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Interaction of a polar molecule with an ion channel
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The binding of a polar macromolecule to a large ion channel is studied theoretically, paying special attention
to the influence of external conditioapplied voltage and ion strength of solutjoithe molecule behavior in
bound state is considered as random thermal fluctuations within a limited fraction of its phase space. The mean
duration of molecule bindingresidence timer,) is represented as the mean first passage time to reach the
boundary of that restricted domain. By invoking the adiabatic approximation we reduce the problem to one
dimension with the angle between macromolecule dipole and channel axes being the key variable of the
problem. The model accounts for experimental measurements fof the antibiotic Ampicillin within the
bacterial porin OmpF oEscherichia coli By assuming that the electrical interaction between Ampicillin
dipole and OmpF ionizable groups affects the fluctuations, we find that the biased residence time-voltage
dependence observed in experiments is the result of the strong transversal electric field in OmpF constriction
with a tilt ~30° aside thecis side.
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[. INTRODUCTION interaction between the macromolecule and the channel was
reported for all mentioned systems, as well as a considerable

A. proper understanding of the nature of ion chz_innel OPinfluence of external conditior{pH, ion strength of solution,
eration is among the main goals of membrane biophysic pplied voltagev) on that interaction

Channels regulate the passage of a number of different mol-"\y. ¢onsider here the translocation of single molecules of

ecule; .through bio!ogica}l membranes.. Their transport Charthe antibiotic Ampicillin (AP) through the channel OmpF
acteristics are studieidh vitro by reconstituting them in pla-

o _ (outer membrane protein froscherichia colj, which has
nar lipid k_)|layers[1]. Sor_ne channels form Ia_rge-r_j|ameter been studied recently, by noise analysis of ionic currents,
pores, which are th? main pathway across biological MeMafter reconstitution of single trimeric OmpF channels into
brangs for me}abol_ﬂes an.d_ot_her macro_moIeCUIes such ?ﬁanar lipid bilayer membrang41]. AP blocking of channel
proteins, nucleic acids, antibiotics, etc. This group of “large”

. . ; . . current lasting less than 1 ms was time resolved, and the
channels includes bacterial porins, mitochondrial Cha””elsaverage blockage tim@esidence timer,) was found to be
r

gap Junqtlons, some toxins, and others. The passage qf blﬁﬂbltage dependent, with a bell-shaped dependence peaked at
solutes is much slqwer than that of small nonorganic 10ng, e positive voltag¥,. From their results and the relative
(both flows occur simultaneoughand can be time resolved sizes of the OmpF eyglet and the AP molecule. the authors
under_ particular conditions qsing single-channel recordingboncluded that there is a binding site for AP in ,the channel
techniques. The concept is S|mplg: the passage of a MaClarrow constriction. Binding has been also reported for other
molecule through an electrolyte-filled channel reduces solutes as well as for other porifid2—-14. More, it was
temporarily interruptsthe ionic current induced by a voltage ¢,ncjded that just binding is the main event in solute-porin
bias. A partial current blockage lasting a few microsecond§meracti0n[11_14_

can be resolved and the frequency of current fluctuations Presently, the physicochemical nature of the AP-channel
measured, which enables us to study the interaction bew"eeﬂ?nding is not clear. However, the availability of high-

the channel and the macromolecule and makes clear Prop&ks<olution OmpF structurg[15] combined with recent

ties of the latter as well as about the nature of the interactiony e in the simulation of the electrostatic field inside the

ict:self. Th2is tehchnit?ue, knc()jwn T}S the '.V'O'?Cg'?; C|°”|tlerchannel([16—22] and references therginwhich predict the
ounter[2,3], has been used to characterize individual poly-g5nq - transversal electric field in the constriction zone

nuc!eotide molecy[e(s[4ﬂ and references thereianq is th? [16,21,24, enable us to develop a specific model for this
basis of a promising method for DNA sequencing, eithery;qing Taking into account that AP is a zwitterion with a
using large channels ashemolysin or solid-state nanopores o ificant dipole moment, it reasonable to think that the
[6-91. This approach was also used for studying macromoly, e qyjc interaction has to play an important role in this phe-
ecule translocation across the Outer membrane protein omenon(see discussion ifil1,16,23). Studying theoreti-
g/ODerCF) ;noaltloporlnd(La][nB), and ;]he _rg;t\ochondnal pc.;.rm cally this interaction is challenging and has a twofold inter-
([10-14 and references therginA strong specific  ggi-'op the one hand, it may help to evaluate the efficiency of
this drug in bacteria. On the other hand, taking into account
the complicated electric interactions mentioned above, it is
*Corresponding author. Electronic address: aguilell@exp.uji.es an interesting nontrivial physical problem.
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We propose here a theory which explains the effect ofdependence of the number of ampicillin binding events per
applied voltage orr; and the physical source of the shift of second with the solutiopH and salt concentration has been
the curver (V) towards positive voltages. Our main idea is analyzed by Mafé and co-workej23]. They extended T. L.
the following. We assume the existence of binding sitesHill’s theory for intermolecular interactions in a pair of bind-
(BS's) inside OmpF constriction zone. More, we put asideing sites by incorporating two binding ions and two pairs of
the question of how AP enters the constriction zone and fointeracting sites. Recently, a one-binding-site~two-barrier ki-
cus on its behavior in its bound state. Then we represent ARetic model with different barrier heights was developed by

dipole moment. The localization and orientation of bound APy 5nslocation through maltoporin channel. This system is

are not fixed. The stochastic thermal effects induce randoery similar to that studied here. Its reaction on applied volt-

Ege is alike to that for AP-OmpF. To rationalize a voltage
ffect on the translocation Schwarz and co-workers intro-

AP molecule undergoes random thermal motion within cer- uced empirically the voltage dependence of binding con-

tain domain of its phase space. AP leaves OmpE when angant. The interaction of biopolymers with narrow pores was

point of domain boundary is reached. The escape rates acro LS’O analyzed by Lubensky and Nelq@&] motivated by the

different points of boundary are different due to OmpF trans.£Xperiments on polynucleotide translocation across protein

versal electric field and applied voltage effect on AP behayion channeld29]. Their treatment bears some similarities to
ior. Assuming the adiabatic approximation we reduce thePur approach(a unidimensional microscopic model, strong
problem to a unidimensional one with the angle between Apnteraction between the channel and the polynucleotide, a
electric dipole and channel axi, being the key variable of first-passage probleyrbut also significant differences con-
the problem. Formally our approach corresponds to a onec€rning the geometry of the translocating molecule and the
binding-site—two-barrier kinetic model discussed in the cas&ey role of dipole interaction in our specific system: a chan-
of maltoporin translocation dafd4,25. nel with a strong transversal electric field at its narrow con-
To model the BS, we describe AP-OmpF interaction asstriction and a polar molecule of the size of the constriction.
the interaction of AP dipole with OmpF charged residues.
The electric field .of the channel ioniqule residues is com- Il. DESCRIPTION OF THE SYSTEM
puted on the basis of the OmpF atomic structure following
from crystallographic datésee Protein Data Bank file 20MF ~ As was mentioned in the Introduction, we analyze here
and Ref[15]) and the apparerKa’s of residues are calcu- the interaction of OmpF with Ampicillin, motivated mainly
lated from their corresponding values in free solutitime by the experiments performed by Nestorovich and co-
so-called modepKa’s) [24]. The interaction of AP with ap- workers [11]. The AP-OmpF binding and the subsequent
plied voltage is described also as the interaction of AP dipolehannel current blockage was described by the residence
with the applied electric field. The latter affects the relativetime of the drug molecule in the pore, (typically, fractions
position of AP and OmpF that is described quantitatively inof milliseconds, and the frequency of antibiotic entrance in
our theory through the variation of the initial AP orientation OmpF, v (the number of single-molecule binding events per
and the barrier height change. second, typically around 100 ség Both parameters depend
To describe AP stochastic behavior inside OmpF in boundssentially orpH and the applied voltag¥ in a nonmono-
state we use the mean first passage tiMEPT) approach tonic way. For instancep(pH) has a sharp peak gH
[26]. The interaction of molecules with protein channels is=4.5 and~ (V) is peaked aroun®/ =100 mV, positive on
commonly treated in the framework of the classical Eyring’sthe side of the protein additioftis side).
rate theory, as a simple first-order binding reactj®8,14. Ampicillin is an antibiotic with molecular weight 349.4,
As is known, such an approach has been successful in reprhaving a COOH group withpKa 2.5 and a NE] group with
ducing the main general features of adsorption-desorptiopKa 7.3 [30] separated~0.9 nm (for its totally extended
processes but it fails to explain some specific detaié® also  conformation. A crude estimation of its dipolar moment
in this connection the discussion [@7]). In our particular  from this separation distance gives43 D and more accu-
problem this classical approach cannot provide a simpleate computations usingaussiaN'eg yield a dipolar moment
physical model which might explain the shift of the peakof 30.8 D. In any case, AP hydration and its confinement in
(V). This is why we use the MFPT approach. Its advantagehe pore constriction may alter these values, which should be
in our case consists in taking into account not only the deregarded as an approximation. Thus, AP can be treated as
pendence of energetic barriers on the applied voltag@olar zwitterion molecule with a dipole momedje and
(achieved by Eyring’'s approach tpobut also the depen- negligibly small net electric charggsp for pH~3-7. Out-
dence of the adsorbed particle initial state on external condiside this pH range AP may be negatively or positively
tions. The MFPT approach gives a simple physical explanaeharged. The main contribution th, comes from carboxyl
tion of the shift of the peak;(V) to positive voltages in the and ammonium groups; thereforg,p and d,p are deter-
framework of our theory as the result of redistribution of mined mainly by their ionization state and by AP conforma-
barrier heights and AP initial orientation upon applied volt- tion.
age. OmpF is a general diffusion porin present in the outer
A few theoretical studies dealing with the system consid-membrane ofEscherichia coli As a channel, it allows the
ered here or with very similar ones have been reported. Thpassage of ions and solutes up to a mass of about 650 Da. Its

constriction zone as well as random rotational oscillation o
its longitudinal axis. In other words we assume that boun
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crystal structure has been determined and has revealed that
OmpF channels are trimers of identical suburjit§]. The

pore exhibits an hourglass shape, with a narrow constriction
(around 0.9 nm long and cross section X.Z.1 nm) at the
center of the channel. Acidic and basic residues in the chan-
nel eyelet give rise to a strong transverse electrostatic field.
Recent simulations have shown that this field could align
dipolar molecules asy-methylglucose and alanine in the
constriction region of Ompl21].

Before attempting to model the AP-OmpF interaction, it is
worth to take advantage of the available structural informa-
tion of the channel and characterize the constriction from the
electrostatic point of view: some information about the elec-
tric field at the channel constriction may give valuable clues
for the subsequent modeling. Recent progress in Brownian
dynamics simulation$19] proved to reproduce satisfactory
the electrophysiological characteristics of big channels. Here
we calculated the electric field distribution inside OmpF by
taking as input the atom coordinates of the OmpF trimer
obtained from its crystal structufd5], and using theJHBD
code (which implements a nonlinear Poisson-Boltzmann
equation solver[31] we have calculated the electric field
space distribution inside the pore. The initial grid was spaced
0.25 nm, with successive focusing down to 0.05 nm in the
constriction zone. Charges were assigned fromctheRMM
force field values for proteins. The ionization states of all
residues correspond to the “null model’—i.e., those in free (R
solution atpH 7—except for Glu296 and His21 which were y (A)
corrected according to previous results fifa shifts in this
system. The pr'oteln surface was f'.rSt computed wigMs the channel constrictioflongitudinal cross section of one monomer
[32] and _graphlcally represented WIthno [33)]. AS an ex- - pore), together with a vector representation of the electric field, for
ample, Fig. 1 shows a contour plot of the electric potential in

N o | electrolyte concentratio€xc=1 M and no applied voltage. Thin
the vicinities the channel constriction, together with a vectojig jines represent sections of equipotential planes. The arrow size

rial representation of the electric field. The shaded regiofs proportional to the field magnitude and the shaded region corre-

corresponds to the protein. Computations reveal a strongponds to the protein. The plane shown forms 50° withxteeis
transversal electric field about0.2 V/nm at the channel ysed in the protein crystal structuf@5]. Numerical calculations

constriction where BS is presumably locaiéor electrolyte  based on this structure used theBp code [31]. Computations
concentrationCyc;=1 M). The field magnitude and its tilt reveal a strong transversal electric field about 0.2 V/nm at the nar-
with respect to channel axis change fren0.15 V/nm at the  rowest part of the channel, in contrast with0.01 V/nm outside
ends of the constriction till 0.24 V/nm in the central part andthis zone. An Ampicillin molecule is also shown. See main text for
from ~60° until ~110° along the constriction, respectively. details.
The electric field outside this zone is an order of magnitude
lower ~0.01 V/nm. Without doubt the heterogeneity of molecule may adsorb. As long as it is in the bound state, the
electric field distribution itself has to be on some importanceAP molecule partially blocks the channel, with a significant
for the phenomena considered here. But we believe that it ieduction in the ionic current. The blocking is interpreted as
a the second-order effect and at the same time the main chain “event.” The bound AP is treated here as a Brownian
acteristics of this phenomenon are determined by the averaggrticle. The structure of OmpF is assumed to remain un-
value of the field. This is the reason why we used here @hanged upon external effects such as applied voltage. Volt-
simplified picture of the electric field in the OmpF constric- age V is the electric potential omis side and the bulk of
tion zone, describing it by two parameters—namely, by aviranssolution is taken as virtual ground. AP is modeled as an
erage absolute valug,, and its tilt with respect to channel elongated solid of finite size{x,y,z} denotes the position of
axis chang&om its mass center, and its orientation is the same as the AP
dipole orientatioq @, 6} in our model(where« and ¢ are the
ll. THEORY angles betweedp and the positive direction of th¥ axis
and Z axis, respectively During the time AP is trapped at
the BS, it undergoes random thermal motion in thand
To describe the AP behavior inside the OmpF channe{a, 6} spaces, so both mentioned vectors are time dependent.
constriction we use a cartesian coordinate sys&iX,Y,Z}  Thus the five-dimensionabD) vectorsq=q{r, 6,a} and g
with its origin at the channel binding site where the antibioticdetermine the AP phase state and the state of the total sys-

FIG. 1. Contour plot of the electric potential in the vicinity of

A. Microscopic model of the system
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lipid bilayer molecule tilt & with respect toZ axis and assume that AP
leaves the BS whe#@ reaches the values or b. More, ex-
ternal forces influence o# oscillations.

B. Determination of residence time

The mean duration of AP binding can be represented as
the MFPTT(0) for a particle with initial tilt §, to reach one
from two perfectly adsorbing boundarieég=a or #=b) (the
equation from Ref[26] is written here using our notatign

T(boV) = 22

T,

b b
G(y,V)dy - Da f G(y,V)dy, (2

FIG. 2. Sketch of the system considered. Channel blockage )
0

takes place while Ampicillin is in the channel constricti@hp is
the AP electric dipole moment, artgl,, is the electric field created whereV is the applied voltage anB is the AP diffusion
by OmpF ionizable groups in constriction zone. The bulkrahs coefficient(assumed constanin the 6 space;m,(6y, V) and
solution is taken as virtual ground when an external electrical fieldr, (g, V) are splitting probabilities for a particle with initial

is applied. 6oy, represents the fixed orientation of the effective ¢ 6, to reach boundary tilta or b, respectively:
OmpF electric field in the constriction zone; AP orientation, repre- ’

sented by its dipole moment, oscillates afids the instant angle b UlyY) b UyY)
with respect to the channel axis. ma= (0, V) = | €Y Vdy e"Vdy, (33
b a

tem, schematically represented in Fig. 2. The applied voltage o b

and OmpF electric charges influence this motion. The exis- _ _ Uy.V) U(y,V

tence of a BS formally means that there is a certain domain o= ol 0o, V) = L e dy/ fa e”"¥dy,  (3b)
o (with boundary surfac®) in theq space such that AP is in
the bound state ifj e w. AP departs from its binding site y
when any point of boundar$ is reached; i.e Sis treated as G(y,V) = V) f eV@Vdz, (3¢)
a perfectly adsorbing boundary. We are interested here in the

influence of the applied voltagé on the mean duration of . : .
L whereU(d, V) is the potential of the external forces acting

AP binding, 7, for a large number of events. There are a few . ) . ; .
9.7 9 n the particle, irkT units. AP can gain access to the binding

reasons for treating this problem as a one-dimension pron. . - . . )
lem. The sizes of AP and the OmpF constriction zone art?Ite \.N'th any initial or|entat|on60§[a,b]. Equat!on(Z) de-
similar. Therefore, owing to steric limitations, motions alongtermlnes the MFPT for one particular event with some spe-

x, y, and bya, are strongly limited within the channel con- cific initial orientationé,. The residence time—as defined

striction (where the BS is located Consequently, the fre- 1" Ref.[11}—is actually the average of all events that happen

quency of oscillations by, y, anda is very high. Since we during observation time Ta_kmg into account that> 7, and

are interested here in the effect of the applied electric fieldNat the number of events is large, one can treat the system as

Eap (Which is oriented along th& axis) and taking into well as the total set of events as being in thermal equilib-

account that the measurements mentioned alpp¥pwere rium. Then, the_ statlon_ary dlstrlk_)utlon of the start Ponﬁ@s

made atpH 6 wherequp~0, we also neglect here the oscil- |nS|d§ thela,b] mterval is de'Fermmeq by Boltzmgnns fzjc,t’or

lation byz because it depends @&y, only if AP net charge is gnd f|_naIIy we ol_:)tam AP residence time @se subindex “0

nonzero. Additional support follows also from the estimation!S omitted here inf).

of the characteristic time of the macromolecule passage b b

across the total channgl2,34. It was estimated as107° s, (V) :f T(0,V)e‘U(9'V)d0/f eVoVdg.  (4)

which means that the characteristic time of the motion along a a

the Z axis is five orders of magnitude shorter than that of the

events considered hef@é0™* s). Therefore, the anglé can

be regarded as the key variable of the problem. Actually, it

means that the energetic potential profile of AP in the bound Let us analyze the effect of external forces on the random

state has two manifest saddle points. In other words, we limitotion of the AP molecule in its BS. The potential of these

ourselves to the adiabatic approximation by assuming th&orces U is determined by two terms:(1) the energy of

the frequency of oscillation of angléis much smaller than interaction of AP with the OmpF channdl,,, and(2) the

all other characteristic frequencies in the system. Thenpthe energy of interaction of AP with the applied electric field

domain reduces to a 1D intervid, b] in the 6 space, so that U,, Here U, is assumed to be of electrostatic origin

AP is in bound state if [11,16,23. It is determined mainly by interaction of AP

charges with the fixed charges of the protein. The strong

a< 6V, <b. (@) effects ofpH and ion strength of solution on the behavior of

Therefore, leaving aside how AP enters the constriction zondhe system found by Nestorovight al.[11] also support this

we consider just the stochastic random fluctuation of thestatement. Let us denote the electric field created by OmpF

a

C. Potential profile of the system
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charges at the binding site Bg,{Eqm, omt (Whereb,, is the Oe(Vp) = (a+b)/2 (8)
angle betweelk,,, and the positive direction of th2 axis).

Sincer, is analyzed in Reff11] for pH=6 wheregup~0 we is a necessary condition fdr(V)/dV=0. This can be tested

determineU.. . as out either by numerical calculations or by cumbersdimet
om relatively simplg¢ mathematical transformations. To illustrate
Uon(6) = = dppEorF co9 60— 0,,)/KT. (5) the latter we show how it can be proved that all terms in the

. . . __equationdr,/dV=0 are zero if condition(8) is satisfied. As
The factorF takes into account the influence of the free |0nsan example, let us derivate the denominator of @gwith

from solution on the AP-OmpF interaction, which can beres ect to voltage:
modeled either in the framework of classical Debye’s theory P ge-

or in the framework of an “ion binding approacfi23]. In d (P U b ol U auae

the first caseF=F(«k)=(1+«l o/ 2)exp{—«lom/2), wherelyn, In(V)=— [ e-"do=| e~ ——+——|df

. ) . A dvl), a N 90N

is the effective diameter of constriction zone ards the

inverse Debye’s length of solutidnThe second approach 9)

assumes that sma!l ions of the sol_utlon bind to |on|zablq\lowy by assuming that conditia@) is satisfied, we integrate
groups and neutralize the channel fixed charges and consEa. (9) along the lineV=V, where the second term within

quently changee,,. There are reasonable arguments to de- ; . )
scribe the screening through*Kbinding to the negative brackets in Eq(9) is equal to zero; then,

charges of OmpF[23]. In this caseF becomesF=(1 b U b 0
+CreiKi) ™ whereKy is the binding constant. Note that both In(Vp):J e_UW dﬂ:J F(ﬁ)db’:f F(A)dn
approaches give the same results. a V=Ve a 2 feq
We assume that thapplied electric fieldE,, is directed b=0eq

exactly along thez axis. Owing to the big reduction of the +f
channel cross section in the constriction zone, the electric
resistance of this narrow region is expected to be much (10
e el of ol e veslbuies Besties uelhre a new variala =0~ s inoduced and he con

. o YeleL, X ; Nition F(N)=-F(-\) is used[the latter arises fromJ(é
higher. Therefore, it is reasonable to think that the main volt- ~U(6.,~ ) in our mode]. Therefore the total integral
age drop of applied electric field occurs within the constric-. e = ed N . regra
tion zone—i.e., the field acting on AP4sV/L, whereLo,is E. (10) is equal zero ifb— fieq= feq—a—i.e., if condition

the effective length of the constriction zone. Hence, the congs) Is true. In the same ménner one can obta|.n_ that Fhe re-
tribution of this interaction to the total energy is maining terms indr,(V)/dV=0 are zero if conditior(8) is

satisfied. Taking into account E({7) one obtains, finally,
V coqg6)

Uap(6,V) =— dApL— KT (6) Vp = LeEomSin bpricof (a+b)/2] - cot Opt.  (11)
cz

b=6eq Oeqa

FN)dN - f F(\)d\,
0

F(\)dX =f

0 0

Summarizing Eqs(5) and(6) one obtains the AP minimum
energy orientationd,V) which follows from the common IV. RESULTS AND DISCUSSION

condition o(Uom+ Uap)/96=0, as As is seen from Eqq4)—(6) the residence time variation
O V) = cot Hcot( Gyy) + VI[LcEomSIN(Oom 1} (7) upon applied voltage, (V) depends on three OmpF structural
) i ... parameterSEym, Oom Le) and the location of the interval
Just this value is the most probable one for the initial; ) As we discussed above, they can be numerically com-
orientation—I.e.,6p = beq puted (except[a,b]) from crystallographic datd15]. For
Ckc=1 M calculations vyield E;,,=0.15-0.24 V/nm, 6y,

D. Determination of V,, =70°-120° if negative corresponds to the periplasmic side
of the channel op,,,=60°—110° if positivez corresponds to
éPe periplasmic sid%and L,,=0.7—1.5 nm. The width of the
interval[a,b] and its location are the adjusting parameters in
our theory. As it is seen from Eqll) the midpoint of the
- interval, (a+b)/2, determines/,,.

The application of Debye’s approach in such a small space as the |n Fig. 3 we compare the relative residence time
constriction zone is presently under discussi®f,19,22 because Tr(v)/fr“ax [hereq{“axz Tr(Vp)] obtained in the framework of
there are only a few ions inside this zone at any time. Since theyr approach with experimental data frdid]. The curves
effective time of diffusion of small ions across the constriction zoneghow the calculations according to E¢4)—(6) for different

is L%,/D~10° s<7~10?s, then actually this approach can be |ocations of the intervala,b] when (b-a) is fixed. Using
applied here if the mean-field value of potentials) and concen-

trationsC(r) at each point of the constriction zo&hich are used

in Debye’s theory are replaced by their time-averaged values The real OmpF orientation in channel reconstitution experiments
(¢(r)) and(C(r)). One can easily obtain that the latter are describeds not known. This is the reason why we mention here two possible
by the common Debye’s expression, which we use here. orientations.

The value of applied voltag¥, where residence time
reaches its maximum value is a pronounced characteristic
the system. The equation
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sumey= O Thereforer, (V) =T(q V). Then, it is worth
representing’(6eq, V) through the rates of escage, andk,
from interval[a,b] across each boundary, which can be writ-
ten in their turn through the corresponding probabilities
(m,,m,) and the heights of the energy barriets, (V)
=U(b,V)-U(beq V) and U,(V)=U(a,V)-U(beq V), as fol-
lows:

—~
=)

Residence time 7, /778X
o
n

1 . w_Ta T
T(Oeq V) expUy) expUyp)
_ (b-6e9/(b-a) N (Oeq— @)/(b—a)
exp(U,) expU,)
Equation(12) shows the difference between the MFPT
Voltage (mV) approach and the classical Eyring’s rate theory which actu-
ally describes the passage across a single barrier. It trans-

forms into Eyring’s expression in the limit case of large dif-
ference between the barrigid,> U, or U,>U) when the

Ko+ ko

(12)

0.0

FIG. 3. Change of normalized residence timéz"™ with ap-
plied voltageV [here 7"®=7(V,)]. The curves show the calcula-

tions according to EQ¥4)~(6) for fom=120°, Eon=0.2 V/nm, L, rate of escape from B%as well as the residence tinés

=1.2 nm, andd,p=30 Debye, and for different values ¢d+hb)/2: . .
solid line corresponds to 97°, dashed line to 120°, and dotted line tgetermmed by the rate of passage across the small barrier—

s . ; e.g., ,~[maxk,,k,}]*=k,~* when U,>U,. In this case
130°. Experimental datgiriangles are taken fron{11). the decrease of the barri@.g., due to external applied volt-
7(V)/7"® enables us to bypass the problem of the diffusionage always results in a decrease of the residence time. The
coefficientD estimation. It is seen that the agreement be-situation is more complicated in our system becalge
tween theory and experiment is rather good. The best fit-U,. As is seen the rate of escape from interjalb] now
(solid line) corresponds tdqa+b)/2=97° for 6,,=120°. It  depends not only on the height of energy barriers but also on
should be noted that,, is sensitive enough to the location of the initial statefe
(a+b)/2—e.g., a change of 20° shifty, in ~100 mV Let us discuss the influence of the applied voltadgen
(dashed ling As is seen from Eq1l) the shift ofV,to the AP escape from OmpF binding site. We start with the case of
region of positive values of applied voltage is a result ofabsence of voltage bia¥=0. The initial tilt of AP in the
OmpF structural peculiarities—namely, a particular orienta-bound state isfy=~ 6.q=120° (the estimation was made by
tion of the OmpF electric field within its constriction—that using the same parameter values as in Fjg.F&ure 4A)
iS, Oom# (ath)/2. shows the potential profile)(6) of the system(solid line in

The curves shown in Fig. 3 were calculated for specificleft pane) and the initial orientation of AP within the interval
values ofE,, f,m andL., The uncertainty in the estimated [a,b] (arrow in right panel in this case. The initial tiltd,
values of these parameters from the OmpF structure is aboetf, is closer to the boundanb” than to “a.” The probabil-
20%-30%. To assess the influence of the parameter dispéty to reach the former boundary due to thermal oscillation is
sion on the results we calculat®g [Eq. (11)] using different  higher, 7,> m,. At the same time, the energy barrigy, is
values ofE,,, 6om andL., for a given midpoint(a+b)/2.  lower thanU,. Therefore, the rate of escape across lhe
The specific values oE,,, 6,n, andL., were chosen ran- boundaryk,, is higher than the rate of escape acrossahe
domly from a range of acceptable valuesE,, boundary. The residence timgis determined mainly by AP
=0.1-0.2 V/nm,f,,,=60°-120°L.,=0.6—1.5 nn), assum-  molecules that leave the BS through thboundary. Applied
ing a uniform distribution of the probability of the specific voltage shifts the initial tiltd, and changes the height of the
values in their respective intervals. Here 1000 calculationgnergy barriers. Figure(B) displays the cas&/>V,>0
were performed. V, values obtained ranged from when 6y~ 6,=80° (for V=0.16 mV). Now the initial tilt of
0.03 to 0.2V. However, the standard deviation from the AP is closer to &” and the energy barried, is lower than
most probablev, value was as small as 2%. Therefore theU,. The main contribution tor, comes from the AP mol-
uncertainty in the parameter estimation does not influencecules that escape from the BS through dhgoundary. The
the final result forv,,. probability to reach this boundary increases and barrier

Let us discuss shortly the physical meaning of the resultdieightU, decreases as voltage becomes more positive. The
obtained above. There are two main questighswhy 7,(V) rate of escape across tlaeboundary,k,, increases signifi-
is bell shaped and2) why V, is located in the region of cantly. As a resulty; —0 whenV— . A similar behavior is
positive voltage. The physical interpretation of E4) is not  found for negative voltaggFig. 4C)]. But in this case the
trivial. It is reasonable to introduce its simplified asymptoticinitial tilt of AP moves toward theb boundary wherV in-
form that can be done in the following way. First, taking into creases. This explains the bell shaperd@¥V)—i.e., why 7,
account thatf,q has the highest probability among initial —0 when|V|— co.
orientations insidé¢a, b] interval, one can neglect the distri- But the question is, why does grow whenV increases
bution of the initial 6, values within intervala,b] and as- from O until V,? The peculiarity of this system is that
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FIG. 5. Normalized residence time/ 7" as a function of KCI
concentration foV=-0.1 V (here7/"™=1, for Cy¢;=0.01 M). The
z curve shows the theoretical calculations according to E4s{(6)
by using the same parameter values as in Fig. 3. Experimental data
(triangleg are taken from Ref{11].

Dy

satisfy the conditiork,=k;,, which corresponds to Ed8).
V<0 y Therefore, the deviation of th&,, orientation from the
: ; - value(a+b)/2 is the source of the asymmetry in thevolt-
age dependence. More, according to our model, the shift of
V, to the region of positive values means that the strong
transversal electric fiel&,,, existing in the OmpF constric-
tion has a tilt~30° towards thecis side of the channel.
Figure 5 shows the normalized residence tim&/)/ 7"
z, as a function of KCI concentratiafinere 7"* corresponds to
Ckci=0.01 M) for the same parameters as in Fig. 3. The
same result can be obtained if we use the model of the small
ion binding to ionizable group$23] instead of Debye'’s
theory used here. Both fitting curves overlap completely. The
effect of the ionic strength of the surrounding solution on the
. N AP binding has an obvious explanation and does not need a
Vp>.v>o(da5hed ling; (B)V>VP>O’(C)V§O'The initial tlt of detailed description. Basically, the high ion concentration
AP is 6y~ 0o Herea andb are the boundaries of AP bound state, reens all charged resid which interact with the AP mol-
and shaded region correspond to nonbound states. See main text ff cens all charged residues, ch interact w €Ar'mo
details. ecule. Consequently, it decreases the interaction energies and
the residence time of AP binding to OmpF. Note that theory
O,m> (a+b)/2 andU,< U, for V=0. Any applied positive predicts slightly bigget, values than those measured experi-
voltage increase$), and decreasebl, always. But if the mentally. It is a result of the simplified description of the
voltage is relatively smallsee dashed line in Fig(A)] bar-  system used here. Particularly we assume thgtdoes not
rier Uy is still lower thanU, and the rate of escape across thedepend on solution ion strength. However, generally it may
b boundaryk, is higher thark,, so that the escape across thedepend in the real system—e.g., due to the electric field non-
b boundary is still more favorable than the escape across theniformity in the constriction zone, which is neglected in our
a boundary. Therefore, the main contributionsids still due  theory.
to second term in Eq.12), which decreases whew grows. Our model does not distinguish the blockage of different
But in comparison with the case ¥f=0 the rate of escagde, ~ pores of OmpF trimer but regards them completely indepen-
is lower, thereforer; is greater. One can obtain that first term dent. This assumption was also made in the analysis of a
in Eq. (12) is a monotonically increasing function with but  similar system—namely, the trimer maltoporin and sugar
the second one is a monotonically decreasing function, therg12—14. It was concluded that such assumption is acceptable
fore the cross poin¥, of these functions determines the in case of small or moderate concentration of solute. But in

Us

FIG. 4. Sketch of the potential profile of the systéeft pane)
and orientation of AP within the intervdl,b] (right pane) for
different values of the applied voltage(A) V=0 (solid line),

maximum of 7;. the case of high concentration the cooperative effects play
Summarizing, one can conclude that any positién- probably some role.
creases the rate of AP escape acrossatheundaryk,, but As we mentioned in the Introduction, recently Schwetz

decreases the rate of AP escakg,across thé boundary.  al. [14] analyzed the interaction of sugamaltodextrir) with
One can obtain from Eq12) that the minimum value of the maltoporin channel. This system is very similar to that con-
overall rate of AP escapend the maximum ofr;) must  sidered here. Its reaction on applied voltage is alike to that

041912-7



LEVADNY et al. PHYSICAL REVIEW E 70, 041912(2004)

for AP-OmpF. Schwarzt al. developed a general kinetic getic barriers on applied voltage but also the dependence of
model which gives a phenomenological description of ex-adsorbed particle initial state on external conditions; é)d
perimentally observable parameters. The voltage dependengg represent explicitly the electric interaction of AP dipole
of the binding constant was postulatgriori. Being a phe-  with OmpF ionizable groups assuming that it gives the main
nomenological model, it does not need to assume any speontribution in the energy of AP-OmpF interaction. Though
cific physical mechanism. For example, the parameters giot essential to our development, we want to emphasize that
our model(as the parameters of any another pertinent physithe electric field created by the OmpF ionizable residues has
cal theory can be related with the parameters of their kineticpygap, computed on the basis of the available atomic structure

mggﬁgnisriv\?vrrt\?c?:ec?:ﬁ gger)ésggilsﬁleedfo? tﬁgiﬂggrv%?jy\slicﬁgf this channel by using an original iterative method which
age dependence of binding constant of the solute to th stimates the apparepka of every single residue of the

channel—namely, the voltage-induced conformational transi-Bore atanypH of bulk solution[24].

tion of the latter. Taking into account that the system
“sugar+maltoporin” is very similar to our system their hy-
pothesis can be regarded as alternative to our approach. Gen-The interaction of the Ampicillin macromolecule with the
erally, bound AP and OmpF constitute two-component singleompF channel was analyzed. We have studied the effect of
complex. The external effe¢tn our case it is the external the external conditiongapplied voltage and ion strength of
applied voltageV) can induce(1) conformational change of - go1ytion) on AP residence time—i.e., the mean time that the
AP, (2) conformational change of the channel, a® o,nq AP spends at the channel narrow constriction. By con-
change of their mutual arrangement. The first point 100kgjgeing AP random thermal fluctuations within a limited re-
|mprobab!e pecause AP is relatively free; _therefore, MOShion of its phase space, we determined the AP residence time
probably it will move as a whole upon applied voItagg. AS as the mean first passage time to reach the boundary of the
for the _second It is reas_onable to _E_:Xpect that a SlmllaFegion. We assumed that the interaction of AP dipole with
voltage-induced conformational transition has to occur als?mpF electric field plays the main role in these microscopic

V. CONCLUSIONS

mh abselnce %f AtP and czr/l be (j||3|c1[a){edT?]§ th?f vet1r|at|on %vents. The angle between AP dipole moment and channel
cb?r!nedgon uc ar;cga anajor Sﬁ ectivi )I/t '3 € ecd Was NOLyis was selected as the main variable describing the AP state
obtained in case of Ompk35), whose voltage dependence is inside the channel. To compare the theoretical results with

discussed here. Therefore it is reasonable to think that aetxperimental datgl1] we developed a model of AP-OmpF
least in this case the voltage-induced conformational changgye o ction assuming that electric interaction of AP dipole

of the channel itself does not ple}y a visible role but the thirdwith OmpkF electric field gives the main contribution to the
mechanism(actually suggested in the present papmister- energy of this interaction. This gives a simple explanation of

mines the_ o_btamed vqltage dependenc.es. Stncﬂy speaklngne observation that the maximum residence time is achieved
presently it is not possible to conclude finally which mecha-

o | tin th ¢ idered h b for some positive applied voltage. According to our theory
nism 1S more refevant In the System considered here, DECAUREy 4y cause of the shift is the strong transversal electric
there IS not ‘?”0“9*‘ information neither about OmpF blndlngfield in the channel constriction with a tH30° aside theis
site (Fh.e basis of our modgbr about the_vo!tage—depenqent side, which actually determines the initial orientation of AP
elasticity of charged groups of OmpF binding ditlee basis coming into the constriction zone
of the structural hypothesisNote that other physical models '

(apart from our model and that of Schwaatzal)) can be also ACKNOWLEDGMENTS
assumed but our treatment seems to be the simplest one from
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of adsorption-desorption processemnd voltage-dependent support from Fundacié Caixa-Casteli@roject No. P1-
channel gating, which can be formally described in a similariB2001-20 and from MCYT (Project No. BFM2001-3293
way [27]): (1) we consider the random walk of AP not in real We thank Anatolii Beliy, Alexander Berezhkovskii, Salvador
space, but in its phase spa¢g) we use the MFPT approach, Mafé, José A. Manzanares, and Antonio Alcaraz for fruitful
which takes into account not only the dependence of enediscussions.
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