Coulomb Blockade Oscillations
In Biological lon Channels

l. Kh. Kaufmart, W. Gibby*, D. G. Luchinsky', P. V. E. McClintock, R. S. Eisenbefy
*Department of Physics, Lancaster University, Lancastet UXB, UK
Email: p.v.e.mcclintock@lancaster.ac.uk
fMission Critical Technologies Inc., 2041 Rosecrans AveteSB25 El Segundo, CA 90245, USA
fDepartment of Molecular Biophysics, Rush University, Glgio IL 60612, USA

Abstract—The conduction and selectivity of calcium/sodium 1.2 : : ; ;
ion channels are described in terms of ionic Coulomb blockag, [~ 6 =80 | epm2 e e O Na' ]
a phenomenon based on charge discreteness, an electrostati 06O OO ' g ' @ ca2*
exclusion principle, and stochastic ion motion through the _ O 8- : : eQ |
channel. This novel approach provides a unified explanatiorof E O s @ ...52R 0 P S i
numerous observed and modelled conductance and selectiwit = - a e & -

. . . O : (a)

phenomena, including the anomalous mole fraction effect ah 06k ; ] : i
discrete conduction bands. lonic Coulomb blockade and res@ant | @ (Y DU S
conduction are similar to electronic Coulomb blockade and 12 i
resonant tunnelling in quantum dots. The model is equally 20F
applicable to other nanopores. 10

Biological ion channels are natural nanopores providing fi ‘x4
the fast and highly selective permeation of physiologjcall @ _4o
important ions (e.g. N, K+ and C&*) through cellular 20 - ]
membranes. [1]. The conduction and selectivity of e.g.ag#t 1.6 0.8 (0 \ 08 1.6

x(nm

gated C&" [2] and Na" channels [3] are defined by the
ions’ stochastic movements and interactions inside a short
narrow Se'ectivity filter (SF) lined with negative'y-cha@ Fig. 1.. (Cc_)Ior on]ine) (a) Electrostatic moc_iel of aXaor N{ﬁ channel. lons
tei idue providina a net fixed char Permeation move in single file along the channel_aX|s. _(b) Energetics ofnng cat
protein resi p ) g ] @f' - ion for fixed chargeQ s = —1e. The dielectric self-energy barridrs (full
through the SF sometimes involves the concerted motion e line) is balanced by the site attractibhy (dashed green line) resulting
more than one ion [4], [5]. Mutation studies [6], [7], [8],][3 in a barrier-less energy profilE;, (red solid line). See text for details.

and simulations [9], [10], [11] show th&}; is a determinant

of the channel’s conductivity and valence selectivity. #sh . . .
S r%eneral physical picture of the phenomena remained unclear
recently been shown that nanopores can exhibit ionic Colilo _ . .
Here, we reinterpret and generalize the electrostatic-anal

blockade (CB) [12], a quantized electrostatic phenomenon.

equivalent to electronic CB in mesoscopic systems [13]],[1%5'3. of the_ multi-ion eqergetlcs of conduction baqu [18]
[15]. y introducing a novel ionic CB model of conduction and

An electrostatic theory of ionic transport in water-filledselectlvIty in biological ion cha_mnels thereby bringingeih
Into the context of mesoscopic phenomena. We show that

periodically-charged nanopores revealed the phenomefon o ; o )
: ) o . the experimentally-observed valence selectivity phernrie
ion-exchange through low-barrier phase transitions asahe

: > . Ca*/Nat channels, including AMFE and mutation-induced
concentration and fixed chargg; were varied [16]. Compa- : L : :
o X . . X . ansformations of selectivity, and the simulated coniduct
rable transitions in Brownian dynamics (BD) simulations . .
i L . . bandsvs. )¢, can be well-described in terms of CB conduc-
Ca&" channels result in discrete conduction and selectiv

i MR .
bands as functions of); [17], [18] consistent with earlier ¥nce oscillations while the occupancy represents a Cdulom

; - staircase with Fermi-Dirac (FD) step shapes, so that a ion
speculations [19], [14] and explaining both the anomalo% annel can be thought as a discrete electrostatic device.

mole fraction effect (AMFE) [2] and some of the puzzling In what follows with Sl unitse is the proton charge; the

mutation-induced transformations of selectivity in’CA&Na+ . . e
.. .. ionic valencegy the vacuum permittivity]” the temperature,
channels [6], [3]. We have already connected the perigdafit )
and kg Boltzmann’'s constant.

h rn of con ion bands with single/multi-ion Beer ; . .
the pattern of conduction bands with single/multi-ion [ We consider the generic electrostatic model of the SF of

less conduction and sequential neutralisation of the SI [18hg3+/Na+ ion channel shown in Fig. 1. It is described

but the shapes of the occupancy and conduction bands andgs an axisymmetric, water-filled, cylindrical pore of raliu

R =0.3nm and lengthL = 1.6nm through a protein hub in
1The protein residues are amino acids, of which aspartatarfBglutamate 9 9 b

(E) have negatively charged side chains while lysine (K) anggnine (R) have the Cellu_lar membrar_]e- A centrally-placed, un?form, rigiingy
positively charged side chains; we also mention neutralimga(A). of negative charg€) s in the range) < |Qs| < 7e is embedded



in the wall at Rp = R. The left-hand bath, modeling the _ 10
extracellular space, contains non-zero concentratior@abf
and/or N& ions. We take both the water and the protein t
be homogeneous continua with relative permittiviigs= 80
and e, = 2, respectively, but describe the ions as discre
chargesy; = ze within the framework of the implicit hydration
model moving in single file within the channel, with bulk
values of diffusion coefficientd;. We take no account of
negative counterions inside the SF, which will be few on a
count of repulsion by the negativg;. The implicit hydration
model [10] works well for small C& and Na& ions both of
which have ionic radii?; ~ 0.1nm.

BD simulations solve the coupled 3D axisymmetrical Poit
son electrostatic equation and 1D overdamped Langevin
stochastic equation numerically and self-consistentlgath Fig. 2. (Color online) Brownian dynamics simulations of tivion conduction
simulation step [9], [4], [20]. The model obviously repretse and occupancy in a & channel models the effective fixed charg€)y;
a considerable simplfication of the actual electrostagios Sy e reverked fom [17), (@ Plote of he Eacurrent o pre
dynamics of the ions and water molecules moving withifhe occupancy’. (c) The excess self-energy, and ground state enerdy
the narrow SF [21] However’ reduced models Successfu‘"‘ny for channels withn = 0,1, 2 and3 Cg+ ions insi.de. The c_onduction
reproduce significant properties of real biological Cha:‘;mebandsMnand the blockade/neutralisation poitffs are discussed in the text.
[10], [9] thereby illustrating their applicability. Simgimodels
can be also applied to artificial nanopores [16], [12], [21]. We can readily account for the pattern of bands in terms
Details of the model, its range of validity and its limitat® of CB oscillations [13]. The discreteness of the ionic clearg
have been presented and discussed elsewhere [17], [18]. allows to us to introduce exclusive “eigenstatdsi} of the

Fig. 1(b) shows the potential energy profiles for a singléhannel with fixed integer numbers of ions inside its SF hgwin
Ca'* ion for the caseQ; = —1le: a barrier-less effective en-total electrostatic energy/,. The transition{n}— {n+1}
ergy profile appears due to the balance between the dielectbrresponds to the entry of a new ion, wheréa3— {n-1}
self-energy barriet/, (see e.g. [16]) and and the site attractiogorresponds to the escape of a trapped ion. THesestates
U. [18]: form a discrete exclusive set [23] :

U, = 22¢2/2C,, U, = 2eQ;/Cl. (1) n=1{0,1,2,...} Z@n =1, P.= Zn@n, (2

Here, C; = 4mepe,, R?/L stands for the geometry-dependvhere 6, is the occupancy of the statgn} and P, is the
channel self-capacitance. The captured ion neutralizeand average SF occupancy. In equilibriufy, is defined by the
restores the effective barrier, thereby preventing the f@x Boltzmann factord,, o exp(—U, /(kgT)). The exact distri-
from entering the channel. Whelii; > kg7 this amounts bution for6,, and P. (which is FD [24], [25]) will be derived
to a single-occupancy requirement @ectrostatic exclusion pelow.

principle. It plays a significant role in ion permeation and leads The total energyl,, for a channel in statgn} can be
to the CB phenomenon, causing the ion channel to behaveegpressed as:

single-charge device [14], [15].

The single- and multi-ion conduction bands found in the BD Un = Un.s + Un.attr + Unint )
simulations [17], [18] are shown in Fig. 2(a),(b) which plotwhereU,, ; is the self-energyl/,, .. is the energy of attrac-
the C&" currentJ and channel occupandy for pure baths tion, andU,, ;: is the ions’ mutual interaction energy.
of different concentration. Fig. 2(a) shows narrow contuct  \We approximaté/,, as the dielectric self-energy, s of the
bandsM,, M, M, separated by stop-bands of almost zer@xcess chargé),, based on the assumption that both the ions
conductance centred on the blockade poifits Z,, Zs. and Q; are located within the central part of the SF, so that

Fig. 2(b) shows that thé/,, peaks inJ correspond to tran- (1) gives the standard CB equation:
sition regions in channel occupancy, whétgumps from one
integer value to the next, and that the stop-bands correlspon Un = Qn/2Cs  Qu=zen+ Q. ()
to saturated regions with integét= 1,2, 3.... Here,Q,, represents the excess charge at the SF fon tioms

Band M, corresponds to single-ion barrier-less conducticas function ofQ) ;. Binomial expansion of)? in (4) gives first
(see Fig. 1(b)).M; corresponds to the double-ion knockapproximations fot/,, s, U, 4t @andU,, ;»: consistent with 1-
on conduction, which is well-established for L-type?€a D Coulomb gas model [16] and with the energetics analysis
channels [2]; andM> corresponds to triple-ion conductionin [18].
which can be connected with Ryanodine receptor calciumCB appears in low-capacitance systems from quantization
channels [22] (see Table | and related discussion). of the quadratic energy form (4) at a grid of discrete states



TABLE |
IDENTIFICATION OF CA2t RESONANT CONDUCTION POINTSM,, WITH SOME KNOWN CHANNELS AND MUTANTS (EXTENDED FROM[17], [18])).

Channel Locus Nominal Q s Band / Jump Modelled Q¢
Non-selective OmpF [8] (K\RRRDE —le Mo {0 — 1} —le
Ca- selective Nav mutant [6] EEEA —3e M {1 — 2} —3e
Ca L-type channel [2], Ca-selective OmpF mutant [8] EEEE —4de M {1 — 2} —3e
Calcium RyR [22] DDDD(ED) —6e M, {2 — 3} —5e
Calcium-selective mutants of NavAB [3] and NavChBac [{]JEEEE+DDDD —8e M3 {3 — 4} —Te

(2), providing a Coulomb energy gapU,, = U, large enough Ca&*/Na" channels family, thereby confirming the validity of
(AU,, > kpT) to block transitions between neighbourifig} the CB-based band model. We speculate that the discrepancy

states. We calculaté,, as a function oi) forn =0,1,2,3 betweenQ; = M; = —3e derived from CB model and the
and focus on the ground state enet@y as a function ofp;: nominal )y = —4e for the EEEE loci of L-type calcium
) channels may be associated with protonation [26].
Uc(Qr) = min(Un(Qy))- () Derivation of the distribution of?, in the vicinity of the

M,, points (and hence calculation of the shapedgfU..) or
P.(Qy)) follows standard CB theory. For divalent €aions,
the Coulomb gapAU,, > kg7 and (2) reduces to a simple
2-state exclusive set:

Fig. 2(c) plotsU,, and U as functions ofQ;. We see a
periodic pattern with two kinds df¢ singular points, marked
asM,, andZ,,. The minima ofU¢ (and the blockade regions)
appear around the neutralisation poiffs = —zen where
Q¢ = 0 and the occupancy. is saturated at an integer value m = {n,n+1}; 60, +0,,1 =1, P.=n+0,11. (7)
[16], [18]. For divalent C&" ions AU,, ~ 20kpT and hence _ _ o

CB is strong. The crossover point,, (U, = U,.1) allow The strong elecfcrostatlc_ echL_Jsu_)n pr|n0|pl_e (7) playsshme
barrier-less{n} = {n+1} transitions; they correspond to the©€ as the Pauli exclusion principle plays in quantum maeha
P, transition regions and to the conduction peaks/ifi8].  ICS [25], [27]. Hence the standard derivation via a panitio

The positions of the singula@; points in Fig. 2(c) can be function, taking account of (7) leads [24] to FD statistios f
6,41 and to an excess (fractional) occupaity= P. mod 1:

written as:
Zp = —zen =+ 62y, Coulomb blockade Pr = (1+ P, 'exp(U./kpT))”", Fermi-Dirac (8)
M, = —ze(n+1/2) £ M, Resonant conduction whereU, = U, — U,, and P, is a reference occupancy

wheredZ,,, M, are possible corrections for the singular paflated to the bulk concentration. Note, that (8) is eqeiato
of the affinity and ion-ion interactions, not accounted ferér the Langmuir isotherm [24] or to Michaelis-Menten satuoai
Equation (6) is exactly the same as its counterpart in elaitr A s_lmllar Ferm|.funct|0n was obtained earlier [16] for the
CB. We may therefore interpret the BD-simulated conductigfriation of . with concentration.
bands (Fig. 2(a)) as CB oscillations of conductance [13 A self-consistent calculation of the conductance can be
appearing a%); increases and the corresponding occupan%%efted via I"|near response the(?ry, leading to the stahdar
steps (Fig. 2(b)) as a Coulomb staircase [15]. B “classical” approximation [13]:
The po_sitions_ of theMn and Z, points in th_e theory (6 ) _ Jo/Imaw = (Ue/kpT) sinh™ (U, /kpT) 9)
and BD simulations (Fig. 2) are consistent with an energetic
analysis [18], supporting above interpretation; the dawies Where J,., is the barrier-less diffusive current. The current
in the precise positions aff,, and Z,, can be attributed to J. from (9) exhibits a resonant peak coinciding with the
field leaks and model simplifications. maximum in the derivative of’., dP/dU. (Fig. 3), similar
That is our main result — that the ionic CB model0 that of the tunneling current in a quantum dot [13]. The
predicts a universal, valence-dependent, periodic patér FD function (8) predicts thal/;' /kpT = —In(P; /(1 — P;))
stop/conduction bands similar to the electronic CB odiilfes
of conductance in quantum dots [13], [15]. It allows us ‘
to identify conduction bands with real calcium-conductiv =~ 1]|— e, Classical
channels/mutants. - - Py FermiDirac
Table | shows putative identifcations of the2 |
bands/singularities of the CB model with real channed®
in the C&*/Na® family, extended from [17], [18]. We .
identify wild-type calcium channels and €aselective 90 s 5 10
mutants of Na-selective (Nav) channels with the2Ca (U fkgT)
resonant pointsi; (L-type) and M, (RyR). We also 3. (Col ine) R  conduc K Shapds eten
: H +_ : H H g. o. olor online) Resonant conduction peak shap ®r equivalently
identify Ca*-selective mUtants of b_aCte”al SOd_Ium Cha””egf). The occupancyP. (blue, dash-dot) shows the Fermi - Dirac transition
NaChBac [7] and NavAB [3] with poind/s. In a similar way, from P. = 0to P. = 1. The theoretical current,. / J,q. (red,solid) exhibits
we can account for numerous mutation transformations dresonant peak in the transitional region.

max




J (arb.inits)
(=)
<L

Fig. 4.

well depthU (blue point-down triangles) fitted by Fermi-Dirac functi¢fall

red lines). (b) TheJ peaks in the“classical” approximation (red solid lines)

are compared with simulation results (blue, point-up gles).

should be linear inJ/, and also (due to the relatively narrom1]

(Color online) Comparisons of the ionic Coulomb lade model
with Brownian dynamics simulation results @ is varied. (a) The effective

[10]

transition region) inQ) ;. Fig. 4(a) plots the predicted sawtooth

dependence o/} on @y, confirming that theP transitions [12]
obey the FD function (8) ot/.. Fig. 4(b) compares the CB

model with the the BD-simulated && conduction banda/,,

My, My [17]. Theoretical CB oscillations (9) fit the BD-
simulated peak shapes and positions reasonably well, girﬁen[l“]
model simplifications. Although an ion moving inside a charj;s)
nel or nanopore is a classical system described by Newtonian
dynamics, it exhibits some quantum-like mesoscopic festur16]
[12]. We attribute such behavior to charge discreteness, th
[17]

electrostatic exclusion principle, and confinement effect

In conclusion, we have shown thatQachannel permeation
is analogous to mesoscopic transport in quantum dots: the
electrostatic exclusion principle leads to an FD distiitut
of channel occupancy; the stop-bands correspond to blocks,
ade; the barrier-less conduction peaks are similar to those
in resonant tunneling and can be described by standard CB
formulze. The ionic CB model provides a good account
both the experimental (AMFE and valence selectivity) and
the simulated (discrete multi-ion conduction and occuganc
bands) phenomena observed in modef"C&hannels. The [
results are should be applicable to other ion channels andg

biomimetic nanopores with charged walls.
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