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Abstract. The rates at which ion$§Rb", [*H]-choline,  Key words: Anion diffusion — Cation diffusion — Nar-
35Cl), *H,O0 and nonelectrolytes {{C]-urea, f“C]-  row pore — Solute diffusion — Surface charge — Water
glycerol, and {*C]-sugars) equilibrate across track- diffusion

etched polyethyleneterephthalate (PETP) membranes

(isotopic diffusion) have been measured by a ‘static’ and

a ‘dynamic’ technique under conditions where no netintroduction

flow takes place; the two techniques give essentially the

same results. All tracers diffuse faster the longer theryctyation of ion current through biological ion chan-

membranes are etched, consistent with an increase i js generally thought to be dominated by an alteration
pore size. Water and neutral solutes diffuse at rates théHf architecture: a change between an ‘open’ and a

are relatively independent of ionic strength, pH or the.q|oseq' state (Hille, 1992). Pores induced across bio-
presence of divalent cations. Diffusion of cations is de'logical membranes by certain toxins and immune mol-

creased by high ionic strength, by reducing pH or byecyjes show fluctuations similar to those of endogenous
addition of divalent catons; diffusion of chloride is in- ion channels, (e.g., Michaels, 1979: Donovan et al. 1981:
creased by these procedures. Treatment of the membrap\%gan, Finkelstein & Colombini, 1981: Tosteson &

with diazomethane to reduce the negative fixed chargeggieson 1981 Raymond, Slatin & Finkelstein, 1985:
decreases diffusion of cations and increases that of anyanestrina & Pf;lsquali, 195’35; Menestrina, 1986;,Young,;
ions; diffusion of water and neutral solutes is unaffectedy, al., 1986: Bashford et al., 1988: Gambale & Montal,

by methylation except in the membranes with the nar-19ggy though in this instance a recent observation
rowest pores (i.e., those etched for the shortest time), “@Korchev et al., 1995) has thrown doubt on the concept
which case diffusion is reduced. We conclude (1) that thg, 4t fluctuations between high and low conductance

special features of flow near a charged surface apply Qiates necessarily reflect changes in pore size or the

ions but not to water or nonelectrolytes and (2) that Ca"openings and closings of some kind of physical gate.

culation of absolute rates of diffusion leads to values forConfirmation of the existence of such gates by structural

the radii of pores through track-etched PETP membrane$udies has proved technically elusive — except recently
that are in remarkably good agreement with measure regard to the acetylcholine receptor (Unwin, 1995) —,

values. and direct measurement of water or solute flow through
channels in their ‘open’ and ‘closed’ states has — for
other technical reasons — generally not been possible.
* On leave of absence frormstitute of Cytology, Russian Academy of The. finding that ion current through narrow pores in
Sciences, St Petersburg (Russia) synthetic track-etched membranes composed of poly-
ethyleneterephthalate (PETP) displays many of the prop-
Correspondence toC.A. Pasternak erties of ion current through endogenous channels anc
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induced pores — including fluctuations between high_boxylate groups. After 3 washes in water the membranes were dried in
and Iow-conducting states (Lev et al. 1993) — has? dessicator (over KOH). They were then soaked in ethanol, folllowed
opened up the possibility of using such membranes t y ether; they were then exposed to a solution of diazomethane in ether,

. ollowed by washing in ether. Control (unmethylated) filters were
study the effects of treatments that cause ion current tgeated in exactly the same way, except that diazomethane was omittec

vary, on the flow of water and neutral solutes. For €X-gyring the ether treatment.
ample, alteration of pH has a dramatic effect on ion

current (Lev et al., 1993), as well as on fluctuations

(Pasternak et al., 1993) just as it does on certain endogeLUTIONS

enous ion channels (ROOt & MacKinnon, 1994) and O.nAII solutions (KCI, NaCl, choline chloride) were buffered with 0.5-5

open_ channel noise’ in a toxm-l_n_duced ,Channel (KaSI_mM Hepes to give the pH stated; pH was changed by adding KOH or
anowicz & Bezrukov, 1995); addition of divalent cations Hc| as appropriate. For “static” experiments all solutions contained
leads to similar changes. These effects are most likely.1 mv EDTA,; the stated final concentrations of Ca@hd ZnSQ take
mediated by the fixed negative charges (carboxylate) athis into account.

the surface of track-etched PETP membranes (Apel et

al.,_ 1985). Does antermg this charge by pH or dlvaleht,STATlc, EXPERIMENTS

cations affect the size of pores? To answer this question

we have measured the diffusion of water and noneleCymembranes were placed between two chambers (appre 4 x 20
trolytes as well as that of cations and anions, throughmm) and sealed with silicon vacuum grease; the volume of solution in
track-etched PETP membranes with pores of differingeach chamber was 0.35 ml at the start of the experiment; the area of
size. To avoid oscillations and other effects generated b embrane in contact with solution was app. 1*cithis is essentially

chemical gradients or pressure differences (Meares he‘ apparatl_Js used for measuring current across the membranes ¢
various applied voltages in the presence of Pt or Ag/AgCI electrodes

Page, 1974)’ we have measured the diffusion of ra‘dIO(Lev et al., 1993) and was used for the measurement of reversal po-

active tracers between solutions of identical compositionyenial gee below

i.e., “zero cis-trans exchange.” Two types of experi- Identical solutions of varying ionic strength and pH were placed
mental setup have been used: one in which the solutionis each chamber; to one chamber (“hot” side) appropriate tracer was
on either side of the membrane remain static (except fopdded. All tracers were obtained from Amersham International. The
mixing) and one in which one of the solutions flows pastselution in each chamber was mixed and a sample (genera) 5
the other, as in flow dialysis (COlOWiCk & Womack, removed from each side at intervals and its radioactivity assessed. From

] . . measurements over a time span during which radioactivity appearing in
1969; Feldmann, 1978). Both give essentially the sam&.. .ol chamber was linear with time, the rate of diffusi¢f, was

result, which is that diffusion of water and nonelectrolyte caiculatedik, = 2 x cpm “cold side”/cpm “cold & hot"/min/cn?.

is unaffected by pH, by the presence of divalent cationsall experiments were carried out at room temperature (22—25°C).
or by the ionic strength of the medium. In contrast, the
diffusion of cations and anions is altered — in opposite,
directions — by such treatments. We conclude that

changes 'n_|0n ﬂOV_V r_esultlng from alterations of pH, Membranes were placed in a chamber (Feldmann, 1978) designed tc
divalent cations or ionic strength, are due to effects onmeasure the rate of dialysis of radiochemical tracers; this procedure
the fixed surface charge along the walls of pores and ar¢flow dialysis”) was originally devised to measure the binding of
not necessarily the result of changes in the size or adigands to macromolecules (Colowick & Womack, 1969). The upper
cessibility of pores. ch_amber, which was stirreq continuo_u_sly with a magne_tic ‘flea,’” con-
tained 0.5 ml of the solution containing the appropriate tracer; an
identical solution without tracer was pumped through the spirally
wound lower chamber at a constant rate using a microperpex 2 peri-
staltic pump (LKB) and was collected as 0.5 ml fractions. The area of
membrane in contact with solution was 0.5 TriRadioactivity was
assessed in each fraction; from time to tim@lSsamples were taken
from the upper chamber to measure its radiochemical content. The rate
of diffusion was calculated as the quotient of counts in each fraction/
The membranes were made of polyethyleneterephthalate (PETRsounts in the upper chamber, divided by the time taken to collect each
Lavsan), of thickness 1@m, that were irradiated with Kr at 400 MeV  fraction and averaged over the entire run; this value, which is essen-
to produce 1.03+/-0.4 x faracks/cnt [measured by counting the tially a first order rate constant, was used for the rate of diffusion,

number of tracks through a pack of parallel membranes, one of whictexperiments were carried out at room temperature (22—25°C).
was etched for a long time to make the pores visible by electron

microscopy (ave radius 100-150 nm); a JSM 840 scanning electron

microscope (magnification x 20,000) was used; 714 pores wereCALCULATION OF SELECTIVITY

counted with an accuracy of 3.7%]. The membranes were then etched

in 0.2N NaOH at 80°C for varying times (5, 10, 20, 30 and 50 min). Selectivity of ion diffusion (sg) was calculated from the relative rates
Portions of the 10-, 20- and 50-min etched membranes were furtheof diffusion such that:

treated with diazomethane to reduce the surface charge as follows:

Membranes were soaked in 0.1N HCI overnight to protonate free carsel; = Kycationf(Kaccation) + Kaanion)

DyYNAMIC' EXPERIMENTS

Materials and Methods

MEMBRANES
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Fig. 1. Diffusion of Rb across track-etched PETP membranes. ‘Static’ experiments (Rartak membrane, etched for 20 min, was placed
between solutions containing 0.8 KCl, 0.0005m Hepes, 0.000M EDTA, pH adjusted to 34), 7.5 (@), or 11 (¢); the arrows indicate the
addition of HCI or KOH to both chambers to bring the pH to its new value. The ‘hot’ side codtdire1® dpmRb/ml at the commencement

of each experiment. Three separate experiments are presented. ‘Dynamic’ experimentB)Rhaahembrane had been etched for 20 min; the
solutions in both chambers contained OMKCI and phosphate/citrate buffer diluted 1:100 to give final pH values ofl)}of 3.2 (A); the upper
chamber contairge4 x 16 dpm®Rb/ml at the start of each phase; after 20 fractions had been collected solutions in upper and lower chambers v
replaced by fresh solutions of differing pH.

Selectivity of ion currentt() was calculated from measurement of experiments (each chamber also contained/KLCl, 5 mm phosphate/
the reversal potential (voltag®, required to prevent ion current from citrate buffer and 1 m EDTA pH 7.0): glycerol (mol. wt. 92) and
flowing when the two chambers in ‘static’ experiments contain KCI polyethyleneglycols of mean mol. wt. 300, 600, 1,000, 2,000, 4,000,

solutions of differing ionic strength) by the formula: 10,000, 20,000 and 35,000; conductance at an applied AC voltage of
4.5V (1 kHz) was then measured. The relative penetratforwas
t, = Y2 [1 + W(RT/P In ([K*] trang[K] cig)}] calculated from the formula:

whereR, T and F have their usual meanings (Appendix 1).was A = [Gpen{G,, —1[GIG -1]
measured either acro§& cn? pieces (containing fopores) of mem-
brane essentially as described by Lev et al. (1993) or across individuaivhereG,,.,and G, are the conductances through the membrane in
0L wm? patches (containing 1-10 pores) in such membranes by applythe absence and presence of solute respectivelyGanhi G are the
ing a patch pipette to the surface of a piece of membrane floating on &onductances through the solution without a membrane in the absence
solution in which a second electrode was immersed (Pasternak et aéind presence of solute respectively.
1995); the patch pipette contained the less concentrated of the two We assume that hydrated PEGs are spherical (Powell, 1980) and
solutions. Values without parentheses refer to the former method; valcompute pore radii accordingly (Kuga, 1981) though we appreciate that
ues with parentheses (number of measurements) refer to individuahis is an approximation (Deen, 1987).
patches.
For ions such as Rbor K* and Cr that have approximately the
same diffusivity in aqueous solution, seindt, are equal, and a value Results
of se|; = 0.5 indicates zero selectivity. For ions of differing diffusivity
such as choline and Cthe value of selat which their rates of diffu-
sion through a pore are effectively the same (zero selectivity) will not COMPARISON BETWEENSTATIC” AND
be 0.5; in the case of choline and @ is 0.33 [taking a value of 1 for  “D ynAMIC” E XPERIMENTS
the diffusion coefficient of choline (mol. wt. 104); we base this value

on the fact that the diffusion coefficients of the chemically similar Tvpical ti f hich initial rat f diff
compounds TMA (mol. wt. 74) and TEA (mol. wt. 130) are 1.19 and ypical ume courses, from which initial rates or dirtu-

0.87 resp. (p. 268 of Hille, 1992)]. Sion,Kd, were Computed, are shown in Flg 1. In “static”
experiments the values of radioactivity are cumulative
(and will tail off as equilibrium is reached when 50% of
EsTIMATION OF PORE SizE tracer has reached the “cold” side); in “dynamic” ex-
eriments, each sample in effect indicates the initial (or
Pore size was estimated by the solute penetration technique of Krasi ractional extraction) rate.

nikov et al. (1988, 1992). This depends on the assumption that non- . .
electrolyte solutes that are able to penetrate a pore lower the conduc- Itis a property of I|ghtly etched PETP membranes

C .
tance at a particular voltage whereas nonelectrolytes that are unable &*ﬂat when they are first use_d fr(_)m the dr_y state, the rates
penetrate a pore do not affect the conductance. The following nonelecOf ion, water and solute diffusion are higher than after

trolytes (at 20% wiw) were added to the chambers used for ‘staticthey have been kept under water or buffer for some time;
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Table 1. Comparison between “static” and “dynamic” techniques for measurement of rates of diffusion

Tracer “Static” technique “Dynamic” technique

Ky (Min™ - cmi?) Relative rate Kq (min™t - cm™3) Relative rate
85Rp* 95+15 x 10%(9) 100 8.35 x 10° 100
36CI- 5.0+0.29 x 10* (3) 53 2.6 x 10 3.1
3H,0 2.1+0.33 x 10° (18) 22 2.15 x 10° 26
[**C]MeGlc 3.6+1.0 x10*(3) 3.8 2.3 x10* 2.7
Sel, (Rb* vs.CI) 0.95 0.97

All experiments were performed on pieces of 20-min-etched PETP membrane im BOlL pH 7.5. The values for “static” experiments are given
+ sp (number of experiments). The values for “dynamic” experiments are for a single run in each case.

swelling of the polymer, thus narrowing the pores, iSTable 2. Effect of ionic strength, pH and divalent cations on diffusion
likely to account for this. Also, different areas of the of ions

same membrane may show different rates: pieces neat — :
the edge of a sample may not be irradiated, i.e., "ac®" Condition lonic strength

“tracked,” as well as those in the center, and therefore

the density of tracks — and hence the density of pores oot o1 016

after etching — may be less. Despite variation in abso- (RelativeK,)

lute rates from piece to piece, or from day to day, the®rb* pH 7.5 100* 31 40 (4)

relative rates for different ions and solutes, and hence +1 mm Ca* 51

properties such as selectivity, remain remarkably con- +10 mu Cff " 44

stant. For example, a particular piece of 20-min etched *1mw Zn 28 (2) 28

membrane had the properties indicated in the left-hand EE il 1% ((?é))

column of Table 1 when examined by the “static” tech- (syjcholine  pH 7.5 100* 48 49 (13)

nigue. In another piece, measured in an identical manner +1 mm Zn?* 44 (2) 31 (9)

on a subsequent occasion, the rates of ,RBI™ and pH 4.5 41 (2)

MeGilc diffusion had decreased 100 times and water dif- pH 3 24 27

fusion had decreased 10 times, whereas the ratio &f Rb "~ pPH7S 100* 197 326 (10)

to CI” was unchanged (sg0.95). +ﬁ Z'Vézn 160 (2) gg )
The rates of diffusion presented in this paper are EH 3 305(6) 340 (2)

generally for pieces of membrane taken from adjacent pH 11 102

areas that had been treated as follows: they were rinsed
in water, followed by ethanol, followed by blotting and All experiments were performed on pieces of 20-min-etched PETP
drying in air. They were kept in the dry state prior to use; membrane in 0.0l salt (KCI or choline), 0.1 salt (KCl or choline
once they were immersed in buffer and placed in theCI) or 0.16m salt (NaCl, KClI or choline CI) at the pH indicated. CaCl

apparatus, measurements were made immediately ther I Zn_SQ1 was added to_ the flnal_ concent“ratlo_n”shown.“The ra_te” of
after iffusion, Ky, was determined by either the “static” or the “dynamic

. . . technigues using a single piece for all “dynamic” measurements.
Given the provisos mentioned above, the agreemenfyhere more than one experiment was performed, the number is given

between “static” and “dynamic” experiments was good in parentheses.

(Table 1). Because the latter method is semi-automatetiK, values (p) were as follows®°Rb*: 9.3 + 1.4 x 10° (11) mirr™*

and somewhat faster, as well as the fact that there is nge™ = [°Hcholine: 1.71 + 0.14 x 1T (3) min™ - e *%CI™: 4.0 +

deviation from linearity as equilibrium between “hot” 0-2 * 10 (5) min™* - cm™,

and “cold” sides is approached, it is the preferred

method and most results reported in this paper are taken o . o o
from “dynamic” experiments. 85Rb", which is compatible with its lower mobility, i.e.,

diffusion coefficientD, in free solutions [estimated to be

approx 50% that of Rb(D = 2.07), namelyD = 1, for
DiIFFUsION OF loNs the reasons mentioned in Materials and Methods]. Dif-

fusion of choline was generally somewhat slower in KCI
85Rb" was used throughout as tracer fof,konce it was  (i.e., tracer choline) than in choline chloride, perhaps due
confirmed that the diffusion of°Rb* is the same in to inhibition of tracer choline diffusion by K The ad-
solutions of NaCl, KCI or RbCI. Experiments witfH] vantage of using3H] choline over®Rb" as a typical
choline showed a rate of diffusion some 30% that ofcation is that®H can be measured simultaneously with
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Table 3. Effect of ionic strength, pH and divalent cations on ionic selectivity

Panel A
lons Condition lonic strength
0.01 0.1 0.16
(sely
85Rb* vs. *¢CI~ pH 7.5 0.96 0.78 0.74
+1 mv Zn?* 0.80 0.79
pH 3 0.52
pH 11 0.97
[®H]choline vs. %6CI~ pH 7.5 0.87 (3) 0.61 0.50 (6)
+1nmm Zn?* 0.64 (2) 0.40 (5)
pH 3 0.22 0.34 0.40 (2)
Panel B
lons Condition lonic gradient
0.001/0.01M 0.01/0.1m 0.1/0.3m 0.3/3m
(t)
K* vs.CI” pH 7.5 0.92 0.88 0.77 £0.03 (23) 0.73
Cholinevs.CI™ pH 7.8 0.88 £ 0.07 (15)
pH 5.5 0.67 +0.01 (9)

All experiments were performed on pieces of 20-min-etched PETP membrane.

Panel A: For®®Rb" vs. 6CI", the values of sglwere calculated from the values of;igiven in Table 2. For
[®H]choline vs.3¢CI™, the values of sglwere calculated from individual “double label” experiments (number

in parentheses) carried out by the “dynamic” technique on the same piece of membrane inKyhich
[*H]choline and*°CI~ was measured simultaneously.

Panel B: Selectivity of ion current,, was measured and calculated as described in Materials and Methods.
Single values refer to measurement of reversal potential s@ds cnd piece (18 pores); values for several
experiments (in parentheses) refer to measurement of reversal potential across gonappatch (1-10 pores).

35CI7, allowing direct comparison of cation and anion it is not possible to predict from ion current data — are
diffusion to be made in a single experiment. It is clearthe opposite: increasing ionic strength increases the rate
from Table 1 that the rate of diffusion of Rlin 0.01m of diffusion, as do low pH and divalent cations (Table 2).
KCI is some 20-30 times greater than that of .Gh-  The changes in relative diffusion of cations and anions
creasing the ionic strength decreases diffusion of Rbare reflected in an altered selectivity (Table 3). The se-
and increases that of Clthe effect on diffusion of cho- lectivity — between Rband CI or between choline and
line is similar to that for Rb (Table 2). This decrease in ClI™— is greatest at low ionic strength and high pH; in-
the diffusion of cations with increasing ionic strength is creasing ionic strength, addition of divalent cations, or
compatible with the relatively small increase of ion cur- reducing pH, all decrease selectivity. Note that selectiv-
rent (that is carried largely by cations in narrow track- ity values of <0.5 for choline chloride in the presence of
etched PETP membranes) in response to increasing ionit mvm Zn?* or at low pH do not imply that the surface
strength (at pH >7.5) (Fig. 2 of Lev et al., 1993), whereasbecomes positively charged under these conditons. Be-:
in free solution the exponential of ion current is propor- cause the mobility of choline is less than that of ,Gi
tional to the exponential of ionic strength (with a slope sel, of 0.33 corresponds to that expected in free solution;
of 1). the reason for the value of 0.22 at pH 3 is not at present
Again, consistent with the effects of low pH and clear. The effect of altering ionic strength is clearly in-
divalent cations on ion current (Lev et al. 1993), the rategdicated in Fig. 2, where its effect on diffusion of choline
of diffusion of Rb™ and choline are each decreased byand CI is compared with that on diffusion of water and
divalent cations — with Zfi" more effective than G4  glycerol ee below The values of sg) based on rates of
— as well as by lowering pH (Table 2). These effects arediffusion, are in reasonable agreement with valueg_of
more marked at low ionic strength (0.8} than at higher based on reversal potential between solutions of differing
ionic strength (0.164). ionic strength and pH (Table 3). The effect of pH orysel
In contrast to these effects on the diffusion of cat-andt, is more clearly shown (for two membranes etched
ions, those on the diffusion of anions like"G which  for shorter times) in Fig. 3; addition of divalent cations
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Fig. 2. Effect of ionic strength on diffusion of solutes across a track-etched PETP membrane. Diffusidgo{A), [*H]-choline (&), [**C]-
glycerol (O) ancfeCI™ () across a 20-min-etched membrane was determined using the dynamic technique with media containing 0.0, 0.1 0
choline chloride buffered with 0.008 Hepes pH adjusted to 7.5 with NaOH or 0.0@tholine chloride buffered with 0.00d Hepes pH adjusted

to 7.5 with NaOH. The results of two experiments are presented in which the upper chamber containetHs@heith [*“C]-glycerol or
[*H]-choline with *6CI".
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Fig. 3. Effect of pH on sg] andt, in track-etched PETP membranes ,gpelanelA, (M), for [*H]-choline and*°CI™, of a membrane etched for 10
min was determined with the ‘dynamic’ technique using media which containedMdbline chloride buffered with phosphate/citrate diluted
1:100 to give the pH value indicated. (panelB, (#)), of a membrane etched for 5 min, was determined from the reversal potential found for
fivefold (0.1/0.5m) gradient of KCI; each solution also contained 0.80Hepes and 0.00&t EDTA and HCI or KOH to give the pH value indicated.
The solid curves represent the best-fit Henderson-Hasselbalch functions to the data points with the following parappgterseléglpK = 4.19

+ 0.14 with end points of 0.93 + 0.004 (alkali) and 0.51 + 0.03 (adidfpanelB) pK =5.02 + 0.03 with end points of 0.96 + 0.01 (alkali) and
0.66 = 0.01 (acid).

causes a reduction in gelndt, similar to that caused by the time of etching: the pH values at which ion current is
lowering pH fiot showi. The pattern of response to half that at pH 11 are approx. 6, 6.5, 8 and 9 for mem-
altered pH is similar for sglandt, and each fits a Hen- branes etched for 50, 20, 10 and 5 min respectively. In
derson-Hasselbach equation for a single type of ionizableontrast to the effect of etching time on the pH depen-
group remarkably well, with pK values of approx. 4 for dence of selectivity or ion current, there is little effect of

the 10-min etched membrane and 5 for the 5-min etchedbnic strength: curves for other ionic strengths are virtu-
membrane. lon current (and diffusion of tracer cations)ally superimposable on those shown in Fig. 3, and the
are also progressively more sensitive to pH, the shortesame is true for ion current (Fig. 4 of Lev et al., 1993).
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Table 4. Effect of ionic strength, pH and divalent cations on diffusion fected by pH, by divalent cations, or by ionic strength
of water and nonelectrolytes (Table 4). The rate of diffusion was unaffected by addi-
tion of unlabeled solute (10 m) to the labeled solution

Tracer Condition lonic strength . . . .

(10 um). Only in one series of experiments, with one
0.01 01 0.16 particular piece of membrane used in the “static” mode

— was diffusion of glycerol, MeGlc or sucrose inhibited
(relativeK) more than app. 30% by 1mZn?*. On that occasiorky

°H,0 pH7S5 100* 95(2) 120(7) values as low <10% of those in the absence of Zvere
:1Omr;Mzi§ i gé) Lo 'ecorded; addition of 1 mEDTA restored the rate toiits
bH 3 76 (7) 93 value in the absence of Zhin e.ach case. Diffusion of
pH 11 115 (5) water (in double-labeled experiments) was normal, and

[*Clurea pH 7.5 100* diffusion of MeGlc or surcrose was unaffected by 1@ m
+1 mm Zn?* 91 (2) Ca* or by pH. The reason for this series of observations
pH 3 94 (2) is not clear; similar effects of Zfi were not seen on any

y pH 11 74 subsequent occasion and may be related to the possibility

[“Clglyerol  pH7.5 16%0*2 68 60 that the pH inside the pores had risen to the point where
;a 5 Zn 148( ) some ZA* had precipitated, with possible narrowing of

pores.

[¥C]MeGlc m 1715 1%%* 95 (3) The transport of water and nonelectrolyte such as
+10 mv C&* 81 (2) MeGlc was measured under conditions where a voltage
+1 mm Zn?* 77 71 gradient is applied across the membrane at the same tim¢
pH 3 86 (2) as tracer measurements are made (by the “static” tech-

[Clsucrose ppHng..S 1(1)80* - nique). Under these conditio_ns, _flow of ions is affected
+10 v Ca2* 88 markedly. For example, application of =70 mV (the po-
pH 3 100 larity being such as to attract cations from the “hot”
pH 11 100 chamber to the “cold” chamber) increases the rate of

isotopic equilibration forP®Rb* in 0.01m KCI, pH 7.5

All experiments were performed on pieces of 20-min-etched PETPsome 4-fold. Application of =700 mV increase it 50-fold;

;nen}lt)r%ne as _dsscribed in thetlegend to Table 2, using the same pie‘ffhder such conditions there is net movement b(thea-

or a namic” measurements. : . -

* Ky valuZzs were as followsH,0: 2.1 +0.33 x 10%(19) min*- cm™%; sured .by ato_r_nlc gbsorptlon) ﬁquM/mm' The rate of

[¥Clurea: 1.0 x 10° (4) mir* - cnr2 [*Clglycerol: 5.7 x 107 (3) isotopic equn.lbratlon foPH,O or [ Q] M.eGIc in 0.01m

mint - e 2, [C]MeGlc: 3.0 x 104 (9) min* - e % [*CJsucrose: ~ KCl, pH 7.5 is unaffected by application of =700 mV.

2.1 x10%(3) mint-cm2 This result suggests that electro-osmosis is negligible in
this system; the conclusion that voltage is without effect
on the diffusion of water or nonelectrolyte is compatible

A change in selectivity based on ion current as a functiorwith the lack of effect of ionic strength, pH or divalent

of pH is typical of toxin-induced pores also (e.g., cations.

Varanda & Finkelstein, 1980).

It is possible to interpret these results in terms of the

surface charge due to the carboxylate groups generatéerFECT OF ETCHING TIME

by etching with alkali: cations are attracted over anions,

and this results in a faster rate of diffusion of '‘Rtr  The data presented so far refer to membranes that hac

choline compared with Clbecause the concentration of been etched for 20 min. The effect of etching for only 10

mobile cations in the pores exceeds that of the mobilgnin, or for etching for 50 min, on rates of diffusion in

anions. 0.16 m salt is shown in Table 5. All rates of diffusion
increase, compatible with an increase in pore size. This is
also suggested by experiments using the PEG exclusior

DiFFusioN oF WATER AND NONELECTROLYTES technique illustrated in Fig. 4; it is difficult to calculate
an exact pore size since the technique does not yield ¢

In contrast to the diffusion of ions, the diffusion of water sharp “cutoff” size for PETP membranes, in the way

is relatively unaffected by pH, by divalent cations, or by that, for example, it does for toxin-induced pores (Krasil-

ionic strength (as previously noted by Bean, 1972); theranikov et al., 1992; Korchev et al., 1995). This is probably

is at best a 30% change by pH, divalent cations or ioniaelated primarily to the fact that the pores through PETP

strength (Table 4, Fig. 2) compared with 5-10-fold membranes are some 1,000 longer than those througt

changes in the case of ions. biological membranes, and their shape is not that of a

The diffusion of nonelectrolytes is likewise unaf- uniform cylinder, but rather that of an elongated “egg-
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Table 5. Effect of etching time on diffusions of ions and water

Tracer Time of etching
10 min 20 min 50 min
85Rp* 1.6 x 10“(8) 3.2+1.3 x 10°(5) 2.1 x 102
[®H]choline 1.6 x 10° (3) 8.2+2.1 x 10* (13) 6.9 x 10° (2)
35CI- 1.6 x 10° (6) 1.3+0.8 x 10° (9) 1.1 x 102 (5)
3H,0 2.9 x 10 (5) 2.6+1.1 % 10°%(7) 1.9 x 102 (4)
(Relative rate)
86Rb" 0.8 15 100
[®H]choline 0.2 14 100
35CI- 0.15 12 100
3H,0 15 14 100

Three PETP membranes were etched for the times indicated and experiments performed
on a single piece from each membrane. All experiments (number in parentheses if more
than one;xsb where appropriate) were carried out in Oxi6&alt (KCI, NaCl or choline
chloride) at pH 7.5 by the “dynamic” technique.

a choline (0.4), glycerol (0.3) and sucrose (0.2) are not so
SOmin different from their relative diffusion coefficients,
1o} namely water, Rband CrI' (1.0), choline (0.5), glycerol
(0.45) and sucrose (0.3). As the pores become narrower
the values ofK, decrease accordingl)y for all mol-
ecules decreases 7-8-fold between the 50-min-etche
and the 20-min-etched membrane; the decrease betwee
the 20-min-etched membrane and the 10-min-etched
membrane is more variable, due to the effect of surface
charge and — in the case of choline — the effect of size
(seeTable 7 below). As mentioned above, effects of
100 1000 10000 100000 surface charge in 0.18 salt become manifest only in the
Mol wt 10-min-etched membrane, as a result of whigtor CI~
is decreased relatively more than that for"Rip choline.
The selectivity of membranes etched for different times
Fig. 4. Estimation of pore size in track-etched PETP membranes byiS shown in Table 6. The agreement with values of se-
PEG penetration. Membranes etched for 20 (), 20 (J) or 50 (A) lectivity that were calculated from measurements of re-
min were bathed with solutions containing 0u1KCl, 0.005m phos- versal potentialt() is reasonable.
phate/citrate buffer, 0.00t EDTA pH 7.0 in the absence or presence We may summarize the effect of etching time on the
S 2% L ronelcol e (e, Suose o obelyenegh iffusion of ions as follows. In the 10-min-e(ched me-
20,000 and 35,000); a metr?ylated ‘membréne ('Naﬁs aléo 7asse'sse,d. b.rane’ the pores are of S.UCh a Wldth as to ma!(e the
Relative penetrationX) was estimated as described in Materials and difference betweeK, for cations and anions appreciable
Methods. at 0.16wm salt; the difference disappears imIsalt. In the
20-min-etched membrane, the pores appear to be som
10 times larger in area, according to the diffusion of
timer” (see beloy it is not related to heterogeneity of water, and the difference is seen at 0Mbut less in
size among different pores, since a similar diffuseness 0.16 m) salt. In the 50-min-etched membrane, the pores
“cutoff” size is seen when single pores through PETP are some 7 times larger again and the difference is seer
membranes are analyzed (Lev et al., 1993). at 0.001m (but less in 0.0v) salt. Since increased time
Table 5 (and Table 7, below) indicate that in the of etching is likely to create at least as many — not fewer
50-min etched membrane, the different diffusion rates— negative charges at the pore surface by hydrolysis of
for ions (in 0.16m salt) and solutes depend predomi- ester bonds, it is likely that the differential rate of diffu-
nantly on their diffusivity in free solution and are rela- sion between cations and anions is not so mabbl-
tively unconstrained by the dimensions or surface chargéshedas pore size increases, but ratsamampedy the
of the pores through the PETP membrane. Thus the relaelatively larger contribution of “bulk flow”; this inter-
tive values ofK, for water (1.0), Rb (1.1), CI' (0.6),  pretation is compatible with the effect of ionic strength

0.75}

0.5}

A (relative penetration)

0.25¢

TKR 35



T.K. Rostovtseva et al.: Diffusion through Narrow Pores 37
Table 6. Effect of etching time and methylation on ionic selectivity
Panel A
lons Untreated Methylated
Time of etching Time of etching
10 min 20 min 50 min 10 min 20 min 50 min
(sel) (sel)
85Rb* vs. 35CI~ 0.91 (6) 0.71 (5) 0.66 (2) 0.74 0.57 (2) 0.54 (2)
[*H]choline vs. *¢CI- 0.86 (3) 0.50 (6) 0.41 (2) 0.70 (3) 0.39 (3) 0.37 (2)
Panel B
lons Gradient Untreated Methylated
Time of etching Time of etching
10 min 20 min 50 min 10 min 20 min 50 min
(t) (t.)
K* vs. 0.1/05M  0.91 0.87 0.80 0.63
CI 0.1/03M 0.83+0.04 (13) 0.77+0.03(23) 0.63+0.04(32) 0.60+0.04(6) 0.49+0.08(23) 0.52+0.01(33
Choline
vs.CI”  0.1/0.3M 0.92+0.08 (9) 0.88+0.07 (15) 0.65+0.05 (16) 0.66+0.05 (15) 0.51+0.03 (8)

All experiments were performed on pieces of PETP membrane that had been etched for the times indicated and parts of which were subsec
methylated.

Panel A: All experiments were performed in 0.16 M salt (NaCl, KCI or choline Cl) by the “dynamic technique” on the three pieces used for t
experiments described in Table 5 (untreated) and a similar series for the methylated membraf®Rb'Fes. *CI™, the values of sglwere
calculated from the mean valuesiof for 8Rb" and the mean values & for *CI~ (numbers in parentheses refer to the number of experiments;
where these are different f8fRb* and>°CI~, the lower number is given). FotHl]cholinevs.3¢ClI™ the values of sgiwere calculated from individual
“double label” experiments (number in parentheses) carried out on the same piece of membrane il yfaci*H]choline and®*CI~ was
measured simultaneously.

Panel B: Selectivity of ion current,, was measured and calculated as described in Materials and Methods. Experiments invOKIZD.tvere
performed on 1-chpieces of membrane; experiments in 0.1/Q.3alt were performed on (app.)ulm? patches (£p with number of patches in
parentheses).

referred to above. low): the resistance in terms of ion current (or of absolute
The effect of etching time on the diffusion of neutral rates of diffusion) depends not only on the radius of the
solutes is shown in Table 7, which also lists the diffusionnarrower portion in the center of the membrane, but on
coefficients of the solutes in free solution. It would ap- the relationship between that portion, the radius of the
pear that the diffusion of solutes as small as urea isnouth of the pore, and the height of the funnel (which is
limited by the average pore size of the 10-min-etchedhalf the thickness of the membrane, i.ey® or approx.
membrane (“molecular sieving”), that diffusion of sol- 1,000 times longer than the radii at its two ends). lon
utes larger than urea is limited in the 20-min-etchedcurrent (or rate of diffusion) will depend on the geometry
membrane, but that there is little limitation in the 50- of such funnels, into which molecules of between 600
min-etched membranes for solutes as large as sucroseand 10,000 daltons (in the case of 10-min-etched mem-
The exclusion technique (Fig. 4) indicates a “cutoff brane, and >35,000 daltons in the case of 20 min and
size” corresponding to a molecular weight of PEG in- 50-min-etched membranes) will penetrate to different
termediate between 600 and app. 10,000 daltons for thextents. Approximate values for the two radii of such
10-min-etched membrane. This indicates (Krasilnikov etfunnel-shaped pores are derived below (Discussion).
al, 1992) an average pore radius of between 0.6 and 1.8
nm. Such a radius is clearly incompatible with the fact
that urea does not freely penetrate the membrane (TabfFFECT OF METHYLATION
7). Moreover for the 20-min-etched membrane, the value
of A does not approach zero, but flattens out at approxThe effect of reducing surface charge in etched PETP
0.55 (Fig. 4). These discrepancies are likely to arise froonmembranes by methylating free carboxyl groups (cf.
the fact that the pores are not cylindrical, but doubleMackinnon, Latorre & Miller, 1989) has been studied.
funnel or elongated “egg-timer” shapeddeFig. 5 be-  First, there is no apparent change in pore size when this



38 T.K. Rostovtseva et al.: Diffusion through Narrow Pores

Table 7. Effect of etching time on diffusion of nonelectrolytes

Tracer Time of etching Molecular  Diffusion in Approx.
weight free solution sizet

10 min 20 min 50 min

(Ky) (o) Q)

3H,0 100* 100* 100* 18 100t 0.14
[1Clurea 7 48 (4) 60 49 0.22
[1C]glycerol 6 27 (3) 30 92 39 0.29
Glc 180 23 0.4
[**C]MeGlc 14 (9) 194

[*Clsucrose 4 10 (3) 20 342 18 0.5

All experiments were performed on pieces of PETP membrane that had been etched for the times
indicated. Experiments were performed in OM10.1m or 0.16m salt, by the “static” or “dynamic”
technique, and averaged (number in parentheses). Experiments by the “dynamic” technique were
with the same three pieces used for the experiments described in Tables 5 and 6.

* The K values for’H,O were as shown in Table iz.2.9 x 10 (5), 2.6 x 10° (7) and 1.9 x 10?

(4) in the 10-min-, 20-min- and 50-min-etched membrane respectively.

t Based on a diffusion coefficienDj for H,O of 2.1 x 10° cm? - sec™ taken from p. 280 of Hille
(1992); values for urea and glycerol from p. 338 of the same source; values for glucose and sucrose
from Weast (1986).

¥ Radius £) in nm assuming a spherical molecule of the dimensions given by Finkelstein (1984) or
Stein (1986), that are in broad agreement with values quoted by Bean (1972).

is measured by the PEG exclusion technique (Fig. 4): the
curves for methylated and unmethylated 10-min-etched
membrane — in which any differences due to methyl-
ation are likely to be greatest€eTable 8 below) — are

identical. This result is in keeping with the fact that

methylation has no effect on the diffusion of water

through the 20-min- or 50-min-etched membranes; dif-

fusion of water through the 10-min-etched membrane

however, is markedly reduced by methylation (Table 8).

If, as suggested by PEG exclusion, pore size is unaf SHM
r2-<

fected by methylation, the latter observation may be
partly a consequence of a relative increase in hydropho
bicity at the surface of a methylated pore: the effect is
swamped in relatively wide pores (20-min and 50-min-
etched) but appreciable in a narrow pore (10-min-
etched). So far as the diffusion of ions is concerned, thq
effect of methylation appears to be twofold: first, the
difference between diffusion of cations and anions —
i.e., selectivity — is decreased (but not abolished, pre-
sumably because methylation of carboxyl groups is nof
100% complete) (Table 6). Second, there is an actua
decrease in the diffusion of Cl(in the 10-min-etched
membrane) (not an increase, as might be expected); the
diffusion of R is decreased even more (Table 8). This
“extra” decrease in ionic diffusion is presumably related

to the decreased water diffusion, namely a consequence caP 170
of the hydrophobic effect in such narrow pores that was
referred to above. Fig. 5. Model for an average pore in a track-etched PETP membrane.

r, is the radius of the pore at the membrane surface (mouthy aisd
. . the radius in the center of the membrane; only a small portion of the
Discussion pore in the center of the membrane and at each mouth is represented
For membranes etched for 10 mip= 3 nm,r, = 0.3 nm; for mem-
Track-etched PETP membranes containing app. 1 poréfanes etched for 20 min = 9 nm,r, = 1 nm; for membranes etched

cn? are proving to be a useful model for studying single for 50 minr, = 23 nm,r, = 3 nm.
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Table 8. Effect of methylation on diffusion of ions, water and MeGlc of an electrical double layer at a charged surface (e.g.,
Davies & Rideal 1961; Lakshminarayanaiah, 1969).

Tracer Time of etching There is much information on the rate of water flow
10 min 20 min 50 min — Poth diffusional and osmotic — through lipid bilay-
ers, through biological membranes and through pores
I (Kq as % of unmethylated) induced by antibiotics such as gramicidin, nystatin or
[3E]bc oline 342(8) %i((zg) %% (zy @mphotericin (Finkelstein, 1984). Because of the high
360 14 (4) 117 (7) 101 (5) rate of water movement through lipids — diffusional
3H,0 13 (2) 53 73(2) Wwater permeability coefficientd() as high as 1% cm/
[*“C]MeGlc 126 (2) sec have been recorded (Huang & Thompson 1966) —

this dominates flow through biological membranes (of
All experiments were performed in 0.16 salt by the “dynamic” arourd 2 x 103to 2 x 1072 cm/sec); that is, flow through
technique on the same pieces used for experiments described in Tabfsn and other channels contributes relatively little to the
6, panelA. The K, values for the different tracers used with untreated
membranes are taken from Table 2 and Table 4. Number of experipbs‘:"rved f|OW of Wa’Fer across the plasma membrane of
ments in parentheses. most cells (Finkelstein, 1984); erythrocytes appear to be
an exception to this generalization (Fettiplace & Haydon,

1980) and specific water channels (‘“aquaporins™) have

ion channels and pores through biological membraneg‘ndeed been identified in such cells (Chrispeels & Agre,

they display fluctuations of lon current between Ollscrete1994). So far as flow of water through antibiotic-induced
conductance states, selectivity of ion current betwee

cations and anions, and sensitivity to pH and divalen ores is concemed, values f (the diffusional perme-
) ' ylop ability coefficient per pore) of around It cm®/sec have
cations (Lev et al., 1993). Track-etched PETP mem- : .
g been recorded (Finkelstein, 1984). These valuesPfor
branes containing app. 1@ores/cm show the same and p. mav be compared with the present data. which
properties in respect of selectivity and sensitivity to pH Pa May P P ’

and divalent cations (Pasternak et al., 1993) and, whefl'V&> values for water diffusion through the 20-min-

o : ; e tched membrane (based Kg of 2 x 103 /min/cn? of
individual pores are studied with a patch-pipette, shc:vv:id — 1.4 x 10° cmisec andh, = 1.4 x 10 cfsec.

fluctuations of ion current as well (Pasternak et a h | d for th ired |
199%,b). The fact that the pores have a nominal length ose values are not corrected for the unstirred layer on

some 16-fold greater than those through biological either side of the memprane (Holz & Finkelstein, 1970):
channels seems not to affect these properties; what mafl€ assume their contribution &, or p, to be less than
ters is that their cross-sectioned area — corresponding tb0% for water, ions or nonelectrolytes because they do
a radius of 1-10 nm — is of the same dimension as thaf©t Penetrate unetched membranes and the porosity o
of certain endogenous channels (Loewenstein, 1981the longest-etched membrane is less than 2% (1.6% for
Blachly-Dyson et al., 1990) and many toxin-induced the 50-min-etched membra.ne)..What is surprising is that
pores (Bhakdi & Tranum-Jensen, 1987). Because théhe values ofpy for water diffusion through antibiotic-
pores in PETP membranes are fixed and stable within théhduced pores and through PETP membranes are st
membrane, the same pores can be studied by a variety 6tose. For although the pores in etched PETP membrane:
techniques. Here we report on the diffusion of ions, wa-have apparent radii similar to pores induced across bio-
ter and nonelectrolyte through membranes containindgogical membranessge belowy their length (10um) is
app. 18 pores/cri that have been etched for 10, 20 and (11,000 times greater than that across a biological mem-
50 min to produce pores of increasing size. Our result®rane (app. 10 nm). Yet the radii of pores through etched
are in general agreement with an earlier study (PasternaRETP membranes that are obtained when absolute rate
et al.,, 1993) in which a track-etched PETP membraneof diffusion are calculated (assuming a cylindrical shape)
containing pores that were of greater heterogeneity thafFig. 6 below) are remarkably close to those based on
those in the present samples, was studied. Because tlhedependent measurements (Fig. S&e beloy which

rate of diffusion of ions and other molecules was domi-suggests that our measurementspgfare correct. This
nated by a small number of relatively large pores, lipidagain emphasizes the potential usefulness of track-etche
was added to “narrow” these. One effect of the lipid was PETP membranes as models for endogenous pore:
to increase the diffusion of water relative to that of ions.through biological membranes.

Other discrepancies between the behavior of lipid-treated  Pores through etched PETP membranes are not, ir
and lipid-free PETP membranes are under study. Théact, true cylinders, but have a taper towards the middle,
overall results of our measurements are quite compatiblgiving them an “elongated egg-timer” shape. The rea-
with models based on many previous studies of diffusionson is that the etchant (hot alkali), which acts from both
and flow through narrow pores (e.g., Bean 1972; Ander-ssides of the membrane, has a small lateral component a
son & Quinn, 1974), especially in regard to the conceptwell as a large vertical one along the tracked, i.e., dam-
of “surface conductance” that is based on the existenceaged, area of the membrane (e.g., Spohr, 1990). Hence i
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Fig. 6. Calculated pore diameters of track-etched PETP membranes.
Panel A: 10-min-etched; paneB: 20-min-etched; paneC: 50-min-

¢ etched. Effective pore radius, {n nm) was calculated fromd,, for each
solute according to the formulasde Appendix 2):r = 10V(Kgl)/
(w.D.10°] whereKy is the rate of diffusion an® the diffusion coef-

S ficient of the relevant solute, | is the length of the pore and th@
number of pores/cfa Values of D (x 10° cn?/sec) were taken as
follows: water (\) 2.1, RE (M) 2.07, CI (#) 2.03, urea((J) 1.38,

0 0001 0‘0| O" l glycerol (O) 1.09, choline&) 0.99, and sucrose(() 0.52. The effec-

' ’ ' tive pore radii assessed by conductometric measurement in 0.2 N
NaOH are as follows: 10-min-etched: 5 nm; 20-min-etched: 8 nm;
50-min-etched: 21 nm. The effective pore radius of the 50-min-etched

LB 485 membrane assessed by gas flow rate measurement is 17 nm.

chloride

calculated pore radius / nm

lonic strength

produces pores that have a radius at their center thatis— The shape of such pores, that best fits the experi-
for the lightly etched membranes used in this study — asnental data, is shown in Fig. 5. The dimensions are
little as appr. 10% of that at the two ends. Such a struchased on the following assumptions: (i) the vertical
ture reconciles the apparent discrepancy between relatiygtrack™) etching rate is app. 2,500 nm/min, with a
diffusion (Table 7) and PEG exclusion (Fig. 4): small “breakthrough” time of 2—5 min, and the lateral etch-
molecules like sucrose may not penetrate a pore becaugeg rate is app 0.5 nm/min (Apel, 1995); (ii) the relative
they cannot pass the narrowest portion in the middle, yetate of water diffusion increased 9-fold between a 10-
much larger molecules like PEG 10,000 are able to entemin- and a 20-min-etched membrane and 7-fold between
the mouth, and hence affect overall ion conductancea 20-min- and a 50-min-etched membrane (Table 5), in-
through the pore. This results in broader PEG exclusiordicative of 3-fold and 2.6-fold increases in radius, resp.;
curves due to hindered penetration (Deen, 1987) thafiii) urea barely penetrates the 10-min-etched membrane
those obtained, for example, witB. aureusa-toxin  (Table 7), but solutes as large as 10,000 dalton PEG (app
(Krasilnikov et al., 1988; Korchev et al., 1995) for which radius 1.8 nm) affect its conductivity (Fig. 4); (iv) su-
the pore is some 1,000-fold shorter. As membranes arerose penetrates the 20-min-etched membrane only
etched for progressively longer times their taper becomeslightly (Table 7), but solutes as large as 35,000 dalton
less significant, and their appearance becomes progre®EG (app. radius 2.8 nm) affect its conductivity (Fig. 4);
sively more cylindrical. Electron micrographs of pores (v) solutes as large as 35,000 dalton penetrate the 50
with radii longer than 0.3Jum show just that (e.g., p2 of min-etched membrane (Fig. 4); (vi) observed values of
Spohr, 1990). As yet it has not been possible to image th@, fit a cylinder of radius 2 nm (water diffusion) or 0.5
types of narrow pore investigated in this study. nm (solute diffusion) in the case of the 10-min-etched
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membrane, 5 nm (water diffusion) or 3 nm (solute dif- that is quite compatible with the radii of an equivalent (in
fusion; also ion diffusion at high ionic strength) in the volume) “elongated egg-timer,” namely 1 nm at the
case of the 20-min-etched membrane and 13 nm (waterenter and 9 nm at each end (Fig. 5).
diffusion) or 10 nm (solute diffusion; also ion diffusion The diffusion of ions — unlike that of water or
at high ionic strength) in the case of the 50-min-etchedhonelectrolytes — is strongly influenced by ionic
membrane (Fig. 6); as noted by Bean (1972), a cylindri-strength, by pH and by the presence of divalent cations
cal pore model accounts reasonably well — to within a(Tables 2, 3, 7 and 8 and Fig. 2). At sufficiently low ionic
factor d 2 — for the observed diffusion of solutes strength, the diffusion of Rhis some 20-fold faster than
through various membranes. From such radii for a cylthat of CI'; the ionic strength necessary to observe this
inder, app. values for, andr, that are respectively difference depends on the size of pore: in the 10-min-
greater and less than the cylindrical radius, may be deetched membranes, a 3-fold faster rate of diffusion (for
rived (Fig. 5). cholinevs.Cl) is seen even atM. (K, 8.2 x 10°vs.2.6
The lining of the pore (as well as the two surfaces ofx 10°°); in the 20-min-etched membrane, the ionic
the membrane) is not smooth, but contains protrusionstrength needs to be < OvLto observe a difference (Fig.
that may extend as much as 100 nm away from the res?); in the 50-min-etched membrane it needs to be < 0.001
of the surface; these protrusions may be penetrated by K, (1.4 x 102 vs.4.4 x 10° at 0.001m). This effect
water but not by ions or other solutes (Fig. 6 and data ofs explicable in terms of the screening efficacy of the
Y.E. Korchev in London and P.Y. Apel in Dubna). In the cations present in solution (whether',KRb", Na" or
cases where such protrusions affect diffusion rates sigeholine) on the fixed negative charges along the walls of
nificantly (i.e., the central portions of the shortest-etchedthe pores: at v salt the Debye length of a univalent
membranes) the values of will correspond to the dis- charge is(10.3 nm. Debye length increases as the ionic
tance from the center to the edge of the protrusion, rathestrength is reduced (at OM.it is (01 nm; at 0.0Im it is
than the distance to the rest of surface. The fact that such3 nm and at 0.001 it is 010 nm); since differential
protrusions may expand in aqueous solutions may exflow or “surface flow” may be expected to occur only
plain the erratic behavior of the 20-min-etched mem-within the Debye length, the contribution of “surface
brane éeeResults: comparison between ‘static; and ‘dy-flow” to “bulk flow” will depend on the overall size of
namic’ technique); the 10-min-etched membrane (and @he pore. Such a model to explain altered selectivity (of
5-min-etched membrane) display similar behavior: thation current) with altered ionic strength has been pre-
is, diffusion of ions or water, as well as ion current, oftensented (Zambrowicz & Colombini, 1993) in relation to
decreased markedly from an initially high value to athe voltage-dependent anion channel (VDAC) of mito-
lower value that is difficult to reverse in the shortest- chondria, that has a pore radius of about 1.5 nm (Bla-
etched membranes. chly-Dyson et al., 1990). In contrast, there are channels
Relatively few studies on solute flow through en- in which selectivity of ion current is achieved for reasons
dogenous channels or through antibiotic- or toxin-otherthan surface charge (e.g., Kienker & Lear, 1995).
induced pores have been reported. One interesting ex- By being able to measure rates of diffusion of cat-
ample is afforded by the cytolytic toxin from the sea ions and anions independently, we are able to compare
anemoneStoichactis helianthusthis forms relatively  these with the diffusion of water (and nonelectrolytes) to
stable pores across planar lipid bilayers and the diffusiormnswer the following question: can the rate of “surface
of urea, glycerol, glucose and sucrose through them haow” (measured as rate of diffusion) of cations be faster
been measured®, values of 3.2, 2.6, 0.85 and 0.21 x than that of “bulk flow” (i.e., diffusivity)? It would
10°°® cm/sec respectively were recorded (Varanda &appear to be so: a quick glance at Table 1 indicates tha
Finkelstein, 1980). These may be compared Wjjlval-  (for the 20-min-etched membrane in 0.QIKClI), diffu-
ues of 3.4, 1.9, 1.0 and 0.7 x Tocm/sec for urea, sion of RY is some 4 times faster than that of water, yet
glycerol, MeGlc and sucrose respectively for the 20-min-its diffusivity in free solution — like that of K or CI" is
etched membrane (Table 7). The size of the toxin porghe same as that of water (app x 10° cm/sec). As
(estimated to be > 0.5 nm radius on the basis that sucrosexpected, in the 50-min-etched membrane in @ XCl,
does penetrate) is similar to that of the narrowest part ofhe rates of diffusion of Rly CI” and water are similar,
the 20-min etched PETP membrane, estimated to be appith that for choline and MeGlc being less, consistent
1 nm (Fig. 5). Since PETP pores are some 1,000-foldwvith their lower diffusivity in free solution.
longer than toxin pores, the agreement probably means In summary, tracked PETP membranes that have
that there were some 1,000-fold more toxin pores pebeen etched for different times to produce pores of in-
unit area of membrane than in the case of PETP. Agreasing size have proved useful for defining the condi-
mentioned above, calculation of the absolute rates ofions under which “surface flow” is manifest. These are:
diffusion of nonelectrolytes based on a cylinder gives &(i) a charged surface and (ii) an ionic strength such that
radius —viz. 3 nm for the 20-min-etched membrane — the distance from the surface at which the charge is felt
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is commensurate with the radius of the pore. “Surface erties of tetanus toxin in planar lipid bilayeBiophys. J53:771—

flow” applies to ions, not to water or nonelectrolytes: a 783 , _

negative surface causes cations to diffuse faster — anHllIe,_ B. 1992. Io_nlc channels of excitable membranes. (2nd ed).
b . . Sinauer Associates, Sunderland, MA

an_lons to diffuse slower — than they would in free so- Holz, R., Finkelstein, A. 1970. The water and nonelectrolyte perme-

lution because the former are concentrated, and the latter ap;jity induced in thin lipid membranes by the polyene antibiotics

excluded, by the surface. Such pores across membranes nystatin and amphotericin B. Gen. Physiol56:125-145

act catalytically to accelerate the diffusion of ions acrossHuang, C., Thompson, T.E. 1966. Properties of lipid bilayer mem-

the membrane; in the presence of an electric potential branes separating two aqueous phases: Water permeahilitiol.

across the membrane, current — carried predominantly Biol. 15:539-554

bv the faster-diffusing ion — will flow faster than it gan, B.L., Finkelstein, A., Colombini, M. 1981. Diphtheria toxin
y 9 fragment forms large pores in phospholipid bilayer membranes.

would in free solution; this is what is referred to as  p . Natl. Acad Sci. USA8:4950—4954

“surface conductance.” Kasianowicz, J.J., Bezrukov, S.M. 1995. Protonation dynamics of the
a-toxin ion channel from spectral analysis of pH-dependent current
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lating discussion, to Barbara Bashford and Stefanina Pelc for preparinéfienker, P.K., Lear, J.D. 1995. Charge selectivity of the designed
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(Fogarty MIRT Program) and The Wellcome Trust for financial sup- nak, C.A. 1995. Low condu_ctance states of a single ion channel are
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