16 2.6 10° 5.9x 10° 1.9x 10°

permeation rates arev,[K']0,=1.3x10°s !, k.6,=5

x10%s 1 andky6,=1.3x10%s 1. Hence, the assumption
that k; is not a rate-limiting parameter is supported by the
kinetic model at equilibrium. As shown in Fig. 4, the fitted

Na" Current (pA)
f -

N
T

curves are essentially unchanged whens added to the 0 A ' 1 - |
model, indicating thak; is not rate determining, and may be 0 100 200 300 400 500
omitted from the model. This provides support both for the Voltage (mV)

assumption that any potential barriers betweenitlaaed o
configurations are low! and for the schematic potential rep-
resentation shown in Fig. 1.
The experimental data in Fig. 4 are reduced and replot-
ted in Fig. 5 to show the universgf —c* behavior pre-
dicted by the theory. The data for a singte VV curve in Fig.
4 are spread out by the voltage dependenciek,@f and
Kwm . The points with the lowest voltages in Fig. 4 corre-
spond to the highest reduced permeation rates and concen- x_
trations in Fig. 5, because,, and Ky, have their smallest
values at low voltages. Within the present theoretical frame-
work, the reduced flux* in Fig. 5 corresponds to the time-
average occupancy statg, of the open ion channdlEq.
(10)]. 0.0 s s
0 10 20
*

B. Na™ in gA ¢

; : ; : FIG. 6. Comparing theoretical predictions with experiment for permeation

Figure 6 shows the symmetric-soluion experimenal a7, Combarnd iereic bctors s et o poreato

data reported by Busatbt al= together with the least- permission from Busathet al. (Ref. 11 for [Na*]=100, 200, 500, 1000,
squares fit to the theory. In these experiments the permeagid 2000 mM. Lines, fitted theorgg) Current—voltage [(— V) curves. The
ion is Na+, and the gA channel spans a diphytanoylphos.currents increase monotonically with concentration as expected from the
phatidylcholine(DPhPQ bilayer. The universaj* —c* be- proposed modelb) Corresponding occupancy-statg$ {c*) plot.
havior of the proposed theory appears to be a reasonable
ﬂrst-order gpproximatipn over the entire range of concentra-q 4 tg aboutc* =20). The fitted parameters af=0.22,
tions egammed expenmentally for the Nﬁ)PhPC/gA SYS-  k,=3.8x10°s !, 1,=83x10s Ml so that K,
tem (with reduced concentrations ranging from abadt  _gq mm.

110 et eee e IV. DISCUSSION

- A permeation theory has been proposed that is based on
L the common structural features of the gramicidin A channel
’ and the KcsA selectivity filtefFigs. 1 and 2 Within the

/ A model, the channel provides an extended, uniform, ion-
05 Lo S © attracting region capable of holding eithen{1) or n
LA / ; single-file ions(and water moleculésin general, the predic-
4 tions of the theory depend on the rate controlling &gp
o which in turn depend on the boundary conditions.

y A. Association

ool Within the proposed model, association is a voltage-
0 1 2 independent process. At low concentrations and high volt-
c* ages(wherec* <1) the association step becomes rate limit-
_ y o ing. According to Eq.(1), association occurs with rate
FIG. 5. Reduced permeation-concentratigii { c*) relationship for the

KcsA K* ion channel. Solid line, theory. Symbols, as in Figesperimen- val Slit,, whered, is the _prObablllty that_the channel IS_ in a
tal data from Meuseet al. (Ref. 10]. Within the proposed theoryj* state capable of accepting another S-ion from the interior

=4, , the probability of finding the channel in threoccupied state. solution. At high voltagesf,— 1, and the association rate
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approaches its maximum possible valuevgfS];. For suf-  centration. Thus, the present model provides a corresponding
ficiently large voltages, the inward dissociation rate tends t®ccupancy-states explanation for the Michaelis—Menten de-
zero kge %6,—0), and the(neh permeation rate ap- Pendence of ion channel conductariaéfixed voltage that
proaches a value of,[S];. Thus, at high voltagegand c* has been observed experimentally for many multi-ion
<1) the experimentally measured current is expected to behannels. At fixed voltage, the conductance is proportional
independent of voltage, and proportional to concentratioio the permeation rate, which in turn is proportional &
(for any of the concentration boundary conditions considered—the probability of finding the model channel in the
herein. n-occupied statégiven by a Langmuir adsorption isotherm
The voltage scale in Fig.(8 has been expanded beyond The open model channel contains either1) ornions and
the experimental range of Busagh al!! to show extrapola- thus differs from the(minimum free energy ensemble-
tion of the present model to very high voltages. Unlike theaverage number of ions by less than one ion.
previous site-based mod@ithe present theory successfully The net permeation ragé of a single component is not
predicts the voltage independence that is observed expersensitive to the preferred number of single-file ions the
mentally at high voltages and low concentratién®revious ~channel(for n>1) or the length of the channés would be
site-based models of gAand KcsAX include a potential expected for diffusion-limited permeatipnThe model is
barrier for the association step that produces an exponentigprption-limited, and hence the permeation rate is indepen-
voltage dependence at high voltages, which is qualitativelgent of file length. Thus, if the present theory is applicable,

inconsistent with experiment. experimental determination of the net permeation rate cannot
be used to determine the value mf Comparison of tracer
B. Dissociation counterpermeatioTCP) experiments with Eq(17) should

rovide a stringent additional test of the model assumptions
nd predictions, and, if the present theory is applicable,
should provide a macroscopic method for determinimg
Comparison with Eq(17) is preferred over Eq(19) (the
tracer-labeled flux ratip because the form of E¢19) does

not depend on the permeation mechanism, but only the num-
ber of ions in the channéf.

The voltage dependence of the model is determined b{/;
the electrical dissociation distanc® At a fixed value of
[K*"]/Kq, the shape of thé—V curve is determined by.
For smaller values 06, thel —V curves will level off more
rapidly. For larger values af, thel —V curves will level off
less rapidly, particularly at high concentrations. At suffi-
ciently high concentrationsc{ >1), #,—1 and the rate of
dissociationkge? 8, will become rate-limiting and the cur-
rent approaches an exponential dependence on valpage
portional to kge?). The model thus successfully predicts
[Fig. 6] the experimentally-observed change to supralinear ~ Previous continuum models and simulations have fo-
| —V behavior at high £2M) concentrations in g&° This ~ cused on properties measured in the intefigegion of the
situation occurs as long as the association rate is not raghannel(such asD,,9.%° In contrast, the present model is
limiting. For intermediate voltage-scaled concentrations, thé&orption-limited, and transport through tiéeegions is rate
| -V curves appear nearly Ohmic for low voltagésg., controlling. The mobility of ions in the pore of the chankel

E. Previous ion channel models

[Na']=200 mM; V<200 mV, Fig. 6. (cf. D, in the previous mod&f’) is notrelated to the experi-
mentally observed permeation rate, and ion conductiois
C. Translocation controlled by the electrodiffusion equations that produce the

voltage-independent conductance of Ohm's law. A diffusion
formalism of the present theory utlizes a compound
%elf-diffusivitys Dg, related to the sorption-limited transi-

¢ leculosi 1 ied ch IS | ficientl tions between then, and (m+ 1), states of the channé&.qg.,
water moleculgsin (n—1)-occupied channels is sufficiently 1,—2, in Fig. 3), which occur on a timescale comparable

rapiq that it is ntot Latzjh;mtl??. Thtﬁ ctoncelrtedt_smgle-flrl]e the sorption time €10 ns for K" in KcsA).
motion 1S conceptually distinctirom the transiocation mecha- =, light of the present theory, the failure of previous

ms.(rjn Qf stlr:e-based models, t;et(;ausi formIaF|on c;f Ionl%{i;“\ée%ite—based models to provide meaningful physical models of
volds In e agueous pore ol In€ channel 1S not required. .o permeation process can be understood as a result of their
Despite this conceptual d|ﬁe_re_nce, the steadyTstat_e p_rOpert'?ﬁcluding unnecessary adjustable parameters that did not re-
of the present mo_del are S|m|_lar o the sorptlor_1-l|m|ted ®Xate to the rate-limiting steps of the permeation process. As
treme of the previous single-file thedrjat Ior)g tlme_s, S€€ llustrated by the 4-parameter exampliiscussed aboygead-

Egs. (16) and (20) abovd. Hence, the short-time “diffusiv- dition of just a single unnecessary parameter can signifi-

ity (.)f lonsn thg (n—1)—occup|eq state of the chanripfo- cantly affect the physically meaningful parameters because
portlo_nal tok;) is not representative of the steady-state Per ot the exponential dependence on voltdgiz, 8 and kg in
meation rate. Table ). As the steady-state solution of the traditional
7-parameter moddlkhat was originally fitted to the data of
Figs. 3 and 6)'°?4 includes the present3-parameter

For symmetric(and TCP solutions, the scaling quanti- model(with n=2) as a special case, the 7-parameter model
ties (kmax@ndKy,) depend only on the identity of the system will always fit any finite set of experimental data more pre-
and the transmembrane voltage, but are independent of conisely. However, extrapolation of the present model at low

Within the present theoretical framework, the
Michaelis—Menten kinetics of ion channels are caused b
permeation being sorption limited. Translocation of i¢asd

D. lon occupancy
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concentrations to high voltaggsee Fig. 6a)] is qualitatively ~ for the nth ion (explaining the high permeation rates fot K
consistent with experimeRt, whereas similar extrapolation ions in KcsA—of order 1dions per second These “au-

of the 7-parameter model is n&t?° toselective” properties of biological ion channels containing
helper ions will be investigated further in future work.
F. Model validation and development Unlike previous continuum theories, it is assumed that

intrapore diffusion may not be the rate-limiting process, but

The present theory makes predictions that can be directlyainer, that interfacial transport between the bulk agueous
tested by permeation experiments. The theoretical predICtIOBhase and the partially dehydrated interior of the channel

of universalj* —c* behavior has been confirmed experi- (ang vice versis rate limiting. Unlike previous single-file
ment_ally for vo_Itage-drlven permeation between SymmetriGon  channel models, the association step is voltage-
solutions of a single permeable species for permeation’of K jyjependent, and as a result, the theory successfully predicts
ions in KcsA and Na ions in gA. The predictions of the _voltage-independent ion transfer at low concentrations and
theory for asymmetric solutions and TCP boundary condinjgh "yoltages in qualitative agreement with experiment.
tions rely on no new parameters except for the valu®,of \wjthin the theory, the occupancy of the chanfigielates to

and thus suggest additional experimental tests of the modefe selectivity filter in its entiretyrather than to discrete ion

If & third impermeableand nonblockingcation is added to  nging siteg and the number of ions in the channel differs

the solutions, then mixed-mode permeation experimiénts from the (minimum free energyensemble average valigef
could also be conducted between solutions of the same ionig,q open channgby less than one ion, resulting in a prin-
strength to test the theoretical predictions under these MOM&ple of corresponding occupancy states that produces uni-
general boundary conditions. The present theory has begp,gg (Michaelis—Menteh permeation-concentration ¥
developed for two-component permeation wherein the per- c*) behavior.
meation properties of the tracer-tagged ions akentical The universal behavior of the theoretical model has been
Generalization of the model to ion channels that conduckhqwn to be a reasonable first-order approximation for two
chemically distinct ions is in progress. _ ion channels of known structure using previously published
In principle, all of the microscopic assumptiofignd  gyperimental data for symmetric-solution single-component
predictions of the present model can be tested using atoMpermeation in KesA and gA channels. Theoretical predictions
istic simulations of the open stasg of the channel, given ¢, asymmetric concentrations and tracer counterpermeation
sufficient computer resources and realistic interatomic pOterboundary conditions have been presented, suggesting further

tial functions. As the theory relates to long-timensemble  oyperimental tests for the theory and a macroscopic tech-
steady-statesorption-limited behavior, dynamic simulations njique for determining the number of ions in the conductive
(e.g., MD of long duration compared with the average d's'statés) of the channel.

sociation time (I{4) are required to directly test the kinetic
predictions of the model. Alternatively, steady-state sampling
simulations(e.g., MQ might be utilized to investigate the ACKNOWLEDGMENTS
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V. CONCLUSION APPENDIX: GENERAL DERIVATION

Anovel permeation theory has been presented for single- Generally, for an ion channel exposed to symmetric
file ion channels containing a maximum mfons. While the  bathing solutions [S],=[S];=[S]), permeation by the
theory is formally similar to the sorption-limited extreme of three-step mechanism of Fig.(@ith a translocation rate of
previous theories for uncharged systems, it encompasseskg®/?6;) is given by
conceptually distinct, concerted-motion mechanism for ion
translocation within the file. This concerted motion mecha- J=Kkyb,
nism does not require the formation of long-lived high-
energy voids within the file or a violation of the single-file
constraint. In addition, the open channel always contamns (
—1) “helper” ions that maintain the open channel in a form
capable of accepting and transferring an ion of the sam
species. The helper ions are strongly bound to the channel e~“2(g?+e~%)
(explaining the high selectivity of KcsA for K ions over Y
Na* ions, for examplg while electrostatic repulsion be- (1+e®)
tween then ions decreases the differential adsorption energyand Eq.(Al) becomes

ef—e P @

(A1)

(1+e ) +e “e?+e %)

I(d an ,
ki 1- GJ
where 6,, ¢c* andK,, are given by Eqs(3), (4), and (5),
(raespectively. EquatiofAl) can be simplified if

kd an
k_t 1-06,

<1, (A2)
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ef—e te @ c*

1+e™®

J:kd

j*_

= A3
1+c* (A3)

6,, Or

as before. Thus, if the present model is applicable,(BEg)
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